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Abstract
The risk of pluvial flooding is worsening by the increasing frequency and intensity of extreme weather
events caused by climate change and urbanisation. The expansion of impervious surfaces in combination
with an increasing urban population in high-density areas is making cities more susceptible to a high
pluvial flood risk and climate change. Nature-Based Solutions are promoted in academia to limit the risks
of pluvial flooding, as it contributes to restoring the hydrological cycle by providing multifunctional
services that enhance the resilience of cities, in this case Nijmegen. This research assessed the potential
of NBS based on: the potential pluvial flood risk for a high-density area, the potential of specific NBSs for
selected locations at risk, and the attitudes and preferences of stakeholders. A pluvial flood risk map of
Nijmegen at neighbourhood level was created by using spatial analysis combining hazard, vulnerability
and exposure. Based on this map, a street in two neighbourhoods with high pluvial flood risk were selected
and potential NBSs were identified to support the existing grey infrastructure. Subsequently, interviews
with experts on climate adaptation in the municipality of Nijmegen, community initiative members and
citizens were conducted on their attitudes, preferences and trade-offs NBS. It was found that the city
centre of Nijmegen is at high risk to pluvial flooding for precipitation that occurs once in 100 and 1000
years. Furthermore, the identified NBSs, wadi, infiltration strip, permeable pavement and urban trees,
suggested to be effective to tackle pluvial flooding at street scale level. The stakeholders took a positive
attitude towards NBS in the selected locations, however, they represented different perspectives on the
definition and preferences on NBS. This study showed that although high-density areas face an increasing
pluvial flood risk and NBS shows great potential to tackle this pluvial flood risk, different perspectives of
stakeholders on NBS might impede full embedding of NBS in high-density areas.
Keywords: pluvial flooding, hazard, vulnerability, exposure, trade-off
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1. Introduction
1.1

Background

Pluvial flooding is worsening by the increasing frequency and intensity of extreme weather events caused
by climate change and urbanisation (Kabisch et al., 2017a). It is expected that the urban population in
Europe will increase from nearly three quarters in 2018 to 85% in 2050 (United Nations, 2019). As a
consequence, more people will be exposed to urban societal challenges among which to the
consequences of pluvial flooding. Moreover, the increasing population of the last century led to an
expansion of the impervious surfaces for human use. This changed the hydrological conditions in urban
environments irreversibly and may contribute to vulnerable cities (Marshall, 2007; Abebe et al., 2018;
Skougaard Kaspersen et al., 2017).
Traditional approaches that deal with pluvial flooding seems to have an undesirable effect that setback
current and even future water management, because of their static character. (Bichai & Cabrera Flamini,
2018; Giordano & Shah, 2014). Therefore, alternative ecologically-oriented concepts to tackle pluvial
flooding have been proposed, such as ecosystem-based adaptation, green infrastructure and ecosystem
services, which focus on mimicking nature. Nature-Based Solutions (NBS) is the most recent concept
regarding discourses in human-nature relationships in Western societies and builds upon these earlier
concepts (Kabisch et al., 2017a). It focuses on fostering and simplifying implementation actions in urban
landscapes by taking the services provided by nature into account (Secretariat of the Convention on
Biological Diversity, 2009). Through the implementation of NBS measures, it is aimed to address societal
challenges, among which PF, to create more resilient environments (Raymond et al., 2017).

1.2

Problem description

In the Netherlands, pluvial flooding (PF) has become a major issue and causes problems for urban society
(Van Herk et al., 2011). PF affects the urban infrastructure, such as damaging streets, homes and
basements. Subsequently, PF can also reduce human well-being by affecting productivity, health and
psychological well-being (Venkataramanan et al., 2019). Besides, PF can degrade the natural system of a
city by quickly discharging stormwater runoff containing sediments, pathogens, metals and chemical
pollutants. Furthermore, it can lead to economic losses due to damage to properties and infrastructure.
The risk to PF consists of a combination of vulnerability, hazard and exposure. First, the vulnerability to PF
occurs particularly in urban environments with aging combined sewer systems, poor drainage and
extensive impervious surfaces (Chang et al., 2018). PF was considered to be a problem which could be
solved technically. The operationality of sewers, culverts and pumps to prevent flooding is calculated
explicitly before implementation. Nonetheless, inadequate implementation and deferred maintenance
could cause mismatches between theory and practice (López-Marrero & Tschakert, 2011). Furthermore,
the conversion of the natural (pervious) landscape into landscape for human use has changed hydrological
conditions irreversibly. Expanding built environments with for instance; high-rise buildings, underground
projects and extraction of groundwater for human use, has modified the ground elevation, stream slopes
and flow pathways, which makes cities particularly vulnerable to PF (Yin et al., 2015).
Second, next to the technical aspects of the traditional drainage system, the design of the traditional
drainage system is often based on past climate trends and thus on outdated hazards. The capacity of the
traditional urban drainage system is not adapted and resilient enough to cope with more frequent and

P a g e |1

intense precipitation of the recent years due to climate change (Mailhot & Duchesne, 2010). The
combination of rainfall frequency and intensity (hazard) and an inefficient and inadequate urban drainage
system (vulnerability) increases the risk to PF.
Third, the exposure to flood risk in urban areas has largely increased in the last century because of the
expansion of their impervious surfaces to provide housing, transport and other infrastructure for an
increasing urban population (Marshall, 2007; Abebe et al., 2018; Skougaard Kaspersen et al., 2017). Next
to urban expansion, the concentration of assets and economical activities increased rapidly at the same
time (Skougaard Kaspersen et al., 2017). Hence, densified land often contains a competition of completion
of land uses, water regulation could be at the expense of this competition and puts further pressure on
the traditional drainage system (Adams et al., 1968; Haaland & van den Bosch, 2015). Approaches to
relieve pressure on densified cities regarding water management and simultaneously tackle other urban
challenges (e.g. heat stress, biodiversity loss, air pollution and health issues) are highly welcome.
This is where NBS comes in. Studies have shown that NBS provide a solution to relieve pressure on the
traditional drainage system by combatting the increasing risk of PF (Palla & Gnecco, 2015; Baumgärtner
& Strunz, 2014; Zölch et al., 2017). Huang et al., (2020) concluded that NBS alone are not effective enough
to tackle severe flood events in urban areas. However, in combination with the traditional
grey drainage system they can mitigate PF from high intensity of precipitation more effectively (Huang et
al., 2020; Kabisch et al., 2017a). Next to the benefit of increasing the system's capacity to cope with PF,
the awareness that PF is significantly influenced by the swift urbanization and increasing environmental
changes, is still growing (Chen et al., 2015). Therefore, particularly dense urban environments can benefit
from enhanced natural systems to address environmental, social and economic challenges. Dadson et al.
(2017) explained that the co-benefits of NBS help to address these challenges by an increased biodiversity,
improved soil and water quality, controlled erosion, carbon sequestration and improved public health and
well-being.
Despite the capability of NBS to adapt and mitigate to climate change and to improve the quality of urban
areas, it has not been systematically integrated in society. Stakeholder acceptance and adequate policies
are needed to promote the use of NBS to tackle the risk of PF in urban areas. To put it into practice,
adjustments in policy must be made (Nesshöver et al., 2017). Full embedding of NBS, on top of grey
infrastructure, may encounter difficulties in acceptance among stakeholders, because of conflicting
interests on the completion of land in cities. Each parcel of land in high-density areas is highly valuable,
due to the intensive land uses (Adams et al., 1968). Therefore, making space for natural elements, which
have less direct benefits for the involved stakeholders, could hinder the integration of NBS over grey
solutions (Sanon et al., 2012; Jacobs et al., 2016). Hence, the attitude of stakeholders could affect the
potential embedding of NBS to tackle PF.
Besides, there is uncertainty of the translation of the benefits of ecological services into exact calculus
and utility maximization. Critical decisions about NBS design, investments, location and scale can generate
trade-offs during the embedding of NBS as the associated costs, benefits, maintenance, impacts and risks
are unequally divided over stakeholders (Eggermont et al., 2015). This is particularly the case in urban
environments where different levels of conflict can arise over the use of space (Schindler et al., 2014).
Creating a clear framework of the costs and benefits for every stakeholder seems to be unattainable at
this point and one of the thresholds of embedding NBS (Nesshöver et al., 2017). Therefore, stakeholders’
attitudes are important to determine the potential of embedding NBS to tackle PF.
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1.3

Relevance

It is evident that there is PFR in cities, it is therefore relevant to map the spatial distribution of PFR.
Furthermore, information on the potential of NBS to tackle PFR in high-density areas and the attitude and
preferences of stakeholders towards NBS is still fragmented. This is where this thesis adds value to the
existing research, as it aims to map PFR at neighbourhood level, to assess potential embedding of NBS in
high-density urban areas to tackle PFR and to explore stakeholders’ attitude towards NBS. It is attempted
to create an overview of the potential of NBS to tackle PFR by providing a spatial distribution of the PFR.
Hereby, a better understanding of the considerations that occur among stakeholders during the
embedding of NBS to tackle PFR will be provided. This will be applied to a case-study in which NBS will
support the already existing grey infrastructure to tackle PFR. By diving into this topic, a coherent
understanding will be given on the role of NBS in combatting PFR to maintain a high quality of life for
human well-being.

1.4

Research objective and research questions

This study intends to give a contribution to the mapping of PFR and the potential of embedding NBS to
tackle PF in a high-density urban area by analysing possible NBS measures and stakeholders’ attitudes and
preferences. Hence, the objective of this research is to assess the spatial distribution of PFR in Nijmegen
and the potential of embedding NBS to tackle the PFR in high-density areas. This will be researched by
mapping PFR, a selection of NBS measures to tackle PF and stakeholders’ attitudes and preferences
towards embedding NBS in a high-density area. The city of Nijmegen has been chosen as a case study area
to make this research more tangible. To give direction to this research, the following general and sub
research questions have been composed:
GRQ:

What is the potential to embed NBS to tackle the pluvial flood risk in Nijmegen?

SQ1:

Which locations in Nijmegen are potentially at high risk of pluvial flooding?

SQ2:

What are the main NBSs to tackle pluvial flooding for the selected locations at risk?

SQ3:

What are the attitudes and preferences of diverse stakeholders towards the potential embedding
of the selected NBSs in the locations at risk?

1.5

Structure of the report

In the next chapter, the theoretical framework dives into a literature review on the main topics of pluvial
flooding, urbanization and high-density areas, the concept of NBS, and stakeholders, planning & NBS. In
chapter 3, the methodology describes the way of conducting research and elaborates on the execution of
the research questions. In chapter 4, the results of the research questions will be described. These
outcomes will be discussed in chapter 5 and a conclusion will follow in chapter 6.
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2. Theoretical framework
In this chapter, explanation will be given to the guiding theories of this research. First, the societal
challenge of PF will be explained and the link to NBS will be discussed. Second, attention will be paid the
urbanization and high-density areas. Third, the broad concept of NBS will be explained with and the link
to PF will be provided. The last section, will elaborate on stakeholders, planning and NBS.

2.1

Pluvial flooding

2.1.1 The phenomenon of pluvial flooding
Generally, urban PF is caused by heavy rainfall
(Blanc et al., 2012; Rosenzweig et al., 2018).
Although it is not a new phenomenon, it is
occurring more often recent years. The main
cause for the increasing frequency and intensity,
is the rising global surface temperature due to
climate change. Since the pre-industrial era
(1880-1900), a global average surface
temperature increase of two degrees Celsius has
occurred (Hartfield et al., 2018). In combination
with a globally increasing urbanization rate and
subsequently large impervious surfaces, the
drainage of stormwater depends mainly on the
capacity of the sewer systems (Coutts et al.,
2012). When the drainage capacity of the sewer Figure 1. PF occurs when precipitation rates exceed the
systems is exceeded due to precipitation, the infiltration drainage capacity of the sewer systems (Rosenzweig
stormwater cannot be discharged in time, this et al.2018).
usually leads to urban PF (Huang et al., 2020). In this research, the definition of Falconer et al. (2009, p.
199) will be used to define PF: “flooding that results from rainfall‐generated overland flow and ponding
before the runoff enters any watercourse, drainage system or sewer, or cannot enter it because the
network is full to capacity”. Hereby, it is important to note that PF must not be confused with surface
water flooding, which is used to describe flooding from combined systems. Combined flooding includes
PF, sewer flooding and overland flows from groundwater springs (Falconer et al., 2009).

2.1.2 Pluvial flood risk
To anticipate to future weather events, a risk estimation of PF in high-density areas is a proper tool. A PFR
evaluates the consequences of PF under a certain precipitation in a certain area. In a research of Kron
(2005), risk is formulated in the scientific community as the product of a hazard and its consequences. If
there is a situation where there occurs a hazard, such as a natural phenomenon, but there are no people
or values that can be affected; there is no risk. The only way a calamity can occur, is when people or values
can be harmed or damaged. The exposure and the vulnerability of an area determine the consequence.
Hence, risk consists of three components:
1. The hazard: the threatening event with its probability of occurrence.
2. The exposure: buildings/humans/items that are present at the involved location.
3. The vulnerability: the lack of resistance to damaging/destructive forces.
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Applying the concept of risk to the challenge of PF forms the diagram in figure 2. The flood hazard consists
of the flood depth, velocity of the precipitation, duration of the precipitation, the containment of
sediment and the probability. Briefly, flood hazard is the probability of a certain precipitation. Exposure is
the population and value of assets subject to flooding, this includes the affected people, buildings and
transport infrastructure. The vulnerability of an area consists of the susceptibility, how robust an area is
to flooding; and the resilience, the ability to adapt and recover (Abebe et al., 2018). As a result,
vulnerability can be formulated as the capacity of a society to deal with the flooding event (Kron, 2005;
Lavell et al., 2012). Hereby is it possible to express the PFR (𝑅𝑎ℎ ) in an equation as a function of hazard,
the exposed elements at risk, and their vulnerability in the hazard scenario. 𝐻𝑎ℎ stands for the hazard
category ℎ covering area 𝑎, 𝐸 represents the exposure of buildings, people and infrastructure in area 𝑎,
and 𝑉𝑎ℎ is the vulnerability from area 𝑎 to hazard category ℎ (Papilloud et al., 2020). Hence, the
combination of hazard, exposure and vulnerability for a particular area determines the PFR
𝑅𝑎ℎ = 𝐻𝑎ℎ ∗ 𝐸𝑎 ∗ 𝑉𝑎ℎ

Equation 1

Figure 2. Determinants of the pluvial flood risk (created by author, 2020).

This research consists of the components within the red framework in figure 2. Hence, vulnerability,
hazard and exposure will be combined to assess the PFR. Hereby, the causes of the components of PFR
will not be included in this research, because only the PFR will be calculated.

2.1.3 Pluvial flooding in Europe and the Netherlands
It is expected that urban areas will become more exposed and vulnerable to PF in the future, next to an
increasing hazard (Skougaard et al., 2017). The number of people living in cities is increasing and further
urban densification are the main factors for the increasing exposure and vulnerability (Angel et al., 2011;
United Nations, 2014; Guerreiro et al., 2017). Skougaard et al. (2017) investigated the impact of climate
change and urban developments on the exposure of four European cities to PF over a period of 30 years.
The four cities, namely Odense, Vienna, Strasbourg and Nice, are located on different geographical
locations and contain different physical characteristics. For all four cities, there was a significant increase
in flood exposure observed in combination with an impervious surface growth of 7-12%. Furthermore,
they found that every increase of impervious surface by 1% leads to an increase of PF by 0-10%.
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In the Netherlands, the annual amount of precipitation has increased by 26% over a period of 110 years,
namely from 692 millimetres in 1910 to 873 millimetres in 2019 (see figure 3). In particular, the amount
of precipitation has increased in winter, by 43% in comparison with 1910. During spring, summer and fall,
the increase in precipitation is respectively 27%, 17% and 22%. There has also been an increase in
frequency of heavy precipitation particularly in summer (Klimaateffectatlas, n.d.). Figure 4 shows the
frequency of precipitation that occurs once in 100 years (T=100 precipitation) for the current climate and
in future climates. Next to an increase in precipitation and frequency (and thus the hazard), there has
been a gradual expansion of impervious surfaces in the Netherlands. This is illustrated with a case example
in the research of Sušnik et al. (2014). He concluded that the city of Eindhoven faced an increasing
frequency of PF. The outdated combined sewer system, which dates mostly from the 1920s-1970s, could
not keep up with the urban expansion and densification. The sewer system became unsuitable and as a
result PF occurred more often. Most urban sewer systems in the Netherlands support an intensity of
approximately 20-millimeter rainfall per hour. A heavy rainfall contains at least 30-millimeter rainfall per
hour, this may exceed the drainage capacity of the sewer system, leading to a 10-50-centimeter of pluvial
floodwater on the surface (De Man et al., 2015; Mulder et al., 2019).

Figure 3. Increase in precipitation in the Netherlands in the period
1910-2019 (KNMI, 2020).

Figure 4. Frequency of T=100 precipitation (Klimaateffectatlas, n.d.)

In this research, it is assumed that the increasing intensity and frequency of precipitation continues in the
future. Hence, the current drainage system in most cities in the Netherlands has not the capacity to deal
with this global trend. Often, when flooding occurs, prevention of recurring becomes urgent, leading to
quick measures instead of quality solutions. Therefore, it is important to account for the probability and
uncertainty in the occurrence of future weather events (Van Dijk et al., 2013).

2.2

Urbanization and high-density areas

Urbanization is the process that involves the emergence and growth of cities (Vlahov, 2002). Hereby,
natural land will be modified into land for human use. The transition to urban land will change the
hydrological conditions irreversibly, due to the increase of impervious surfaces (Huang et al., 2017).
Almost three quarters of the European population lived in urban areas in 2015, and the urban population
is still increasing (European Union, 2016). The growing urban population causes the expanding of urban
land area; however, this does not mean that there will be an increase in urban population density. For
instance, in the US, the urban land area is expanding faster than the urban population size, which leads

P a g e |6

to a decline in average population density (Marshall, 2007). This research focuses on high-density area
and The Netherlands is characterised as a high-density area by Eurostat (2016). Hence, the urban
population size has grown faster than the urban land area, leading to an increase in population density.
Population density is one of the many different factors that covers the definition of density. The simplest
definition of density in spatial planning may be composed as ‘a number of units in a given area’ (Boyko &
Cooper, 2011). These units could be different kinds of density, for instance buildings, jobs or population.
Therefore, many different definitions are depending on what kind of density is being investigated. To
calculate with density in planning, a basic equation has been formed by Churchman (1999), the numerator
(the number of units) represents objectively observed planning components and is divided by the
denominator (usually the base land area). Boyko & Cooper (2011) composed a list of 23 working
definitions of density related to planning, wherein the first 14 definitions relate to dwelling units and
population at different scales (from parcel to metropolitan area). Definitions 15-23 contain information
on the built area intensity measures.
The quality and definition of high-density areas is largely determined by the spatial distribution of its
population, infrastructure (roads) and buildings. The population, infrastructure (roads) and buildings of a
high-density area form the exposure in this research. These components of exposure differ substantially
from neighbourhood to neighbourhood due to the differences in neighbourhood types (Deltares &
UNESCO-IHE, 2011). The number of people will be a numerator to quantify population density. The
building site coverage is a numerator which will be applied to indicate the building density. Also, road
density is an important factor that needs to be taken into account. The density of the road network is very
likely to affect the pathways of PF through urban areas (Kelleher & McPhillips, 2019). A neighbourhood
with a high population-density, a high building density, and a high road density has presumably a high
exposure towards PF.

2.3

The concept of NBS

2.3.1 Terminology and definition of NBS
Over the last twenty years, an increasing number of perspectives of anthropogenic views on reintroducing
nature in modern society have been reflected in policy. Managing modern society with emphasis
on preserving natural resources, including biodiversity and the environment, is of growing
importance (Nesshöver et al., 2017). The awareness that nature may provide benefits for
humans, became the central point of focus in these anthropogenic views on nature in
modern society (Díaz et al., 2015). Numerous different terminologies and ideas have been formulated in
science, policy and practice to reflect humans' view on nature in modern society. In 1987, the United
Nations Brundtland Commission introduced the term ‘sustainable development’, whereafter the term
‘biodiversity’ emerged in the field of conservation biology (Takacs, 1996). Later, in the field of applied
ecology and ecological economics the term ‘natural capital’ and the connected concept of ‘ecosystem
services’ has become a returning phenomenon in science, policy and practice (Gómez-Baggethun et al.,
2010; Costanza et al., 1998).
A recent concept in these views on nature in modern society, is ‘Nature-Based Solutions’ (NBS). A concept
that specifically focuses on advocating nature as a solution to adapt and mitigate the impacts from
climate change, conserve biodiversity and improve human health and well-being (Cohen-Shacham et al.,
2016). Since the introduction of the term NBS, from which the exact date is not known, multiple
terminologies have been formed to describe the concept of NBS in scientific literature, but no uniform
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terminology has been composed since NBS is interpreted as an umbrella concept (Maes and Jacobs, 2015;
Huang et al., 2020). The International Union for Conservation of Nature composed in the
report ‘IUCN Programme 2013-2016' several descriptions for NBS: “the potential power of nature and the
solutions it can provide to global challenges in fields such as climate change, food security, social and
economic development’, “Nature-Based Solutions offer unique and effective solutions to climate
change.... The underlying approach is a pro-active application of the sustainable management and
conservation of natural resources to address major global challenges (food security, disaster risk
reduction, economy)” (IUCN, 2012, p. 2). The use of the term NBS in the United States has a more
practical interpretation to support resilience and tackle flood risk, for instance ‘engineering with nature’
and nature-based infrastructure’ (US Army Corps of Engineers, 2013). In Europe, the most
common definition in scientific literature was provided by the European Commission in 2015:
“Living solutions inspired by, continuously supported by and using nature, which are designed to address
various societal challenges in a resource‐efficient and adaptable manner and to provide simultaneously
economic, social, and environmental benefits” (European Commission, 2015, p. 24).
In this research, the definition of the European Commission will be used. As this research aims
for assessing the potential embedding of NBS to tackle the PFR, by considering the attitude of
stakeholders towards NBS, all the components of this definition can be applied. First, ‘living solutions
inspired by, continuously supported by and using nature’ can be applied to identification of different NBSs
(research sub question 2). The middle part of the definition ‘address various societal challenges’, can be
applied to the societal challenge in this research, PF in a high-density area. The last component of the
definition ‘to provide economic, social, and environmental benefits’ can be linked to the third subquestion. To explore the attitude and preferences of stakeholders, the benefits of NBS must be clear first.

2.3.2 The aim of NBS
Most human-made areas are adapted with ‘grey’ infrastructures. According to Miao et al. (2000) and
Ramos et al. (2007), the traditional system to rehabilitate and restore the ecosystem is often focused on
artificial, man-made and high-maintenance strategies. These are costly and usually not successful over a
longer period, as they hinge on external input of money, energy and human management. In the case of
urban water management for instance, the traditional system is focused on the drainage of water as
quickly as possible by using grey infrastructures. This has an impact on the natural processes by affecting
the hydrological cycle (Huang et al. 2020). The concept of NBS aims to rehabilitate and restore the natural
ecosystem by integrating ecosystem services to simulate natural processes and cycles. By using local
solutions and take seasonal and temporal changes into account, NBS can generate multifunctional
environmental, social and economic benefits (Temmerman et al., 2013; Laughlin, 2014; Nel et al., 2014).
From an environmental perspective, NBSs are being increasingly recognized for their capacity
to mitigate the consequences of climate change (McPhearson et al., 2015; Kabisch et al., 2016). By
enhancing and embedding natural processes in urban areas, direct negative effects on urban
hydrology and urban temperature will be reduced. Furthermore, the change of urban hydrology and
urban temperature in combination with factors like enhanced CO2 concentrations is likely to influence
the biodiversity negatively (Bellard et al., 2012). Air quality in urban areas is caused by the transport and
industrial sector and it is indirect negatively affected by climate change (Melamed et al., 2016). Studies
have shown that NBS are capable to reduce the direct and indirect negative effects of climate
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change significantly. Hence, the environmental resilience of the cities will be enhanced in the light of
climate change (Kabisch et al., 2016).
From a social perspective, there is a growing body of evidence that the concept of NBS (natural
environments) benefits for fundamental components of human health and well-being (Carrus et al.,
2013). The study of Vujcic et al. (2017) shows that implementation of NBS (e.g., botanical garden)
enhanced the process of recovery from stress-related mental complaints. A special horticulture program
among people dealing with stress, increased the social support in a group and sparks the creativity. Hence,
the implementation of NBS contributed to improving mental health and well-being. Kabisch et al. (2017b)
investigated the relationship between the health of children and elderly and urban blue/green space that
can account as NBS. Healthy environments in blue/green spaces provide possibilities for physical activity
and recreation. However, no universal conclusion could be drawn on the positive health effect of
blue/green spaces for children and elderly. Although there is a positive trend between health and NBS,
the relationship is context dependent (Kabisch et al., 2017b).
Looking at the economic consequences of implementing NBS, there is a growing awareness on the value
of nature for a systemic economic solution. A study of Maes and Jacobs (2015) pointed out that nature is
not only seen as a source for producing commodities to relieve an economic crisis, but rather as a highly
productive, interconnected system which functions exclusively on renewable energy. On the short term,
benefits will arise from the delivery of ecosystem services such as natural pest control, pollination, water
quality regulation, enhanced soil fertility and erosion control. Medium term benefits will arise on the
prevention of maintenance cost in comparison with grey solutions. The renewability of the ecosystems in
comparison with grey solutions have a long lifetime. This can lead to lower maintenance costs and initial
investments are depreciated over time. Ultimately, the implementation of NBS leads to a profitable
economy where the benefits overturn the costs (Maes & Jacobs, 2015; Faivre et al., 2017).
Next to the multifunctional environmental, social and economic benefits, trade-offs could occur.
Stakeholders might perceive and evaluate benefits differently, due to different individual perceptions to
the value of the benefits. As a consequence, trade-offs between the environmental, social and economic
perspective are expected. Neglecting the different perceptions on NBS and ignoring the trade-offs
between values held by different stakeholders, may lead to conflicts and resistance in policy and practice
(Giordano et al., 2020).

2.3.3 Addressing societal challenges
Giving the nature of NBS to integrate social, environmental and economic benefits, it can face different
and often competing interests from people in policy and business, and citizens (Nesshöver et al.,
2017). Nevertheless, by the correct integration of NBS, multiple societal challenges will be
addressed (Raymond et al., 2017). Raymond et al. (2017) identified ten societal challenges in the light of
climate change in cities that can be impacted by NBS, namely 1) climate adaptation and mitigation; 2)
water management; 3) coastal resilience; 4) green space management; 5) air/ambient quality; 6) urban
regeneration; 7) participatory planning and governance; 8) social justice and social cohesion; 9) public
health and well-being; 10) potential for new economic opportunities and green jobs. These challenges
are necessary to be tackled to shift towards a climate adaptive and mitigated society (Bain et al.,
2015; Kabisch et al., 2016). Furthermore, it is likely that a NBS focused on addressing a specific societal
challenge, will produce co-benefits to other societal challenges. For instance, flood peak reduction
measures with the use of NBS are likely to have benefits for flood resilience, as well as co-benefits for
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human health and well-being by improving urban living conditions (Larson & Perrings, 2013). According
to Nesshöver et al. (2017), the integrative and systematic approach by addressing all these societal
challenges is the core strength of the concept of NBS.

2.3.4 Pluvial flooding and NBS
Combining NBS and the existing grey infrastructure is a promising way to cope with PF, by enabling the
supply of ecosystem services and increase the system’s drainage capacity (Kabisch et al., 2017a; CohenShacham et al., 2016). It is expected that urban green infrastructures such as green walls, bioswales, roof
gardens and permeable pavements contribute to an increase of the water availability above ground, the
purification of water and tackle PF. After its integration, the NBSs become part of the ecosystem and
influence the hydrological cycle, which was disturbed by impervious surfaces. By integrating ecological
elements such as vegetation and pervious soil, stormwater can be managed in a more natural way.
Furthermore, vegetation can catch precipitation which slows the runoff and removes water by
transpiration (Zhang et al., 2015).
In scientific literature, some research has focused on the reduction of stormwater or PF by implementing
NBS. Bloorchian et al., (2016) investigated the performance of NBS in reducing the stormwater runoff
volumes along highways and roads in Illinois in the USA. They concluded that the implementation of a
vegetated filter strip, bioswale and/or infiltration trench could reduce runoff by respectively 96 to 99%,
100% and 89 to 100% for half of the selected highways in urban and suburban areas. Therefore, the
implementation of NBS was beneficial to manage stormwater along highways. Palla and Gnecco (2015)
conducted a study in Colle Ometti in Genoa (Italy) on the effectiveness of NBS in stormwater control. They
found in their research that NBS can reduce peak flows by 14-45% and runoff volumes by 9-23% during
precipitation events with 2.5- and 10-year return periods, therefore they concluded that NBS are effective
to cope with stormwater. In a study of Zölch et al. (2017), several NBS measures are implemented in a
high-density neighbourhood in Munich to investigate what NBS offers the highest potential in reducing
discharge volumes. The study showed that the implementation of NBS measures such as green roofs and
trees, on top of the grey infrastructure, had a limited contribution of 2.4% compared to the baseline
scenario. However, when increasing the size of permeable surfaces and the coverage of vegetation by
greening all roof surfaces, a reduction of 14.8% occurs.
Although some research advocates that NBS can address the societal challenge of PF entirely, there are
also studies that are less convinced about the functioning of NBS on addressing PF. Particularly during
long and heavy rain events the effectiveness of NBS can be questioned. This has to do with the extent of
the NBS implementation, the larger the area of implementation, the more effective in tackling flooding
(Huang et al., 2020). Ahilan et al. (2014) found that the effectiveness of reducing the runoff volume during
high-intensity rain events is limited when NBS are applied to less than 10% of the study-area. Because NBS
are based on natural mechanism such as infiltration and retention of water, the capacity to infiltrate and
store water during extreme rain events can be exceeded (Viavattene & Ellis, 2013). To deal with extreme
rain events in urban areas, a combination between NBS and the traditional ‘grey’ infrastructure is the best
way to manage PF, so called hybrid approaches (Kabisch et al., 2017a). Via this way, the NBS measures
can support grey infrastructure with addressing PF by balancing drainage through grey and green
infrastructure on the one hand. On the other hand, NBS provides social, environmental and economic
benefits by integrating naturel ecosystems in the urban environment (Palmer et al., 2015). Table 1 shows
the distinctions between grey, hybrid, and green approaches.
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In this research, it is assumed that NBS alone are not able to address the societal challenge of PF in highdensity areas. Solely, green solutions in urban areas, where space is limited, may be insufficient to meet
the rising impacts of climate change. Hence, combining the natural processes of NBS and the technical
grey solutions, offers the most feasible option to address PF (Kabisch et al., 2017a). In this research, the
theoretical implementation of NBS will support the already existing grey solutions. A hybrid approach is
therefore the starting point to address PF, as can be seen in figure 5.

Table 1. The differences between grey, hybrid and green solutions (Kabisch et al., 2017)

P a g e | 11

Figure 5. Three approaches to dealing with urban precipitation (Kabisch et al., 2017).

Due to the multifunctionality of NBS, all NBSs have the ability to provide a positive effect to PF (Huang et
al., 2020). This research is primarily focused on the qualitative differences between NBS’ ability to tackle
PF. Thereby, also the effectiveness to the co-benefits will be explored qualitatively. Examples of NBSs that
are often embedded in a hybrid manner in the Netherlands in terms of addressing PF are: a wadi (figure
6A), extensive/intensive green roofs (figure 6C), infiltration strips (figure 6G), permeable/porous
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pavement (figure 6F), constructed wetlands (figure 6H), green facades (figure 6B), trees (figure 6E) and
gutters (figure 6D) (Huang et al., 2020; Kabisch et al., 2017a). Later in this research a selection will be
made to stay in the scope of this research of a high-density area.

A

B

D

C

E

F

G

H

Figure 6. A. Wadi (Jonker Hoveniers, n.d.); B. Green facade (Nijman, n.d.); C. Extensive/intensive green roof (Buro Lubbers,
2013); D. Gutter (Urban green blue grids, n.d.); E. Urban trees (Oosterbroek, n.d.); F. Permeable pavement (Urban green blue
grids, n.d.).

2.4

Stakeholders, planning & NBS

Stakeholder involvement in urban planning in not new and has made great steps in recent decades.
Traditionally, stakeholder engagement and communication phases during the implementation of large
projects had received an increasing amount of attention (Bragança et al., 2014). For the concept of NBS
in particular, the human context is critical and requires the input of stakeholders (Ferreira et al., 2020).
According to Frantzeskaki & Kabisch (2016), the engagement of stakeholders needs to occur across the
entire planning process. Communication between different levels of decision-makers and citizens on the
benefits of NBS needs to be a transparent activity throughout the entire planning process.
Currently, NBS has been widely advocated in science, policy and practice (Nesshöver et al., 2017), but is
has not been systematically integrated in the planning process. According to Kabisch et al. (2017a), the
lack of systematic mainstreaming of NBS is one of the reasons why NBS is not fully integrated into the
planning process. Hence, a better understanding of the concept of NBS is needed to implement it in
planning and to increase support among stakeholders (Kumar et al., 2020). The conceptualization of the
terminology and its functioning in policy and practice must be defined to overcome the current focus on
grey infrastructure solutions (Wamsler et al., 2016). Moreover, the vagueness of the concept of NBS not
only covers the terminology and its functioning in policy and practice. Also, ambiguity consists in the
capability to analyse the potential of NBS for producing benefits. Particularly, environmental benefits are
hard to fully analyse as they are hard to express in monetary values. (Kabisch et al., 2016; Wam et al.,
2016).
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Thereby, there is a lack of cooperation between local authorities and other stakeholders. Although local
authorities acknowledge the importance of stakeholder involvement, this involvement is often seen
as time-consuming requiring extra efforts, such as involving local communities in decision-making
processes (Raymond et al., 2017; Kabisch et al., 2017a). Moreover, the implementation of NBS is often
fragmented, leading to uncertainties about who is responsible for the accomplishment of NBS. Kumar et
al. (2020) noticed that multiple studies recognized a lack of support towards NBS, because of the gap that
exists between the modelers of NBS and other stakeholders. Often, the design and configurations of NBS
are built with assumptions without the direct engagement of stakeholders (Olsson & Andersson, 2006).
Without the involvement of stakeholders, the management of unequal distribution of the benefits of NBS
will not be supported. Stakeholders might perceive and evaluate the costs and benefits of NBS
differently. Also, the trade-offs during the embedding of NBS are perceived differently among
stakeholders. As these trade-offs and differences are being ignored, due to excluding stakeholders in the
decision-making process, this may lead to conflicts and thus to policy resistance mechanisms (Giordano
et al., 2020; Wam et al., 2016; Small et al., 2017). Several studies conclude that the concept of NBS
needs an participatory approach to succeed (Kabisch et al., 2017a; Wamsler et al., 2016; Kumar et al.,
2020).
In light of this research, a diverse range of stakeholders was identified. On the one side there are decisionmakers which have a consulting and executing task in embedding NBS. On the other side there are citizens
which have specific needs and demands in relation to the public space around their living environment
(Frantzeskaki & Kabisch, 2016). Also, there are community initiatives that are actively engaged in the
governance on urban green space. Particularly, they contribute to the awareness of a changing urban
environment (Aalbers & Sehested, 2018). Hence, this research included three stakeholder groups:
I).
II).

III).

Stakeholders on the consulting, executing and monitoring side of NBS. Hence, people working for
local governments with an expertise in climate adaptation were selected.
Stakeholders who are not on the executing side, but contribute to the awareness of a changing
urban environment. Also, they are often citizens living in- or close to the selected locations.
Therefore, community initiative members related to climate adaptations were selected.
Stakeholders who directly have to deal with NBS, when embedded. Hence, citizens were selected.
This group is not necessarily an expert in the field of NBS, yet, this is an essential group to
interview, as this group can make or break the success of potential embedding of NBS.
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3. Research methodology
3.1

Character of the research

The character of this study has an analytical and descriptive background, which led to a combination of
quantitative and qualitative studies. From the perspective of the objectives, the type of research was
described as a correlation study in the first part of the research, as the existence of a relationship between
two or more aspects of a phenomenon was investigated (Kumar, 2014). In this research, the relationship
between physical characteristics (vulnerability and exposure) of a dense urban environment and extern
factors (hazard) were analysed, this resulted in a PFR-map. Furthermore, the identification of different
NBS measures to tackle PF in high-density urban areas was assessed in a qualitative way, this had a
descriptive character.
The second part of the study also had a descriptive character, as the feasibility and attitude of
stakeholders towards embedding of NBS in high-density areas was explored. An attempt was made to
describe systematically the attitude towards an issue (Kumar, 2014). The main purpose was to
describe the underlying issues of the attitude towards implementation of NBS and to describe its
feasibility.
From the perspective of the mode of enquiry, the study was formed by a mixed methods approach. The
strengths of both quantitative and qualitative research was used to aim for the best methods and yield
greater depth in this study (Kumar, 2014). The assessment of the first sub question of this research
contained a quantitative character and dived into the PFR on dense built areas. The aim was to select high
risk areas regarding PF. The second sub question consisted of an identification of the potential of
embedding NBSs to tackle PF in a high-density area, this followed a structured set of procedures to draw
conclusions in a qualitative way. The second part of the research contained the exploration of
the preferences and attitude among stakeholders towards NBS in a high-density area, and had a
qualitative character. The aim was to explore the feasibility and attitude of stakeholders towards
implementation of NBS in high-density areas, rather than quantifying the attitude. Hereby, the focus was
less on generalizations, but more on exploring the underlying nature of the attitude towards NBS of
stakeholders within the study area.

3.2

Case study

This research made use of a case study to yield greater depth in providing a valuable answer to the
research questions. A case study design is much more detailed than studying a large sample (Gilbert,
2008). Using a case study allowed the research to focus on one area, namely a high-density area. Hence,
it was more difficult or even impossible to generalize the findings (Kumar, 2014).
The chosen type of case study consisted of a single case study. For this research, the factor ‘high-density
area’ was the most important factor in determining a suitable case-study. As the Netherlands is
considered as a the most-densified country after Malta, regarding population density (The World Bank,
2018), a city in the Netherlands was the most suitable. Besides, a Dutch city was convenient for retrieving
detailed data. By choosing one case study, in this research one city, the boundaries of this research were
easily demarcated taken into account the factor of time. To provide valuable answers to the research
questions, the case study area was treated as one entity.
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3.2.1 Study area
Nijmegen was selected as the study area in this research. Nijmegen contained a high-density
population of 3.316 people per km2 in 2018 (CBS, 2020). In 2020, the total population of
Nijmegen consisted of 177.670 inhabitants, hereby it is the 10th largest city in the Netherland in terms of
number of inhabitants (Gemeente Nijmegen, 2020). Furthermore, as Nijmegen was the European green
capital of 2018, the municipality has a great awareness on the consequences of PF. This is reflected in
the challenges that the city addressed, among which climate adaptation and mitigation regarding
to water (Green Capital Challenges Nijmegen, n.d.). ‘Operatie Steenbreek’ is an example of an approach
to make Nijmegen less vulnerable to extreme weather events and heat stress. This campaign started in
2015 to advocate for more green areas in the public as well as the private space. In this approach, several
organizations (including the municipality of Nijmegen), stimulates to remove (impermeable) tiles from
gardens. The municipality provided subsidies for the transition to a green garden by for
instance disconnect the downspout, greening your roof and creating a façade
garden. ‘Operatie Steenbreek’ is part of a larger campaign ‘Stichting Steenbreek’ , which organizes
activities for professionals, administrators, municipalities, provinces and regional water authorities to
share knowledge and stimulate a green transition. Next to its population, data on physical characteristics
regarding road network and building patterns in Nijmegen were convenient to retrieve for a Dutch city.

Figure 7. location of Nijmegen in the Netherlands (Created by author, 2020).
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Figure 9. Neighbourhoods in Nijmegen (Created by author, 2020).

The city of Nijmegen consists of nine
districts, which are divided into 44
neighbourhoods (see figure 8). The city
centre consists of Stadscentrum and
Benedenstad, which is adjacent to the
southern side of the river. Each
neighbourhood contains their own
character based on an architectural type
corresponding to a particular time
period. Therefore it is possible to classify
them into neighbourhood typology.
Figure 10 shows the neighbourhood
types that are present in Nijmegen with
their characteristics.

Figure 8. Neighbourhood typology in Nijmegen (created by author, 2020).
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URBAN TYPOLOGY

MICROCLIMATE CATEGORY

NEIGHBOURHOOD
TYPOLOGY

Year of
construction

Height

Footprint

Green

Indication of
vulnerability and
exposure to pluvial
flooding

HISTORICAL CITY CENTRE

Before 1900

Middle high

Closed urban block

Little green

High

VINEX

1990-present

Low

Closed urban block

Moderate green

Low

WORKING-CLASS
NEIGHBOURHOOD

1910-1940

Low

Strips, closed urban
block

Little green

Moderate

LOW-RISE GARDEN CITY

1945-1960

Low

Open urban block

Moderate to much green

Moderate

HIGH-RISE GARDEN CITY

1945-1970

Middle high/high

Open urban block

Moderate to much green

Moderate

POSTWAR RESIDENTIAL
NEIGHBOURHOOD

1945-1990

Low

Closed urban block

Little green

Moderate

PREWAR RESIDENTIAL
NEIGHBOURHOOD

1900-1940

Middle high

Closed urban block

Little green

High

BLOEMKOOLWIJK

1970-1990

Low

Strips, open urban
block

Little to moderate green

Low

HIGH-RISE
NEIGHBOURHOOD

1945-present

High-rise

Spread buildings

Little green

Moderate

RENEWED
NEIGHBOURHOOD

1990-present

Mixed

Mixed

Mixed

Low

VILLA

All periods

Low

Spread buildings

Moderate to much green

Low

Figure 10. Categorization of urban types. Low height is up to 3 layers, middle high is 4-6 layers, high is 7-10 layers, high-rise is 9
and more layers. Little green is 0-10% green, moderate green is 10-30% green, much green is 30-50% green, abundant green is
50-100% green (Sources: Kleerekoper, 2016; Klimaateffectatlas, n.d.; Pont & Haupt, 2009).

Figure 11. From left to right an example of a closed urban block, open urban block and a strip (Source: Kleerekoper, 2016).
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3.3

Data collection and data analysis

The methods used to answer each sub-question are presented in figure 12. The research starts with
identifying locations at risk to PF. The main steps to answer the first sub-question were conducting
quantitative research by calculating the PFR per neighbourhood in Nijmegen. Based on the calculation of
PFR, two locations were selected to answer the second sub-question about the potential embedding of
identified NBSs. This identification of NBSs consisted of desk research in the form of literature and
document review. For the third sub-question, where the attitude of stakeholders towards embedding NBS
in high-density areas was assessed, interviews were conducted.

Figure 12. Steps to be followed during the methods (created by author, 2020).

3.3.1 Pluvial flood risk assessment
To provide an answer to the first sub-question, secondary data was retrieved in early 2021 from open
sources (see table 2 and figure 13). Next, these data were processed and standardised in ArcGIS to a
raster- or vector resolution at neighbourhood type. Lastly, the PFR was calculated in ArcGIS by using the
PFR-formula 𝑅𝑎ℎ = 𝐻𝑎ℎ ∗ 𝐸𝑎 ∗ 𝑉𝑎ℎ .
Table 2. Collected secondary data to conduct the PFR assessment

Name

Description

Data name

Data
type Data owner
and
resolution

Vulnerability T100

Shows the maximum water
depth
at
a
T=100
precipitation in NL. The
map is developed by
Deltares.
Shows the maximum water
depth at a T=1000
precipitation in NL. The
map is developed by
Deltares.
Shows the most common
neighbourhood typologies
in NL. The map is developed
by HvA/Tauw.

PKS_Wateroverlast_Waterdiept
e bij intense neerslag – 1:100
jaar (Waterdepth_100)

Raster
(resolution
2x2m2)

Klimaateffectatlas

PKS_Wateroverlast_Waterdiept
e bij intense neerslag – 1:1000
jaar (Waterdepth_1000)

Raster
(resolution
2x2m2)

Klimaateffectatlas

PKS_Wateroverlast_Wijktypolo
gie

Vector
(resolution
1:50.000cm)

Klimaateffectatlas

Vulnerability
T1000

Neighbourhood
typology
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Municipal
boundaries

Roads

Population

Buildings

Displays the municipal
boundaries in NL. It is
developed
by
ESRI
Nederland.
Consists
of
digital
topographic raster maps at
a
1:50.000
scale.
Information
on
infrastructure such as roads
can be found in this data.
The data is generated by
the Kadaster,
This website contains
statistics on the number of
inhabitants and size per
neighbourhood
in
Nijmegen.
Contains data on addresses
and
building
per
municipality.
It
is
developed by the Kadaster.

a. Vulnerability T100

d. Municipal boundaries

Gemeentegrenzen 2020

Vector
(resolution
1:50.000cm)

ESRI Nederland

TOP50NL

Vector
(resolution
1:50.000cm)

PDOK

Inhabitants per neighbourhood
statistics and information on
size per neighbourhood

Website

Allecijfers.nl

Basisregistratie Adressen
Gebouwen (BAG)

Vector
(resolution
1:50.000cm)

ESRI Nederland

en

b. Vulnerability T1000

e. Roads

c. Neighbourhood typology

f. Buildings

Figure 13. Visual presentation of the secondary data used in the analysis: a. Vulnerability at a precipitation of T=100 (Adapted from
Klimaateffectatlas, 2018). b. Vulnerability at a precipitation of T=1000 (Adapted from Klimaateffectatlas, 2018). c. Neighbourhood typology
(Adapted from Klimaateffectatlas, 2018). d. Municipal boundaries in the Netherlands (Adapted from ArcGis, 2020). e. Road network in
Nijmegen (Adapted from PDOK, 2020). f. Buildings in Nijmegen (Adapted from ArcGis, 2020).
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Hazard & vulnerability encompassed T=100 and T=1000 precipitation on the surface area of Nijmegen.
Exposure to PFR was calculated based on three main indicators: population density, building density, and
road density. Both the hazard & vulnerability, exposure and the PFR-map were presented at
neighbourhood level. The presentation at neighbourhood level encompassed sufficient detail to illustrate
differences between neighbourhoods. Furthermore the PFR was combined with the neighbourhood
typology (figure 13C). A remark about these neighbourhood types is that the map only shows one type
per neighbourhood. In practice, a neighbourhood often consists of more than one type and contains a mix
of different neighbourhood types. Thus, only the most dominant neighbourhood type was used in this
research. An extensive list of the detailed structure of the neighbourhoods in Nijmegen can be found in
appendix 1.
First, homogenous and standardized data was created that was extracted from the collected original data.
This consisted mainly from converting the data into the same units. This homogeneous data was necessary
to create a spatial analysis in ArcGIS on the components of the PFR. After that, the percentage of flooded
area and the average water depth was determined to assess the hazard & vulnerability. Subsequently, the
components of exposure (population density, road density and the number of buildings) were calculated
in the spatial analysis to assess the level of exposure for neighbourhoods in Nijmegen. Thereafter, the
hazard & vulnerability and the exposure were combined into the PFR per neighbourhood for a T=100 and
T=1000 precipitation (table 3). More in-depth information on the calculations is provided in the following
paragraphs. Figure 14 provides more explanation on the structure of the PFR assessment. Furthermore, it
indicates the components that will be taken into account in this research.
Table 3. Variables used for assessing PFR (created by author, 2021).

Hazard & vulnerability
%
Flooded
area
for
T=100
and
T=1000

Average
water depth
for T=100 and
T=1000

Exposure
Population
density
in
km2

Road density
in km/km2

Pluvial flood risk
Building
density
km2

in

Pluvial flood
risk T=100

Pluvial flood
risk T=1000

Figure 14. Structure of the components used in this research to assess pluvial flood risk (created by author, 2021).
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3.3.1.1

Hazard & vulnerability

First, the map-layer Municipal boundaries was used to only select the spatial data of the municipality of
Nijmegen. As most of the other data covers the entire Netherlands, it was useful to filter to the
municipality of Nijmegen to remove redundant data on the rest of the Netherlands. Furthermore, the
neighbourhoods were extracted from the map Neighbourhood typology and data on area sizes, which was
extracted from Allecijfers.nl, was added to the feature layer. Hereby, it must be mentioned that only land
surface of a neighbourhood was included in the data as surface over water that is part of a neighbourhood
cannot be flooded.
Thereafter, the vulnerability of Nijmegen per neighbourhood at a hazard of T=100 and T=1000 was
calculated. The hazard and vulnerability were assessed together, because the function of vulnerability is
dependent on the hazard category and the covering area of the neighbourhood (see equation 1) In this
case, the vulnerability of the neighbourhoods in Nijmegen was assessed on a hazard of T=100 and T=1000
precipitation in the contemporary Dutch climate. The maps Vulnerability T100 and Vulnerability T1000
provided the base for this assessment. The both hazards equalled a precipitation of respectively 70
millimetre and 140 millimetre per two hours. The vulnerability was determined by a sewage capacity and
drainage of maximum 20 millimetres/hour. Hereby, it was assumed that the impervious surface is
optimally connected to the sewer system. Besides, the maximum water depth was determined by a
uniform precipitation over two hours, after which drainage through land, sewer and soil infiltration occurs
over a period of four hours. Also, elevation and height differences were factors which weigh in the
determination of the vulnerability (Klimaateffectatlas, n.d.).
Equation 2 used to calculate the percentage of flooded area per neighbourhood. Hereby is grid size the
surface that one pixel of the maps Vulnerability T100 and Vulnerability T1000 covers. Frequency
represents the amount of pixels of these maps per neighbourhood and area in km2 represents the total
area in km2 for the particular neighbourhood. The percentage of flooded area per neighbourhood was
assigned into five equally divided classes to combine it later with the five classes of the exposure.
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

% 𝐹𝑙𝑜𝑜𝑑𝑒𝑑 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟ℎ𝑜𝑜𝑑 = 𝐺𝑟𝑖𝑑 𝑠𝑖𝑧𝑒 𝑖𝑛 𝑘𝑚2 ∗ 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑘𝑚2 ∗ 100%

Equation 2

The percentage of flooded area per neighbourhood on itself did not provide useful information if it was
not compared to a greater sample of other neighbourhoods. Hence, a Dutch standard was created to
provide meaning to the percentage of flooded area for the neighbourhoods in Nijmegen. A larger sample
of Dutch cities was selected to make a standard for the division of classes. The percentage of flooded area
was calculated of ten cities (including Nijmegen) in the Netherlands. The selection of nine other cities was
based on the requirement that the population density has a minimum of 1500, as this is the threshold to
be considered as urban area in Europe (EOCD, 2018). By taking a larger sample, the division of classes for
the neighbourhoods in Nijmegen became more meaningful as this division of classes was based on the
percentage of flooded area of ten Dutch cities (table 4). To create this Dutch standard based on ten cities,
the total surface area was calculated first. Subsequently, the flooded area was calculated and the
percentage of flooded area for T=100 and T=1000 precipitation was determined.
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Table 4. Ten cities with its flooded area (created by author, 2021)

City

Total
area

Amersfoort, Amsterdam, Arnhem, Delft,
Eindhoven, Hilversum, Nijmegen,
Rotterdam, Tilburg, Utrecht

1090
km2

Total
flooded
area
T=100
190 km2

Percentage
total
flooded
area
17,5%

Total
flooded
area
T=1000
321 km2

Percentage
total
flooded
area
29,5%

Next to the percentage of flooded area per neighbourhood, calculating the average water depth was
useful to determine the severity of the PF for the neighbourhoods. The first step was to create an overlay
between the neighbourhoods, the neighbourhoods were extracted from the map Neighbourhood
typology by using the select tool in ArcGIS, and the both vulnerability maps. The maps Vulnerability T100
and Vulnerability T1000 had to be converted to vector data. Thereafter, the neighbourhoods were
intersected with the two Vulnerability maps. Resulting in the ability to calculate the mean water depth
per neighbourhood at a T=100 and T=1000 precipitation by using the summary statistics tool of ArcGIS.
Grid code represents the value that is being used to indicate the water depth of the PF. Table 5 shows the
division of the five grid codes, with the corresponding water depths.
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ =

∑ 𝐺𝑟𝑖𝑑 𝑐𝑜𝑑𝑒
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

Equation 3

Table 5. Grid codes with the corresponding water depth (created by author, 2021)

Grid code
1
2
3
4
5

3.3.1.2

Water depth
5-10 cm
10-15 cm
15-20 cm
20-30 cm
>30 cm

Exposure

After having assessed the vulnerability for hazard at T=100 and T=1000, the exposure per neighbourhood
was calculated. The exposure of the area is represented by the population density and value of assets
subject to PF. These value of assets were simplified as the road network and the buildings. First, statistics
on population per neighbourhood from the map Population was added to ArcGIS and the population
density per neighbourhood was calculated by dividing the population of the neighbourhood by the area
of the neighbourhood in km2.
𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑘𝑚2 = 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑘𝑚2

Equation 4

Subsequently, road density per neighbourhood was calculated to determine the level of exposure of PF
towards transport infrastructure. Part of the data from the map Roads consisted of the road network in
Nijmegen, this data was used to calculate the length of the roads per neighbourhood with the help of the
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summary statistics tool in ArcGIS. The ratio of the length of the neighbourhood’s total road network to
the neighbourhood’s land area was being used to calculate the road density (Gibbs & Shriver, 2005). No
distinction was made between different road types as all roads were considered as equally important in
a high-density area. Equation 4 shows the calculation for road density per km2.
𝑅𝑜𝑎𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑘𝑚2 =

∑ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑟𝑜𝑎𝑑𝑠 𝑖𝑛 𝑘𝑚
𝑎𝑟𝑒𝑎 𝑖𝑛 𝑘𝑚2

Equation 5

The next step was to determine the number of buildings per neighbourhood in order to assess the level
of exposure of PF. The Buildings from ESRI Nederland was used to obtain all locations and dimension of
buildings in Nijmegen. In this research, multiple floors have not been taken into account as this does not
make a significant difference to determine the level of exposure by PF. So, if a buildings contained more
than one floor, it was considered as one building. By making use of the intersect-tool an overlay was
created between the neighbourhoods and the buildings in Nijmegen. This overlay indicates the number
of buildings per neighbourhood. Besides, the building density per neighbourhood (or ground space index)
was calculated to determine the level of exposure with regards to the build environment. The ground
space index is often an important indicator to determine the availability of drainage capacity of
precipitation into the soil (PBL, 2019).
∑ 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑘𝑚2 = 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑘𝑚2

Equation 6

Similar for vulnerability & hazard, the exposure was only calculated for neighbourhoods in Nijmegen. The
results provide a relative exposure compared to the other neighbourhoods in Nijmegen. To create a more
general value of exposure, the same nine other Dutch cities were selected to create a standardization of
the densities on a broader scale. The requirement for selecting a city was a minimum population density
of 1500 people per km2, as this is considered as urban area in Europe by OECD (2018). The ten cities
(including Nijmegen), with their population density, road density and building density, are visible in
appendix 3.
The average population density per neighbourhood was 7.902. Hence, this value was determined as the
medium class. The average road density for the ten cities, which was calculated as km per km2, was 10.83.
The average building density was calculated at 2.350 buildings per km2. These averages form the medium
values in the standardization of the components in the level of exposure, see table 6. For every component
of exposure, a range of five classes were formed to provide a broad representation. More information
and calculations on the standardization can be found in appendix 3.
Table 6. Components of vulnerability and exposure with the corresponding class (created by author, 2021)

Percentage of
flooded area
≤10
10-20
20-30
30-40
>40

Population
density per km2
<5000
5000-6500
6500-8000
8000-9500
≥9500

Road density
per km2
<5
5-10
10-15
15-20
≥20

Building density
per km2
<1000
1000-2000
2000-3000
3000-4000
≥4000

Class
Low
Medium low
Medium
Medium high
High

So far, the components of exposure were calculated separately. The next step was to combine the
components of exposure by merging them into one dataset of total exposure. As stated before, the
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components of exposure have been categorized into five classes to make them comparable to each other.
This is done through assigning values to each of the five classes per components of exposure. Hereby, a
class of 5 corresponds to high exposure, and a class of 1 corresponds to low exposure (table 7).
Subsequently, the total exposure was calculated by using the summary statistics tool in ArcGIS. Hereby
the assigned values were accumulated and the average was calculated. The result is the exposure of the
population density, road density and the building density combined.
Table 7. Calculation of the level of exposure (created by author, 2021)

Neighbourhood Class Population
density
A
3 (Medium)
B

1 (Low)

C

5 (High)

Class road
density
4 (Medium
high)
2 (Medium
low)
4 (Medium
high)

Class building
density
2 (Medium low)

Sum
Average
classes exposure
9
3 (Medium)

3 (Medium)

9

2 (Medium low)

5 (High)

14

5 (High)

…

3.3.1.3

Pluvial flood risk

PFR was based on the formula 𝑅𝑎ℎ = 𝐻𝑎ℎ ∗ 𝐸𝑎 ∗ 𝑉𝑎ℎ . Hereby, the spatial information at neighbourhood
level of hazard, vulnerability and exposure for both T=100 and T=1000 were combined. The dissolve tool
in ArcGIS was used to aggregate the precipitation features of the hazard & vulnerability and the features
of the exposure. As well as the exposure, the percentage of flooded area per neighbourhood was divided
into five classes. On the same manner, values which represent the level of vulnerability from 1 up to and
including 5 are assigned to the classes. The average of the exposure per neighbourhood and the value
that corresponding to the vulnerability were accumulated and the average of this sum was calculated by
using the summary statistics tool. This resulted in the PFR per neighbourhood at T=100 and T=1000
precipitation.
Although the created PFR-map included the percentage of flooded area per neighbourhood, it did not
take the average water depth into account, as the average water depth does not include information on
the risk of flooding for the entire neighbourhood. In contrast to percentage of flooded area, which
provides information on the risk of flooding for the entire neighbourhood. Hence, the severity of the
flooded area per neighbourhood is not visible on this PFR-map. To strengthen the internal validity of the
PFR-map based on percentage of flooded area, separate maps of the average water depth per
neighbourhood were created. These maps on average water depth had a supporting role in selecting
locations at risk to PF. Also here, a precipitation of T=100 and T=1000 were taken into account.

3.3.1.4

Selection of neighbourhoods and locations

First two neighbourhoods were chosen based on: (1) neighbourhoods with a medium- to high PFR at
T=100 and T=1000; (2) the water depth per neighbourhood, as this provided information on the severity
of the flooded area. The choice of the neighbourhoods functioned as an intermediate step to narrow
down the selection of possible locations at risk at street level scale.
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Subsequently, one location per chosen neighbourhood was selected to identify the potential NBSs for
tackling PF. This selection was based on the highest water depth at street level scale for T=100 and T=1000.
To select a location within the neighbourhood, using only the water depth was sufficient, because the
neighbourhoods contain a medium- to high exposure, as was assessed during the choice of
neighbourhoods. Hence, it was not necessary to take the level of exposure into account at street level
scale for selecting locations at risk. Moreover, the water depth on street level scale was suitable, as the
maps Waterdepth_100 and Waterdepth_1000 contained sufficient detailed information as one pixel
covers 2x2m2. To validate if the selected locations are indeed at risk, multiple sources were consulted.
This form of triangulation consisted of validation by secondary data. First, policy documents (such as
Gemeentelijk Rioleringsplan and omgevingsvie) of Nijmegen were retrieved and data on pluvial flood risk
was collected. Second, verification of experts on water management in the municipality of Nijmegen was
collected during semi-structured interviews.

Figure 15. Factors used for choosing two neighbourhoods and selecting
locations within neighbourhoods (created by author, 2021).

3.3.2 Identify NBSs
This section consists of a descriptive analysis on the selected locations and the potential to embed NBS in
the selected locations. Thereafter, NBSs were selected for the potential embedding in the selected
locations. Eventually, different criteria that NBS encompasses were identified and described in this
section, and their effectiveness to the criteria was assessed in a qualitative way in a matrix.
For the analysis of the selected locations to embed NBS, the characteristics of the chosen streets were
assessed in terms of neighbourhood typology and technical considerations of the infiltration opportunity
and ground water levels. A site visit was required to assess the typology of the selected streets, as the
data in the map Neighbourhood typology was not detailed enough to assess the types at street scale level.
Hereby, factors such as green space, street layout and building typology, were taken into account to
provide a complete overview of the street characteristics in terms of embedding NBS. Photos were taken
to get a better impression of the street characteristics.
Secondary data was consulted to acquire information on the technical considerations. The infiltration
opportunities consists of the infiltration capacity, storage capacity and ground level slope (Wageningen
Environmental Research & Climate Adaptation Services, n.d.). The opportunities to infiltrate precipitation
were analysed based on the story map ‘kaart infiltratiekansen’ created by Wageningen Environmental
Research in liaison with Climate Adaptation Services. It is assumed that external factors, such as
underground infrastructure, archaeological items or soil contamination, that could influence the
infiltration opportunity are not taken into account. Although the resolution of this map was not specified
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on the selected locations, it provided a proper impression of the infiltration opportunities. As this research
does not focus necessarily on the exact performance, this method was sufficient to determine the
infiltration capacity of the selected locations. For analysing the groundwater levels, the Dutch
database DINOloket for groundwater levels was consulted. The measurement locations closest to
the selected locations were evaluated to make an assessment of the groundwater level. The two folded
analysis in terms of the characteristics of the neighbourhood and the technical considerations provided a
base for assessing the suitability to embed NBS in the selected locations.
Subsequently, a selection of NBSs for the potential embedding in the two locations was made. The
baseline for embedding NBSs in the selected locations, is the existing traditional grey infrastructure with
a supporting role for NBS to enhance natural processes in high-density areas. The analysis of the potential
of the selected locations to embed NBS was used as a base to identify NBSs for the selected locations,
hereby two points were taken into account: 1) NBSs effectiveness’ to tackle PF 2) NBSs suitable for street
level scale. As this research focuses on reduction of PFR, the selected NBSs should contain at least a
medium- to high effectiveness in tackling PF. Besides, the NBSs must vary to some extent on effectiveness
to address the criteria to make clear distinctions between them. The effectiveness of the selected NBSs
was analysed in a descriptive way, as an in-depth assessment of the performance of the NBSs goes beyond
the scope of this research. For the identification of NBSs in the selected locations, secondary data, such
as Google Scholar, Scopus and the WUR-library, was consulted to select the most common NBSs that can
address PF at street level scale. Furthermore, the approach of Kluck et al. (2017b), which links
neighbourhood characteristics to climate adaptive measures for tackling PF, was used for inspiration.
Next, an identification of the other criteria of NBS was made. The identification of the criteria was used
to include the multifunctionality of NBS, next to addressing PF. Next to the benefits that could occur during
the embedding of NBS, also trade-offs could may arise. Hence, the identification of the criteria was also
used to illustrate potential trade-offs. In this study, a trade-off is defined as a situational decision that
involves diminishing or losing one criteria in return for gains in other criteria, so a trade-off occurs where
one criteria increases and another must decrease. Hereby, it stems from a limitation, which is defined as
a restriction and not used in relation to NBS in this research. Three main criteria were identified in the
secondary data.

Figure 16. NBS criteria (created by author, 2021).
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Environmental criteria include PF, heat stress, biodiversity and air quality. These are defined as those
biophysical properties of the location that a particular NBS could influence. Hereby, it is important to
assess the extent of a particular NBS to address PF/heat stress and enhancing biodiversity and air
quality. NBS has the capacity to address these most noticeable consequences of climate change in urban
environments.
The economic criteria are a set of criteria which are combined, because they share pragmatic
characteristics of a particular NBS. Space usage is defined as the extent to which a particular NBS is able
to combine with other urban functions in high-density areas, such as parking. Cost efficiency is defined as
the extent to produce proper results with a particular NBS, without making huge costs (SowińskaŚwierkosz & García, 2021). Maintenance is defined as the extent to which a particular NBS produces
proper results, without needing maintenance. This could include monitoring, cleaning, replacing parts et
cetera. Besides, NBS is distinguished from traditional approaches for being multifunctional by contributing
to the overall resilience of landscapes (Eggermont et al, 2015; Maes & Jacobs, 2015). Hence,
multifunctionality is the sum of combined functions, such as tackling PF and heat stress and improving
biodiversity, air quality and recreation. Hence, multifunctionality could also be presented as criteria.
However, it was not included as a separate criterium because it differs from the other criteria as
multifunctionality is an overarching principle of NBS.
Social criteria includes Aesthetics and recreation, because these criteria contain a social function in urban
society. Aesthetics is defined as the extent to which a particular NBS is appreciated by its physical
appearance. However, assigning an indication of the physical appearance of a particular NBS is a
subjective element, therefore it cannot be added in parallel to the other criteria. Yet, it is important to
include it in the list as this criterium can be important for the attitude of stakeholders towards
NBS. Recreation is defined as the extent to which a particular NBS is able to facilitate recreational
purposes
For an improved knowledge on the criteria for embedding NBS in the selected locations, existing
approaches and experiences were consulted based on secondary data. Hence, standardized units in the
form of indicators were adapted from secondary data. The use of indicators for the different criteria of
NBS can help to assess and demonstrate the usefulness and effectiveness of NBS. Moreover, the indicators
help to systematically evaluate NBS implementations and increase comparability and measurability,
thereby adding to the evidence base for NBS (Kabisch et al., 2016).
Table 8. NBS indicators with their indicators and units (based on Kabisch et al., 2016 & Raymond et al., 2017)
NBS criteria
Pluvial flooding
Heat stress
Biodiversity
Air quality
Space usage
Cost efficiency

Indicator
Peak flow reduction
Increased infiltration capacity
Surrounding temperature
Evapotranspiration
Increased number of species
Vegetation cover
Reduced CO2 emissions
Reduced air pollution (O3, PM10, NO2, SO2,
CO)
Surface area
Construction costs
Maintenance costs

Unit
mm/h
mm/h
°C
mm/h
∆%
∆%
g/m2/year
ppm/m2/year
m2
€
€
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Maintenance
Aesthetics
Recreation

Number of maintenance per year
Enhanced attractiveness of street
Number of people using green space

Number/year
Number people/neighbourhood

The effectiveness of the NBSs was assessed by means of secondary data. Google Scholar, Scopus and the
WUR-library were used to collect data on the selected NBSs. A combination of keywords was performed
using Boolean operators; for instance at retrieving data on PF: (“nature-based-solution” OR “green
infrastructure” OR “biophilic design” OR “urban green space”) AND (“PF” OR “infiltration capacity” OR
“runoff” OR “peak flow”) AND (“urban”). Information on the indicators for a particular NBS was used to
assess its effectiveness qualitatively to a specific criterium, in the case above PF. If no quantifications were
found, assumptions were made based on qualitative data from the literature. Furthermore, it was
attempted to gather data from articles that had a case-study comparable to Nijmegen, such as other
European cities with comparable climate circumstances. If this was not found, the search was broadened
to global scale.
The results of the criteria to select the NBS were presented in a matrix based on five categories; very
effective, effective, medium effective, slightly effective and ineffective. These categories were indicated
with colours to give a clear overview of the distinctions between each NBS. Classifying the collected data
from the literature review into the categories was based on a comparison between the NBSs. The focus
of this research is on the differences between criteria rather than on the performance per NBS, therefore
comparing the NBS to each other formed a solid base to display to differences. Moreover, the use of a
range of categories was most useful as exact numbers on the criteria per NBS are location-dependant.
Hence, multiple sources were consulted to assess the categories for each criterium per NBS. The matrix
was explained in a qualitative manner to support the matrix.
A key-reason to prevent bias of the researcher based on subjective interpretation and to validate the
findings, multiple secondary data sources were consulted on the identification of the NBSs and the
effectiveness of NBS on the different criteria.

3.3.3 Exploration of stakeholders’ attitudes and preferences
Seven semi-structured interviews with diverse stakeholders were conducted to assess the potential
attitudes and preferences towards NBS to tackle PF in high-density areas. Also, the perceived trade-offs
by stakeholders were explored and their views on participation in relation to NBS was assessed. Semistructured interviews were selected to ensure high reliability because of the consistent structure of the
questions in each interview. Furthermore, it allowed room for more in-depth questions and clarifications,
resulting in more details and depth during the semi-structured interviews (Swanborn, 2013). Interview
invitations were primarily sent out to experts in the municipality of Nijmegen on climate adaptation and
Operatie Steenbreek. This resulted in interviews with experts from the municipality of Nijmegen and a
contact person in a community initiative. Snowballing and searching in my network, led to more
interviewees. Due to the Covid-19 situation, finding interviewees, particularly citizens, brought up some
difficulties because it was not possible to conduct on-site interviews with citizens on the street. Therefore,
also citizens that were living close to the two locations were selected as potential interviewee. Besides,
the interviews were held on Microsoft Teams. This gave the researcher the opportunity to share screens
and present the locations to the interviewees.
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The selection of interviewees was based on a diversity of interviewees that was described in section 2.4
Stakeholders, planning & NBS. This diversity of interviewees was based on the fact that NBS affects people
on different levels. Hence, experts on climate adaptation in the municipality of Nijmegen, community
initiative members, and citizens were selected for semi-structured interviews.
The content of the interviews was different for the three interviewee groups (see table 9). This table also
illustrates the structure of the interviews as it started with topic 1 and ended with topic 8 for experts of
the municipality. For citizens, the interview started with topic 1, skipped topics 2-4, and continues from
topic 5. Not all topics were discussed with community initiative members or citizens as they are no experts
on NBS and it would become too complex. Hence, the interview with experts from the municipality took
40 to 60 minutes, due to the possibility to ask more in-depth questions. The interview with community
initiative members took 20 to 40 minutes. The interview for citizens consisted primarily of short to-thepoint questions that were applied to the selected locations, hence it took 10 to 15 minutes. Furthermore,
each interview started with an introduction of the researcher and the interviewee, and ended with a
conclusion to close the interview. The selected locations and the criteria of NBS identified in the previous
sections were used during the operationalization of the semi-structured interviews. The selected locations
at risk in Nijmegen were presented during the interviews with the help of pictures to give the interviewees
an impression of the locations.
Table 9. Discussed topics during the interviews with various interviewees (created by author, 2021).
Topic
1) Interviewees’ knowledge on
NBS or other related concepts,
such as green infrastructure
2) Interviewees’ experienced
preferences on NBS and
underlying motivations
3) Interviewees’ experienced
trade-offs
of
NBS
and
underlying motivations
4) Interviewees’ attitude about
the usefulness of NBS or other
related concepts
5) Experienced PF in the
selected locations
6) Interviewees’ preferences on
NBS for the selected locations
7) Interviewees’ trade-offs on
NBS for the selected locations
8) Interviewees’ view on
participation in relation to NBS

Experts

Community initiative
members

Citizens

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

In advance of the interview, the interviewees were asked whether they agreed to record the interview.
During the interview, the interviewees had the right to refuse to answer a question. The interviewees
permitted to use of the results from the interview before publication. All data from the interviews was
handled in a confidential way and the anonymity of the interviewees was guaranteed. Eventually, on the
decision-making side an experts on green and climate adaption (interviewee A) and an expert on water
and climate adaptation (interviewee B) both from the municipality of Nijmegen were interviewed. Two
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community members were interviewed (interviewees C and D), respectively volunteering for Duurzaam
Hees and Bottendaal Groen. Furthermore, three citizens living in or around the selected locations were
interviewed (interviewees E,F and G).
Data of the interviews were organised and analysed in five phases according to the method of Creswell
(2009), namely (1) organizing and preparing data; (2) reading the data; (3) coding the data; (4) identify
themes, patterns and relationships; (5) interpretation of the data. The first phase consisted of organizing
the data from the interviews and transcribing the data. In addition, the notes from unrecorded informal
interviews with locals on the street was typed up. In the second phase, all transcripts and notes were read
through to obtain a general sense of the information and its meaning. In this phase, the aim is to get a
general understanding of the information provided by interviewees. During the third phase, the detailed
analysis of the data began with the coding process. Hereby, the data was organized into chunks of text
bringing meaning to information (Creswell, 2009). The codes and themes used in this thesis were based
on the specific (sub)research dimensions. Hence, the coding scheme is particularly based on a deductive
way of coding. The identified criteria related to NBS were each grouped into one code (environmental
criteria, economic criteria, social criteria). Furthermore, NBS definition, participation, experience with NBS,
future perspectives of NBS, grey infrastructure, health & well-being were used as group codes, each
consisting of sub-codes. Unforeseen terms or keywords from the interviews were also used in the analysis
of the data, the coding scheme therefore consists partly of inductive coding. To make the process of
coding more convenient, the program MAXQDA was used. More information on the coding scheme can
be found in appendix 4.
The fourth phase consisted of the identification of the themes, patterns and relationships. Expert
knowledge was used to link particular themes and identify patterns or relationships. In this phase, the aim
was to create a coherent analysis of the gathered data. In the final phase, the data was interpreted and
linked to the theory. Hereby, the findings from the interviews were compared to the findings from
literature, this was described in the chapter 5 discussion.
To validate the findings of the semi-structured interviews, fixed questions were created with space for the
interviewee to clarify more on a topic, because it was a semi-structured interview. To increase the internal
validity of the interview, test-interviews were conducted with other people than the selected
stakeholders. Furthermore, the same order of questions were formulated for each stakeholder group.
Besides, more than one person per stakeholder group was interviewed to create a higher external validity.
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4. Results
In this chapter, the results of the PFR assessment were presented. First, the results of the hazard &
vulnerability were illustrated and described. Second, the exposure was presented and explained. Third,
the PFR-map for Nijmegen was presented and described. Lastly, the results of the selection of the
locations at risk were described.

4.1

Pluvial flood risk assessment

4.1.1 Hazard & vulnerability
B

A.
3 2

3 2
1

1

5
6

9
8

5
6

9

7

8 7
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Figure 17. Hazard and vulnerability results for Nijmegen. A. percentage of flooded area T=100. B. percentage of
flooded area T=1000. C. average water depth T=100. D. average water depth T=1000 (created by author, 2021).
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For precipitation with a repetition time of 100 years (T=100 precipitation), 21 out of 44 neighbourhoods
would be for 20-30% flooded as is visible in figure 17A. These neighbourhoods are all located on the
southern side of the river. The neighbourhoods on the northern side of the river (Lent (1), Ressen (2) and
Oosterhout (3)) would contain a low percentage of flooded area, as less than 10% would be flooded. Also,
14 neighbourhoods adjacent to the municipal border would be flooded for 10-20%. None of the
neighbourhoods would be flooded for at least 30%.
For T=1000 precipitation, the percentage of flooded area would increase for 40 neighbourhoods. 18
neighbourhoods would be flooded for 30-40%. On top of that, 10 neighbourhoods would contain a
flooded area of at least 40%. For the neighbourhoods located in the centre of Nijmegen, this can be
explained by a higher elevated altitude eastern of these neighbourhoods. During T=1000 precipitation,
the water would flow to the lower elevated neighbourhoods in central Nijmegen. The neighbourhoods at
the northern side of the river would still contain a flooded area of 10%, the same as for T=100
precipitation.
Besides the percentage of flooding, the maps in figure 17C and D provide information on its severity by
showing the average water depth at a T=100 and T=1000 precipitation. Here, it can be seen that primarily
not the same neighbourhoods would be more vulnerable to PF in terms of average water depth. At T=100,
it is striking that particularly the eastern neighbourhoods (Hengstal (4), Benedenstad (5), Stadcentrum (6),
Bottendaal (7)) contain a higher water depth than the western neighbourhoods. Also here, the
neighbourhoods northern of the river contain a relatively low water depth. For T=1000, these differences
have been equalized more or less. Furthermore, the five neighbourhoods (From east to west: Hengstdal
(4), Stadscentrum (6), Bottendaal (7), Wolfskuil (8) and Westkanaaldijk (9)) contain an average water
depth of at least 15 cm. A water depth of 10-20 cm or more becomes problematic as street cannot store
this much water on the streets, and it could overflow the curbs.
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4.1.2 Exposure

4

Figure 18. Exposure results for Nijmegen. A. population density. B. road density. C. building density. D. level of exposure (created
by author, 2021).
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The analysis on exposure in terms of population density showed that he neighbourhoods Stadscentrum
(6), Altrade (10) and Bottendaal (7) contain the most people per km2, namely a density of greater or equal
t0 9500 people per km2. These high densely populated neighbourhoods are part of the city centre. Also
other neighbourhoods in and around the city centre contain a relatively high population density. The
outskirts of Nijmegen generally have a lower population density, except for Hatert (13) which is located
on the border of Nijmegen and has a density of 6500-8000 people per km2. Further, in terms of road
density, the city centre (Benedenstad (5), Stadscentrum (6) and Bottendaal (7)) also contains the most
roads per km2, namely greater or equal to 20 km/km2. 18 neighbourhoods contain a road density of 1520 km/km2, this pattern follows mainly the important main- and regional roads. Finally, the
neighbourhoods adjacent to the city centre (Hengstal (4), Wolfskuil (8), Altrade (10), Nije Veld (11) and
Biezen (12)) contain the most buildings per km2 , namely a building density of greater or equal to 4000
(figure 18C).
The map of the combination of the three components of exposure showed that two neighbourhoods
(Altrade (10) and Bottendaal (7)) contain a high level of exposure (see figure 18D). Furthermore, the
neighbourhoods in and around the city centre contain medium high exposure to PF (Hengstdal (4),
Benedenstad (5), Stadscentrum (6), Wolfskuil (8), Nije Veld (11) and Biezen (12), also outskirt
neighbourhoods such as Hatert (13) and Hatertse Hei (14) contain a medium high exposure.

4.1.3 Pluvial flood risk
A.

B.
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Figure 19. Left: pluvial flood risk at T=100. Right: pluvial flood risk at T=1000 (created by author, 2021).

The combination of the exposure and the hazard & vulnerability into the PFR-map shows that at a T=100
precipitation (figure 19A, table 10), the maximum level of PFR is medium high. This level of PFR is achieved
by Hengstdal (4), Altrade (10), Bottendaal (7), Nije veld (11), Wolfskuil (8), Biezen (12) and Hatert (13).
Except for Hatert and Hengstdal, all these neighbourhoods are located around the city centre.
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For a T=1000 precipitation (figure 19B, table 10), this image that neighbourhoods directly adjacent to the
city centre contain a higher PFR is even more clear. The neighbourhoods (Altrade (10), Bottendaal (7),
Wolfskuil (8) and Biezen (12)) all contain a high PFR. The only neighbourhood that is not located adjacent
to the city centre and still contains a high PFR is Hatert (13). The reason for this is the high PFR at T=1000
is the medium high exposure and a high vulnerability at T=1000. A large part of the other neighbourhoods
in Nijmegen contains a medium high PFR. The minority of the neighbourhoods contains a medium- or
lower PFR. Looking at the neighbourhood typology in table 10, it can be stated that particularly the prewar residential neighbourhood, post-war residential neighbourhood and the working-class
neighbourhood are likely to contain a high PFR. It can also be stated that a vinex, renewed, industrial and
high-rise neighbourhood are likely to have a low to medium low PFR.
Table 10. The neighbourhood typology, exposure hazard/vulnerability and PFR for neighbourhoods in Nijmegen (created by
author, 2021).

Neighbourhood

Neighbourhood
typology

Exposure

Hazard/vulnerability T100

Hazard/vulnerability T1000

Risk T100

Risk T1000

Aldenhof

Medium

Medium

Medium high

Medium

Medium high

High

Medium low

Medium high

Medium high

High

Benedenstad

Post-war
residential
Pre-war
residential
Bloemkoolwijk

Medium low

Medium

Medium

Medium high

Biezen

Working-class

Medium

High

Medium high

High

Bijsterhuizen

Vinex

Medium
high
Medium
high
Low

Low

Medium low

Low

Medium low

Bottendaal

Pre-war
residential
Post-war
residential
Bloemkoolwijk

High

Medium

Medium high

Medium high

High

Medium low

Medium low

Medium high

Medium low

Medium

Medium

Medium low

Medium high

Medium

Medium high

Medium

Medium

Medium high

Medium

Medium high

Goffert

Low-rise garden
city
Villa

Medium low

Medium

Medium high

Medium

Medium

Groenewoud

Villa

Medium low

Medium low

Medium

Medium low

Medium

Grootstal

Medium

Medium low

Medium high

Medium

Medium high

High

Medium high

High

Medium low

Medium high

Medium

Medium high

Haven- en
industrieterrein
Hazenkamp

Post-war
residential
Working-class

Medium
high
Medium
high
Low

Medium

Hatertse Hei

Low-rise garden
city
Post-war
residential
Working-class

Medium low

Medium

Medium low

Medium low

Medium

Medium low

Medium high

Medium

Medium

Hees

Villa

Medium low

Medium

High

Medium

Medium high

Heijendaal

High-rise garden
city
Working-class

Medium low

Medium

Medium high

Medium

Medium

Medium
high
Medium

Medium

Medium high

Medium high

Medium high

Medium

High

Medium

Medium high

Medium low

Low

Medium low

Medium low

Medium low

Altrade

Brakkenstein
De Kamp
Galgenveld

Hatert

Hengstdal
Heseveld
Hunnerberg

Low-rise garden
city
Villa

Kerkenbos

Industrial

Low

Medium low

Medium

Medium low

Medium low

Kwakkenberg

Villa

Low

Low

Low

Low

Low
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Lankforst

Post-war
residential
Renewed

Medium

Medium

Medium high

Medium

Medium high

Low

Low

Low

Low

Low

Post-war
residential
Bloemkoolwijk

Medium

Medium

High

Medium

Medium high

Medium

Medium

High

Medium

Medium high

Medium

Medium

Medium high

Medium

Medium high

Neerbosch-West

Post-war
residential
Villa

Low

Medium low

Medium low

Medium low

Medium low

Nije Veld

Working-class

Medium

Medium high

Medium high

Medium high

Oosterhout

Renewed

Medium
high
Medium low

Low

Low

Medium low

Medium low

Ooyse
Schependom
Ressen

Villa

Low

Low

Low

Low

Low

Vinex

Low

Low

Low

Low

Low

St. Anna

Working-class

Medium

Medium

High

Medium

Medium high

Staddijk

High-rise

Low

Low

Low

Low

Low

Stadscentrum

Medium
high
Medium low

Medium low

Medium

Medium

Medium high

't Acker

Historical city
centre
Bloemkoolwijk

Medium low

Medium high

Medium low

Medium

't Broek

Bloemkoolwijk

Medium low

Medium low

Medium

Medium low

Medium

Tolhuis

Bloemkoolwijk

Medium

Medium

High

Medium

Medium high

Vogelzang

Villa

Low

Low

Low

Low

Low

Weezenhof

Bloemkoolwijk

Medium low

Medium

Medium high

Medium

Medium

Westkanaaldijk

Industrial

Medium low

Medium

High

Medium

Medium high

Wolfskuil

Working-class

Medium

High

Medium high

High

Zwanenveld

Bloemkoolwijk

Medium
high
Medium

Medium

Medium high

Medium

Medium high

Lent
Malvert
Meijhorst
Neerbosch-Oost
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4.1.4 Selected locations
From the neighbourhoods at medium- to high PFR at T=100 and T=1000 precipitation, and a relatively
high average water depth, Bottendaal and Stadcentrum were selected for further analysis. Bottendaal
was selected as it contains a medium high PFR at T=100 precipitation, and a high PFR at T=1000
precipitation. Moreover, Bottendaal could face a relatively high average water depth for both T=100 and
T=1000 precipitation, namely 12,5-15cm and >15cm.
Figure 20 displays the vulnerability of Bottendaal at a T=100 and T=1000 precipitation. Particularly, the
northwest side of Bottendaal seems vulnerable to PF as a water depth of 20cm or more is common in the
T=100 situation. Also, Sint Stephanusstraat seems to have a high vulnerability to PF. In the T=1000
situation, a water depth of >30cm occurs often. Based on this information, the Sint Stephanusstraat was
selected as location at risk the PF.

Figure 20. Left: water depth T=100 in Bottendaal. Right: water depth T=1000 in Bottendaal. The purple circle indicates the Sint
Stephanusstraat (created by author, 2021).

Stadscentrum was selected as the average water depth is relatively high, namely greater than 15cm, and
the PFR was medium at T=100 precipitation and medium high at T=1000 precipitation. Figure 20 shows
the water depth of Stadscentrum during T=100 and T=1000 precipitation. The inner city centre seems
vulnerable to PF. Lots of shops, restaurants and homes are located at the Ziekerstraat, which is pedestrian.
However, embedding of NBS seems unrealistic here, due to the flow of pedestrians and the lack of space.
In the southern side of the neighbourhood the important traffic junction (Keizer Karelplein) is visible,
adjacent to the Oranjesingel. Southern of the main road, the Bijleveldsingel seems to be a vulnerable place
to PF. At T=100 precipitation, a large part of the Bijleveldsingel will contain a water depth of >30cm.
Moreover, at T=1000 precipitation, most part of the street will contain a water depth of >30cm. Hence,
the Bijleveldsingel was selected as a second location.
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The selection of the Bijleveldsingel and the Sint Stephanusstraat as locations at risk to PF, was verified by
the omgevingsvisie 2020-2040 of the municipality of Nijmegen and the Gemeentelijk Rioleringsplan. Areas
of attention during heavy precipitation were indicated in the omgevingsvisie 2020-2040 and the
Gemeentelijk Rioleringsplan indicated the amount of existing grey infrastructure. Furthermore, during the
interviews with experts on climate adaptation it was verified that the Bijleveldsingel was well-known
location at risk to PF. The Sint Stephanusstraat specifically was less known for PF, but the neighbourhood
Bottendaal as a whole was (see 4.3.2 preferences and trade-offs for the selected locations).

Figure 21. Left: water depth T=100 in Stadscentrum. Right: water depth T=1000 in Stadscentrum. The purple circle indicates the
Bijleveldsingel, the yellow indicates the Ziekerstraat and the green indicates the Keizer Karelplein (created by author, 2021).
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4.2

Identify NBSs

In this section, the neighbourhood characteristics in the Bijleveldsingel and the Sint Stephanusstraat were
analysed first, and brief information is provided on the infiltration capacity and groundwater levels to
assess NBSs’ usefulness to tackle PF. The potential of NBS to be embedded into the selected locations,
depends on the location’s characteristics. Subsequently, NBSs were identified and assessed for the
selected locations. The results are visualized into a summarizing matrix.

4.2.1 Bijleveldsingel
1

3

Figure 22. Impression of the
Bijleveldsingel (1-4) and the location of
the photos (5) (Created by author, 2021).

2

4

5
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The neighbourhood Stadscentrum, wherein Bijleveldsingel is located, is characterised in the
neighbourhood typology from Klimaateffectatlas as historical city centre (see figure 8). According to Kluck
et al. (2017a) the traditional Dutch historical city centres contains a relatively high building- and
population density with large paved surfaces. On the contrary, the open spaces between the building
blocks contain often spaces with grown trees. This traditional street layout has undergone some modernday adjustments, such as added parking spots and expansion of buildings. This could put pressure on the
availability of green spaces. As mentioned before, the Bijleveldsingel is located on the skirts of the city
centre, but still contains a historical street layout. Stadscentrum consists for a great part of historical city
centre, namely 30%. Furthermore, pre- and post-war street layout can be identified with respectively
13,6% and 13,4% (see appendix 1). Post-war buildings can be recognised in figure 22.1. The Bijleveldsingel
contains large paved surfaces, with designated space for cars in particular (see all pictures in figure 22).
Furthermore, the width of the street is relatively large if the traffic flows were taken into account. On top
of that, much space is taken up by the parking spots for cars which are located in a perpendicular way
with the street. Between the parking spots, space is reserved by full-grown trees. These trees are the only
green implementations in the Bijleveldsingel in the public space, next to small gardens in the private
space. The remaining space in the public space consists of paved surfaces for footpaths and other
purposes.
In terms of infiltration opportunity, it can be stated that the
Bijleveldsingel contains a very large infiltration opportunity
(see figure 23). It has a large infiltration capacity as the
permeable soil consists of primarily coarse sand and sand
with a relatively large grain size. Furthermore, the highest
average groundwater level is deeper than one meter, it is
therefore considered as a large storage capacity and there
is no ground level slope (Wageningen Environmental
Research & Climate Adaptation Services., n.d.). The exact
highest average ground water level is measured by
DINOloket (n.d.) and Gemeente Nijmegen (n.d.) at 23,5
meters below ground level.
The location characteristics of the Bijleveldsingel, for both
the neighbourhood typology as the technical
considerations, is deemed appropriate to embed NBS to
support the existing grey infrastructure. The large extent of
impervious surfaces in combination with the wide and open
street layout offers opportunities to embed NBS. It was
analysed that there is a relatively large amount of unused
space in the Bijleveldsingel, due to the wide road. This space Figure 23. Infiltration opportunities in Nijmegen
if considered feasible to embed NBS. However, many (Bijleveldsingel) (Wageningen Environmental
houses in the Bijleveldsingel contain souterrains, it is research & Climate Adaptation Services, n.d.)
therefore necessary that water storage in a potential NBS
cannot reach the souterrains to tackle the risk of flooding. In terms of the technical considerations; the
embedding of NBS was also deemed feasible. There is a large infiltration opportunity and a low ground
water level, which are important factors for the effectiveness to tackle PF with NBS.
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4.2.2 Sint Stephanusstraat

Figure 24. Impression
of the Sint
Stephanusstraat (1-4)
and the location of the
photos (5) (Created by
author, 2021)

1

2

3

4

5

The neighbourhood type in Bottendaal is characterised by a pre-war residential street layout. 24% of this
neighbourhood consists of buildings with pre-war characteristics (see appendix 1). Also historical and
working-class characteristics are recognised in Bottendaal with respectively 22% and 23%. These
neighbourhoods types are characterised by a high-density of population, roads and buildings. Hence, not
much space is left for public greenery (Kluck et al., 2017b). The pictures in figure 24 illustrate the relatively
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narrow street design, designated for primarily cars and
bicycles. Also relatively wide footpaths on both sides of
the narrow streets are visible. Furthermore, many
parking spots are available in various forms. Figure 24.2
shows perpendicular parking spots in front of houses,
while figure 24.4 shows parking parallel to the street.
The visible green spots in the Sint Stephanusstraat
consists of medium grown trees with a small infiltration
platform. Furthermore, there are small front yards of
various forms. A part of the front yards contains
possibilities for infiltration, while other front yards are
completely paved for parking bicycles for instance. In
accordance to Kluck et al. (2017b), the availability of
green space in the public area is lacking.
In terms of infiltration opportunity, it can be stated that
the Sint Stephanusstraat contains a very large
infiltration opportunity (see figure 25). It has a large
infiltration capacity as the permeable soil consists of
primarily coarse sand and sand with a relatively large
grain size. Furthermore, the highest average
groundwater level is deeper than one meter, it is Figure 25. Infiltration opportunities in Nijmegen (Sint
therefore considered as a large storage capacity and Stephanusstraat) (Wageningen Environmental research &
Climate Adaptation Services, n.d.)
there is no ground level slope (Wageningen
Environmental Research & Climate Adaptation
Services., n.d.). The exact highest average ground water level is measured by DINOloket (n.d.) and
Gemeente Nijmegen (n.d.) at 30 meters below ground level.
The location characteristics of the Sint Stephanusstraat are considered feasible for the potential
embedding of NBS to support the existing grey infrastructure. Both the neighbourhood typology as the
technical considerations indicate that the embedding of NBS could contribute to tackle PF. The diverse
layout in terms of parallel and perpendicular parking in combination with the wide footpaths, offers
sufficient possibilities to redesign the layout in favour of green space. However, it is not deemed feasible
to adjust the width of the road, considering the narrow dimensions in the current situation. In terms of
the technical considerations; the embedding of NBS in the Sint Stephanusstraat was also deemed feasible.
There is a large infiltration opportunity and a low ground water level, which is beneficial for the
embedding of NBS.
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4.2.3 NBS measures & matrix
This section dives deeper into the identification of NBSs for the Bijleveldsingel and the Sint
Stephanusstraat. Based on the description of the potential to embed NBS in the selected locations; and
NBS’ effectiveness to tackle PF and the suitability at street level scale, four main NBSs in secondary data
were identified: a wadi, an infiltration strip, permeable pavement and urban trees (see box 1.1 to 1.4)
Table 11. Identified main NBSs to tackle pluvial flooding at street scale level in prior publications.

NBS to address PF at street scale level

Authors

Wadi (n=5)

RIONED 2006; Votel et al. 2020; De Valck et al. 2019 ; Boogaard 2015; Li et al.
2016
City of Portland 2006; Votel et al. 2020; Kabisch et al. 2017a; Kronaveter et al.
2001
Boogaard 2015; Imran et al. 2013; Antunes et al. 2018 ; Kamali et al. 2017 ;
Fassman & Blackbourn 2010; Zhu et al. 2019; Costa et al. 2021
Xiao & McPherson 2003; Bartens et al. 2008 ; Zabret & Šraj 2015; Grey et al.
(2018) ; Wang et al. 2008

Infiltration strip (n=4)
Permeable pavement (n=7)
Urban tree (n=5)

Four NBSs were selected based on time-wise considerations. There are numerous NBSs that positively
affect PF and are suitable at street scale level, however due to the limited time for this research, it was
chosen to select four NBSs. Initially, five NBS measures were identified, however, the selected locations
does not contain public buildings suitable for intensive green roofs. Therefore, intensive green roofs were
not further included in this research.
Box 1.1 Wadi
Wadis are constructed infiltration gullies that can temporarily capture excess runoff during peak
rainfall events and improve water quality (De Valck et al., 2019). In high-density areas, they are
implementable in wide streets, parking space or squares. The wadi uses the soil for temporal storage
of runoff precipitation, after which it infiltrates deeper into the ground. Often, an aggregate filled with
gravel or coarse sand is located below the improved ground to create more storage during
precipitation. The permeability of the soil is thus important to promote the infiltration of water. In a
situation with too much precipitation, a glutton is often used to discharge excess precipitation. The
term ‘wadi’ is mainly used in the Netherlands and Belgium for infiltration facilities and has a different
understanding than the Arabic understanding of wadi, which refers to river basins that have flash
floods (Nishio, 1996). They have been introduced in the Netherlands around 1998 (Boogaard, 2015).
The main objectives can vary considerably, even under conditions of high groundwater (up to 0.5m
below the wadi) and low soil permeability (such as clay), the emptying time of a wadi should be less
than 48 hours (Boogaard, 2015).

Figure 26. Design and application of a wadi (Source: Atelier GROENBLAUW, n.d.)

P a g e | 44

Box 1.2 Infiltration strip
Infiltration strips are vegetated strips that have a lower elevation than the ground level. Due to the
lowered ground level, there is room created to catch and store runoff precipitation temporarily. It
reduces the quick runoff of relatively clean precipitation into the sewage system by infiltrating the
precipitation slowly into the ground. Often, infiltration strips are located along paved surfaces, so
precipitation can flow over the surface into the vegetated strip. Furthermore, they are easy
implementable in street scale designs, as they require not much space. Generally, the dimensions of
an infiltration strip consists of a narrow, but stretched out. The design consists of a system of concrete
containers which are open at the bottom. It is filled with gravel, soil and vegetation, but can be filled
with alternative pervious material.

Figure 27. Design and application of an infiltration strip (Source: Atelier GROENBLAUW, n.d.).

Box 1.3 Permeable pavement
There exist a lot of different permeable pavements and integration of a suitable kind depends on the
usage intensity of the pavement. For the selected locations, particularly parking lots alongside a
through traffic street is suitable for permeable pavement. This contains a moderate usage intensity
by cars. In addition, permeable pavement is easily implementable in street scale designs. There is no
need to reserve space for permeable pavements as they can function as alternative for traditional
pavements.
In terms of infiltration aspects, permeable pavements are designed to promote infiltration of
precipitation through paved surfaces to reduce large runoff volumes and to improve water quality by
filtering sediment and other pollutants (Boogaard, 2015). Newly implemented permeable pavements
contain a very high infiltration rate generally, the infiltration capacity in the Netherlands should
demonstrate a minimum of 194 mm/h. However, the infiltration rate decreases over time due to
clogging. According to Dutch guidelines, maintenance should be undertaken when the infiltration
capacity falls below 20.8 mm/h (Boogaard, 2015).
.
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Box 1.3 (continued)

Figure 29. Design and application of permeable pavement (Source: Atelier GROENBLAUW, n.d.).

Box 1.4 Urban tree
Urban trees can contribute to reducing PF, draught and heat stress by capturing, storing and evaporate
precipitation. Furthermore, they help to connect green structures in the urban environment. For a
successful implementation in a high-density area, the tree pit needs sufficient space to grow into a
functional tree. Some of the key limiting factors to the growth and establishment of urban trees are
inadequate soil volumes, poor soil quality and below ground conditions (Smart, 2010). In most cases,
insufficient tree growth in an urban environment, these are the causing factors. Hence, during
embedding of trees in an densified urban setting these factors must be taken into account.

Figure 28. Design and application of an urban tree (Source: Doelbeelden, n.d.).
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4.2.3.1

Matrix

The effectiveness of each NBS measure per criterium illustrates one of the key-elements of NBS, namely
the multifunctionality of each measure (table 12). It is illustrated that each NBS measure often offers
solutions or contributes to a solution with regards to the environmental, economic and social criteria.
Hence, it is essential that NBSs addresses multiple societal challenges to convince stakeholders of its value.
Yet, it is visible in the matrix that each NBS has often one (or two) criteria where the effectiveness is
highest. In other words, often a NBS measure focusses on one (or two) societal challenges particularly,
and the other criteria are co-benefits. The NBSs were selected based on their ability the tackle PF,
therefore it is logical that PF is often the criterium with the highest effectiveness. This is the case for a
wadi and an infiltration strip. The permeable pavement and urban tree seems to have the criterium PF
not as the main addressed criterium.
According secondary literature, a wadi is the most effective in tackling PF. It is noteworthy that most
information that was found during research on wadi’s was focussed on tackling PF. It was clear that the
other criteria were of less importance. Although, these criteria seems less important, it is shown that a
wadi is very competent to address the environmental and social criteria in general. Next to PF, a wadi is
effective in addressing heat stress, improving biodiversity and air quality, and improved aesthetics and
recreation (Boogaard, 2015; RIONED, 2006; Klok et al., 2010; Gill et al., 2017). In terms of the economic
criteria, a wadi seems cost efficient as it is relatively cheap and offers lots of benefits. Thereby, it does not
need intensive maintenance by stakeholders. However, a wadi takes up space that is not compatible with
other urban functions, such as parking (Boogaard, 2015; RIONED, 2006).
The secondary literature also indicated that an infiltration strip focusses on particularly addressing PF
(Votel et al, 2020). Hence, the infiltration strip seems very effective in tackling PF. Besides, an infiltration
strip has the ability to address the other environmental as well. Although, these are not the focal points
of the infiltration strip, it is effective to combat heat stress and medium effective to improve biodiversity
and air quality. With regards to the social criteria, it generally contributes to an improved aesthetic
appearance and is slightly effective in increasing recreation around the infiltration strip (Kabisch et al.,
2017a). In densified urban areas, an infiltration strip is difficult to combine with other urban functions. It
often is embedded between the road and the footpath. However, it can also can function as an extension
of gardens in the public space (Votel et al., 2020), hence it is slightly effective in regards to the space
usage. Next to the space usage, the cost efficiency and maintenance are relatively balanced compared to
the other NBS measures (City of Portland, 2006).
Permeable pavement is in comparison to a wadi and an infiltration strip one category less effective in
tackling PF. The reason for this is that the pavement material on itself is impervious to water, however,
the void space between the material is suitable for infiltration. For the other environmental criteria,
permeable pavement is not effective as it slightly contributes in combatting heat stress and improving
biodiversity, and has no measurable effect on the air quality (Boogaard, 2015; Buyung & Ghani, 2017; Liu
et al., 2018; Imran et al., 2013). In terms of the social criteria; permeable pavement has a limited (or
negligible) contribution to increasing recreation or the physical appearance of a street in a densified area.
Next to its relatively low effectiveness on the environmental and social criteria, permeable pavement
contains a beneficial position in regards to the economic criteria. Permeable pavement is able to be fully
integrated in a high-density area, as it can function as alternative for traditional, fully paved surfaces.
Hence, it is highly beneficial to combine with other urban functions. Furthermore, the cost efficiency is
relatively low as the revenues for the environmental and social criteria are relatively low. Besides,
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generally it requires not much maintenance (Boogaard, 2015; Antunes et al., 2018). Therefore, looking
from the perspective of the economic criteria, permeable pavement is a beneficial option.
According to secondary literature, urban trees contain many environmental benefits (reducing heat stress,
and improving biodiversity and air quality). It is not primarily focussed on tackling PF, as urban trees
provide other environmental benefits as well (Xia & McPherson, 2003; Bartens et al., 2008; Wang et al.,
2018; Tan et al., 2016; Endreny, 2018; Kabisch et al., 2017a). Besides, urban trees contribute to improved
social criteria. They offer possibilities to recreate and generally people appreciate having trees in their
street for their aesthetic contribution. In terms of the economic criteria; the cost efficiency for a tree is
variable as the species is an important factor. In general, the cost efficiency for a tree in a high-density
area is rather high. Thereby, urban trees are easy and relatively cheap to maintain. With regards to the
space usage, a tree in a densified urban setting is able to combine other urban functions (Smart, 2010).
Hence, the space usage for urban trees is medium effective.
The results in this chapter were validated by multiple secondary data sources. Both academic as grey
literature were consulted for the identification and effectiveness of NBS to the criteria. More than one
data source was used to identify prevalent NBSs to tackle PF at street scale level. Also, to validate the
findings for the matrix, qualitative data was retrieved to support the quantitative data.

Table 12. Matrix of the effectiveness of each NBS measure. More information on the underlying numbers for assessing the
categories can be found in appendix 5 (created by author, 2021)

Wadi

Infiltration strip

Permeable pavement

Urban tree

Environmental

PF
Heat stress
Biodiversity
Air quality

Social

Economic

Space usage
Cost efficiency
Maintenance
Aesthetics
Recreation
Very effective
Effective
Medium effective
Slightly effective
Ineffective
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4.3
Stakeholders’ attitudes and preferences towards NBSs in
the selected locations
This section presents the outcomes of the interviews held with experts regarding climate adaptations in
the municipality of Nijmegen, people with an active role in community initiatives in Nijmegen (community
initiative members), and citizens from Nijmegen. The chapter is divided into three sections, namely to first
describe the knowledge and experience with NBS, second the preferences and trade-offs for the selected
locations and lastly the participation in relation to NBS. In each of these sections the corresponding topics,
that can be found in table 9, will be described for each stakeholder group. The codes in the text refer to
the corresponding interviewee from which the information was derived, see the list below.
-

A: Expert on green and climate adaptation in the municipality of Nijmegen.
B: Expert on water and climate adaptation in the municipality of Nijmegen.
C: Community initiative member in Duurzaam Hees.
D: Community initiative member in Bottendaal Groen.
E, F and G: Citizens

4.3.1 Knowledge and experience with NBS
In this section, the interviewees’ views on the topics: knowledge on NBS, general preferences and tradeoffs of NBS, and general attitude towards NBS will be described.
Experts
It is clear that the municipality is aware of the definition of NBS. Although the term is not specifically used
within the organisation, they have clear knowledge on what NBS includes and how it can be applied. The
term is well-known due to extensive literature there exist on NBS and related longer-existing concepts
such as green infrastructure and the ecopolis strategy of TjallingiiAB. A definition of NBS provided by
interviewee B:
“Use nature to address climate change or other aspects that you want to resolve. Unlike technical
solutions, which is often a sewer, Nature-Based Solutions are often green implementations on the surface.
And technical solutions are often concrete materials” B.1
This definition describes the use of nature to mimic natural processes in an urban environment and makes
a clear distinction between grey infrastructure and green infrastructure. Moreover, the multifunctionality
of NBS is acknowledged in this quote, as they refer to climate change and other aspects that can be
resolved with the use of nature. Yet, this definition is particularly focused on PF, as the comparison to a
technical solution such as a sewer is made.
From previous projects with NBS related measures in Nijmegen, the main goal was to tackle PF by
stimulating infiltration on the surface, instead of subsurface infiltrationA. Measures that were embedded
were wadi’s, planting trees and infiltration fields for instanceAB. A reason provided for the main focus on
tackling PF with surface infiltration of precipitation is the ambition to be climate adaptive. Interviewee A
mentioned that this is the first ambition that is included in Municipal Sewerage Plan (Gemeentelijk
1

“De natuur inzetten om oplossingen voor klimaatverandering of andere aspecten die je wil aanpakken op te lossen. In
tegenstelling tot technische oplossingen, wat vaak een riool is, zijn Nature-Based Solutions vaak groenvoorzieningen bovengronds.
Een technische oplossing is toch vaak beton.”
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RioleringsPlan). It is an important document for the execution of climate adaptive actions in terms of
water/precipitation for the municipality of Nijmegen. Hence, addressing PF can be considered as an
important preference in the view of the municipality. Other criteria or co-benefits are not, or very shallow,
included into this document as it is not directly related to water or precipitationA.
Still, the interviewees stated that these other criteria or preferences were taken into account in previous
projects. Particularly since the municipality of Nijmegen introduced a greening norm in 2003. This
indicated that the build environment should contain green space of at least half a hectare within every
300 metersAB. According to interviewee A, Operatie Steenbreek is a perfect example of the transition to
more green space, by removing impermeable tiles in order to designate more green space. In these
projects, criteria such as heat stress, biodiversity and recreation were brought upB.
Furthermore, they mentioned that the municipality of Nijmegen is working on a climate adaptation plan
to adapt for a changing environment. Hereby, different scenarios will be analysed regarding climate
change and how to deal with the impact on NijmegenAB. The multifunctional character of green space with
its benefits will be discussed more explicitlyB. Also, the inclusion of climate adaptation in the
environmental vision (omgevingsvisie) is an important step towards the internalization of green spaceA.
Hence, multifunctionality of NBS is a preference for the municipality of Nijmegen which should and will
be more focused on in policy.
In the interviews, the experts experienced space usage and cost efficiency as trade-offs in previous
projects with NBS or related concepts. Interviewee B said that there is always a balance between
impervious and pervious surfaces. In the city centre, there are a lot of impervious surfaces and a highdensity of buildings, hence it is difficult to integrate and combine NBS in these areasB. Furthermore, he
mentioned that in a high-density area, other urban functions, such as infrastructure or recreation, gain
priority in the available amount of space sometimes. It is about finding the right balance between built
environment and natural spaceB, therefore space usage can be considered as a big trade-off in the built
environment. Besides, interviewee A stated that cost efficiency is a large trade-off. The implementation
of NBS or related concepts in the built-up environment offers a lot of environmental and social benefitsA.
However, these benefits were not monetised and internalized in the plans, and therefore a particular NBS
is considered as cost inefficientA. Furthermore, interviewee A mentioned that it can take a long time
before investments for implementing NBS are made available, due to the static built-up environment.
In general, the experts have a positive attitude towards NBS or related concepts. According to both
interviewees, the municipality of Nijmegen is regreening the city and finding more natural ways to deal
with PF, such as implementing wadi’s and infiltration fields, for 20 years alreadyAB. They consider it
important to convert the grey built environment into green spaces to mimic natural processes, this is
primarily focused on tackling PF as that is the most prominent problem in NijmegenA. For the future, it is
expected that concepts such as NBS become more internalized and integrated in policy according to
interviewee A. Hence, it is expected that NBSs become more cost efficientA.
Community initiative members
For both citizens active in community initiatives, the term NBS was familiar to one of the two interviewees.
Although the term was not commonly used within these community initiatives, the interviewees were
aware of what NBS includes. Particularly, the definition was known due to similarities with precursors of
NBS, such as green infrastructure and ecosystem servicesD. Hereby, implementing green space to generate
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benefits for the liveability of the neighbourhood was for interviewee D the best definition of NBS. This
definition of NBS was more focused on health and creating a liveable place for citizens than the definition
given by the municipality, which was more technical and about climate related aspects that can be
resolved with NBS. The definition of NBS according to interviewee C could be best described by the
versatility of green to address the consequences of climate change, hereby the various functions of green
will help to tackle heat stress or PF for instance.
The topic preferences and trade-offs on NBS was not included in the semi-structured interviews with
community initiative members, as this would be too complex as they contain only basic knowledge on the
definition. However, still some preferences were recognized by this stakeholder group when explaining
the definition of NBS and their attitude towards NBS. First, heat stress and PF were considered as a
preference. The interviewees mentioned that removing tiles in favour of green space, like the Operatie
Steenbreek initiative, was an important measure to tackle heat stress and contribute to infiltrate
precipitation in a natural wayCD. Second, NBS’ social function within a neighbourhood was important.
Interviewee D mentioned citizens were very content with the Thiemepark, that can be considered as a
NBS measure. They were content, not necessarily for its climate adaptive function, but rather for its social
function in the neighbourhoodD.
In general, the community initiative members have a very positive attitude towards NBS. Both
interviewees mentioned that NBS or green space should appear more often in Nijmegen. They said that
it contributes to the overall liveability of the neighbourhood and promotes health effects, by its social
functionCD. They were particularly enthusiastic on the social function of NBS, by creating meeting places
for people a boost can be given to the social cohesion within the neighbourhood and the awareness on
climate change in citiesCD. Next to the social function, it really contributes to the consequences of climate
change according to interviewee C. Hence, with all its multifunctional benefits for both people as the
environment, it is fully supported by these community initiativesCD.
Citizens
The interviewed citizens living in Bottendaal and Stadscentrum had never heard of the term NBS or green
infrastructure. Therefore, it can be concluded that these concepts are not widely integrated into society.
Although, after an explanation of NBS they understood the main principles. Because of the lack of
knowledge on NBS, no attention was dedicated to the preferences, trade-offs and attitudes on NBS.
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Table 13. Knowledge, preferences, trade-offs and attitudes of stakeholders (created by author, 2021).
Topic
1) Interviewees’
knowledge on NBS or
other related concepts,
such as green
infrastructure
2) Interviewees’
experienced
preferences on NBS and
underlying motivations
3) Interviewees’
experienced trade-offs
of NBS and underlying
motivations
4) Interviewees’
attitude about the
usefulness of NBS or
other related concepts

Municipality
Broad knowledge on NBS

Community initiatives
Basic knowledge on NBS

Citizens
No knowledge on NBS

Particularly PF. Besides, heat
stress, biodiversity, recreation
and multifunctionality

-

-

Space usage
efficiency

-

-

Very positive towards NBS

-

Positive towards
related concepts

and

NBS

cost

or

4.3.2 Preferences and trade-offs for the selected locations
In this section, PF in the selected locations experienced by the stakeholder groups was discussed.
Moreover, the views of the stakeholder groups on the preferences of NBS and recognized trade-offs of
NBS in the selected locations will be described.
Experts
The interviewees recognized the Bijleveldsingel as a high risk area in terms of PF. Interviewee A mentioned
that previous years, there have been improvements to tackle nuisance of PF in streets adjacent to the
Bijleveldsingel. As a consequence, the precipitation flowing to the Bijleveldsingel is lessA. Although the
Sint Stephanusstraat was less known regarding PF for the experts, they understood that there is a high
risk on PF in this street, looking at previous experiences with PF in other streets in Bottendaal. According
to the interviewees, the same could happen in the Sint Stephanusstraat, taking the dimensions of the
street into account.
The interviewed experts identified three main preferences for the selected locations, namely PF, heat
stress and biodiversity. First, PF was described as the most important criterium to address when
embedding NBSAB. Although measurements have been implemented to tackle PF in streets adjacent to
the Bijleveldsingel, there is still nuisance from precipitation in the BijleveldsingelAB. Interviewee B
mentioned that a particular NBS must be a robust measure, that can collect the precipitation to tackle
PFB. On top of that, it was preferred by interviewee B to embed not fragmented parts a green space, but
a connected line of green space. This would provide more capacity to catch precipitation. Second, both
interviewees promoted to tackle heat stress by converting impervious surfaces into green space.
Interviewee A would prefer to improve the trees in the Bijleveldsingel as in the Sint Stephanusstraat. This
includes a ground improvement to stimulate tree growth and a larger platform for the tree to grow.
Interviewee B stated that a connected line of green space will also be beneficial for combatting heat stress.
Third, the interviewees stated that previous mentioned NBSs will also contribute to an improved
biodiversity. According to interviewee A and B, an improved biodiversity will lead to an increased
liveability and an improved quality of both selected locationsAB.
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On the contrary, the experts on climate adaptation recognized two potential trade-offs for embedding
NBS in the selected locations, namely space usage and cost efficiency. According to both experts, the
embedding of NBS in the Sint Stephanusstraat becomes difficult as a combination with other urban
functions, such as parking becomes difficultAB. According to interviewee B, it was deemed not possible to
integrate NBS to tackle PF and simultaneously offer parking spots to meet the high parking pressure.
Although permeable pavement is able to combine green space and parking, they had negative previous
experiences with permeable pavementAB. In contrast to the Sint Stephanusstraat, both interviewees did
not perceive space usage as a trade-off in the Bijleveldsingel.
The cost efficiency was considered as a potential trade-off by the interviewees. Both interviewees
mentioned that the embedding of NBS, in locations such as the Bijleveldsingel and the Sint
Stephanusstraat, have high costs for two reasons. First, as Nijmegen is a former city of the Roman empire,
lots of artefacts are found when digging into the groundAB. Hence, archaeological research is needed when
adjustments deeper than 30 centimetres will be made, these are impressively high costs according to
interviewee B. Second, the costs of converting grey into green in the built-up environment are high. The
grey build environment is static and implementing green often occurs when a street needs a redesign
according to interviewee B. The benefits that will be acquired by the potential embedding of NBS in the
selected locations cannot, or are difficult, to monetiseA. Hence, both interviewees are supportive on
monetising the benefits of NBS. They both mentioned that if the benefits of a particular NBS could be
monetised and internalized, its real value for society can be expressed. As a results, NBS will probably
become cost efficient and this would be no trade-offB.
Community initiative members
The Bijleveldsingel and the Sint Stephanusstraat were both considered as locations at risk during heavy
precipitation by interviewees C and D. They are living close to the locations and mentioned that the Sint
Stephanusstraat during precipitation is not able to cope with the amount of water. The capacity to
discharge precipitation seems low and that causes water flows on the street according to interviewee D.
Furthermore, both interviewees mentioned that the Bijleveldsingel is well-known in terms of PFCD. Large
parts of the street-layout consists of impervious surfaces, which is not beneficial for the infiltration and
natural discharge of precipitationD.
In the interviews with members of community initiatives, multiple preferences were identified for the
selected locations. Primarily the multifunctionality of NBS was considered as the most important
preference. Besides, space usage, recreation and aesthetics were identified as preferences. First, the
multifunctionality of NBS to cope with different climate related consequences of climate change, such as
heat stress, PF and biodiversity, was the most important preference for the selected locationsCD.
Interviewee D stated that a potential embedding of NBS must be as effective and efficient as possibleD.
This relates to the second preference; space usage. As space is limited, particularly in the Sint
Stephanusstraat, the multifunctionality of NBS should be embedded efficiently to promote the living
quality. Morevover, both interviewees preferred less parking spots or other forms of parking, this will
create a lot of valuable space for other purposes, among which for green implementationsCD.
Besides, the social criteria such as recreation and aesthetics plays also an important role to increase the
liveability of the neighbourhood according to both interviewees. Particularly, the aesthetics of a potential
embedding of NBS in their own neighbourhood/street, is an important criteria. People often enjoy green
in their own street, and are willing to contribute in the maintenance according to interviewee C. Both
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interviewees stated that the cohesion in the neighbourhoods will increase due to green space, because it
has an important social and recreational functionCD. For instance, the Thiemepark in Bottendaal offers lots
of recreational facilities for its citizens, thereby the park functions as a meeting place within the
neighbourhoodD. However, NBS in the Bijleveldsingel and the Sint Stephanusstraat are on street level
scale, and recreation on this scale will be less important to interviewee D.
No trade-offs were recognized by this stakeholder group, as the community initiatives focus more on the
multifunctionality of NBS. It was acknowledged that the cost efficiency and maintenance are important
criteria that could cause friction between stakeholder, as these can make or break the potential
embeddingC. However, in the case of NBS it was believed that the benefits such as the environmental
criteria and the social criteria make sure that NBS is cost efficientC.
Citizens
The citizens living in or close to the Bijleveldsingel and the Sint Stephanusstraat had mixed experiences
with PF. Interviewee E had not experienced nuisance from PF, as he is living at the third floor. However,
he mentioned that during heavy precipitation there is water on the streets, but he experienced no
nuisance from it. Interviewee F and G, which are living in the Bijleveldsingel experienced nuisance from
PF by a flooded basement and souterrain and lots of water on the street.
The preferences for citizens that are living in or close to the Bijleveldsingel and the Sint Stephanusstraat
when embedding NBS were not completely uniform. The preferences of each citizen were primarily based
on their own experiences with green space in the built-up environment. The criterium PF was considered
as one of the most importantG. Tackling PF with NBS in the Bijleveldsingel and the Sint Stephanusstraat
was important to interviewees E and G. Although, interviewee E never experienced heavy nuisance from
precipitation, he believed it was still necessary to prevent PF in the future. A dissenting opinion came from
interviewee F, although he had experienced nuisance of PF, the criterium PF was not considered as
important.
Furthermore, the criteria heat stress and biodiversity were considered as important by the interviewed
citizens. First, addressing heat stress with NBS in the selected locations was for all interviewees an
important criterium and preference. Particularly in summer, the temperature in the city centre of
Nijmegen is noticeably warmer than the surrounding less dense areas according to interviewees E and G.
Less pavement and more green could help to tackle this heat stress by providing shadeEF. Second, the
criterium biodiversity was considered less important. As the selected locations contain not much green,
it would be attractive to improve the biodiversity by embedding NBSEG. For interviewee F, biodiversity has
no priority as the added value was not clearF. Lastly, the remaining environmental criterium air quality
was considered as important by all interviewees, although it was hesitated if a NBS on street scale level
could have a significant influence on the air qualityEG. Hence, for the selected locations the criterium air
quality was not considered as important as the other environmental criteria.
Recreation was for all interviewees not important as the scale of the potential embedding of NBS in the
selected locations would be too smallFG. Moreover, the Bijleveldsingel and the Sint Stephanusstraat are
not attractive to recreateE. On the contrary, aesthetics were considered as very important to the
interviewees. Each interviewee stated that NBS would increase the aesthetic value of the selected
locationsEFG.
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A trade-offs that could occur according to interviewee F and G, is the space usage for embedding NBS.
Although they recognize many benefits, it must be applicable in the streets. This could influence the
availability of parking spots. Interviewee F would not prefer to convert parking spots into green space.
Interviewee E and G would be willing to convert parking spots in favour of green space. With regards to
maintenance, only interviewee E would be willing to help in the maintenance on a regularly base.
Interviewees F and G would not prefer to contribute in the maintenance of NBS. The reasons for this were
the lack of feeling part of the community and a lack of social cohesionF, and the lack of knowledge on
maintenance of NBSG. Hence, a trade-off could occure between the economic and the social criteira.
Table 14. Experiences with PF, preferences- and trade-offs for selected locations (created by author, 2021).
Topic
5) Experienced PF in the
selected locations

6) Interviewees’
preferences on NBS for
the selected locations
7) Interviewees’ tradeoffs on NBS for the
selected locations

Municipality
Bijleveldsingel considered as
problem. Sint Stephanusstraat
not on the radar, but
understandable that there is a
high PFR.
Particularly the environmental
criteria, namely PF, heat stress
and biodiversity.
Space usage and cost efficiency

Community initiatives
Both Bijleveldsingel as Sint
Stephanusstraat considered
as locations at risk.

Citizens
Particularly the Bijleveldsingel
considered as a location at risk.
No nuisance from PF in the Sint
Stephanusstraat.

Space usage and aesthetics.

Aesthetics, PF for interviewees
E and G and heat stress.

None

Space usage and maintenance.

4.3.3 Participation
In this section, the views of the stakeholder groups on participation with regards to NBS are described.
Experts
The interviewees mentioned that participation to facilitate NBS or green actions plays on different levels
within the municipality of Nijmegen. On the one side there is input from citizens in the community
according to both interviewees. The experts said that the municipality has a certain budget for each
neighbourhood for bottom-up initiatives from within the neighbourhoodA. These are often plans to
convert standard green space into more liveable green space. Also, plans to convert grey surfaces into
green space in the build environment are initiatedA. Then, the municipality of Nijmegen explores if that
fits within the policy and if it is possible to facilitate these plans. The execution of the green policy is
partially in cooperation with citizens united in a community initiativeB. Furthermore, the experts stated
that local initiatives to regreen the city has strong support from the city council, which is currently leftwinged and promoting these kind of bottom-up initiativesB. On the other side, plans to integrate green
space in the build environment are from top-down planning. Hereby, the municipality works together
with consultancy companies to facilitate green space. It is depending on the projects at what stage the
citizens are involved and to what extent they are involved. Hence, not all steps are discussed with citizensB.
Community initiative members
The core principle of community initiatives is based on the needs from within the neighbourhood,
therefore participation is key for these community initiatives according to the interviewees. The
involvement of citizens is twofold. First, the involvement of citizens contributes to a liveable, healthy and
climate resilient neighbourhood step by step. Second, it creates awareness among citizens which
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stimulates a change in behaviour in terms of taking action in favour of green implementationsD.
Interviewee C said that it is important to create lots of collaborations with different organizations to
broaden to awareness. Schools, other community initiatives and the municipality are the most important
collaborationsC. Particularly, according to interviewee D, the municipality of Nijmegen supports these
initiatives and stimulates collaboration between community initiatives to share knowledgeD.
Although the awareness on climate adaptation and the value of green space in the build environment can
be partially reached by community initiatives, there is still an important role for governments on different
levels to support this awareness by means of financial and policy aid according to both interviewees. The
community initiatives are organised by active citizens on a voluntary baseCD. Hence, a supporting and
guiding role of the municipality for instance, could increase the effectiveness in some cases. In this way,
top-down planning could sometimes be very helpful, however the community initiatives still strive to
bottom-up initiativesD.
Citizens
The interviewed citizens recognize the usefulness of participation in the neighbourhood to stimulate
green initiativesEFG. Interviewee G mentioned that citizens can bring useful input and they are the ones
that eventually have to live with the potential embedding. Hence, it is important to involve them in the
processG. They also recognize the role of the municipality in a process of embedding NBS. Interviewee E
said that the municipality has expert knowledge on this topic and has the power and financial capacities
to execute plansE. Yet, only one interviewee was willing to participate in a community initiative, while the
other two were not willing mainly because they did not feel connected with their neighbourhoodFG.
Table 15. Participation and NBS according to stakeholders (created by author, 2021).
Topic
8) Interviewees’ view on
participation in relation
to NBS

Municipality
City council supports bottomup initiatives. On the other
side, top-down planning to
ease the process.

Community initiatives
Participation is the core
principle
of
community
initiatives. Main goal to create
awareness

Citizens
Recognize
usefulness
of
participation, although not too
eager to participate in
community initiatives.
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5. Discussion
In this chapter, an answer to the three research questions was formulated in the context of the theoretical
framework and the applied methods. Furthermore, a reflection on the methodological considerations was
provided and the limitations of this research were discussed in the last section.

5.1

Pluvial flood risk in Nijmegen

The results of the spatial analysis showed that multiple neighbourhoods in Nijmegen are at a high risk to
PF, which consists of a combination of hazard, vulnerability and exposure. The findings showed that the
neighbourhoods in and around the city centre contained the highest PFR (except for neighbourhood
Hatert). This is supported by Abebe et al. (2018), who found that the city centre of Toronto is likely to
have a higher risk at PF than outskirts, primarily due to a high population density which relates directly to
other factors of exposure, such as building density and floor area ratio. Furthermore, land cover related
parameters, such as impervious area, vegetation coverage, paved surface, were the second most
influential for PFR (Abebe et al., 2018). This is in line with the strong link between a high exposure and a
high PFR in this research. Hence, taking into account urban population growth and further urban
densification cause an increased exposure and vulnerability (Angel et al., 2011; United Nations,
2014; Guerreiro et al., 2017), it is evident that retrofitting high-density areas should receive great
attention for exposure and vulnerability in particular when planning for climate-resilient cities.
Furthermore, five neighbourhoods in Nijmegen contained an average water depth of at least 15
centimetres at T=1000 precipitation, which can have a large impact in the structure and functioning of the
city. For instance, vehicles travelling in a water depth of 5 cm or more are at risk of losing control
(Guerreiro et al., 2018). Moreover, according to Moftakhari et al. (2018), damage to flooded structures,
contents and facilities in the built environment occur usually at a water depth of 10-20 centimetres, given
that street curbs often overflow at 10-20 cm above the crown of roads. Lastly, old neighbourhoods such
as Stadscentrum and Bottendaal, contain many houses with souterrains and have therefore an extra high
vulnerability to be flooded when the water depth reaches over the curbs (Moftakhari et la., 2018). This
indicates that the hazard could have significant impact on urban structures, as was presented in this
research.
The spatial analysis also indicated that pre- and, post-war residential, and working-class neighbourhoods
were the highest at risk of PF. This partly complies with other studies that found that the historical city
centre and the pre-war residential neighbourhood were the highest at risk in other Dutch cities
(Kleerekoper, 2016; Pont & Haupt, 2009; Klimaateffectatlas, n.d.). In their studies, the post-war residential
and working-class neighbourhood type had only a moderate risk of PF. A potential reason for this
difference is that only the most dominant neighbourhood types for each neighbourhood were taken into
account in this research. For instance, although Bottendaal is characterised as a pre-war residential
neighbourhood in this study, it consists of: 24% pre-war residential, 22% historical city centre, 21%
working-class neighbourhood, and the rest of other minor neighbourhood types. Hence, a nuance should
be made between neighbourhood types on the one side and the risk of PF on the other side.
Furthermore, the results of the spatial analysis showed that even in the current predictions of the hazard
and vulnerability, and without including other drivers such as exposure, many neighbourhoods in
Nijmegen are at high risk of PF. These results build on existing evidence of Rosenzweig et al. (2018), who
concluded that many cities, such as New York, Phoenix and Baltimore in the United States, already
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presents a significant risk to PF, which will be amplified by climate change. It is plausible that this would
increase the risk of PF in the next decades. Rosenzweig et al. (2018) also concluded that the presence of
a high PFR is either caused by the acceptance of PFR by stakeholders or the lack of information on the
PFR. Hence, this study contributed to fulfilling the potential information gap on PFR in Nijmegen.

5.2

NBS to tackle pluvial flood risk

The desk research confirmed that embedding of NBS could fit in high-density areas, which was also
described in similar cases by Ng et al. (2012) and Zölch et al. (2017). They demonstrated that it is feasible
to embed NBS in high-density areas, respectively Hong Kong and Munich, through implementing smallscale NBSs to improve the microclimate and regulate urban surface runoff. Furthermore, Haaland & Van
den Bosch (2015) stated that the embedding of green space in high-density areas requires careful planning
and sufficient knowledge on the potential benefits of green space within city’s limited space area. This
research contributed to the knowledge on the potential benefits and trade-offs by emphasizing the
multifunctional character of NBS through identifying the different criteria. Although other studies state
that there are more criteria, such as physical and mental health, and crime rate for instance (Kabisch et
al., 2016; Sowińska-Świerkosz & García, 2021), this study identified only the main criteria. Further research
could go more in-depth on the exploration of the criteria of NBS. Although this research only included a
part of the criteria, the multifunctionality of NBS to address societal challenges was highlighted. This is
supported by Meerow, (2020), Huang et al. (2020), and Zölch et al. (2017), who touted NBS for its
multifunctionality to address societal challenges. Hence, the results contributes to prior research that
NBSs can address various societal challenges, next to PF in high-density areas.
Furthermore, the four NBSs (wadi, infiltration strip, permeable pavement and urban trees) that were
identified to embed in the selected locations to tackle PF were in comparison to other studies, not the
only possible NBSs at street level scale (Huang et al., 2020; Khan et al., 2013). They identified green roofs
and bioretention ponds to embed at street level scale to tackle PF. This implies that there are more NBSs
that affect PF at street level effectively, beyond the identified NBSs in this research. Hence, this
demonstrates that there are more possibilities to reduce PF in high-density areas with NBS and that the
site-specific variables play an important role in the determination of a particular NBS to tackle PF. The
identification of the main NBSs can be considered as one way to tackle pluvial flooding, but there are
many alternative NBSs to address PF in high-density areas. Further research could investigate more on
the potential of other NBSs to embed in high-density areas.

5.3

Stakeholders’ attitudes and preferences

The semi-structured interviews indicated that stakeholders have different knowledge and interests in the
embedding of NBS. The result that the definition was not uniform among interviewed stakeholders, is
consistent with findings of Miller & Montalto (2019) in New York, who also found that knowledge among
stakeholders is different. In this research, experts in the municipality of Nijmegen had broad knowledge
on NBS, whereas community initiative members had basic knowledge, and citizens had no knowledge on
NBS. An explanation, provided by Ferreira et al. (2020) in their systematic literature review, is that the
terminology of NBS is primarily used by experts and therefore less known among other stakeholders.
Furthermore, the focus in the definition of NBS was different. While the experts were mainly focused on
PF, the members of community initiatives were mainly focused on health and liveability. Similar to findings
of Meerow (2020) in New York, the bias for linking NBS and PF seems to be made easily, while other
criteria were less linked to NBS. The ambiguity of the definition of NBS supports the findings of Nesshöver
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et al. (2017), who stated that NBS is interpreted as an umbrella concept. Hence, this study supports
evidence from prior research on the ambiguity of the definition of NBS among stakeholders.
The difference in the preferences of embedding NBS in the selected locations between interviewed
stakeholders has been also described in other cities, such as New York (Meerow, 2020; Miller & Montalto,
2019) and Athens (Tsantopoulos et al., 2018). Miller & Montalto (2019) mentioned that citizens generally
do not prefer NBS to address PF. This is contrary to findings in this research, as the interviewed citizens
argued that addressing PF and heat stress were the most important preferences, after the aesthetics.
Possible explanations for this might be the environmental awareness of Dutch citizens (Kopnina, 2014),
or previous negative experiences with PF in the selected locations. The result that citizens prefer
aesthetics the most because of their focus on how NBS can align to their own needs and preferences in
the selected locations, is confirmed by Tsantopoulos et al. (2018), Ferreira et al. (2020) and Frantzeskaki
(2019). They all conclude that citizens state that NBS needs to be aesthetically appealing, because it can
enhance their living environment.
The results on the focus on the environmental criteria, PF in particular, of the interviewed experts, is in
line with Kabisch et al. (2017a), who described that the initial focus of NBS is often put on enhancing
resilience to climate change, and thus the environmental criteria. The preference on all criteria of NBS by
the interviewed community members, confirm the findings of Stobbelaar et al. (2021). They stated that
community initiatives in the Netherlands are often aimed to change the attitude of citizens to a more
green minded approach, the focus on the multifunctional character of NBS is hereby important. Also,
findings of Barnhill & Smardon (2012) in New York confirm these results.
Although all stakeholder groups have different preferences for NBS in the selected locations, the
stakeholder groups overlap in having a preference on the environmental criteria. Hence, this study
demonstrates that the urban environmental challenges in high-density areas are aware by all stakeholder
groups and that NBS offers potential to address these challenges.
The stakeholder groups perceived the trade-offs on NBS in the selected locations also differently. This
matched the findings of Meerow (2020), she argued that different views on trade-offs were also
recognized in New York, due to different planning priorities. In this research, both the interviewed experts
from the municipality as the interviewed citizens perceived space usage as a trade-off. They both
considered it difficult to combine NBS with other urban functions, such as parking. For citizens, this is in
line with Wamsler et al. (2019), they found that personal interests of citizens in relation to NBS are
typically related to mobility issues. For experts, the establishment of land uses in a high-density area is a
common trade-off when embedding NBS according to Zölch et al. (2017). Besides, in line with Wam et al.
(2016) and Raymond et al. (2017), cost efficiency is also a perceived trade-off among the interviewed
experts. They stated that there is a dichotomy between monetary and non-monetary values and the need
for internalization in the planning process when embedding NBS. This is recognized in this research, as the
interviewed experts indicated that there is a lack of internalization of the monetised environmental and
social values of NBS in the planning process. Hence, NBS in the selected locations seem not cost efficient,
as the biophysical and social services of NBS are currently not internalized. According to Nesshöver et al.
(2017), knowledge on the internalization of NBS may come from experts, such as policy officers, urban
planners and practitioners. Hence, the results in this research supports prior research on the missing
internalization and monetisation of NBS in the current planning process.
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Furthermore, partly in line with Rall et al. (2015), the interviewed citizens indicated that they were
reluctant to contributing in the maintenance of NBS, because of a lack of social cohesion in the selected
neighbourhoods. Rall et al. (2015) also identified citizens in New York and Berlin who were reluctant in
maintaining NBS, due to an experienced lack of social cohesion within the neighbourhood. According to
Ferreira et al. (2020), it is therefore recommended for decision-makers on NBS to create collaborations to
promote maintenance.
In contrast to the interviewed experts and citizens, the community initiative members did not perceive
trade-offs on NBS in the selected locations. Although no corresponding literature was found, an
explanation for this might be that the community initiative members are not directly dependent on
parking and have no share in the funding of NBS. In contrast to a study of Stobbelaar et al., (2021), which
argued that it is recommended for municipalities to help community initiatives by providing economic
measures, the community initiatives in this study indicated that they received sufficient support from the
municipality of Nijmegen to regreen neighbourhoods. A reason for this could be the prioritization of
climate adaptation of the left-winged city council, who also supports bottom-up initiatives and seems to
notice the impact of community initiatives. Xing et al. (2017) recognized in their literature review also the
essential role of community initiatives in embedding NBS, not only to maintain greenery, but also for the
monitoring, empowerment and evaluations of green actions. Hence, this research supports that
stimulating bottom-up initiatives with the help of community initiatives is recommended to facilitate the
planning process on NBS.
The different views of the stakeholder groups on participation in relation to the identification and
embedding of NBS, was also described by Wamsler et al. (2019). They stated that a collaborative
governance approach by including all stakeholders, can cause adverse effects and undesirable outcomes
of NBS in the contemporary planning process. One of the reasons is the focus of citizens on their own
needs and preferences, that was also showed in the results of this study. Furthermore, as the experts in
the municipality of Nijmegen indicated that top-down planning is sometimes necessary to accelerate the
process, this may indicate that there is a lack of organizational flexibility and support to facilitate citizen
participation (Wamsler et al., 2019). However, due to the city council that prioritized climate adaptation,
the municipality of Nijmegen currently supports bottom-up initiatives often. The combination of topdown and bottom-up planning has been recommended by Liu & Jensen (2018), who researched the
successful implementation of green infrastructure in Singapore, Berlin, Melbourne, Philadelphia and
Tianjin Eco-City. They concluded that the beforementioned cities had a strong top-down approach
towards the implementation of green space. However, a combination with bottom-up approaches was
recommended to improve knowledge on the site-specifics from other stakeholders, unfold the benefits
and challenges and to stimulate innovation. The interviewed experts and community initiative members
in this study, mentioned that there is a good collaboration between the municipality and community
initiatives on the one side and top-down planning to strategically plan and steer from city-level on the
other side in relation to green initiatives. This may imply that Nijmegen has found a legitimate balance
between top-down and bottom-up approaches.
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5.4

Methodological considerations and limitations

In this research, four main methodological considerations on the PFR calculation were necessary to create
the PFR-map. Also, a methodological consideration was made on the qualitative manner of displaying
data. Subsequently, the main limitations of this study were presented and recommendations for further
research were described.
First, the exposure is represented by the population-, road-, and building density in this research. This was
based on a study of Abebe et al. (2018) which used the affected number of people, houses and
infrastructure to calculate the exposure, in contrast to other studies, which only includes the physical
characteristics and do not incorporate the population (Di Salvio et al., 2018; Emanuelsson et al., 2013;
Papilloud et al., 2020). However, PFR has a large impact on the population in terms of productivity, health
and psychological well-being (Venkataramanan et al., 2019). Hence, it was chosen to incorporate
population to calculate exposure.
Second, in the calculation of the road density no difference was made between different road types.
Although many studies incorporate the different road types in the calculation of the exposure (Abebe et
al., 2018; Di Salvio et al., 2018; Falconer et al., 2009; Papilloud et al., 2020), in this research it was deemed
not necessary. As each road is exposed to PF, no distinctions were made in order to simplify the model.
Furthermore, as the PFR-map facilitates as a tool to select locations at risk, it was not needed to put
emphasis on the exposure of different road types.
Third, in the calculation of the building density, only ground floors have been taken into account. This is
because only ground floors are exposed to PF in heavy precipitation. Therefore, including multiple floors
would not make a significant difference to determine the level of exposure. The downside of this method
is that it does not take souterrains into account. As Nijmegen contains houses with souterrains, which are
easily exposed to PF, these have not been included in the calculations. This would also not have been
possible, because there was no open data available on souterrains.
Fourth, the calculation of the PFR was based on the accumulation of the average exposure and the hazard
& vulnerability. This method was used based on studies of Di Salvio et al. (2018), Abebe et al. (2018) and
Camarasa Belmonte et al. (2011). However, in comparison to these studies, the method in this research
was simplified to stay within the scope and time boundaries of the research. It is believed that this method
contained sufficient accuracy to determine neighbourhoods and locations at risk, as the outcomes were
verified by experts. Further research on the calculation of the PFR could go more in-depth on the
distribution of weights to the different components of risk. Furthermore, the PFR in this study was
performed per neighbourhood level, future research could work on a lower scale level to create more
detail in the outcomes.
Subsequently, although the matrix in table 12 illustrates the multifunctionality of NBS, it does not provide
information on the exact technical data. For instance, it does not show quantitively how much it
contributes to tackling PF. These technical data was not the focal point of this research, as this study was
more focussed on the differences between NBSs. It was therefore chosen to display the effectiveness of
a particular NBS to the criteria in a qualitative way with the help of categories. Yet, the effectiveness to
the criteria in the matrix was based on quantified secondary data. For some criteria, no quantifications
were found. In this case, assumptions were made based on qualitative secondary data. More information
on the underlying quantifications of the matrix can be found in appendix 5.
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The calculation of the PFR-map was dependent on open source data, which had a different quality and
resolution. To avoid uncertainties and inconsistencies in the data on Nijmegen, a standardization method
of taking a large sample of cities was used. Besides, the data was checked continuously throughout the
process to prevent flaws in the outcomes. To prevent uncertainties on the data, future research could
take the data from the same source if that is available.
Furthermore, the selection of the locations at risk was based on multiple requirements. Yet, the selected
locations (Bijleveldsingel and Sint Stephanusstraat) were not the only remaining locations that met the
requirements of the selection, as multiple locations were not selected for further research. This influenced
the subsequent steps in the research, as the selected locations functioned as a base for the potential
embedding of NBS in the interviews. It is possible that other locations could have acquired different
outcomes from the interviewees. Further research could consider to select more locations to validate the
findings of this study. Besides, the Sint Stephanusstraat was not directly recognized by experts and citizens
as location at risk to PF. A reason for this might be that exposure was not included in the pluvial flooding
assessments of experts, or that there is no nuisance from PF in practice.
It should be taken into account that the sample of interviewees was relatively small. Particularly, because
the interviewees were divided into stakeholder groups, namely experts from the municipality, community
initiative members and citizens. Although the small sample of interviewees, many insights on the attitudes
and preferences of different stakeholder groups were acquired. Furthermore, corresponding literature
was found to confirm and support the insights. The Covid-19 situation created a tough environment to
find interviewees, particularly citizens living in the selected locations. Hence, only a limited amount of
citizens were interviewed. Further research could create other methods to acquire the attitudes and
preferences of stakeholders to make it more convenient to generalize the findings.
Lastly, the scope of this study was broad, as it consisted of the creation of an overview on the potential of
NBS for PFR in Nijmegen including risk analysis, NBS identification and stakeholder perspectives. This
consisted of many elements, and as a consequence not all elements could be researched in-depth to stay
within the time boundaries of the research. Although, many findings were in line with other studies,
further research could dive deeper into the different elements of this study. This study can therefore be
considered as a stepping stone for more in-depth research on the PFR on the one side and the attitudes
and preferences on NBS on the other side.
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6. Conclusion
The risk of PF in high-density areas is worsening by the increasing frequency and intensity of extreme
weather events caused by climate change and urbanisation. In combination with an increasing urban
population, cities are more susceptible to PFR and climate change. Nature-Based Solutions are promoted
to tackle the risks of PF, as it contributes to restoring the hydrological cycle by providing multifunctional
services that enhance the resilience of cities, in this case Nijmegen. The objective of this research was to
assess the potential of embedding NBS to tackle the PFR in high-density areas, by mapping the PFR,
identify potential NBSs and analyse stakeholders’ attitude and preferences on NBS. A PFR-map was
calculated for Nijmegen at neighbourhood level based on the exposure, hazard and vulnerability.
Subsequently, main NBSs to tackle PF at street level scale were identified and semi-structured interviews
were conducted on stakeholders’ attitudes and preferences on embedding NBS to support the existing
grey infrastructure.
The GIS-analysis showed that neighbourhoods in and around the city centre of Nijmegen are likely to have
a high PFR. This indicated that high-density neighbourhoods in terms of population-, building-, and road
density, were the most at risk to PF for precipitation that occurs once in 100 and 1000 years. Further
research could investigate the expected increase of PFR, as this could influence future urban planning in
high-density areas. Furthermore, this study suggested that mainly pre-war residential, post-war
residential and working-class neighbourhoods are prone to PFR in Nijmegen. However, neighbourhoods
consist of more than one neighbourhood type, it is therefore important to not draw a direct link to
neighbourhood type and PFR.
Based on the spatial analysis of the PFR, two locations at high risk to PF were selected for the potential
embedding of NBS. The site-specific variables and secondary literature indicated that a wadi, an
infiltration strip, permeable pavement and urban trees were the main NBSs to tackle PFR at street scale
level. This research only identified the main NBSs to tackle PFR at street scale level, it is therefore
recommended to broad the search on potential NBSs in high-density areas in further research.
Furthermore, this study emphasized the multifunctionality of NBS to address environmental, economic
and social criteria. The potential embedding of NBS is dependent on two factors; first the potential of NBS
to address environmental, economic and social criteria, and second on the attitudes and preferences of
stakeholders.
Interviews with stakeholders demonstrated that there are different attitudes and preferences on the
potential embedding of NBS. It showed that stakeholders often focus on one criterium, although NBS is
characterised for its multifunctionality. Experts on climate adaption in the municipality of Nijmegen
focused particularly on PF and this was also considered as the most important preference. For citizens,
aesthetics was the most important preference. On the contrary, community initiative members embraced
the synergies of NBS by considering all criteria as preferences. Nonetheless, trade-offs were recognized
by experts and citizens on the space usage in particular. A reason for this is that NBS is difficult to combine
with other urban functions in high-density areas where space is scarce. Hence, a balance between the
embedding of NBS and other urban functions in high-density areas needs to be created. Also, this study
highlighted that there is lack of monetisation and internalization of the benefits provided by services of
NBS in the contemporary planning process.
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Furthermore, the potential for a successful embedding of NBS consists partly of the governance structure.
Results have shown that both bottom-up, as top-down approaches were used in Nijmegen to embed
NBSs. Due to the left-winged local government, bottom-up initiatives were supported to regreen the city.
Although, it seemed that the city of Nijmegen has a proper balance between top-down and bottom-up
approaches, different views on definitions and preferences of stakeholders on NBS still occur.
Overall, this study demonstrated that there is a great potential to embed NBS in Nijmegen to tackle the
PFR. It was shown that a high PFR is present in Nijmegen currently, and multiple NBS measures suggested
to be effective to tackle PF. Furthermore, stakeholders recognized the necessity of ecologically-oriented
concepts such as NBS and were positive on the embedding of NBS to support the existing grey
infrastructure. However, different perspectives of diverse stakeholders on the definition and preferences
on NBS in high-density areas may create a barrier to fully utilize the potential of NBS to tackle PFR. Hence,
several factors must be taken into account to overcome potential obstacles during the embedding of NBS
in high-density areas. First, the purpose to tackle PFR with NBS in a specific location needs to be clearly
defined, as stakeholder have different knowledge and views on the preferences and trade-offs. There
exists ambiguity on the definition of NBS and stakeholders tend to focus on one criterium of NBS, it is
therefore important to define the purpose they pursue with embedding of NBS. Second, the identification
of NBS is dependent upon site-specific variables. Hence, analysing the urban characteristics in the light of
contextual constraints is necessary to assess its potential to tackle PF. Third, preferences and trade-offs
are depending on the scale of embedding NBS. This study has shown that the criteria recreation and air
quality are of less importance at street level scale. However, the stakeholders indicated that this was of
greater importance when embedding at a larger scale. Lastly, a transparent planning process with an
overview of the trade-offs and preferences for each stakeholder group is necessary to prevent conflicts
on the establishment of land in high-density areas to tackle PF. In short, although high-density areas face
an increasing pluvial flood risk and NBS shows a great potential to tackle this pluvial flood risk, different
perspectives of stakeholders on NBS might impede full embedding of NBS in high-density areas.
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8. Appendix

Appendix 1: detailed information on the structure of neighbourhoods in Nijmegen
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0.035984401
0.129800007
0.126761004
0.342372
0.104768001
0.0348101
0.164462
0.00598551
0.104820997
0.087551698
0.07158
0.188685998
0.547022998
0.25703299
0
0
0.051539201
0.285302013
0.657451987
0.593217015
0.00174686
0
0.018399
0
0.00264856
0
0
0.00860715
0
0
0
0
0.063360102
0

0
0
0.0152972
0.093463801
0.271596998
0
0.054962199
0
0.0340847
0.00103332
0
0.00679042
7.36594E-05
0.228030995
0.0202264
0.037704099
0.160288006
0.048371799
0.0339127
0
0.088232003
0.153485
0.073131502
0.261887014
0.00320763
0
0.0232489
0.042998001
0.0243374
0.192181006
0.061062701
0.320192993
0.245848
0.030275799
0.032106299
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.023664299
0

0
0
0
0
0
0
0
0
0
0.38310501
0.081165597
0.024369299
0
0.0148315
0.0123696
0.106423996
0.0284453
0.088347003
0.00350431
0
0.0484499
0.00693985
0.00190208
0.00685693
0.019731101
0.0821153
0
0.00871183
0.00203207
0.036379501
0.101172
0.000496144
0.0325436
0.030107399
0.021697599
0.129519001
0.054512899
0.083115697
0.030311599
0.031689499
0.0304501
0.0389392
0
0.142404005
0
0.00910142
0.0485566
0.307395011
0
0
0
0
0
0.00496553
0

MAX_name

1 Volkswijk
0.583557606 Vinex
0.868152678 villa
0.305813432 villa
0.499689251 villa
0.790697694 Bedrijf
0.352944851 Bloemkoolwijk
0.880882025 Bedrijf
0.581454992 Vinex
0.435288042 villa
0.352486014 Bloemkoolwijk
0.303220689 Historische_binnenstad
0.243149683 Vooroorlogsbouwblok
0.228030652 Tuinstad_laagbouw
0.236069143 Vooroorlogsbouwblok
0.236388773 villa
0.348991215 Volkswijk
0.60802424 villa
0.337911546 villa
0.585766435 villa
0.238381609 Volkswijk
0.303003609 Volkswijk
0.339782894 villa
0.261887103 Tuinstad_laagbouw
0.342372388 Naoorlogse_woonwijk
0.104768202 Naoorlogse_woonwijk
0.334261596 Volkswijk
0.308073938 Volkswijk
0.280520588 villa
0.390473425 Volkswijk
0.1644869 Tuinstad_hoogbouw
0.401154667 Volkswijk
0.245847732 Tuinstad_laagbouw
0.547022939 Naoorlogse_woonwijk
0.257032752 Naoorlogse_woonwijk
0.557434618 Bloemkoolwijk
0.587850332 Bloemkoolwijk
0.504570901 Bloemkoolwijk
0.285302281 Naoorlogse_woonwijk
0.65745157 Naoorlogse_woonwijk
0.593216717 Naoorlogse_woonwijk
0.61394316 Bloemkoolwijk
0.727272749 villa
0.142403707 Hoogbouw_vernieuwd
0.457678318 Bloemkoolwijk
0.640229225 Bloemkoolwijk
0.334780306 Bloemkoolwijk
0.682367682 Bedrijf
0.895757914 Bedrijf
0.911165595 villa
0.557875395 Vinex
0.544844627 Vernieuwd
0.813953459 Vinex
0.356694937 Vernieuwd
0.598752677 Bedrijf

Bloemkoolw Naoorlogse Tuinstad_l Hoogbouw_v MAX

0
0.0018558
0.029574599
0.131472006
0.172777995
0.139534995
0.352945
0.087747201
0
0
0.352486014
0.0133904
0.100619003
0.067078203
0.057617102
0
0
0.077248797
0.0614102
0
0.160512
0.110780999
0.176401004
0.122578003
0.108680002
0.034635
0.210337996
0.219804004
0.207397997
0.0510768
0.066929802
0.0190339
0.098136798
0.035253201
0.043850299
0.557434976
0.587849975
0.504571021
0.118079998
0.0930162
0.0211711
0.613942981
0.272727013
0.0310953
0.45767799
0.640228987
0.334780008
0.010183
0.094382599
0
0
0
0
0.153619006
0.000808838
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Appendix 2: Number sheet on the calculations for the PFR

BU_NAAMArea_ha Area_km2Area_m2 PopulationPopulation_density_km2
Road_density
Pixels_100Perc_Flooded_area_100
Mean_flood_value_100
Pixels_1000
Perc_Flooded_area_1000
Mean_flood_value_1000
Total_road_length_m
Perc_Flooded_roads_100
Mean_flooded_roads_100
Perc_flooded_roads_1000
Mean_flooded_roads_1000
Total_buildings
Buildings_risk_100
Perc_Buildings_risk_100
Buildings_risk_1000
Perc_Building
Aldenhof
43
0,43 430000
2470
5784 17,25814
5758 5,423233
1,76
8418 7,928581
2,23 7421,898 36,89018 2,158693 63,33959 2,875979
1668
52 3,117506
410 24,58034
Altrade
64
0,64 640000
6160
9642 16,61719
7375 4,666992
2,21
9940 6,290156
2,35 10635,54 29,52515 1,98682 54,75978 2,423645
3001
732 24,39187
1239 41,28624
Benedenstad
33
0,33 330000
2820
8491 23,41515
2540 3,117273
2,42
2390 2,933182
2,36 7727,913 21,59959 2,733129 31,19859 2,654639
1069
383 35,82788
541 50,60804
Biezen
105
1,05 1050000
9065
8646 15,86381
14530 5,604429
2
19382 7,475914
2,36 16657,26 49,79888 2,146763 73,76363 2,750511
4498
544 12,09426
1839 40,88484
Bijsterhuizen 141
1,41 1410000
20
14 2,656028
4353 1,25033
2,1
5210 1,496489
2,32 3745,169 36,4753 1,919118 43,54943 2,636364
46
11 23,91304
18 39,13043
Bottendaal
44
0,44 440000
4940
11240
20,8
5819 5,356125
2,31
7211 6,637398
2,43 9152,939 29,02098 2,398964 46,01801 2,750351
1435
410 28,57143
659 45,92334
Brakkenstein 136
1,36 1360000
3805
2794 10,40368
7966 2,372228
2,06
11313 3,368945
2,23 14149,86 40,59651 2,303162 71,08904 2,814391
2681
454 16,93398
1019 38,00821
De Kamp
111
1,11 1110000
5325
4816 15,57838
11621 4,240095
1,82
18008 6,570486
2,17 17292,7 37,75156 2,036578 52,75057 2,677275
3314
143 4,315027
745 22,48039
Galgenveld
96
0,96 960000
6830
7130 19,35313
10254 4,325906
2,16
13624 5,747625
2,32 18579,49 32,68206 2,149474 56,58927 2,650401
2799
561 20,04287
1053 37,62058
Goffert
341
3,41 3410000
2275
681 13,15894
32562 3,867334
2,03
42402 5,036015
2,24 44872,62 25,28526 2,026471 42,12145 2,429004
1393
142 10,19383
434 31,15578
Groenewoud 109
1,09 1090000
3260
2992 14,46422
8793 3,267124
2,2
10644 3,954881
2,26 15766,24 24,05176 2,176796 37,87205 2,400215
960
277 28,85417
424 44,16667
Grootstal
107
1,07 1070000
5510
5175 18,93925
9055 3,42736
2,05
12998 4,919804
2,18 20265,37 39,3437 2,240275 65,12095 2,573731
3858
170 4,406428
648 16,79627
Hatert
156
1,56 1560000
10180
6911 17,07179
22404 5,816423
1,95
33249 8,631952
2,29 26632,4 39,29483 2,038401 65,04109 2,487294
5750
317 5,513043
1344 23,37391
Hatertse Hei
57
0,57 570000
4020
7051 19,25439
4935 3,506447
1,84
9296 6,605053
2,11 10975,93 38,87927 1,786632 73,26944 2,501114
2672
175 6,549401
518 19,38623
Haven- en industrieterrein
308
3,08 3080000
445
189 8,379221
17439 2,293115
1,99
23212 3,052227
2,2 25808,8 25,82145 1,971311 41,55172 2,330306
618
115 18,60841
211 34,14239
Hazenkamp
86
0,86 860000
4805
5608 14,83372
8472 3,989721
1,93
13422 6,320826
2,19 12757,34 42,37673 1,882458 75,34484 2,611597
3068
291 9,485007
720 23,46806
Hees
84
0,84 840000
2920
3465 13,44048
11864 5,720143
1,89
18126 8,739321
2,27 11290,36 45,14615 2,029668 71,66294 2,540673
1791
176 9,826912
564 31,49079
Heijendaal
158
1,58 1580000
2015
1275
15,55
13297 3,408408
2,1
17471 4,478326
2,24 24569,49 23,05344 2,05699 47,16011 2,496141
649
127 19,56857
189 29,12173
Hengstdal
84
0,84 840000
6775
8064 19,11667
9630 4,643036
2,32
10504 5,064429
2,44 16058,33 38,8965 2,425592 59,07836 2,762136
3669
999 27,22813
1693 46,14336
Heseveld
101
1,01 1010000
6245
6210 18,57426
16075 6,445916
2,03
21890 8,777673
2,32 18760,28 55,56732 2,109687 69,80173 2,709465
4003
576 14,38921
1587 39,64527
Hunnerberg
103
1,03 1030000
4000
3867 10,54951
7143 2,808655
2,21
9265 3,643034
2,34 10866,54 25,73164 2,044709 47,77051 2,417641
1383
390 28,19957
579 41,86551
Kerkenbos
62
0,62 620000
50
84 8,943548
4125 2,694556
1,86
5862
2,69
2,11 5545,423 33,66997 1,928571 52,13308 2,574661
144
13 9,027778
24 16,66667
Kwakkenberg 160
1,6 1600000
1895
1182 7,549375
4523 1,144884
2,03
6548 1,657463
2,09 12079,68 14,02434 1,983003 28,32857 2,215589
598
87 14,54849
147 24,58194
Lankforst
47
0,47 470000
2025
4729 16,54255
5091 4,386926
1,98
6525 5,622606
2,25
7775 52,93891 2,312808 70,94534 2,845865
1155
46 3,982684
193 16,70996
Lent
561
5,61 5610000
11195
1996 3,887701
12628 0,911647
1,93
18668 1,34769
2,18 21810,54 34,85557 2,119444 51,54847 2,536818
3980
170 4,271357
608 15,27638
Malvert
50
0,5 500000
2385
4765 13,892
6387 5,17347
1,85
8582 6,95142
2,29 6946,758 61,41664 2,193377 75,41647 2,917058
1571
64 4,073838
565 35,96435
Meijhorst
57
0,57 570000
3435
6023 16,4614
6834 4,855737
1,85
10049 7,140079
2,22 9383,39 51,27358 2,120114
71,52 2,758197
1554
78 5,019305
337 21,68597
Neerbosch-Oost143
1,43 1430000
7335
5138 16,85035
16995 4,813269
1,86
24903 7,052948
2,27 24096,42 34,99751 1,993802 53,63453 2,605851
3437
235 6,837358
1086 31,59732
Neerbosch-West 56
0,56 560000
150
265 5,385714
2617 1,892652
1,97
3560 2,574643
2,21 3016,117 32,09549 1,990826 51,05903 2,234914
100
13
13
29
29
Nije Veld
81
0,81 810000
6140
7570 16,1321
9943 4,9715
2,03
12632
6,316
2,3 13067,21 31,2543 2,109479 53,02585 2,605948
3592
326 9,075724
875 24,35969
Oosterhout
248
2,48 2480000
6240
2515 5,63871
6998 1,142819
1,97
12043 1,9667
2,08 13984,98 17,65589 1,966897 37,45446 2,221813
3332
48 1,440576
282 8,463385
Ooyse Schependom
83
0,83 830000
275
332 2,237349
308 0,150289
2,45
435 0,212259
2,29 1857,037 5,331179 1,794118 18,57798 1,652632
60
22 36,66667
27
45
Ressen
312
3,12 3120000
2625
841
0,35
102 0,01324
2,35
121 0,015707
2,2 1092,495
0
0
0
0
11
1 9,090909
1 9,090909
St. Anna
56
0,56 560000
3500
6284 14,05357
6617 4,785509
2
9972 7,211893
2,26 7870,795 61,48666 2,141361 85,79819 2,78678
2208
249 11,27717
753 34,10326
Staddijk
178
1,78 1780000
220
123 5,138764
3947 0,898053
1,98
5048 1,148562
2,06 9147,491 18,12616 1,650838 27,81091 1,889306
178
34 19,10112
44 24,7191
Stadscentrum 91
0,91 910000
9030
9898 24,05275
7873 3,503918
2,35
9678 4,307242
2,43 21888,04 15,82145 2,268041 32,12256 2,647426
1482
693 46,76113
916 61,80837
't Acker
147
1,47 1470000
5455
3702
14
12486 3,44002
1,79
18948 5,220367
2,08 20580,04 36,89018 1,853659 55,16023 2,427236
3696
68 1,839827
420 11,36364
't Broek
91
0,91 910000
3775
4060 14,94725
8103 3,60628
1,8
12298 5,473286
2,1 13602,14 37,30334 1,955108 52,55055 2,459569
2535
60 2,366864
260 10,25641
Tolhuis
79
0,79 790000
3310
4196 15,68228
10177 5,217323
1,91
14411 7,387918
2,21 12389,53 40,8104 2,131218 59,70363 2,691724
2298
79 3,437772
332 14,44735
Vogelzang
65
0,65 650000
0
0 0,012631
7 0,004362
1,86
13
0
2,3 8,217821
0
0
0
0
0
0
0
0
0
Weezenhof
99
0,99 990000
3575
3611 12,36768
12409 5,076409
1,96
16722 6,840818
2,27 12244,4 51,64162 2,261538 70,90589 2,959477
2231
127 5,692515
540 24,20439
Westkanaaldijk 127
1,27 1270000
25
22 7,264567
12262 3,910323
2,12
13504 4,306394
2,45 9226,516 61,86863 2,181481 71,64134 2,667929
370
142 38,37838
232 62,7027
Wolfskuil
76
0,76 760000
6435
8420 18,98553
11538 6,148539
2,13
13784 7,345421
2,43 14429,44 34,06334 2,236293 56,74509 2,67027
4018
591 14,70881
1735 43,18069
Zwanenveld
82
0,82 820000
4670
5715 17,64756
8464 4,18039
1,91
12355 6,102165
2,21 14471,83 34,1787 2,094634 47,69955 2,611486
2284
160 7,005254
502 21,97898
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Appendix 3: Standardization of the exposure
City
Amersfoort
Amsterdam
Arnhem
Delft
Eindhoven
Hilversum
Nijmegen
Rotterdam
Tilburg
Utrecht

Population density per km2
2.512
5.273
1.649
4.573
2.674
1.991
3.346
2.993
1.892
3.811

Road density per km2
10.59
11.16
7.27
12.84
11.48
7.59
11.66
10.23
8.68
12.33

Building density per km2
1.541
6.074
2.205
3.509
2.680
2.750
2.401
3.994
2.799
3.444

First, the population density per neighbourhood was calculated. In total, there were 1.455
neighbourhoods in the ten cities with an average population density of 7.902 per neighbourhood. This
average population density seemed to be higher than the population densities in table 6, this occurs
because of the extrapolation of the neighbourhood. Not all neighbourhoods are larger than one km2,
therefore the population was extrapolated in neighbourhoods smaller than one km2. Yet, this
extrapolation does not affect the ratio between neighbourhoods as the population density remained a
relative variable.
This average population density of 7.902 was considered as the medium value and forms the base for
assigning the level of exposure in terms of population density into classes. The level of exposure in terms
of population density consists of five classes; low – medium low – medium – medium high – high, wherein
the average population density of the neighbourhoods (7.902) falls within the medium class. The division
of the classes consists of ranges from 1.500, as this provides a broad representation of the relative
exposure per neighbourhood in terms of population density.
To create a standard for the road density, the average road densities of the ten cities were calculated.
This average road density, which is calculated as km of roads per km2, is 10.83 (table 6). This formed the
standard for assigning classes for the exposure in terms of road density. The average road density falls
within the medium class. A range of 5 was chosen to provide a broad representation of the relative
exposure per neighbourhood in terms of road density (table 7).
For creating a standard for the building density, the average buildings density of all neighbourhoods of
the ten cities was calculated. This average building density is 2.350 buildings per km2. This formed the
standard for assigning classes for the exposure in terms of building density. The average buildings density
falls within the medium class, with ranges of 1000 per class. This range provided a broad representation
of the relative exposure per neighbourhood in terms of building density (table 7).
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Appendix 4: Coding scheme
Group code

Environmental criteria

Economic criteria
Social criteria

NBS definition

Participation
Experience with NBS
Future perspective NBS
Grey infrastructure

Health & well-being

Sub-codes
-

Pluvial flooding
Heat stress
Biodiversity
Air quality
Space usage
Cost efficiency
Maintenance
Aesthetics
Recreation
Social
Environmental
Economic
Mimic nature
Societal challenges
Top-down
Bottom-up
Measures
Policy on NBS
Future on NBS

-

Technical
Undynamic
Built environment
Liveability
Quality of the
environment
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Appendix 5: Quantifications of the matrix in table 12
Wadi
Dewatering depth
Infiltration capacity

<50cm
0,2m/day, 204-1050 mm/hour

Sizes
Maintenance

With 3m; depth 0,5m
22x a year mowing, once a year sanding, drain
once a year
Approximately 60 years
Approx. €200 per m; €5,17 per m2
Less than 48 hours
0,08 – 2,16 m/d
0,3m/d to empty within 24 or maximum 48 hours
Nothing specific, according to Klok, improving 1%
of grey surface into green, vegetated area, would
lead to a reduction of 1 degree Celsius
Provides habitat for wildlife in urban areas and
opportunities for biodiversity enhancement.
Eggermont says that NBS in general increase
biodiversity as it adds biodiversity itself
Minimum 1.4m2 (huisjeboompjebeter), 30cm
depth
6,10Euro per m2
3.70Euro per year per m2
Well-maintained bioswales improve aesthetics of
area. Aesthetics were perceived as advantage.
Improved social cohesion, facilitated active
recreation/physical activity

Lifetime
Investments
Emptying time of wadi
Infiltration capacity
Soil permeability
Heat stress

Biodiversity

Air quality
Space usage
Investment
Maintenance
Aesthetics
Recreation

(RIONED, 2006)
(RIONED, 2006), (Votel et al.,
2020)
(RIONED, 2006)
(RIONED, 2006)
(RIONED, 2006)
(RIONED, 2006)
(Boogaard, 2015)
(Boogaard, 2015)
(RIONED, 2006)
(Klok et al., 2016)

(Boogaard, 2006)
(Eggermont et al., 2015)

(Huisjeboompjebeter, n.d.)
(De valck et al., 2019)
(RIONED, 2006)
(Everett et al., 2015)
(Newell et al., 2013)

Infiltration strip
Pluvial flooding
Heat stress

Biodiversity

Air quality
Space usage
Investments
Maintenance
Aesthetics
Recreation

315mm/hour
Nothing specific, according to Klok, improving 1% of
grey surface into green, vegetated area, would lead
to a reduction of 1 degree Celcius
Eggermont says that NBS in general increase
biodiversity as it adds biodiversity itself. Beneficial
for biodiversity
Contribution to air quality limited
Depending on site-specifics
Less expensive than traditional water management
facilities
Regular maintenance
Perceived as advantage
Facilitated active recreation/physical activity

(Votel et al., 2020)
(Klok et al., 2016)

194 mm/h
29mm/h – 342 mm/h
Over 80% had infiltration capacity of >70mm/h
after over seven years.
If infiltration falls below 20,8mm/h, this happens
after 7 years

(Boogaard, 2015)
(Boogaard, 2015)
(Boogaard, 2015)

(Kabisch et al., 2017a

(Benford, 2009)
(Benford, 2009)
(City of Portland, 2006)
(City of Portland, 2006)
(Everett et al., 2015)
(Newell et al., 2013)

Permeable pavement
Infiltration capacity new
Infiltration capacity old
Clogging is inevitable
Guideline maintenance NL

(Boogaard, 2015)
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Heat stress

Biodiversity
Air quality
Space usage
Investment

Maintenance
Aesthetics
Recreation

Cooling function as it is more green, albedo and
evapotranspiration has a cooling function. 9.4
graden cooler than traditional pavement in
Shanghai
High microbial activities
Every scale
For a parking lot of 650 m2 with 100% infiltration of
51mm, it costs $102 = €85/m2. Traditional would
cost €29-€38
Differs everywhere, but most effectively after 7
years
Improved aesthetics to limited extent
-

(Buyung & Ghani, 2017), (Liu &
Peng, 2018)

(Imran, Akib, & Karim, 2013)

(Antunes,
2018)

Ghisi,

& Thives,

(Boogaard, 2015)
(Cipolla, 2015)

Urban tree
Intercept
Canopy depending on urban
soil conditions:
Reduce runoff parking lot
Heat stress

Biodiversity
Air quality

Space usage
Investments
Maintenance
Aesthetics
Recreation

79% of a 20mm rainfall under optimal conditions
Compaction, reduced rooting volume, elevated soil
pH
17%
The mean near-surface air temperature in urban
areas decreases by 3.06 °C in the US. 1.5 °C reduction
in Hong Kong.
Improved biodiversity
Reduced air temperature due to trees can improve air
quality because the emission of many pollutants
and/or ozone-forming chemicals are temperature
dependent. Urban trees remove large amounts of air
pollution (O3, PM10, NO2, SO2, CO). Improved air
quality by sequestrating CO2 from 0.12 (Rotterdam)
to 2.75 (Salzburg)
Depending
Depending
Depending
Improve aesthetics
Improve recreational attributes

(Xiao & McPherson, 2003)
(Bartens et al., 2008)
(Zabret & Šraj, 2015)
(Wang, Wang, & Yang, 2018),
(Tan, Lau, & Ng, 2016)
(Endreny, 2018)
(Nowak, Crane, & Stevens,
2006), (Kabisch et al., 2017a)

(WUR, n.d.)
(WUR, n.d.)
(Vesely, 2007)
(Pincetl et al., 2012)
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