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FOREWORD

Welcome to GROUNDBREAKING
Climate change is one of the great challenges of our time. When taking into account the broad
and worldwide effects of the rising temperature on our planet, rising sea levels, loss of biodiversity,
diminishing food security, social and political instability, I believe it to be the biggest challenge of the
coming decades. As a landscape architect I intent to be part of solutions, big and small, to help
prevent and alleviate the consequences of climate change. Hence the research question answered
in this thesis: Which spatial interventions applied to urban canyons can bring climate adaptation and
mitigation together in an integrated design?
Expect the unexpected?
I was familiar with the fact that multiple different climate adaptation and mitigation interventions are
available. So, when starting my research, I expected the outcome to be a comprehensive set of
multiple ‘intervention packages’. Smartly combined landscape and architectural interventions, each
set of which would cater for specific climate adaptation or mitigation needs. Sets, ready for use by
policymakers and design professionals. This expectation has proven to be both true and false. Let
me explain.
Existing literature offered me 39 different climate adaptation and mitigation interventions, of which
19 remained after my first analysis and deduplication. After having calculated the effectiveness of
these interventions in terms of impact on heat stress, storage capacity, groundwater recharge,
evapotranspiration and air temperature reduction in generic street profiles a pattern emerged. This
pattern was confirmed when applied in Nijmegen Bottendaal, on neighbourhood and street scale.
The pattern in the outcomes of my research showed that, while many combinations of climate
adaptation and mitigation interventions are possible, when judged based on effectiveness some
of them are clearly dominant; adding trees and de-paving. I consider these interventions to be the
core of every new design or redesign of urban landscapes; no-regret solutions any policymaker and
design professional can use as a starting point. Some other interventions, for example green roofs
and increasing albedo do also contribute to adaptation or mitigating effects, albeit on a smaller scale.
Again other interventions have a more feel good or visual character, which although less useful in
climate context, can contribute to joyful urban living. Examples are vegetated pergolas and façade
vegetation.
In summary: yes, there is an intervention package ready to use when aiming for maximum adaptation
and mitigation effects. This has proven to be simpler and more straightforward than I expected when
I started with my research. The adage is to first and foremost ‘break the ground’ and add to this other
interventions that fit the specific site.
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My learning experience
The scope of this thesis was broad, following from the main research question and the ambition to
create generic and replicable sets of adaptation and mitigation interventions. At moments it has been
challenging to keep the scope of the research compact and tangible and to also keep the balance
between its generic character and the detailed level needed to test the specific interventions. Writing
the text of the thesis according to scientific requirements I have found challenging and has demanded a
lot of my perseverance. Making the designs on the other hand, was energising and led to tangible and
sharable results.
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ABSTRACT
In a changing climate, existing cities need to adapt to keep providing their inhabitants and users
with a comfortable and healthy living environment. A complete and validated overview of available
adaptation and mitigation interventions and their applicability, usefulness and practicability is
missing. This thesis aims to evaluate the effectiveness of nineteen climate adaptation and mitigation
interventions applied in the urban canyon through qualitative and quantitative testing in eight generic
street profiles as commonly found in the Netherlands and in a multiple-scale site specific design. The
main research question answered in this thesis: Which spatial interventions applied to urban canyons
can bring climate adaptation and mitigation together in an integrated design?
Bottendaal, a neighbourhood in the dense city centre of Nijmegen, is the subject of the location
specific design. The effectiveness of the adaptation interventions was determined quantitatively by
a digital microclimate quantification toolbox. The effectiveness of the mitigation interventions was
calculated manually. Using these methods causes limitations in the outcomes of the research, and
future research is recommended to address these limitations.
The results of this thesis show for climate adaptation that adding trees and de-paving are the most
effective interventions. The thesis shows that the climate mitigation interventions that were tested
are unobtrusive and can generally be implemented in all urban landscapes. The results of this thesis
can double as a ‘quick reference guide’ for designers who want to kick-start climate resilience in
their work as it offers insight in the applicability, usefulness and practicability of climate resilience
interventions.
Key words:
Urban microclimate, resilience, design, adaptation, mitigation, climate responsive design
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1.1 THE FUNDAMENTALS
CLIMATE CHANGE
Anthropogenic greenhouse gas emissions have reached
an all-time high. Driven by economic and population
growth, the global average surface temperature has
increased steadily over the last few decades (de
Coninck et al., 2018). Other effects of climate change
comprise changes in precipitation patterns, which
lead to flooding, drought, more temperature extremes,
ocean acidification and sea level rise. The main cause of
climate change is the greenhouse effect. In this process
radiation is trapped in the atmosphere by clouds and
gasses such as Carbon dioxide, Methane and Nitrous
oxide. As an effect heat accumulates in the atmosphere
and increases surface temperature (Tricot, 1992). This
is a natural process, but due to human influence the
concentration of these greenhouse gasses has rapidly
increased since the industrial revolution (Pachauri &
Reisinger, 2017). Human activities have impacted
natural processes to such an extent that we now live
in the era called the Anthropocene (Andersson, 2017).
The increasing climate change will also increase the
challenges for future adaptation. The time to act is now.
CITIES AND CLIMATE CHANGE
Cities are dense anthropogenic landscapes where
population growth, urban expansion and infrastructure
erosion put pressure on urban quality of services.
Climate change puts additional stress on this landscape
(Bulkeley, 2013). All these effects take a toll on life in
the city. Particularly significant climate impacts at the
urban scale are (Hunt and Watkiss, 2011):
•
Sea level rise
•
Extreme weather events
•
Health risks
•
Energy use
•
Water availability and quality
Sea level rise can, for example, cause increased
salinity of coastal environments and thereby risk
coastal ecosystems. Extreme weather events, like
storms, flood events, heatwaves, and droughts can
cause a wide variety of impacts such as damage to
infrastructure, property, livelihood and life. Health
impacts can range from direct physical effects from
heat or cold and vector borne diseases to mental
health impacts. Energy use impacts can express
themselves in change in energy demand and increased
transmission loss. Water availability and quality will also
change due to climate change. Reduced precipitation
will limit water availability while increased temperatures
will cause higher demand.
These impacts are particularly serious in cities where

population density is high and pressure on space is
limiting. Adding to this, the physical makeup of cities,
mostly hard-paved, also exacerbates the climate
change effects in urban environments. How vulnerable
a city is, is dependent on the relationship between risk
and exposure. Not only geographic location but also
the interaction between urban processes and daily
lives influences the vulnerability of a city (Bulkeley,
2013). Physical and economic systems contribute to
the exposure of climate risks.
CLIMATE ADAPTATION AND MITIGATION
“A sustainable city must be a resilient city” (Yuzva &
Zimmerman, 2012: p.101). Where future climate
problems challenge the existing urban environment,
mitigation and adaptation can offer a solution.
Adaptation and mitigation are complementary
strategies in responding to climate change (Akbar
et al, 2019). Where mitigation focusses on reducing
emissions or limiting the release of greenhouse gasses,
adaptation focusses on adjusting the current system
to a changing or new environment. Where mitigation
measures may reduce climate change impacts in the
long-term, “adaptation is necessary in order to prepare
and respond to existing and future risks associated
with the changing climate” (Georgi et al, 2012: p. 252).
This call for improving urban climate conditions by
adaptation has been present in urban climate literature
for years (Lenzholzer et al., 2020). Urban adaptation
can, by reducing soil sealing, mitigating the heat island
effect and enhancing water storage capacity help cope
with challenges such as increasing temperatures, flood
events and water scarcity (Geneletti & Zardo, 2016).
While climate change is a global challenge, adaptation
needs to be local. Within climate resilience design it
is important to acknowledge that climate impacts do
not just happen, but are fundamentally shaped through
the city (Friedman, 2021). Every city or urban area has
site specific challenges, so adaptation has to carefully
consider local context (Bulkeley, 2013).
Four main strategies identified by Lenzholzer et al.
(2022) to influence urban climate are: 1. Actual layout
of cities (configuration of buildings & other spatial
volumes) 2. Amount & spatial distribution of vegetated
areas3. Use of materials and 4. Lowering the level
of anthropogenic heat production. Besides these
strategies there has also been a focus on ecosystembased adaptation, including green infrastructures and
water bodies (Klemm et al., 2017; Geneletti & Zardo,
2016). Two design disciplines in particular influence
urban climate resilience; landscape architecture and
11
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1.2 KNOWLEDGE GAP
There is a large body of literature and precedent
studies on climate challenges and climate resilience.
It offers a multitude of possible interventions in the
field of adaptation and mitigation that can be taken
by policymakers, architects and landscape architects
(designers). This information usually focuses on specific
topics of specific scope and is therefore inherently
fragmented.
What is missing is one overview in which climate
interventions are collected; categorised, unambiguously
described, not overlapping, understandable and
comparable. An overview that provides insight into
the expected usefulness of the interventions and how
to apply them in practice. An overview that is reliable,
because it is validated by research and testing.
When designers or policymakers want to start working
on climate resilience, it takes time and energy to collect
and assess all the background information to create
an overview. This thesis aims to solve this by providing
this overview.
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1.3 THESIS STATEMENT

1.4 RESEARCH QUESTIONS

CONTEXT
This thesis holds the explorative design study to a
more resilient future (city). The thesis attempts to offer
climate resilient solutions for urban environments.
To explore, test and demonstrate these solutions,
a neighbourhood in the Netherlands was chosen as
a case study: neighbourhood Bottendaal, centrally
located in Nijmegen.

MAIN RESEARCH QUESTION:
The main research question of this thesis is:
Which spatial interventions applied to urban canyons
can bring climate adaptation and mitigation together in
an integrated design?

AIM
The aim of this thesis is to find spatial adaptation
interventions and mitigation interventions, that can
reduce climate challenges in urban areas. This research
is predominately focusses on climate adaptation, while
including basic principles of energy generation. The aim
is also to combine these interventions in generic street
configurations to define maximum climate adaptation
and mitigation potential. These configurations aim
to be generic to enable replicability in multiple Dutch
cities.
SOCIETAL RELEVANCE AND OUTCOMES
This thesis contributes to making Dutch cities climate
resilient and future proof. The societal value is twofold.
Firstly, to raise awareness and inform policymakers and
designers on how to make Dutch cities more climate
resilient. Bringing together climate adaptation and
mitigation in the urban canyon can offer possibilities
for increasing the resilience of urban environments.
Secondly, to provide guidance to climate adaptation
and mitigation efforts in urban areas by policymakers
and designers. Because of the replicable character of
the interventions, the results of this thesis can double
as a ‘quick reference guide’ for designers who want to
kick-start climate resilience in their work.

SUB-RESEARCH QUESTIONS:
Three sub-research questions (SRQ) unfold from this
main research question:
SRQ1: Which spatial interventions applied to urban
canyons are suitable for addressing adaptation and
mitigation?
SRQ2: What are the climate adaptation and mitigation
effects of these spatial interventions when combined in
generic street profiles?
SRQ3: What are the climate adaptation and mitigation
effects of these spatial interventions when combined in
a specific site?
SRQ 1 relates to the explorative research into climate
resilience measures combining adaptation and
mitigation. SRQ2 and SRQ3 deal with validating these
interventions. Firstly by applying them to abstracted
urban environments (SRQ2) and subsequently to a
specific site (SRQ3). Each SRQ has its own designing
and testing phase.

13

1.5 STUDY SITE
Nijmegen is the 10th biggest city in the Netherlands,
with approximately 177500 inhabitants. The city is
mostly bordered by the southern bank of de Waal.
Nijmegen is already actively involved in climate
resilience programmes. A significant part of the Waal
in Nijmegen has been redeveloped as a part of the
overarching project ‘room for the river’ where the
Dutch river landscape is made more climate resilient.
This thesis will not look into the Waal and water
safety, but also in other climate resilience programs
Nijmegen plays an active role. For example, as one of
the first regions, Nijmegen together with seven other
municipalities have developed a ‘Regional Adaptation
Strategy’ or RAS. The goal of this RAS is to make the
region climate resilient by 2035.
The neighbourhood Bottendaal (visible in Figure 1
below) is a dense neighbourhood stretched between
Nijmegen central station and the old city centre of
Nijmegen. The northern part of the neighbourhood
adjacent to the Keizer Karelplein consists of 19th
century buildings which can also be found around the
centre of Nijmegen while newer buildings dominate the
southern side of the case study area.

It is a vibrant neighbourhood inhabited by approximately
5000 people, but also houses a multitude of
businesses (shops, bars/restaurants). As popular as
the neighbourhood is, it also faces its now and future
challenges.
Climate challenges existing in Bottendaal are
characterising for Dutch neighbourhoods. Streets
endure considerable heat stress, water nuisance with
moderate precipitation and in some areas considerable
wind nuisance. Future challenges will put additional
pressure on the existing cityscape and solutions
will need to fit into the landscape. As a diverse and
small-scale neighbourhood Bottendaal offers a
great opportunity to research future climate resilient
measures.

14

1:50000

Fig. 1: Bottendaal within the context of Nijmegen

van Kempen (2021)

Veringmeier (2020)

Van Ginneken (2020)

Verheijden (2019)
Fig. 2: Impressions of Nijmegen Bottendaal
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1.6 METHODS AND MATERIALS
As Lenzholzer et al (2013) states; ‘landscape needs
to be addressed as a dynamic, highly complex larger
scale natural and socio-cultural system.’ That is
why the research employed in this thesis, is mixedmethods. Each sub-research question fuels the body
of knowledge for the main research question and
has its own research strategy and methods. Figure
3 depicts a visual synthesis of this process which is,
furthermore, now described in more detail.
Research through designing
The research steps for answering the research
questions in this thesis are part of the ‘research through
designing’ (RTD) methodology. RTD is a research
methodology where the designing activity is employed
as a research method (Lenzholzer et al, 2013). The
goal of this RTD phase is generating specific, as well
as generalisable new knowledge through multiple
design experiments. The general outcomes are made
into place specific design alternatives. The process of
evaluation and (re)designing employed in this thesis
constitutes the iterative process of ‘research through
designing’ (Deming & Swaffield, 2011).
In this thesis every research question in itself had an
iterative cycle, where designing and testing rounds
alternate (figure 3). Zooming out, the successive
research questions also had an iterative character.
SRQ1 informed the design decisions made in SRQ2&3.
SRQ2&3 tested the functionality and applicability of the
outcomes of SRQ1. These feed forward and feedback
loops continuously developed and added to the
outcomes. The answer to the MRQ is the result of this
RTD framework.
SRQ1: WHICH SPATIAL INTERVENTIONS
APPLIED TO URBAN CANYONS ARE
SUITABLE FOR ADDRESSING ADAPTATION
AND MITIGATION?
The research started with SRQ1 which formed the
foundation with an exploration of spatial adaptation and
mitigation interventions within the streetscape. As can
be seen in figure 3 this research question employed a
literature study and precedent study as research tools.
The outcomes of SRQ1 is an inventory of interventions.
These spatial interventions were designed, qualitatively
tested through expert interviews and redesigned with
gained insights. This inventory of interventions was
the starting point are the starting point from where the
design alternatives develop in SRQ2&3.
16

Literature review
The literature study in explored the existing climate
adaptation and mitigation literature. The goal of
this research question was to get an insight into the
existing urban climate adaptive spatial design solutions
and the extent to which these spatial elements can be
integrated within the streetscape. Next to a literature
study, a precedent study added to this body of
knowledge. Overarching results from these studies
have been integrated in the final inventory of spatial
interventions.
Expert interview/qualitive testing
During the expert interview an inventory of approximately
36 interventions was discussed on functionality and
applicability. Each intervention was classified into
one or multiple climate categories; heat stress, water
nuisance, energy efficiency and energy production.
After a first assessment and deduplication the number
of interventions decreased. The remaining (and
sometimes re-iterated) interventions were evaluated
based on a set of climate indicators in a five point
Likert scale. This Likert-scale shows the functionality of
each intervention on evaporation, shading, ventilation,
albedo, energy efficiency, energy production and mean
radiant temperature.
SRQ2: WHAT ARE THE CLIMATE ADAPTATION
AND MITIGATION EFFECTS OF THESE
SPATIAL INTERVENTIONS WHEN COMBINED
IN GENERIC STREET PROFILES?
In SRQ2 interventions from the inventory created in
SRQ1, were combined in generic Dutch street profiles
and tested qualitatively and quantitatively. To establish
these street-profiles general grey literature on urban
climate resilience and Dutch urban configurations
was consulted, resulting in eight representative street
profiles. The climate adaptation and mitigation effect
quantifications were made on specific dimensions.
This ensures mutual comparability between de profiles.
The combinations of interventions within the
streetprofiles were firstly qualitatively assessed by expert
interviews and redesigned. Secondly, both adaptation
and mitigation interventions were quantitatively tested,
using a seperate method for each strategy.
Adaptation strategies
For adaptation strategies the interventions were tested
by a set of climate adaptive performance criteria.

These criteria being:
1. Decreased heat stress;
2. Decreased water nuisance.
These criteria were measured with the ‘Klimaat
Bestandige Stad toolbox’ in English: Climate Resilient
City toolbox (CRC-toolbox). The CRC-toolbox was
created in collaboration with Deltares, Wageningen
University, atelier GroenBlauw, TNO, BoschSlabbers,
Tauw and Hogeschool Amsterdam as part of the
‘National knowledge and innovation programme
water and climate’. The CRC-toolbox consists of 40
applicable adaptation measures with corresponding
key performance indicators (KPI’s) which show the
effects and impacts of implemented measures. The
output of the CRC-toolbox is a dataset which links
surface area to storage capacity, groundwater recharge,
evapotranspiration and air temperature reduction.
Additionally Physiological Equivalent Temperature
(PET) reduction is given.
This toolbox enables users to implement climate adaptive
measures to specific locations in the Netherlands and
evaluate projected effects of these measures (Brolsma,
2021). This testing provides a generic evaluation of the
possible combinations of interventions. Because the
CDC-toolbox is location specific the chosen streets for
generic testing are conveniently situated in Bottendaal,
corresponding with the dimensions and the orientation
of the generic street profiles.
Mitigation strategies
For mitigation strategies this thesis looks into the
criteria:
1. Energy generation by renewables;
2. Energy efficiency
The energy productive intervention effects were
calculated manually (in watt). Energy efficiency was
assessed through literature review in SRQ1, but was
not detailed further by calculations in SRQ2.
All the combination sketches and corresponding
microclimatic effects and energy calculations can be
found in the appendix.
SRQ3:
WHAT
ARE
THE
CLIMATE
ADAPTATION AND MITIGATION EFFECTS
OF THESE SPATIAL INTERVENTIONS WHEN
COMBINED IN A SPECIFIC SITE?
SRQ3 takes the inventory of interventions from SRQ1
and their combination in generic streetprofiles from
SRQ2 and translates that to site specific solutions.

Nijmegen Bottendaal was chosen for this case study.
Spatial analysis Nijmegen Bottendaal
To prepare for the climate resilient redesign of
Bottendaal, the neighborhood was subjected to a spatial
and climate analysis. The landscape of Bottendaal
was analysed through policy documents and thematic
maps such as land-use, soil, and infrastructure. In this
analysis phenomenal arguments were also included.
Phenomenal arguments are subjective findings built
upon personal experiences (Herrington, 2017). These
experiences were conceived during site visits, where
the landscape of Nijmegen Bottendaal was explored
and experienced by foot. This analysis of the site was
meant to explore the characteristics, problems, and
constraints in the microclimate of this neighbourhood.
The desk analysis of the site combined with personal
experiences in the area formed the spatial analysis and
climate analysis. This spatial analysis was the starting
point from where the findings from SRQ1 and 2 were
made into a place specific design in SRQ3.
Multiple scale testing
The combinations were tested on multiple scales:
neighbourhood scale and street level scale. As
Prominski (in Brink et al, 2006, p. 222) states: “a
certain diversity in terms of scale, geographic location,
approaches and so on has to be covered by the
examples in order to develop widely applicable design
guidelines”.
The first step in making the outcomes of SRQ2
site specific was extrapolating the generic design
interventions to a neighbourhood scale design. This
masterplan was subsequently quantitatively tested
with the CRC-toolbox. Outcomes on storage capacity,
groundwater recharge, evapotranspiration, air
temperature and PET showed the effectiveness of the
proposed design.
Additional to the masterplan design three detailed
designs were made to test the design impacts on
streetlevel scale. The detailed designs consist of
maps, sections and visualisations. The effectiveness of
these three designs have also been tested by means
of the CRC-toolbox. The testing outcomes fuelled an
iterative cycle of redesigning and retesting the street
level designs with the CRC-toolbox.
As a final step of SRQ3 the outcomes of the steet
designs were fed back to the masterplan for a final
round of testing on a neighbourhood scale through the
CRC-toolbox.
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SRQ2:
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Designing
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Designing
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Designing
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Fig. 3: Visual synthesis of the RTD methodology
employed in this thesis
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2.1 CLIMATE CHANGE
In the next section: How hot, how wet, how windy
and energy this research is going to systematically
work through urban climate impacts and discuss
stressors, alleviating interventions, measuring
systems and prominent theories in climate adaptation
and mitigation grey literature.

Solar radiation warms
up earth’s surface

Earth heats up and emits radiation,
part of the radiation gets trapped
by greenhouse gasses and causes
global warming

CLIMATE CHANGE
Climate change has widespread effects worldwide.
Observed effects of climate change are an increased
frequency of climate and weather extremes. This
entails heavy precipitation events but also drought
and fire hazards. These effects are not natural, but
attributed to human induced climate change (IPCC,
2022: Summary for Policymakers).
The climate change effects are growing more alarming
every year (Roaf, Chrichton & Nicol, 2005). But
strategies to cope with these effects are lacking. The
main cause of human induced climate change are the
emissions of greenhouse gasses. These are gasses
such as Carbon dioxide, Methane and Nitrous oxide.
Solar radiation reflected by the earth’s surface gets
trapped in the atmosphere, warming up the earth
(Roaf, Chrichton & Nicol, 2005).
The widespread effects of climate change have caused
substantial damages to both natural and socioeconomic
systems (IPCC, 2022: Summary for Policymakers).
Consequences of the changing climate for nature are
for example, deterioration of ecosystem structure and
function. By shifting seasonality local species must
quickly adapt, which is not always possible. As an
effect numerous local species are rapidly disappearing
and, in some cases, even going extinct. Increase in
magnitude of heat extremes is the biggest driver in the
deterioration of ecosystems. As an effect species shift
poleward or to higher elevations as part of a global shift
(IPCC, 2021).
For humans climate change also imposes considerable
risks. Indirect effects, as humans depend on land
and ecosystems for water and food security, but
also direct physical effects. Agricultural productivity
has increased, but overall growth rate slowed down.
Ocean warming has affected aquaculture. Due to
these changes millions of people are exposed to food
insecurity. Warmer climates also lead to droughts;
for at least some part of the year roughly half of the
world’s population experiences water scarcity (IPCC,
2022: Summary for Policymakers). Most of the climate
change is felt unevenly: low-income households (with

Fig. 4: Basic workings of greenhousegas driven climate change

children), elderly and pregnant people are particularly
impacted (Roaf, Chrichton & Nicol, 2005).
The physical health of people globally is affected
by climate change. Mental and physical health is
dependent on economic and social conditions but is
also affected by disruptions caused by climate change.
More extreme weather events, specific extreme heat
events have resulted in human mortality and morbidity
Also, climate-related food and water borne diseases
occurrences have increased. Lastly other mental
health challenges associated with climate change
such as trauma from extreme events and potential loss
of livelihood and culture (IPCC, 2022: Summary for
policymakers).
‘Urban futures cannot be divorced from climate futures’
(Bulkeley, 2013). As more than half of the world’s
population lives in cities it is in urban context that the
impacts of climate change are felt the most (Dabrowski,
2017). Climate change risks such as extreme weather
events or flooding can threaten human health and
livelihood but also key infrastructure and economic
assets (IPCC, 2022: Summary for Policymakers,
Nichols et al., 2018).
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2.2 HOW HOT
The IPCC temperature projections for the rest of the
century globally show a probable temperature rise of
1,8 – 4°C, but with a possible temperature rise between
1,1 – 6,4°C. Because of this temperature rise, sea level
will rise by between 28 – 43 centimetres and there will
be an increase in heatwaves (IPCC 2007, Summary for
policymakers; Roaf, Chrichton & Nicol, 2005).
The royal Netherlands Meteorological institute (KNMI)
has translated these global averages to specific
outcomes for the Netherlands (KNMI, 2014). The
outcomes of this research showed an increase of 1
– 5°C in summer and in winter an increase of 1,5 –
3,5°C. This phenomenon is due to the slower warming
of oceans and a predominant warmer westerly wind
causing milder winters. Increased solar radiation
contributes to the warming in summer, this is mostly
due to reduced air pollution (KNMI, 2014).
URBAN HEAT ISLAND
The physical properties of urban settings influence
local climate (Steeneveld et al., 2011). The urban
heat island effect (UHI) is caused by urban land use
and materials which influences radiation, energy, and
water balance (Gromke et al., 2015). Discussed in this
section: albedo, height to width ratio, building materials
and anthropogenic activity.
Firstly, solar radiation is reflected multiple times by
buildings, thereby storing heat and influencing thermal
capacity, but also limiting reflection to space (Steeneveld
et al., 2011; Roaf, Chrichton & Nicol, 2005). Therefore,
the albedo of cities is generally lower than rural areas.

people (bodies) but also from all indirect anthropogenic
factors such as transport, heating, and air-conditioning.
All these processes together form the ‘urban boundary
layer’. In particular the daytime heat storage in buildings
and latent heat release after sundown contributes to this
urban heat island (Steeneveld et al., 2011). Oke (1982)
indicates a daytime temperature difference between
4 – 6°C and a night-time temperature difference of 6
– 10°C between rural and urban areas. To compare
a Dutch city; Rotterdam has a daytime difference of
1.2°C and a night-time difference of 7°C compared to
adjacent rural areas (Heusinkveld et al., 2014).
PHYSIOLOGICAL EQUIVALENT
TEMPERATURE (PET)
How humans perceive thermal comfort, depends
on complex interactions between our physical and
psychological environment (Albers et al., 2015;
Ketterer & Matzarakis, 2014). This human perception
can be calculated using air temperature, atmospheric
humidity, global radiation, and wind speed (Albers
et al., 2015). To be able to take all these factors into
account it is advised to make use of a heat balance
model of the human body. The heat balance model
of thermal perception is the physiological equivalent
temperature (PET).

Moreover, building materials influence absorptivity and
reflexivity. For example, concrete and asphalt have a
high heat capacity which limits rapid cooling at night
(Steeneveld et al., 2011).

As Höppe states: ‘PET is defined as the air temperature
at which, in a typical indoor setting (without wind and
solar radiation), the heat budget of the human body is
balanced with the same core and skin temperature as
under the complex outdoor conditions to be assessed’.
A concrete example of equal outdoor temperatures but
very different thermal strain; a person in a very warm
and sunny outdoor condition of approximately 43°C
moves out of the direct solar irradiation into the shade
and thereby decreases the PET by 14°C (Höppe,
1999). In this situation the thermal conditions stay the
same, but the perception of thermal stress changes
significantly. Such a difference between air temperature
and PET can also be caused by high wind velocities on
winter-days (Albers et al., 2015). Figure 5 on the next
page depicts an overview of the ranges in PET and the
corresponding thermal perception and physiological
stress.

Lastly population density and anthropogenic activities
have influence on heat emissions (Steeneveld et al.,
2011; Albers et al., 2015 & Roaf, Chrichton & Nicol,
2005), this entails both heat emissions directly from

HEALTH AND HEAT
Improving urban microclimate is essential for the health
and wellbeing of city dwellers (Ketterer & Matzarakis,
2014). As climate impact are amplified in the city,

Adding to this, aspect ratio of building height to street
width is a defining parameter; as buildings limit the sky
view factor, emission of thermal radiation to space is
limited (Steeneveld et al., 2011). Height to width ratio
also influences wind flow. Building configurations can
obstruct the flow and cause less ventilation, thereby
trapping heat in urban settings (Gro et al., 2015).
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inhabitants of urban areas are particularly vulnerable
to climate change. Health risks can be in the form of
heat-related stressors or cold related stressors, climate
change influences both (Huynen & Martens, 2015). But
the more immediate effect of heat waves overshadows
the effect of cold spells in the current Dutch climate
(KNMI, 2014). Climate change health impacts can
express itself in three different types: direct effects,
indirect effects, and migratory impacts (Roaf, Chrichton
& Nicol, 2005). Direct effects being death and injury
through exposure to heatwaves, storms, floods and
drought. Indirect effects can occur when underlying
health conditions are exacerbated by changing weather
conditions, for example the worsening of respiratory
diseases through atmospheric pollution. Maybe not
(yet) pressing migratory impacts are for example the
movements of sources of infection such as malaria
(Roaf, Chrichton & Nicol, 2005).

A higher albedo increases short wave reflexivity and
limits absorption of heat. Improving the reflexivity can
be realised by material use, but also by less intrusive
measures such as paint. A study in Sacramento shows
that by increasing the reflexivity of a roof the estimated
cooling energy saving reached 69% in the period from
June to October.
Shading can be done by different spatial elements,
vegetation included. But vegetation has an additional
effective cooling element: next to shading, vegetation
also provides transpirational cooling and absorbs
less heat than other materials. Other non-vegetative
shading elements can be canopies, overhanging
façades or street furniture. Shading building openings
can contribute to mitigating heat stress indoors.
Systematically shading and ventilating can significantly
contribute to reducing indoor heat stress.

The most common heat related illness is heat
exhaustion, some symptoms entail intense thirst,
heavy sweating, and weakness (Luber & McGeehin).
Although every person can experience these climate
impacts, some inhabitant groups are particularly at
risk. Elderly, those living alone, people without access
to air conditioning, pre-existing medical conditions are
most vulnerable in the face of climate change (Luber
& McGeehin). Other effects of climate change are airand water pollution. Where warmer weather affects air
quality it will also affect the quality of life. Increase in
temperature will often lead to increase in toxicity by
drought or growth of algal blooms.
ADAPTING AND MITIGATING HEAT STRESS
As sketched in the previous paragraphs it is of urgent
matter that we adapt to and mitigate the changing
city climate. Focussed on heat stress there are a
couple of general measures that can be implemented
to contribute to adaptation and mitigation measures.
Overarching concepts to deal with heat stress indoors
as well as outdoors are preventing heat absorption
during the day, increasing short wave reflexivity and
evaporative cooling (Gromke et al, 2015)
Preventing heat absorption in daytime can be realised
using materials, colours and providing shade. Building
materials like asphalt and concrete accumulate a lot of
heat during the day whereas materials such as wood
don’t absorb much heat and therefore also don’t
radiate as much heat at night. Increasing the reflexivity
of a surface also contributes to mitigating heat stress.

Fig. 5: Ranges in thermal index, PET, Thermal perception and
physiological stress. Source: After Nouri et al. (2018); adapted from
Taleghani et al., 2015).
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2.3 HOW WET
Globally, heavy precipitation events occur more
frequent and intense since 1950. Opposite to intense
precipitation downpours, dry periods will also become
more frequent (IPCC, 2021). These projected climate
impacts are set to become worse as temperatures
increase (IPCC, 2022). The KNMI has translated
the global precipitation and drought trends to the
Netherlands. Annual precipitation in the Netherlands
has increased with 26% in the years between 1910
and 2013, more than half of this increase has been in
the second half of the 19th century (KNMI, 2014). ‘All
seasons except summer have become wetter’ (KNMI,
2014). Summers have a drying character alternated
with extreme precipitation peaks. A trend that has been
visible for the last few years is a precipitation deficit
during the growing season (April to September) (KNMI,
2014). This increase of (intense) precipitation imposes
new challenges on the landscape, in both an excess
and a lack of available water there is a risk.
PRECIPITATION
While in summer drought is the most prominent climate
hazard, an increase in precipitation dominates every
other season (KNMI, 2014). The current water system
often cannot drain these peak precipitation extremes
which result in local water nuisance (flooding). Water
nuisance intensity is affected by sewage systems,
infiltration capacity of the surface, buffer and drainage
capacity of open water bodies and other urban open
spaces (wadi’s) as well as by surface water capacity
and street profile configuration. The Eastern part of the
Dutch urban areas depend on ground water, Western
urban areas depend on external river water resources
(De Graaf et al., 2009).
DROUGHT
Due to lower precipitation & higher evaporation summer
droughts will occur more frequently (De Graaf et al.,
2009). As was eminent in the latest few summers,
dry periods in summers can threaten agricultural yield
(IPCC, 2022), but also impose shortages in household
water usage. This is shown by the now almost yearly
call from water companies to stop watering the garden
for an extended period in summer. Next to agricultural
fields, other greenery also suffers under extended
periods of drought. Increasing occurrence of heat
and drought are causing tree mortality in both rural
and urban areas (IPCC, 2022). Tree mortality will in
turn worsen heat stress by decreasing shading and
evapotranspirational cooling.
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HEALTH AND WATER
Climate change also imposes numerous health
risks when it comes to water. Change in water
temperature nurtures various risks: the exponential
growth of bacteria, plants, algae and fungi and thereby
threatening aquatic biodiversity and water quality (Roaf,
Chrichton & Nicol, 2005). But also the increased risk
of vector borne diseases (IPCC, 2022). Next to higher
and more frequent precipitation extremes drought also
exuberates the chance of flooding; drought conditions
can weaken river embankment, causing it to give
way and cause localized flooding (Roaf, Chrichton
& Nicol, 2005). Of course, floodings can cause loss
and damage to houses and livelihoods but also to
vulnerable amenities (e.g. Hospitals). With growing
population nationally, the decrease in water supply can
also develop into a pressing problem.
ADAPTING
AND
MITIGATING
WATER
NUISANCE
As explained, spontaneous extremes of precipitation
and drought are the two main water nuisance causes in
Dutch cities. There are multiple possibilities to alleviate
these stressors on the urban fabric. In Dutch water
management the most commonly described approach
to alleviate these stresses on the urban landscape is
the ‘tree step strategy’. The steps being 1. Retention, 2.
Storing and 3. Draining. Precipitation is locally retained,
then stored in surface water or other water retention
and infiltration points (e.g., ditches or bioswales),
only to drain the excess of water when storing is not
possible anymore. By storing water locally, it is possible
to alleviate the extreme precipitation peak; water is
discharged from local storing points when the pressure
is off the sewage system. Retention also allows, when
the soil is suitable, for groundwater recharge. Next to
help alleviate extreme precipitation this process can
help local droughts (Wörner & van Rijswick,2018).

2.4 HOW WINDY
Although future changes in wind speed and direction
are still mostly uncertain recent studies have shown
that the Netherlands will not become windier, but
storm incidents are increasing (KNMI, 2014). This is
a worldwide phenomenon, where not only the storm
interval in decreasing, but also the storm seasons are
extending (Roaf, Chrichton & Nicol, 2005). This is also
visible in the Netherlands where Corrie, Dudley, Eunice
and most recently Franklin are the named storms
in 2022 (KNMI, 2022A). Due to urbanization in the
Netherlands the surface roughness is increased and
as an effect the wind speeds over land will decrease
(KNMI, 2014). In an average year, more than a third of
all natural disasters worldwide are caused by extreme
wind.
Risks of heavy wind were visible earlier this year during
Corrie, Dudley, Eunice, and Franklin. On top of this,
storms usually get accompanied by heavy precipitation
and therefore risk of flooding and other water damage.
The estimated (insured) damage of these three
consecutive storms trespasses 500 million Euros
(KNMI, 2022B). There were significant floodings in
Germany during storm Eunice (people had to be saved
out of their car on a flooded road). This shows that
storms also pose significant threats to infrastructure.

Next to flooding of roads disrupted public transport
systems and suspended air transport can occur.
WIND IN URBAN AREAS
While heavy wind and storms (mostly occurring in
winter) can cause wind nuisance. Wind ventilation in
summer contributes to alleviating heat stress. Wind
direction, speed, and urban layout are key elements in
affecting urban microclimate (da Silva & Alvarez, 2015).
Under warmer conditions people prefer higher wind
speeds, but in colder conditions wind can become a
nuisance (cold stress). Especially at pedestrian level
high rise buildings can cause downfall winds which
results in high wind speeds (Blocken et al., 2016). Just
as city configuration influences these winds, vegetation
also affects air flow. Vegetation’s effect on wind flow is
more intense at pedestrian level and depends on size,
arrangement, and species (da Silva & Alvarez, 2015).
Trees can offer a solution to break downfall winds when
implemented correctly.

URBAN CANYON
This thesis research will refer to the urban canyon
when discussing impacts of interventions on the
microclimate. “The urban canyon consists of the walls
and ground (usually street) between two adjacent
buildings” (Nunez & Oke, 1997, p. 11). In this research
rooftops of buildings will also be included when the
term urban canyon is used.

Roof

Wall

Ground

The figure on the right illustrates a schematic overview
of the urban canyon.
Fig. 6: Visual representation urban canyon
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2.5 ENERGY
Within the changing climate, depletion of fossil fuels and
a growing energy demand it is a necessity to transition
to sustainable energy systems (Stremke et al., 2011;
Roaf, Chrichton & Nicol, 2005). In the Netherlands the
two main sources of renewable energy are sun and
wind (Sijmons et al., 2017). In this thesis both energy
generation and energy efficiency will be input for the
research on climate mitigation interventions, although
this topic will not be the main focus of this thesis.
ENERGY GENERATION
Literature shows that implementing PhotoVoltaic (PV)
panels in urban areas is currently most mainstream,
and that it is estimated to be able to cover up to 50%
of energy use in built environment (Treffers et al., 2005).
In this research we will also look into the possibilities of
implementing ‘vertical axis wind turbines’ and energy
regenerative speeds bumps. Figure 7 shows the
potential energy generating technologies compared to
each other.
Note that 1 turbine equals 78 panels equals 4380
cars passing a speed bump. New technologies like
the turbines and speed bumps seem promising. The
effectiveness of these new technologies, however, has
not been proven through extensive testing.
ENERGY EFFICIENCY
Next to generating energy, limiting energy use is also
necessary in the transition to more sustainable energy
systems. Households in the urban landscape can

limit their emissions by reducing the need for heating
and air-conditioning. Interventions that are standard
in the energy transition (for example communal heat
networks, internal building isolation)are not included in
this study. Only emission reducing interventions that
can be added to the urban film have been included
in the research. Insulation of a building, can be done
inside buildings walls, however adding insulating layers
to building façade and roof are also a possibility. The
latter are included in the research. Examples are adding
vegetation to building façade or roof.
Next to insulation, limiting heat stress to specific building
parts also helps in reducing emissions in summer. This
can be realised through shading, increasing albedo and
specific material use. Shade can be cast by external
objects to buildings like trees, but also shading objects
can be added to building roofs and façades. Literature
shows that Building Added PhotoVoltaics (BAPV) in
summer can act as an extra insulation layer (Kapsalis
et al.,2014). Increasing albedo (reflexivity) can reduce
heat stress hours significantly and thereby have energy
saving properties (Albers et al., 2015). Lastly building
material also influences specific heat or emissivity.
Less thermal mass in building materials causes indoor
air temperatures to decrease faster (van Hooff et al.,
2014).

1 VERTICAL AXIS WIND TURBINE
1 turbine = 17520 KWh/J

78 PHOTOVOLTAIC PANELS
1 panel = 225 KWh/J

4380 CARS PASSING AN ENERGY
GENERATING SPEED BUMP
1 speedbump = 4000 W/car
26

Fig. 7: Potential energy generating capacities per
technology

03

SRQ 1
Spatial interventions
applied in the urban
canyon suitable for
addressing adaptation
and mitigation

3.1 Applicability and usefulness
• Four categories
• Seven indicators
3.2 Inventory spatial interventions
3.3 Description spatial interventions
• Green blue infrastructure
• Additional shading elements
• Evaporative cooling
• Building characteristics
• Energy generation
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3.1 APPLICABILITY AND USEFULNESS IN CLIMATE
RESILIENT DESIGN
Before an informed design in the urban canyon
contributing to both climate adaptation and
mitigation could be made, spatial interventions
suited to improve the urban microclimate needed
to be explored. By a literature review and analysing
existing projects a long list of contributing spatial
interventions was sketched.
By assessing this list of interventions for applicability
and usefulness a comprehensive inventory of climate
adaptation and mitigation principles remained. Note
that this inventory was iteratively improved. The initial
longlist of spatial elements was tested in generic
street profile designs made in SRQ2 following the
research by designing method (chapter 1.6).
In this chapter, the response to SRQ1 is organized at
different levels:
• Spatial interventions are categorized according to
their applicability to heat stress, water nuisance,
energy efficiency and energy generation.
• Individual spatial interventions are rated for their
usefulness for seven adaptation and mitigation
indicators.
Both classifications contributed to the mutual
comparability of spatial interventions. This helped
make the design decisions needed to answer SRQ2
and 3, in which spatial interventions were effectively
weighed against each other.
FOUR CATEGORIES FOR APPLICABILITY
Critical analysis of literature and precedent study has
shown that spatial interventions can be divided into
4 categories: heat stress, water nuisance energy
efficiency and energy production. Analysis has also
shown that some interventions can have effect on
multiple categories.
Various spatial interventions that deal with climate
stresses were abstracted from literature review and
analysing existing projects. For example, shading to
prevent heat stress or storing water locally to prevent
water nuisance. All spatial interventions were classified
according to the 4 categories and complemented
with explanatory isometrics. The colour accent of
the isometric shows the corresponding category or
categories. An inventory of 19 spatial interventions and
their corresponding categories is listed on page 30 and
31.
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Adaptation

Mitigation
Fig. 8: Colour accent of categories of design principles

SEVEN INDICATORS FOR USEFULNESS
The usefulness of the individual spatial interventions has
been evaluated based on a set of indicators. These are
indicators of climate adaptation and mitigation effect
(figure 9). All interventions were rated for their potential
on these indicators in a 5-point likert-scale.
In the likert-cale, the 19 interventions were valued
relative to each other, which makes it possible to
compare them. On the left side of the scale (-) the
effect of the intervention is negative (far left is most
negative contribution) in the middle of the scale the
effect is neutral (not negative, not positive) on the right
side of the scale it is effect (far right is most positive
contribution). Some design interventions can positively
influence shading but thereby obstruct wind flow, this
shows that some design interventions can, to some
extent, be inherently counterproductive.
Evaporation represents evaporative cooling, an
increase of evaporative cooling attributes to a cooler
environment.
Literature shows that shading is the most effective
cooling agent, this performance criteria is thereby the
most indicative in mitigating heat stress.
Ventilation affects thermal comfort, generally ventilation
is desired in summer but can cause discomfort in
winter.
Albedo is the amount of light (and radiation) that is
reflected, in other words, the reflexivity. The higher
the reflexivity, the less heat an object absorbs and
transmits.
Energy efficiency is affiliated with energy saving in
building structures.

Albedo influences energy efficiency by decreasing
absorption. Preventing radiation to reach building
exterior or using materials which have low heat
conductive properties can also affect energy efficiency.
Energy generation is quite straightforward. Street
configuration predominantly determines the quantity
and variety of energy generating technologies that can
be applied.
The sum of all the radiating components is the
mean radiant temperature (MRT). The smaller the
sum is, the lower the ambient temperature will be.
In this assessment it was assumed that decreasing
temperature is desired, therefore the smallest sum of
MRT has the most positive result in the Likert scale.

Fig. 9: Likert scale of climate resilience indicators (empty)
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3.3 DESCRIPTION SPATIAL INTERVENTIONS
All the spatial interventions address design solutions
that are contained to the physical realm of the urban
canyon. By implementing these interventions, the
city will become more resilient for future climate
changes and climate stresses will be alleviated
where it is most important.
Interventions in the urban canyons generally relate
to shading, increasing evaporative cooling, building
characteristics and energy generation. In explaining
the different spatial interventions, interventions that
rely on the same approach have been grouped.
Therefore, in this paragraph design principles relying
on green blue infrastructure will be discussed,
followed by additional shading elements, additional
evaporative cooling elements and buildings
characteristics. Lastly energy generative principles
will be discussed.
GREEN BLUE INFRASTRUCTURE
The first group of interventions are the green and
blue interventions that can be implemented in the
streetscape. These interventions provide shade as well
as providing evaporative cooling. An additional effect of
implementing these vegetated interventions is the depaving that accompanies implementing vegetation into
the urban canyon. Because of this these interventions
do not only mitigate heat stress or energy efficiency but
also contribute to dealing with water nuisance.
The cooling effect of trees is mostly attributed to
decrease in radiation flux as a result of shade cast by
the tree canopy. The difference in surface temperature
of shaded and non-shaded materials can range from
19°C in build materials up to 24°C on a grass layer
(Vidrih & Medved, 2013). Air temperature in tree
crowns can be up to 3.8°C lower than surrounding air
temperature (Manglani, 2004). While vegetation has a
positive effect on cooling, it does hinder wind velocity in
the urban canyon. This decrease in wind speed could
counteract the cooling effect as wind speed also has
significant effect on PET, but literature shows shade
effects exceed the effect of reduced wind speed (Park
et al., 2012).
An effect of urban parks is the park cool island/flow.
This is the nightly phenomenon of a cooled drainage
flow from urban park to surrounding area. The effects
of park cool island can be felt in a distance equal to
the length of the park (park et al., 2012). Wind velocity
has a minimum effect on park cool island. Important to
note; these principles can also be used in non-public
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configurations. Implementing trees and de- paving can
have tremendous impacts in the average Dutch front
and back-yard.
When focussing on blue interventions, these relate to
water nuisance and groundwater recharge: over the
last few decades soil sealing that follows urbanisation
has expanded at an alarming rate and soil sealing
exacerbates the risk of flash floods. Porous pavers
diminish this risk by reducing water runoff and improving
rainwater infiltration. Additional effects are purification
of water for urban supply, improving humidity,
evaporative cooling, noise reduction and decreasing
soil degradation (Nguyen et al., 2019; Fini et al., 2017).
There are some caveats in the use of porous pavers
including clogging and life cycle consideration, but
study shows that total water runoff can be decreased
by approximately 35% (Nguyen et al., 2019; Krauze
& Wagner, 2019). Evaporative cooling of moist ground
can be up to 5°C at 1 meter above the ground (Alcazar
et al., 2016).
After extreme precipitation it is important to be able
to store water locally, this is also part of the tree step
strategy in Dutch water management (Wörner & van
Rijswick, 2018). By using bioswales or raingardens
it is possible to store water locally. Systematic use
of bioswales offers a modular approach in water
management: they are often small and spatially
disaggregated and can be used when necessary
(Kabisch et al., 2018). Next to temporarily storing
precipitation, bioswales and raingardens also
contribute to groundwater recharge through infiltration
in the soil. Effectiveness of bioswales and raingardens
is very dependent on location and size.
Façade greening cools the environment through
evapotranspiration and shading. Next to a cooling
effect, façade vegetation also has an insulating effect
contributing to energy efficiency (Hoelscher et al.,
2015), decreasing the building envelope’s temperature
consistently by 3-4°C in summer (Ling & Chiang, 2018).
Indoor wall temperature shows that the cooling effect
is most effective during night-time and is slowed down
as the building is better insulated. The cooling effect in
the street canyon is mostly dependent on shading and
not on evapotranspiration (Hoelscher et al., 2015).
The effect of vegetated roofs is largely affected by
wind speed and radiation conditions (Alcazar et al.,
2016). In general, the effect of green roofs is limited to
the microclimate directly around them (Gromke et al.,
2015). the insulating layer can lead to energy savings
in buildings. The outdoor cooling effect of roof level
can be significant, but on pedestrian level the effect of
green roofs is marginal (Alcazar et al., 2016).
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ADDITIONAL SHADING ELEMENTS
Because shading is the most effective cooling property
non-vegetative shading principles are also effective.
These shade structures can range from temporary
canvas canopies to canopies with solar cell roofs.
Different shade structure materials have different
cooling benefits. Additionally shape and size also
influence effectiveness (Jareemit & Srivanit, 2022).
Literature shows that the effectiveness of artificial
shading elements is less than the effect of trees
(Égerházi, Kovács, & Unger 2013). This result can be
seen in air temperature, mean radiant temperature
and PET. Within artificial canopies materials with low
transmission and high reflexivity are best at reducing
radiant heat to space beneath (Jareemit & Srivanit,
2022). The maximum effect of canopies is at midday
when the sun is directly overhead. The air reduction
by canopy shade ranges from 2,3-8,7°C, a reduction
of PET of 4-12°C and a reduction of the mean radiant
temperature in a range of 20-22°C (Jareemit & Srivanit,
2022).
Keeping buildings cool leads to less air-conditioning and
consequently to energy efficiency. Cooling buildings can
be done by systematically shading transparent parts of
buildings (windows and doors) and ventilate (Albers et
al., 2015). By avoiding solar radiation and strategically
opening windows to allow ventilative cooling the air
temperature inside of buildings can be significantly
decreased. This principle however depends highly on
the knowledge and behaviour of buildings’ occupants
as they will manually have to activate shading and open
windows (Albers et al., 2015). Arcades offer shading to
mostly the lower floors of a building. This contributes to
the energy efficiency, and also offers alleviation of heat
stress by pedestrians walking underneath the arcade.
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EVAPORATIVE COOLING
Increasingly used in public spaced: misting systems.
These water droplets evaporation systems achieve
immediate cooling and enhance thermal comfort (Almusaed, 2007). Compared to their climate adaptive
strategies misting systems are unobtrusive and make it
possible to easily integrate in existing city infrastructure
and buildings. The cooling effect is also controllable and
can operate only when cooling is desired (Montazeri,
Blocken & Hensen, 2015).
Dynamic water elements have the same workings
as misting systems. Adding moisture to a moving air
stream thereby cooling the air (Vanos et al., 2022).
The only requirement is a source of dry air and the
generation of water droplets. Study shows that in
misted locations a reduction of 6,5°C in PET can be
perceived. In combination with shade PET reduction
can be up to 15,5°C (Al-musaed, 2007).
BUILDING CHARACTERISTICS
Increasing albedo (reflexivity) can reduce heat stress
hours significantly. This principle works best in older notwell-insulated buildings and is less, but still, effective in
modern well insulated buildings (Albers et al., 2015).
A study in Sacramento showed an estimated cooling
energy saving of 69% (Gromke et al., 2015) and a
reduction in heat stress hours of 89% in a detached
house (Albers et al., 2015).
Building material also influences specific heat or
emissivity. These quantifications are referring to the
thermal mass that is available for thermal storing
(van Hooff et al., 2014). “When the thermal mass is
decreased (energy cannot be stored in the construction
and directly heats the air), the lack of thermal mass
causes the indoor air temperatures to decrease faster
during the night than in the situation with more thermal
mass in the construction” (van Hooff et al., 2014, p.
308). Examples of materials with a high thermal mass
are concrete and asphalt versus materials with a low
thermal mass like wood or vegetation.
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ENERGY GENERATION
For this research unobtrusive ways to generate energy
in the average Dutch streetscape have been looked
into. The most energy generative design principles are
found in the physical realm of buildings, as implementing
on urban structures will not limit available streetscape.
PV panels and vertical axis wind turbines have the
potential to generate energy on building film. PV panels
can be added to roofs and facades and vertical axis
wind turbines can also be situated in the roofscape,
even in combination with PV panels.
Vertical axis wind turbines allow energy generation
by limited windspeeds on limited space. The turbine
diameter is approximately 3 meter and the height can
vary from 3 to up to 15 meter (Quietrevolution, 2021).
As wind increases with height, a higher placed turbine
is beneficial. As the cut in speed of these turbines is
1,5 m/s the turbine will be active most days of the
year (average windspeed in the Netherlands 1,6-4 m/s
(Jansen, 2021).
An almost invisible integration of energy generation is
the energy regenerative speed bump. This technology
converts the energy used to slow down a vehicle
when it passes a speedbump. The horizontal motion
of a car driving over a speedbump becomes vertical
motion and this vertical up and down movement can
be converted from kinetic energy to electrical energy.
Simulation shows that an average car passing a speed
bump with the speed of 30 -50 km/h leads to an outlet
of power of 4000 Watt (Pan et al., 2021).

36

04

SRQ2

Climate adaptation and mitigation
effects of the spatial interventions
developed when combined in generic
street profiles

4.1 Generic street configurations
• Street profiles defined
4.2 Combining interventions
• Quantitative results
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4.1 GENERIC STREET CONFIGURATIONS
Research in SRQ1 produced a list of possible
climate interventions, categorised by applicability
for specific climate challenges and rated for their
usefulness. Subject of SRQ2 was how to combine
these interventions in generic street profiles to
evaluate their synergies. This evaluation was first
done by expert interviews and subsequently tested
using the ‘climate resilient city-toolbox’ (hereafter
named CRC-toolbox). The results of SRQ2 fed the
feedback loop to SRQ1 (improving the applicability
and usefulness listing of the interventions) and the
feedforward loop to SRQ3 (location specific designs).
STREET PROFILES DEFINED
In order to be able to study the combination of
interventions in generic street profiles, these street
profiles first needed to be established. Molenaar et
al., 2016;, Oke, 1982; and Esch, 2011 state: to study
human thermal comfort it is important to research
urban canyon geometry and orientation. Therefore the
parameters street width, buildings height and street
orientation were considered relevant for determining
the street profiles. The configuration of the generic
street profiles was informed by research on Height to
Width-ratio, Sky View Factor and on street orientation.
Height to Width ratio (H/W ratio) and Sky View Factor
(SVF)
Literature offers both H/W ratio and SVF as metrics
to represent street width relative to building height.
SVF indicates the amount of solar radiation the urban
canyon receives. “SVF is the extent of sky observed
from a point as a proportion of the total possible sky
hemisphere” (Molenaar et al., 2016, p. 67) A higher SVF
means a wider street relative to surrounding buildings
which means a higher H/W ratio. When SVF and H/W
ratio increases, air temperature decreases, and PET
improves. In summer deep canyons are favourable
due to limiting solar radiation while in winter a wider
canyon enables passive solar heating (Taleghani et al.,
2015). Wider canyons efficiently receive solar radiation
during daytime, and they cool down effectively in the
evenings (Molenaar et al., 2016). For deeper canyons
the opposite is true. Based on this analysis narrow
and wide streets (up to 15m and above) and low-rise
and middle-rise buildings (up to 4 floors & more) were
added to the generic street profiles. The results for
middle-rise buildings are considered to be applicable
also for high-rise buildings.
Street orientation
On a yearly average, street orientation hardly affects
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global radiation, but it does significantly cause
differences in radiation to separate surfaces (Esch
et al., 2012). As can be seen in figure 10 there is a
clear diurnal pattern in solar radiation, Mean Radiant
Temperature (MRT) and thereby also Phisiological
Equivalent Temperature (PET). East/West (EW) oriented
streets endure direct solar radiation in morning and
afternoon, North/South (NS) oriented streets endure
the most solar radiation in the middle of the day
(Taleghani et al., 2015). On the 19th of June the EW
orientation endures approximately 12 hours of direct
solar radiation next to 4 hours in the NS oriented profile
(Taleghani et al., 2015). While EW orientations endure a
total of more heat stress during a day, streets with a NS
orientation have a higher maximum of PET (Molenaar
et al., 2016). Based on this analysis North – South (NS)
and East – West (EW) oriented streets were added
to the generic street profiles to measure the effect of
principle combinations on reducing peak PET in both
orientations when it is most necessary.
In total eight street profiles were define, as can be seen
in figure 11. These street profiles correspond with other
urban climate adaptive research literature (Esch et al;
2012, Taleghani et al; 2015, Molenaar et al; 2016, Oke
1988) and typical Dutch street profiles. (Lörsing et al;
2008).
Dimensions
The climate adaptation an mitigation effect calculations
were made on specific dimensions. This ensures
mutual comparability between de profiles.
The dimensions used:
• Narrow street: 12 m wide
• Wide street: 40 m wide
• Low rise building: 12 m high
• High rise building: 35 m high
The length was the same in all profiles: 100 meter.

Fig. 10: Diurnal pattern in solar radiation. Abstracted from Taleghani
et al., (2015)

Low rise - smaller streets - NS

Low rise - wider street- NS

Low rise - smaller street - EW

Low rise - wider street - EW

Middle rise - smaller street - NS

Middle rise - wider street - NS

Middle rise - wider street - EW

Middle rise - wider street - EW

Fig. 11: Eight street profiles
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4.2 COMBINING INTERVENTIONS
Literature study in SRQ1 has shown which interventions
have climate adaptation and mitigation potential.
In SRQ2 it was researched which combination of
interventions enhances the climate resilience effect.
The combinations were made based on:
• The different street profiles (available space and
solar radiation pattern)
• The intervention classifications from SRQ1 (taking
into account the strengths of the individual
interventions)
• Landscape aesthetic
For every street profile two sketches were made.
One maximizing adaptation and one maximizing
mitigation, aiming to determine the maximum potential.
Considerations were for example: ensure south facing
façades are shaded during the day as south-facing
façades cumulate a lot of heat stress during the day.
NS oriented streets have a peak in PET at midday,
shading seating area’s walkways at those times is
favourable. EW oriented streets accumulate the most
solar radiation during the day so providing shade is
preferable. The sketch designs were tested through
expert interviews and redesigned based on feedback.
After that the designs were quantitively tested by
means of the CRC-toolbox.
QUANTITATIVE RESULTS
The data generated with the CRC-toolbox generally
confirms the insights gained from literature study.
However, the toolbox is still in its beginning stages
and the outcomes are not always stable. This is why
the outcomes were also checked with corresponding
background information in the toolbox. Irregularities
will be mentioned here and further discussed in
chapter 6: Discussion. The output of the toolbox is a
dataset which links surface area to storage capacity,
groundwater recharge, evapotranspiration and air
temperature reduction.
Storage capacity
The toolbox data has shown that storage capacity is
best increased by shading, trees, de-paving, porous
pavers and vegetated roofs with drainage delay
capacities (most effective intervention mentioned first).
According to the data set shading contributes most
to storage capacity. However, having researched the
effects of shading in literature, it cannot be concluded
that providing shade influences storage capacity.
Groundwater recharge
The data set has shown that bioswales (retention,
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irrigation, drainage) are the best spatial intervention to
increase groundwater recharge. Not every landscape
offers easy integration of bioswales because of the
nature and size of the intervention. More unobtrusive
interventions that also significantly influence
groundwater recharge are de-paving and porous
pavers. Green roofs and street trees are least effective.
Evapotranspiration
The toolbox data has shown that trees and depaving approximately have the same effect on
evaporation. Green roofs with delayed discharge
rank disproportionally high on evaporation compared
to information found in literature. Porous pavers also
enable evaporation, but are compared to the other
interventions least effective. .
Air temperature reduction
The toolbox data has shown that air temperature
reduction is best realised by street trees, shading,
green roofs and de-paving (most effective intervention
mentioned first). Compared to literature the localized
effects of green roofs seem overrated in the data.
Findings on climate adaptation interventions:
• Orientation marginally influences efficiency of
intervention
• Street width influences effectiveness
• Street trees and de-paving result in the biggest air
temperature decrease
• Green roofs with drainage delay capacities are
really efficient in battling heat stress, drought and
energy efficiency
Energy generation
Manual calculations have shown that, next to PV panels,
vertical axis wind turbines and energy generating
speed bumps show potential in regenerative energy
technologies.
Vertical axis wind turbines are the most effective
energy generating technology followed by PV panels
and speed bumps. Energy generating speed bumps
show significant potential in generating capacities but
results are very site specific (dependent on car traffic).
Findings on climate mitigation interventions:
• Higher buildings in EW orientation allow efficiently
usage of PV panels on façades
• Wider profiles with two separate car lanes can
integrate more energy productive speed bumps
• Energy canopies fit better into wide profiles, as

•
•

they have less chance to be shaded and are less
obtrusive in street view
As wind speeds increase with altitude vertical axis
wind turbines have the possibility to generate more
energy on buildings of middle to high rise
Energy efficiency and energy generation
interventions are unobtrusive and can generally be
implemented in all urban landscapes (figure 12, 13
and 14).

Fig. 12: Combination of interventions catering for maximal
adaptation in a middle rise - wide street - EW oriented profile

Fig. 13: Combination of interventions catering for maximal
mitigation in a middle rise - wide street - EW oriented profile

Fig. 14: Combination of interventions catering for maximal
adaptation and mitigation in a middle rise - wide street - EW
oriented profile
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5.1.1 Spatial analysis
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Climate adaptation and mitigation
effects of the spatial interventions
when combined in a specific site
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Fig. 15: Bottendaal in Nijmegen context &
zoom-in of Bottendaal
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5.1.1 SPATIAL ANALYSIS

Amenities

The neighbourhood Bottendaal in Nijmegen was
selected for the site specific testing for SRQ3. To
redesign the neighbourhood of Bottendaal and
three of its streets, preparation needed to be done.
A spatial and climate was done to complete the
background information based on which the designs
could be made. Climate mitigation (energy efficiency
and energy generation) was left out of scope in
SRQ3.
Amenities
Bottendaal is a lively neighbourhood. There are bars
and cafés, schools, playgrounds, gyms and religious
buildings. Within Nijmegen Bottendaal is centrally
situated close to the city centre and close to the train/
bus station.

Building height

Street width

Building Height
Building height in Bottendaal varies from standard
(Lörsing et al., 2008) residential housing, to apartment
blocks to high rise flats. For this thesis the following
classification was used:
• Low-rise (residential housing): 9 to 12 meters high
• Middle-rise (apartment blocks): approximately 30
meter high
• High-rise (flats): 40 meters and higher
Street width
Bottendaal mostly consists of streets that range from
11 to 15 meters in width. There are, however, also
two main access roads which consist of multiple
lanes. These roads are therefore wider, approximately
40 meters wide, and are connected to the Keizer
Karelplein.
Amenities
Catering industry
Playground
Church
Mosque
School
Gym
Police station
Train station
Bus stop
Club (dance)
Theatre
Parking
Building height
Yellow <12
Orange <35
Red >40
Street width
Red(darker) >30m
Orange (lighter) <15m
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Fig. 16: Amenitites, Building height and
Street width
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5.1.2 CLIMATE ANALYSIS

Southwest wind

East wind

Southwest wind
Southwest wind is the prevailing wind direction
in the Netherlands (Meteoblue, (2022).
Southwest wind can cause uncomfortably low
Physiological Equivalent Temperature (PET) in
winter. Around tall buildings, wind nuisance
areas can be expected due to downfall winds.
The wind nuisance analysis was based on
educated guesses.
East wind
When temperatures are high (above 25 °C) the
wind direction is East (Meteoblue, 2022). As
wind has a cooling effect when temperatures
are high, East wind is considered to be heat
stress relieving. The wind nuisance analysis is
established by educated guesses.
Heat stress
The heat stress in Nijmegen Bottendaal is
considerable. As can be seen in figure 17
it ranges from considerable heat stress to
extreme heat stress. Noteworthy is that it is
the central park that endures most heat stress
in the neighbourhood. Other open areas also
endure extreme heat stress.

Heat stress

SouthWest wind
Wind flow
Downflow wind
Nuisance area
East wind
Wind flow
Downflow wind
Nuisance area
Heat stress
From lighter, moderate heat
stress
To darker, extreme heat
stress

Fig. 17: Southwest, East wind and Heat
stress
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Soil sealing and vegetation cover
The hard numbers speak for the neighbourhood: more
than 80% consists of paved area, only 10-20 percent
make up the non-paved area and 5-10 percent of the
neighbourhood is covered by trees.
Water nuisance
Bottendaal suffers from water nuisance caused
by both precipitation and drought. With heavy
precipitation most streets in Bottendaal endure water
nuisance, some parts of streets more than others.
The image shows the accumulated water nuisance
after a downpour of 70 mm in 2 hours (predicted to
occur 1 every 100 years). Due to climate change more
heavy rainfall is expected (IPCC, 2022), which could
potentially narrow this interval. Not visible on the map
are the effects of drought. Ton Verhoeven of Nijmegen
municipality reports tree mortality due to dry summers.

<10-20% green area

>80% paved area

5-10% trees

Soil sealing and
vegetation cover

Water nuisance

Soil sealing, vegetation cover
Green area
Paved area
Vegetation (trees)
Water nuisance
From lighter, moderate water
nuisance
To darker, extreme water
nuisance

Fig. 18: Soil sealing, vegetation cover and
Water nuisance
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5.1.3 ENERGY ANALYSIS
This paragraph covers the energy analysis
connected to climate mitigation. This energy
analysis will concisely discuss energy efficiency and
energy production in Nijmegen Bottendaal. Data of
Bottendaal will be compared to Dutch averages.
Energy efficiency
Households in Bottendaal are comparable to the Dutch
averages in terms of gas and electricity consumption.
Households in Bottendaal have an energy consumption
which is approximately 5% lower than the Dutch
average household.

Construction year houses in Bottendaal

Average Dutch gas use: 1120 m³
Average Bottendaal gas use: 1050 m³
Average Dutch electricity use: 2479 kWh
Average Bottendaal electricity use: 2300 kWh
(CBS, 2020)
Of the houses in Bottendaal 64% were built before
1970. As gas use increases with age of residential
buildings between 1970 and 1944 (Brounen et al.,
2012), a positive effect on energy efficiency could be
achieved by improving the building characteristics
(insulation).
Energy production
In Bottendaal PV panels have been installed on a
minority of the houses (deep blue in figure 19). As on
many roofs panels can be integrated, there seems to
be a great potential for generating renewable energy
in this neighbourhood that has not yet been exploited
(light blue in figure 19).

Construction year
Construction year houses in Bottendaal
Source: Kadaster (2020)
Solar energy generation potential
Darker blue: existing PV
Lighter blue: potential PV
Green: Green roofs

Fig. 19: Solar energy generation potential
and construction year

Solar energy generation
potential
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5.2 MASTERPLAN
As the spatial, climate and energy analysis has
shown, Bottendaal faces multiple climate challenges:
heat stress, water nuisance and wind nuisance. The
cumulative effect of these challenges is shown in
figure 21. Darker areas show the locations where
climate resilient interventions are needed most.
The masterplan includes the design for the entire
neighbourhood. The goal of the masterplan is, while
preserving or even enhancing landscape aesthetics,
to alleviate climate challenges by implementing the
learnings from SRQ 1 and 2:
• The intervention classifications from SRQ1
(taking into account the qualities of the individual
interventions)
• The different street profiles (available space and
solar radiation pattern)
In masterplan street trees, park trees, porous pavers,
shading, de-paving, bioswales and storage ponds
were included. These interventions were combined
into 4 core elements:
1. Cool network
A park-like green route slings through the neighbourhood,
characterised by a wide park structure on one side
of the street. This network consisting of wide roads
takes inhabitants through the neighbourhood and

leads visitors to the main amenities (parks, restaurants,
schools). These social hotspots coincide with the cool
spots in the neighbourhood.
2. Space for people - not cars
Through the whole neighbourhood car infrastructure
has been limited. Some roads for example are open
to incidental use only. There are no permanent parking
spots within the streetscape; clustered parking hubs
(indicated with ‘P’ on the map) allow inhabitants to
park their vehicle within 250m of their home.
3. Green streets
In some narrow streets car infrastructure (parking
places and roads) is completely replaced by vegetation.
Porous pavers still allow incidental car traffic and
temporary parking.
4. Strategic orientation
The interventions in the urban canyon have been
consistently oriented towards the street side with
south-oriented façades, as this is where the most heat
stress accumulates.
Figure 20 shows the microclimatic effect of the
masterplan. Storage capacity, groundwater recharge
and evaporation increased significantly. Air temperature
and PET are reduced. A detailed microclimatic
evaluation is included in 5.3.

STORAGE CAPACITY
27.219 m³
GROUNDWATER RECHARGE
97,49 mm/year
EVAPOTRANSPIRATION
94,63 mm/year
AIR TEMPERATURE REDUCTION
0,59°C
PET REDUCTION
2,62°C
Fig. 20 above: Microclimatic effects of the masterplan design
Fig. 21 on the right: Cumulated microclimatic challenges in Bottendaal
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Legend
Trees
Green route
Green streets
Road
Pedestrian footpath
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5.2.1 MICROCLIMATIC OUTCOMES MASTERPLAN

Fig. 22: Output of the ‘climate proof city toolbox’ for the masterplan of Nijmegen Bottendaal

The microclimatic results were calculated using
the Climate Resilient City-toolbox (CRC-toolbox).
Figures 22, 24 and 25, show the interface of the
toolbox. The left hand side of the screen shows the
interventions applied, the colours indicate where
they can be found in the map. The yellow line on the
map represents the boundary of the study area. The
right hand side of the screen shows the results of the
interventions in a data set.
Figure 22 above shows the cumulative effect of
the interventions. The CRC-toolbox links surface
area to storage capacity, groundwater recharge,

Area (m²)

Storage capacity (m³)

evapotranspiration and air temperature reduction.
Highlighting the most important data: water storage
capacity of 27.219 m³, groundwater recharge of 97,49
mm/year, evapotranspiration of 94,63 mm/year and an
air temperature reduction of 0,59°C
Figure 23 below shows the data for each individual
intervention. The effects of the individual interventions
add up to the cumulative effect of the interventions in
the masterplan (in figure 22). Noteworthy result: only
trees, shading and de-paving are responsible for the
cooling effect.

Groundwater recharge (mm/
year)

Evapotranspiration (mm/
year)

Air temperature
reduction (°C)

Street trees

101.529

5076

62

61

0,31

Park trees

41.375

8275

10

17

0,13

Porous pavers

5.360

536

2

2

-

Shading

2.259

2259

-

-

0,01

De-paving

46.177

3463

11

19

0,15

Bioswales

95

33

-

-

-

Storage ponds

254

76

-

-

-

38.511

7702

15

-2

-

Porous pavers (roads)

Fig. 23: Output of the ‘climate proof city toolbox’ for the separate interventions

52

Fig. 24: PET of current situation Nijmegen Bottendaal

For the Physiological Equivalent Temperature (PET)
calculations the toolbox uses the current situation as a
starting point. Figure 24 above shows the existing PET.
More in-depth information on the current microclimate
is addressed in 5.1.2 Climate analysis.

Fig. 25: PET in Nijmegen Bottendaal with implemented site design

The PET in the masterplan situation is shown in figure
25 below. The overall PET reduction of the whole study
area is 2,62°C. Paragraph 5.4 will show that the mean
PET decrease seen here in the masterplan, can be
outperformed considerably on individual street level.
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5.3 STREET SCALE DESIGNS
Three streets have been selected to perform the
location specific testing for SRQ3. Streets with
different streetprofiles (available space and solar
radiation pattern), with specific climate challenges
and in different locations in the neighbourhood were
chosen.
Sint Annastraat:
• Low rise - wider street profile - North South oriented
• Through traffic, vegetation scarcity
• Heat stress and situational water nuisance
• In the periphery of Bottendaal
Thiemepark
• Low rise – narrow street profile (North South
oriented) combined with open meadow
• Destination traffic
• Heat stress and water nuisance
• In the centre of Bottendaal

Low rise - wider street- NS

Jan van Speykstraat
• Low rise – narrow street profile - North South and
East west oriented
• Destination traffic, vegetation scarcity
• Heat stress and water nuisance
• In the centre of Bottendaal
For the detailed designs the same principles apply
as for the master plan (paragraph 5.2): the goal is
to alleviate climate challenges by implementing the
learnings from SRQ 1 and 2, while securing landscape
aesthetics. The 3 detailed designs mirror the 4 core
elements of the masterplan; cool network, space for
people - not cars, green streets, strategic orientation
(paragraph 5.2).

Low rise - smaller streets - NS

Low rise - smaller streets - EW
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Fig. 26: Street profiles included in street scale designs

JAN VAN SPEYKSTRAAT
THIEMEPARK

SINT ANNASTRAAT

Fig. 27: Street scale design locations
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5.3.1 SINT ANNASTRAAT
The Sint Annastraat is one of the major roads in Nijmegen Bottendaal. The streetscape is
mostly hard-paved and vegetation is very scarce. The Sint Annastraat is a main access road
to the city centre of Nijmegen and leads up to the Keizer Karelplein, a busy roundabout. The
new design therefore needs to facilitate heavy car traffic.
Outcomes of the climate analysis of 5.1.2 has shown that the Sint Annastraat endures
considerable heat stress and situational water nuisance. Goal of redesigning Sint Annastraat
is to alleviate these climate challenges. To this end, street trees, de-paving, porous paver’s,
bioswales and street furniture were applied in this specific situation. The Sint Annastraat
redesign features less space for car traffic and more space for other users of the landscape
and vegetation.
Based on learnings from SRQ1 and 2 following design considerations and decisions were
made:
• The previous six car lanes have been reduced to four. The infrastructural situation has
been redesigned without impeding traffic flows or limiting the functionality of cross walks.
• Strategically placed crossings allow users of the streetscape to effortlessly cross the busy
road to the neighbourhood amenities.
• A bike lane alongside the road allows quick and safe bike travel.
• Limiting the space for cars and for front gardens in this street allows for a linear urban park
to form in the middle of the street.
• The significant de-paved areas offer place for implementing bioswales and decreasing
water nuisance when needed.
This design has resulted in significant microclimatic effects as shown in figure 28 below.
As intended, water storage capacity, groundwater recharge and evapotranspiration have
increased while air temperature and PET have decreased. Noteworthy is that Sint Annastraat
shows a local PET decrease of 8,09°C, while in the master plan this was 2,62°C. The specific
situation and the smaller scale allows for more detailed design input in the CRC-toolbox
thereby making it possible to calculate these significant microclimatic effects. A PET decrease
of 8,09°C results in the decrease of two thermal index steps; from extreme heat stress to
moderate heat stress (figure 5 on page 23).

STORAGE CAPACITY
925 m³
GROUNDWATER RECHARGE
395 mm/year
EVAPOTRANSPIRATION
470 mm/year
AIR TEMPERATURE REDUCTION
-2,70°C
PET REDUCTION
-8,09°C
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Fig. 28 : Microclimatic effects of Sint Annastraat
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SINT ANNASTRAAT - SECTION
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5.3.2 THIEMEPARK
The existing Thiemepark is an open meadow framed at each side with a row of trees.
A striking outcome of the climate analysis (paragraph 5.1.2) was that this green space
in the neighbourhood accumulates most heat stress in the entire neighbourhood.
The streets leading up to the park endure quite some water nuisance after heavy
precipitation.
Goal of redesigning Thiemepark and surrounding streets is to alleviate these climate
challenges. To this end, street trees, de-paving, porous paver’s, bioswales and street
furniture were applied in this specific situation. The Thiemepark redesign features
less space for car parking, more efficient use of sidewalks and much more diverse
vegetation.
Based on learnings from SRQ1 and 2 following design considerations and decisions
were made:
• In the park and adjacent streets elevated seating areas were incorporated into the
vegetation beds. These elevated frames of the park gradually slope down towards
the centre of the park, allowing for water to run down and gather in the bioswale
to alleviate the water nuisance when necessary..
• There are some social hotspots, such as the Thiemeloods, where the design
integrates the terrace into the streetscape.
• Front gardens of inhabitants are redesigned to be part of the street design, while
shielding the privacy of inhabitants as de-paved and planted areas are strategically
placed around front doors.
• The park has a ‘four-seasons’ set-up with open areas to enjoy the sun on cooler
days and areas where trees provide protection against the sun on warmer days.
This redesign has resulted in significant microclimatic effects as shown by the
overview below. As intended, water storage capacity, groundwater recharge and
evapotranspiration have increased while air temperature and PET have decreased.
The local PET decrease in Thiemepark of 6,02°C is, like in Sint Annastraat, higher than
in the masterplan. A decrease of 6,02°C results in the decrease of one thermal index
steps; from extreme heat stress to strong heat stress (figure 5 on page 23).

STORAGE CAPACITY
1602 m³
GROUNDWATER RECHARGE
353 mm/j
EVAPOTRANSPIRATION
428 mm/j
AIR TEMPERATURE REDUCTION
-2,4°C
PET REDUCTION
-6,02°C
62 Fig. 29 : Microclimatic effects of Thiemepark and environment
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THIEMEPARK - SECTION
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5.3.3 JAN VAN SPEYKSTRAAT
The current Jan van Speykstraat is very car oriented. A wide road and
numerous parking spots dominate the streetscape. Apart from some
vegetation beds adjacent to façades and linear tree lines along roads,
vegetation is scarce. The inhabitants of the big apartment buildings at the
corners of the street do not have any communal green space to use.
Outcomes of the climate analysis (paragraph 5.1.2) show that this intersection
endures considerable heat stress and surrounding areas endure water
nuisance. Goal of redesigning Jan van Speykstraat is to alleviate these climate
challenges. To this end street trees, de-paving, porous paver’s, bioswales,
street furniture and facade vegetation were applied in this specific situation.
In this detailed design has transformed the designated car surface area into
a communal park structure.
Based on learnings from SRQ1 and 2 following design considerations and
decisions were made for Jan van Speykstraat:
• In the redesign a central park structure stretches between opposite street
facing façades. This park is a communal place which everyone can use.
• Car infrastructure (parking places and roads) has been completely
replaced by vegetation.
• The central park structure stretches behind the buildings, incorporating
a playground for younger children or a tranquil place to sit in these more
private areas of the plan.
• The backyards of the existing building blocks have been preserved for
private use by the inhabitants.
The microclimatic effects of this redesign are shown below in figure 30.
Water storage capacity, groundwater recharge and evapotranspiration
have increased while air temperature and PET have decreased. A local PET
decrease of 4,72°C results in the decrease of one thermal index steps; from
extreme heat stress to strong heat stress (figure 5 on page 23).

STORAGE CAPACITY
646 m³
GROUNDWATER RECHARGE
213 mm/j
EVAPOTRANSPIRATION
249 mm/j
AIR TEMPERATURE REDUCTION
-1,24°C
PET REDUCTION
-4,72°C
68 Fig. 30: Microclimatic effects of Jan van Speykstraat
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JAN VAN SPEYKSTRAAT - SECTION
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Discussion
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This thesis holds the explorative design study to
climate resilient solutions for cities in the Netherlands.
The research was conducted following four research
questions:
MRQ: Which spatial interventions applied to urban
canyons can bring climate adaptation and mitigation
together in an integrated design?
SRQ1: Which spatial interventions applied to urban
canyons are suitable for addressing adaptation and
mitigation?
SRQ2: What are the climate adaptation and mitigation
effects of these spatial interventions when combined
in generic street profiles?
SRQ3: What are the climate adaptation and mitigation
effects of these spatial interventions when combined
in a specific site?
This thesis has shown that there is an inventory of
possible spatial interventions available for the generic
Dutch street. By making the right combinations of
spatial interventions a more climate resilient city
scape can be attained. Some of the interventions
have a significant effect, other interventions to a
lesser extent. When writing a thesis part of scientific
requirements, is to reflect and assess theories and
methods in retrospect of the research.
Several complementary research methods have been
used: literature review, expert interviews, research
through designing, quantitative en qualitative testing.
All methods contributed to an iterative feedback and
feedforward learning loop between SRQ 1, 2 and
3, refining and improving results in multiple cycles.
Adaptation strategies were quantitatively tested by
means of the Climate Resilient City toolbox’ (CRCtoolbox), mitigation strategies were quantitatively
tested by manual calculations.
During the testing and combining phase in SRQ2 all
the adaptation interventions from SRQ1 were reevaluated for their applicability in street scale designs.
Based on this analysis interventions were grouped.
For example: de-paving (and adding vegetation) and
adding vegetation beds in the streetscape or the use
of fixed building shading and flexible building shading.
As a result the list of 36 interventions reduced to 19,
covering heat stress, water nuisance, energy efficiency
and energy generation. These 19 interventions have
proven to be effective in contributing to urban resilience.
The research has delivered the insight that although

there is an inventory of 19 interventions, only a few of
them are leading because of their adaptation qualities:
adding park trees, street trees and de-paving. The
applied ‘research through designing’-methodology
(RTD-methodology) uses multiple design experiments
to define optimal configurations. By, as a researcher,
consistently choosing the interventions with highest
climate potential may have influenced the outcome.
Outcome of the CRC-toolbox is that orientation
marginally influences the effectiveness of adaptation
interventions. This observation is similar to what Esch
et al. (2011, p. 194) states about radiation yield: “the
total of direct and diffuse radiation received by canyons
of different orientations is close to equal”.
The CRC-toolbox data shows that trees, de-paving and
green roofs with delayed discharge capacities result in
the biggest air temperature decrease. For green roofs
this is significantly higher than expected based on
relevant literature. Alcazar et al. (2016) and Gromke et
al. (2015) note that the outdoor cooling effect at roof
level can be significant, but on pedestrian level the
effect of green roofs is marginal. In the further course of
the research, it was therefore assumed that the effects
mentioned by the toolbox are limited to the roof level.
Based on the limited effectiveness this intervention
was not incorporated in the further research.
In the field of mitigation technology there are the wellknown and proven energy generating technologies
such as PV panels, estimated to be able to cover up
to 50% of energy use in built environment (Treffers
et al., 2005). Moreover, new technologies develop at
high speed, such as vertical axis wind turbines and
energy generating speed bumps. These interventions
present promising energy yields in suppliers’ product
specifications. However, the effectiveness of these
technologies has not yet been proven through large
scale and extensive testing (Pan et al., 2021; Rezaeiha
et al., 2018) .
“Macro climate cannot be controlled through landscape
modification, (…) it’s at the microclimate scale that
landscape architects can most affect conditions
through urban design” (Brown and Gillespie in Brink
et al, 2006, p. 265). This phenomenon is also visible
in the generated data in the final designs. The overall
PET reduction in de study area is 2,6°C whereas the
local effects are up to 8,06°C. The specific situation
and the smaller scale allow for more detailed design
input in the CRC-toolbox thereby making it possible
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to calculate these significant microclimatic effects.
People will experience this Physiological Equivalent
Temperature (PET) reduction as increased comfort in
their living environment. It is, however, important to be
conscious of the lack of large-scale climatic effects.
Local PET reduction will not significantly influence the
urban heat island effect.

result. Because more interventions can be fitted in a
wide street, the data suggest that wide streets (with
low buildings) are the best configuration for climate
resilience. Although this fits the situation found in
existing urban canyons, this wide urban configuration
is not in line with contemporary challenges such as a
housing shortage, densification of the city, etc.

In the original research proposal, the topics adaptation
and mitigation both had equal importance. However,
the research over its course shifted its balance more
towards adaptation interventions. Specifically for
mitigation it was decided to consider regular energy
transition interventions, such as isolation of buildings
or communal heat networks, out of scope to prevent
the research from moving beyond the realm of the
urban canyon.

This research shows that there are multiple interventions
applicable in the urban canyon to contribute to climate
resilience. Some interventions have limited effect, but
some have great effect. A goal of this research was
to raise awareness and inform policymakers and
designers on how to make Dutch cities more climate
resilient. Although there is a lot of literature available on
climate adaptation and mitigation, this research adds
an inventory of interventions and a set of generic street
configurations that can inform design decisions around
urban climate resilience.

In the last few decades, much of information on climate
resilient interventions from all over the world has
become available. The literature in SRQ1 therefore had
a wide array of study regions. The outcomes of these
studies and thus the workings of the interventions can
deviate in different regions/climates. Consequently, the
literature review for this thesis has been focused mainly
on Dutch studies and studies on climates comparable
with the Dutch climate.
The expert interviews conducted during the research
were used to validate outcomes. Throughout the
research one expert was consulted for validating.
Introducing more expert opinions would have improved
the internal validity and would have let to more reliable
design knowledge (van den Brink et al., 2016).
On multiple occasions the toolbox presented data
which was seemingly inconsistent. This could be
incidental, for example where the surface area of
porous pavers in two street profiles was almost equal,
but effectiveness deviated significantly. In these cases,
the common results (of other street profiles) were
considered as true. However, some interventions had
consistent abnormalities, for example shade increasing
storage capacity (in m3) with an amount equal to the
relevant surface area (in m2). The data which was
consistently abnormal was replaced with data from
literature.
The data from the CRC-toolbox give an absolute
result, related to a chosen street profile. This result
is not expressed per square meter and therefore
does not consider the area needed to achieve the
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In the research the case study was aimed to be an
example project of which the results could easily
be translated to similar future cases and studies.
Safeguarding the replicability ensures that gathered
design knowledge can be applied in different contexts
(Van den Brink et al., 2016). Nijmegen Bottendaal
was a convenient case study for this research, with a
diverse landscape of low- and middle-rise buildings,
varying street widths, an urban park and a lot of soil
sealing in a car-oriented neighbourhood. Although
the insights of this thesis can be used as a starting
point, a site-specific design is always necessary, as
no local characteristics are the same. Future research
that wants to build on this thesis can use its learnings
to investigate a variety of other cases in multiple scale
levels in the Dutch urban landscape.
This thesis was aimed to create added value for the
inhabitants of the urban areas. During the design
phase some rigorous design decisions were made
(e.g., limiting car space and removing the common
Dutch front garden). However, a design can never be
separated from the users; “individual characteristics
and preferences are active within the context of
socio-economic, political, cultural, and environmental
factors that operate at different scales” (Barton and
grand, 2006). To ensure that the design also matches
the requirements of neighbourhood inhabitants a
participatory approach is necessary but was not in
scope of this thesis. When implementing large scale
adaptation interventions, this would be indispensable.

This thesis offers a small contribution to making
Dutch cities more climate resilient, but the cityscape
has numerous additional challenges that were not
investigated in this research. These challenges range
from cultural, social-economic, mobility to food security
(Roaf, Chrichton & Nicol, 2005). Future research could
address these other challenges, and consider how
solutions interact.
The ambition when starting this thesis was to make
a generic manual that can solve any climate problem
in every city. Therefore, the solutions proposed aim
to be generic and rely heavily on their replicability in
multiple situations. The design interventions that form
the climate solutions have been researched and tested
on a theoretical as well as practical level, on meso as
well as micro level. As Prominski (in Brink et al, 2006,
p. 222) states: “a certain diversity in terms of scale,
geographic location, approaches and so on has to be
covered by the examples in order to develop widely
applicable design guidelines”.
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Conclusion

76

The subject of this thesis was the search for spatial
interventions that can reduce climate challenges in
urban areas. Through answering each of the research
questions, multiple aspects revolving around climate
resilient interventions were detailed: usefulness of
interventions, smart combinations, applicability in
generic street profiles and in specific case studies.
The results of this research aim to provide guidance
to climate adaptation and mitigation efforts in urban
areas by policymakers and designers.
SRQ1: WHICH SPATIAL INTERVENTIONS
APPLIED TO URBAN CANYONS ARE
SUITABLE FOR ADDRESSING ADAPTATION
AND MITIGATION?
A comprehensive list of interventions provided by the
literature study was screened for applicability and
usefulness. The result is an inventory of categorized,
ranked, and documented interventions that can help
answer two questions: “Which intervention can be
applied for which climate challenge?” and “When
comparing interventions, which of them contributes
most?”. Most interventions have an impact on multiple
climate challenges, for example trees can cast shadow
on streets alleviating heat stress and trees can cast
shadow on buildings contributing to energy efficiency.
The inventory had been invaluable for the design phase
(SRQ2 and 3) as it provides an overview of interventions
suitable for addressing adaptation and mitigation.
SRQ2: WHAT ARE THE CLIMATE ADAPTATION
AND MITIGATION EFFECTS OF THESE
SPATIAL INTERVENTIONS WHEN COMBINED
IN GENERIC STREET PROFILES?
The Research Through Designing process, with
multiple rounds of design experimenting, has delivered
the insight that although there is an inventory of 19
interventions, only a few are leading. Adding park
trees, street trees and de-paving have, because of
their adaptation qualities, become the foundation of
every generic street design.
Street orientation is an interesting variable when
solving climate challenges. While orientation does
determine the amount of climate-related stress that
is experienced during the day, orientation does not
affect the effectiveness of interventions. In other
words, if certain climate-related stress is detected (for
example heat stress or water nuisance) the applicable

interventions can be selected from the inventory, no
matter the orientation.
A combination of interventions, such as de-paving
underneath street trees, can enhance the climate
adaptation effect. The opposite can also be true when
for example street trees cast shadow on PV panels.
SRQ3:
WHAT
ARE
THE
CLIMATE
ADAPTATION AND MITIGATION EFFECTS
OF THESE SPATIAL INTERVENTIONS WHEN
COMBINED IN A SPECIFIC SITE?
The redesign of an entire neighbourhood and three
specific streets in Nijmegen provided insight in the
effectiveness of the interventions when applied in a
case study. The learnings from SRQ 1 and 2 informed
the design decisions.
The masterplan (the neighbourhood Bottendaal) and
the three detailed designs showed that considerable
decrease of heat stress is possible: a decline of one
or two levels on the thermal index. With the same set
of interventions water storage capacity, groundwater
recharge and evapotranspiration increased, as
intended.
MRQ: WHICH SPATIAL INTERVENTIONS
APPLIED TO URBAN CANYONS CAN BRING
CLIMATE ADAPTATION AND MITIGATION
TOGETHER IN AN INTEGRATED DESIGN?
SRQ1, 2 and 3 have shown that bringing climate
adaptation and mitigation together, is not confined to
specific combinations in integrated designs.
Focus of this research was evaluating the effectiveness
of climate adaptation interventions. Bottendaal has
shown that a smart combination of interventions
relieves heat stress considerably while also addressing
the aspect of water nuisance. Climate mitigation
interventions can be flexibly added to these adaptation
interventions. The inventory offers energy efficiency and
energy generation interventions that are unobtrusive,
generate energy from renewable sources available in
the urban landscape and can generally be implemented
in all urban landscapes. Site-specific circumstances
and requirements need to be considered.
The results of this thesis can double as a ‘quick
reference guide’ for designers who want to kickstart climate resilience in their work. In existing urban
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canyons, which interventions should be applied for
which climate challenge? Which of these interventions
contributes most? When applied on street scale,
which combination of interventions has maximum
climate resilience potential? This thesis answers these
questions, enabling designers to reuse the outcomes
and focus on the site-specific circumstances and
requirements that will define their actual design.
The inventory (paragraph 3.2 and 3.3) offers the overview
of 19 validated climate interventions, categorized by
applicability for specific climate challenges and rated
for their usefulness. The set of 8 tested generic street
configurations combine the interventions and quantify
their climate potential on street scale in existing urban
canyons (annex). Together, the inventory and the set
generic street designs, can help make informed design
decisions to address climate adaptation and mitigation.
Although the learnings of this thesis can be used
as a starting point, a site-specific design is always
necessary, as characteristics vary. Future research that
wants to build on this thesis can use its learnings to
investigate a variety of other cases in multiple scale
levels in the Dutch urban landscape. Moreover, it would
be valuable to test the attitude of residents towards this
type of radical redesign. When considering the wider
range of urban challenges (cultural, socio-economic,
mobility, food security), it would be valuable to research
how these can be addressed and how solutions would
interact with the climate resilience interventions.
In summary, there is a range of possible spatial
interventions for the generic Dutch streets. By making
the right combinations of spatial interventions a more
climate resilient city scape can be attained. This not
only effective climate-wise but can also contribute to
wellbeing and healthy life in the city.

78

79

ANNEX
In the quantifications climate adaptation an mitigation effect
calculations were made on specific dimensions. This ensures
mutual comparability between de profiles.
The dimensions used:
•
Narrow street: 12 m wide
•
Wide street: 40 m wide
•
Low rise building: 12 m high
•
High rise building: 35 m high
The length was the same in all profiles: 100 meter.

For adaptation and mitigation quantifications this meant
implementing the interventions in a street corresponding with
these dimensions and the orientation. Because the CDC-toolbox
is location specific the chosen streets for generic testing are
conveniently situated in Bottendaal. Mitigation calculations are not
location specific and are done by hand.
The sketches shows are just an indication of a profile with
interventions and do not reflect actual dimensions.

Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

324

81

6

1

-0,2

Shading

192

0

0

0

-0,12

Porous pavers

408

41

4

3

0

Green roofs

350

21

7

10

-0,22

Depaving

614

46

7

4

-0,37

Specific heat

192

0

0

0

-0,12

(delayed discharge)

Low - Narrow - EW

PET reduction 2,92°C

480 panels = 117.000 KWh/year

20 turbines = 350.400 KWh/year

18.710 cars x 3 speed bumps = 224.520 KWh/year
The 18.710 cars are part of de CBS data for the Sint Annastraat in
Bottendaal. But this outcome is very dependent on car traffic

Low - Narrow - EW

Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

1378

69

14

3

-0,42

Shading

330

330

0

0

0,1

Porous pavers

1730

268

15

2

0

Green roofs

1525

153

28

22

0,47

2128

160

12

7

-0,65

(delayed discharge)

Depaving

PET reduction 5,09°C

Low - wide - EW
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480 panels = 117.000 KWh/year

20 turbines = 350.400 KWh/year

18.710 cars x 6 speed bumps = 449.040 KWh/year

Low - wide - EW
Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

159

8

2

1

-0,08

Facade

32

1

0

0

-0,02

Shading

460

460

0

0

-0,22

Porous pavers

827

166

17

-2

0

Green roofs

1197

120

34

27

-0,57

675

51

6

3

-0,32

vegetation

(delayed discharge)

Depaving

PET reduction 2,98°C

Middle - narrow - EW

512 panels = 124.400 KWh/year

20 turbines = 350.400 KWh/year

18.710 cars x 3 speed bumps = 224.520 KWh/year

Middle - narrow - EW
Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m²)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

2797

140

9

2

-0,27

Shading

922

922

0

0

0,09

Porous pavers

3345

416

7

3

0

Green roofs

1566

157

9

7

-0,15

10612

796

19

11

-1,04

(delayed discharge)

Depaving

PET reduction 2,15°C

Middle - Wide - EW

633 panels = 151.650 KWh/year

30 turbines = 525.600 KWh/year

18.710 cars x 3 speed bumps = 224.520 KWh/year

Middle - Wide - EW
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Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

366

18

9

2

-0,27

Green facades

87

2

0

0

-0,06

Porous pavers

448

90

5

4

0

Green roofs

1388

139

61

48

-1,02

412

31

5

3

0,3

(delayed discharge)

Depaving

Low - Narrow - NS

PET reduction 3,99°C

480 panels = 117.000v KWh/year

20 turbines = 350.400 KWh/year

Vortex wind turbines showed in this sketch were, after researching effectivity
not included in mitigation technologies

Low - Narrow - NS

Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

573

29

7

2

-0,22

Green facades

77

2

0

0

-0,03

Porous pavers

199

20

1

1

0

Green roofs

662

66

15

12

-0,25

Depaving

1509

113

10

6

-0,58

Shade

200

200

0

0

-0,08

(delayed discharge)

PET reduction 3,73°C

Low - Wide - NS

480 panels = 117.000v KWh/year

20 turbines = 350.400 KWh/year

Low - Wide - NS
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18.710 cars x 3 speed bumps = 224.520 KWh/year

Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

181

60

4

1

-0,09

Green facades

11

0

0

0

-0,01

Porous pavers

508

62

4

3

0

Green roofs

1520

152

46

37

-0,77

(delayed discharge)

Depaving

461

57

8

5

-0,23

Shade

248

248

0

0

-0,13

Middle - Narrow - NS

PET reduction 1,67°C

512 panels = 124.400 KWh/year

30 turbines = 525.600 KWh/year

Middle - Narrow - NS

18.710 cars x 3 speed bumps = 224.520 KWh/year

Surface area

Storage capacity

Groundwater

Evapotranspiration

Air temperature

(m)

(m³)

Recharge (mm/j)

(mm/j)

(°C)

Street trees

828

191

11

2

-0,33

Bioswales

351

123

34

0

-0,14

Porous pavers

233

51

1

1

0

Green roofs

2155

216

52

41

-0,87

(delayed discharge)

Middle - Wide - NS

Depaving

579

43

4

2

-0,23

Shade

409

409

0

0

-0,17

Specific heat

512

0

0

0

-0,21

PET reduction 4,49°C

633 panels = 151.650 KWh/year

20 turbines = 350.400 KWh/year

Middle - Wide - NS
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