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List of Abbreviations
Abbreviation

Meaning

AMS

Amsterdam

ARHU

Amsterdam, Rotterdam, The Hague, Utrecht (the four most populated cities of the Netherlands; used as case cities in this thesis)

CBS

Centraal Bureau voor de Statistiek (Central Agency for Statistics)

GIS

Geographic information system

HAG

The Hague

K

Kelvin

LST

Land surface temperature

PET

Physiological equivalent temperature

PSR

Public space to be redesigned (i.e., outcome of the method of identifying vulnerable
public spaces)

RIVM

Rijksinstituut voor Volksgezondheid en Milieu (National Institute for Public Health and the
Environment)

RTM

Rotterdam

UHI

Urban Heat Island

UTC

Utrecht
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Abstract
The urban heat island (UHI) effect is a serious threat for the life in our cities. It describes the phenomenon
that cities are warmer than rural areas in the surroundings due to factors like lack of vegetation and water
bodies, lack of ventilation, and materials with low albedo (i.e., reflectivity of solar radiation) like asphalt and
bricks. Because of these factors, solar radiation gets trapped during the day and gets slowly released during
the night, resulting in hot summer nights. Consequences of the UHI effect include serious health issues,
increased mortal rates during heat waves, and increased energy consumption. Elderly people, which make
a large percentage of the population, belong to the group of particularly vulnerable people regarding heat
stress. Urban design solutions for the mitigation of the UHI effect include an increase of vegetation, water
bodies, ventilation, and albedos.
In this thesis, a method is developed which helps urban planners and policymakers to identify public spaces
to be redesigned regarding UHI mitigation with high prioritization. This prioritization helps to improve those
public spaces first, which require change most urgently. Therefore, the prioritization is based on public spaces
with a high UHI effect intensity, a large elderly population, and high expected pedestrian volumes. With help
of a GIS analysis, areas with a high UHI effect intensity and large elderly populations are combined resulting
in so-called focus areas. For these focus areas, space syntax analyses are conducted to identify streets
with high expected pedestrian volumes, which eventually result in ‘public spaces to be redesigned’ (PSR). By
including expected pedestrian volumes, the UHI mitigation interventions are prioritized for streets with many
persons potentially affect from the UHI effect. In that way, for example, a large street with many shops and
pedestrians would have a higher priority than a small street with barely any pedestrians.
The last step of the thesis presents redesigns for identified PSR in the four largest Dutch cities Amsterdam,
Rotterdam, The Hague, and Utrecht. Therefore, potential UHI mitigation solutions are presented and formed
into design principles, which are applied to four streets in the Dutch cities. Eventually, the effectiveness of
the redesigns was evaluated with help of the ‘Toolbox Klimaatbestendige Stad’ (TKS) – an online tool which
calculates the effect of the different measures on the UHI effect. In that way, temperature differences of 6.18
°C and 9.44 °C, depending on the city, could be evaluated for the current situation and the redesign situation.
With help of this method, vulnerable public space regarding urban heat stress can be determined and redesigned with the help of design principles. The evaluation by means of the TKS helps to provide proof of the
redesigns’ effectiveness, which is an important step for policymakers and planners.
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Yes, we could take action against climate change now,
but if in 50 years’ time, we found out that all those
scientists were mistaken and there was no global
warming, we would have, for no reason, made sure that
our rivers are no longer toxic, our cars no longer make
any noise or stink, and that we are no longer dependent
on dictators and their oil reserves. Imagine how upset
we would be.
Marc-Uwe Kling, 2018

8

1 INTRODUCTION

1
INTRODUCTION

1

1 INTRODUCTION

1.1

Background Information

Life in a city can have many benefits such as numerous possibilities for leisure activities, various job opportunities, well-organized public transport and infrastructure, and much more. On the other hand, life in a city
can also have its downsides in comparison to living in a rural area. The Urban Heat Island (UHI) effect is one
of such downsides and occurs on warm days when heat gets trapped in built-up areas resulting in increased
temperatures during the day and even more at night. Consequences include serious health issues and
increased energy consumption.
Due to an ongoing urbanization worldwide, the problem of the UHI effect is expected to increase and its
prevention and mitigation becomes even more crucial in the future. According to a report of the United Nations
(2018), cities in the world accommodate already more than half of the world’s population (around 55% in
2018) – with an upward trend: By 2030, 60% of the people worldwide are expected to live in urban areas. In
the Netherlands, numbers are even more extreme: More than 91% of the country’s population already lived in
urban settlements in 2018. With the increase of urban population, tackling problems of urban life becomes
increasingly important. Urbanization is not only leading to a higher share of city dwellers, who potentially
might be affected by the UHI effect, but it will also lead to an increase of the built-up area, which will further
increase the problem. That underlines the importance for improving cities regarding urban heat mitigation.
Also, the ongoing global warming increases the problem, and thus, the urgency of the implementation of
solutions increases, too. It is predicted that heatwaves (and other extreme weather events) will increase in
frequency and intensity (UN, 2021). Even though the occurrence of the UHI effect is not exclusively a result
of climate change but rather urbanization, the intensity of the UHI effect is expected to increase in the future
due to rising temperatures because of global warming.
In order to mitigate the UHI effect, urban design interventions can be helpful tools to influence the urban
microclimate. As the retrofitting of (parts of) cities and the implementation of design interventions is a
process which takes time and cannot be done immediately, it makes sense to create a prioritization of urban
areas to be retrofitted sooner than others. This prioritization could be influenced by different factors such as
vulnerable demographics or expected pedestrian volume of certain public spaces. Thus, focusing on public
spaces with a high number of vulnerable people and with busy streets with high usage frequencies can be an
effective strategy.

1.2

Societal Relevance

From a societal perspective, several problems occur related to the UHI effect in public spaces. Without any
mitigation of the UHI effect, the thermal comfort of public space will decrease, and heat related health issues
will increase. That reaches from general thermal discomfort to heat strokes and even to heat-related deaths
(EPA, 2021). Furthermore, overheated cities consume a lot of energy for cooling, which can result in high electricity bills, utilization of the capacity of electricity networks, and an increase of the problem, especially if the
consumed energy is based on fossil fuels. Another risk for the society is, that people may avoid public spaces
such as streets and sidewalks, squares, or outside malls during hot days, which could lead to decreasing
quality of stay of those.
The objective from the societal view is to improve the thermal comfort of public spaces as much as possible.
Therefore, planning and design measures should aim on increasing the mitigation of the UHI effect by
improving the perceived temperature prioritized for public spaces with high urgency: areas with many particularly vulnerable people and high expected pedestrian volume. In that way, the thermal comfort of public
spaces can be improved (or at least maintained) with a positive effect the people’s health.
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1.3

Problem Statement

Previous research on the UHI effect and potential solutions is often either rather abstract with general
solutions or guidelines (such as: the increase of vegetation helps mitigating the UHI effect) or they are too
narrowly designed for one specific location. Kleerekoper, van Esch, & Salcedo (2012) suggest that design
principles should offer enough freedom to stimulate creative solutions by urban designers and policymakers
as they might be reluctant to use such design principles otherwise. Kleerkoper et al. (2012) also mention that
for policymakers a quantification of the effectiveness of specific solutions is necessary. That includes quantifying the heat stress of an area, the acceptable level of heat stress of an area, and the required measures
to reach the acceptable level of heat accumulation. Hence, there is a lack of design principles as guidelines,
which both quantify the existing and the intended heat accumulation for different typologies as well as state
required measures to reach the intended heat accumulation. At the same time, these design principles should
leave enough freedom for creative adjustments for each specific situation.
Furthermore, in existing research the methods for the mitigation of the UHI usually do not include a prioritization by high vulnerability, which considers clusters of high populations of elderlies and expected pedestrian
volumes. Since elderly people are particularly vulnerable to heat stress, it would be important to take them
into account when approaching a mitigation of the UHI effect (EPA, 2021). Also, the inclusion of expected
pedestrian volumes is not considered in existing research. Though, it could help to create a prioritization
for the implementations of UHI solutions by approaching public spaces first, which have high pedestrian
volumes, and consequently, high numbers of people potentially suffering from urban heat stress.

1.4

Objective

The main objective of this research from the scientific point of view is developing planning and design solutions for mitigating the UHI effect in public spaces in the Netherlands, which can be applied by professionals
to any place in the Netherlands (and potentially elsewhere) which suffers from the UHI effect. Thus, a method
to determine public spaces of prioritization by vulnerability is one objective. Besides the intensity of the UHI
effect, this method should take large elderly populations and high expected pedestrian volumes into account
to have a special focus on public spaces with the highest urgency for change. In a next step, this developed
method should be applied to some public spaces in Dutch cities, followed by redesigns of these areas as
case examples. These solutions should be in balance of being both general enough to be applied to different
locations and specific enough to be clear and measurable to create guidelines, which can be easily adapted to
different locations. Eventually, the evaluation of the measures will provide a general idea of the effectiveness
of those redesigns.

1.5
1.5.1

Research Questions
Main Question

How can the UHI effect in public spaces in the Netherlands be mitigated in respect of different characteristics, which include urban heat intensity, the number of elderly residents, and expected pedestrian volumes of
the respective public space?

1.5.2

Sub-Questions

Following, three sub-questions with subordinate questions are listed and elaborated on. Answering these
sub-questions will help to eventually answer the main research question.
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1.

Which public spaces in the Netherlands have the highest priority for being redesigned regarding UHI
mitigation?

a.

Which public spaces have the highest UHI effect?

b.

Which public spaces have the highest numbers of elderly residents?

c.

Which parts of the street network of the public spaces have the highest expected pedestrian volumes?

The first sub-question aims on determining a prioritization of the mitigation of the UHI effect. Thus, a method
will be developed with which it can be determined which parts of the city have a strong UHI effect, a high
number of elderly residents. This outcome, combined with the analysis of high expected pedestrian volumes
of the respective street networks, will answer the sub-question of a prioritization of public spaces to be
redesigned regarding UHI effect mitigation.
2.

What are potential urban design solutions for reducing the UHI effect?

a.

Which urban characteristics and elements increase the UHI effect?

b.

How can potential solutions be implemented in public spaces?

The second sub-question aims on creating a set of potential solutions for the UHI effect mitigation. Therefore,
it will be first looked at what urban characteristics actually cause the UHI, and then, at what implementations
will help to mitigate the urban heat issues. The outcome of this sub-question will help to create redesigns for
the determined areas, which are outcome of the first sub-question.
3.

What is the effectiveness of the urban design solutions and how can it be measured and evaluated?

a.

Which factors of effectiveness should be measured?

b.

How can these factors of effectiveness be measured?

The third sub-question aims on the evaluation of the redesigns of the second question. Therefore, it is necessary to define which factors play a role for measuring the effectiveness as well as how these factors can be
actually measured. The outcome of this sub-question will help to quantify the effectiveness which could help
to convince policymakers and other responsible persons of the reasonableness of the UHI effect mitigating
projects.

1.6

Methodology

Firstly, the theoretical framework (chapter 2) will be based on literature research.
The Determination of Vulnerable Public Space (3.2) will be conducted with the GIS-software QGIS. Therefore,
freely available data will be used. Firstly, the UHI dataset by the Dutch National Institute for Public Health
and the Environment (RIVM) with information of the whole Netherlands will be used. This information will be
used to analyze the intensity of the UHI in ARHU, and eventually, to narrow down the focus areas for the UHI
mitigation. Additionally, demographic data of Dutch districts and neighborhoods, provided by CBS, will give
information about areas with large numbers of elderly people (65+ years). The combination of spatial data
of the UHI effect and the elderly people will eventually create focus areas, which are referred to as vulnerable
areas.
For the Determination of PSR (3.3) a space syntax analysis with the software DepthmapX and map data of
OpenStreetMap will be conducted. The space syntax analysis will then be transferred into QGIS, where it will
eventually be combined with the findings from 3.2 Determination of Vulnerable Public Space.
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The fourth chapter DESIGN INTERVENTIONS, which is the application of the method of the third chapter
METHODS AND RESULTS followed by redesigns and their evaluation, is based on literature, specifically about
potential solutions for the mitigation of the UHI effect. The evaluation of these redesigns will be conducted
with help of the “Toolbox Klimaatbestendige Stad” (TKS). This online tool can simulate and analyze the effects
of the selected UHI effect mitigating measures on the environment, and thus, helps to quantify and evaluate
the effectivity of potential retrofitting measures.

1.7

Literature Review and Knowledge Gap

This subchapter provides a literature review, which makes the base of the theoretical framework of this thesis,
followed by the resulting knowledge gap as an outcome of the literature review.

1.7.1

Literature Review

The following literature review (Table 1) gives an overview of the literature used in this research thesis. A large
part of the presented literature is focused on the UHI effect and its mitigation including different specific solutions and approaches for the evaluation of their effectiveness. The literature review is sorted chronologically
(ascending) and provides information of the author, year, and title of the document as well as brief information about the literature’s research questions or general objective, its methodology, and a brief conclusion of
the main findings with relevance for this thesis.
Table 1. Literature review.

Author / Year

Lewis, 1995

Title

Res. Question/
Objective

Methodology

Conclusion

Human health

Effects of plants

Literature-based

Plants have many positive effects

and well-being:

on the human

research article

on the human well-being such as a

the psychological,

health

reduction of stress, blood pressure,

physiological, and

speed recovery from surgeries and

sociological effects

an improve of the general well-being.

of plants on people
Höppe, 1999

The physiological

Definition of physi-

Definition and examples

PET is the equivalent temperature

equivalent tempera-

ological equivalent

for the application of

of an indoor room without wind and

ture – a universal

temperature (PET)

PET.

solar radiation, and thus, enables a

index

comparison of temperatures.

for the biometeorological assessment
of the thermal environment
Onishi, Cao, Ito, Shi,

Evaluating the

Greening parking

Analysis of the relation

Through greening the parking lots,

& Imura, 2010

potential for urban

lots to increase

of land surface tempera-

the land surface temperature could

heat-island mitigation

the vegetation and

ture and land use/land

be decreased with a positive effect

by greening parking

improve the UHI

cover using multivariate

on the UHI effect.

lots

mitigation.

linear regression models.
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Klok, Zwart,

The surface heat

Determine surface

Analysis of thermal

The SHI intensity (difference

Verhagen, & Mauri,

island of Rotterdam

heat island (SHI)

infrared satellite pictures

between SHI and rural surroundings)

2012

and its relationship

of Rotterdam and

and comparison of

is up to 10°C. A statistical analysis

with urban surface

relate the SHI

surface heat islands in

shows a relation between high SHI

characteristics.

intensity to urban

different neighborhoods

intensity and scarce vegetation and

surface character-

in Rotterdam compared

low albedo.

istics.

to surrounding rural
areas.

Kleerekoper, van

How to make a

Effects of urban

Transfer of theory of UHI

The two cases show that there are

Esch, & Salcedo,

city climate-proof,

design on the UHI

mitigation into urban

enough possibilities, especially when

2012

addressing the urban

effect. Providing

designs for two neigh-

a neighborhood gets renovated,

heat island effect

tools for urban

borhoods in Utrecht and

UHI mitigating measures can be

design and

The Hague.

combined with other interventions.

strategies for

A lack of quantifications lets policy

implementation

makers hesitate to implement

and application

measures.

of those to two
existing Dutch
neighborhoods.
Biennial of Public

Charter of Public

Creating a charter

Collaborative workshops

Public spaces are publicly owned

Space, 2013

Space

for public space

during the Biennial of

or publicly used spaces without

including the defi-

Public Space in Rome

a motive of profit and can have

nition, typologies,

in 2013 with various

different features/characteristics.

and further points

participants working on

and guidelines

the charter.

about public space
and its creation.
Heusinkveld,

Spatial variability

Creation of a

Bicycle traverse meteoro-

UHI effect of up to 7°C (at night)

Steeneveld, van

of the Rotterdam

multiple linear

logical measurements to

related to city morphology. Espe-

Hove, Jacobs, &

urban heat island as

regression model.

measure air temperature

cially lack of vegetation and vicinity

Holtslag, 2014

influenced by urban

along a specific route in

to large water bodies increases UHI

land use.

Rotterdam. Analysis of

effect.

daytime and nighttime
temperature differences
of the UHI in comparison
with wind direction and
land use.
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van der Hoeven &

Amsterwarm:

Investigation of

Mapping and analysis of

The UHI effect in Amsterdam is

Wandl, 2015

Mapping

the UHI effect in

UHI-related factors like

significant with a difference of the

the landuse, health

Amsterdam and its

shadow, sky-view factor,

LST of 10-20 K. The vulnerability is

and energy-efficiency

impact on factors

and vegetation.

not only linked to the temperatures

implications of the

like vulnerability of

of the UHI effect, but also the

Amsterdam urban

the residents and

energy efficiency of the residential

heat island

energy efficiency.

buildings.

Hendel, Gutierrez,

Measuring the

Researching and

Case studies in two

The outcome of the analysis of the

Colombert, Diab, &

effects of urban heat

quantifying the

locations in Paris, France

case studies suggests a positive

Royon, 2016

island mitigation

effects of pave-

for analyzing the effect

effect of pavement-watering on the

techniques in the

ment-watering.

of pavement-watering.

microclimate. The temperature could

field: Application

be reduced by 0.79 °C and 0.57 °C in

to the case of

1.5 m and 4 m above ground level,

pavement- watering

respectively.

in Paris
Rafiee, Dias, &

Local impact of tree

Quantification of

Volume of trees

The tree volumes have a significant

Koomen, 2016

volume on nocturnal

local impacts of

estimated through 3D

effect on the nocturnal UHI within

urban heat island:

tree volumes on

software, air temperature

a distance of 40 m. An increase of

A case study in

the UHI at night-

measurements at 103

tree volume of 60,000 m3 leads to a

Amsterdam

time.

locations in Amsterdam.

reduction of 1 K within these 40 m.

Wang, Berardi, &

Comparing the

Comparing UHI

Simulation of UHI

The increase of 10% of the urban

Akbari, 2016

effects of urban heat

mitigation strate-

mitigation strategies in

vegetation can change the tempera-

island mitigation

gies for the city of

three different locations

tures to up to 0.8 °C. That effect was

strategies for

Toronto

(low-, mid-, and high-rise)

specifically found to be effective for

in Toronto. The microcli-

high rise areas. It is recommended

mate in those areas was

to create policies for the imple-

studied and compared

mentation of roadside trees, which

the current situation

have a positive effect on the UHI

with the post-simulation

mitigation.

Toronto, Canada

situation.
Wang & Akbari, 2016

Analysis of urban

Analysis and

3D model software

Increase of vegetation and

heat island phenom-

evaluation of the

‘ENVI-met’ to analyze

increasing urban albedo can improve

enon and mitigation

UHI mitigating

micro-scale thermal

the UHI effect during daytime.

solutions evaluation

solutions such as

interactions within urban

for Montreal

street vegetation

environments.

planting, albedo,
and urban canopy
characteristics on
the urban climate.
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Arellano & Roca,

Can urban design

Can urban design

Studying urban and

Remote sensing technologies help

2018

mitigate the UHI

mitigate the UHI

climatic parameters of

to identify UHIs. Urban morphology

effect?

effect?

selected areas; analyzing

plays a significant role in generating

the spatial distribution

and controlling UHIs. Landscape

of the LST using remote

design and vegetation have a big

sensing technologies;

influence on the mitigation of UHIs.

obtaining LST and LSAT
through field work, during
day- and nighttime;
constructing a model of
surface and air temperatures as a function of the
different types of land
cover, combining Remote
Sensed data and in situ
measurements.
Filho, Icaza, Neht,

Coping with the

Highlighting and

Literature-based study

The mitigation of the UHI effect is

Klavins, & Morgan,

impacts of urban

discussion of the

comparing cities in

crucial for air quality management

2018

heat islands. A litera-

UHI effect and its

Germany and Australia.

and public health. Besides knowl-

ture based study on

mitigation, and

edge for planners and policy makers,

understanding urban

the vulnerability of

public awareness of the problem is

heat vulnerability

cities, specifically

important for the adaptation.

and the need for

cities in Germany

resilience in cities

and Australia.

in a global climate
change context
Aram, García, Solgi,

Urban green space

Use of urban green

Literature review

All reviewed articles conclude the

& Mansournia, 2019

cooling effect in

space to mitigate

regarding UHI effect

importance of urban green spaces

cities

the UHI effect.

mitigation.

for decreasing the UHI effect.

Colaninno & Morello,

Modelling the impact

Exploration of

Analysis of satellite

Implementation of vegetation can

2019

of green solutions

the feasibility of

images to monitor and

decrease temperatures to around

upon the urban heat

remotely sensed

evaluate temperature

1 °C.

island phenomenon

data and statistical

changes due to vege-

by means of satellite

modelling for the

tation.

data

assessment of the
effectiveness of
green measures

Hogeschool van

COOLKIT

Toolbox for urban

Measures for the

General guidelines and potential

Amsterdam/ Kuiper-

planners for the

mitigation of the UHI

measures are introduced to be

Compagnons, 2020

mitigation of the

categorized by street/

implemented for the UHI effect

UHI effect.

neighborhood type.

mitigation.
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van Nes & Yamu,

Introduction to Space

Giving an introduc-

No methodology avail-

Space syntax is a theory and a

2021

Syntax

tion and theory of

able as it is a manual for

method for the analysis of spatial

in Urban Studies

space syntax.

the use and theory of

relationships in the built environment

space syntax rather than

and offers different techniques

conventional literature.

which can be used in different
combinations.

1.7.2

Knowledge Gap

As existing research on the mitigation of the UHI effect shows, there is already much knowledge about potential measures to decrease the UHI effect. One of the main conclusions of the literature is the positive cooling
effect of vegetation (Aram et al., 2019; Heusinkveld et al., 2014; Klok et al., 2012; Rafiee et al., 2016; Wang
& Akbari, 2016; Wang et al., 2016). Klok et al. (2012) and Wang et al. (2016) state that a 10% increase of
vegetation can decrease the temperature by 1.3 °C and 0.8 °C, respectively. Also, Colaninno & Morello (2019)
conclude that an increase of vegetation can lead to a temperature reduction of 1 °C. Also, other potential
solutions could be effective ways to decrease the UHI effect such as pavement watering (Hendel et al., 2016)
or elements of the streetscape with a high albedo (Klok et al., 2012).
However, a knowledge gap in the existing literature is the lack of a method for the implementation of potential
mitigation solutions (such as the increase of vegetation) considering expected pedestrian volumes of respective public spaces. By combining information of high UHI intensity and potential UHI mitigating solutions with
the expected pedestrian volume, it could be determined which public spaces should have a high priority to be
redesigned (e.g., by increasing the vegetation). As Van Nes & Yamu (2021) show, by use of the angular choice
analysis of space syntax, the through-movement of the street networks can be analyzed, and thus, the most
used streets by pedestrians and cyclists can be determined.

1.8

Thesis Structure

The thesis contains of six chapters described as follows. The first chapter INTRODUCTION presents the
outline of the thesis including background information of the topic, problem statement and objective, main
and sub research questions, the methodology applied in the thesis as well as a literature review with the
resulting knowledge gap.
The second chapter THEORETICAL FRAMEWORK explains the theories used for this thesis. That includes the
Urban Heat Island (UHI) effect, space syntax theory, and a general definition of public space.
The third chapter METHODS AND RESULTS (Figure 1; red part) presents the first of the two main products of
this thesis: a method for determining focus areas in a city with a high vulnerability factor, which considers
a strong intensity of the UHI effect as well as demographic data of elderly people, which generally have an
increased health risk. Furthermore, this chapter presents the application the space syntax theory in order to
determine streets with high expected pedestrian volumes. In the final part of this chapter, the combination
of the vulnerable focus areas and the information about expected pedestrian volumes results in the public
spaces to be redesigned (PSR), which will be the base for the actual redesigns of the next chapter.
In the fourth chapter DESIGN INTERVENTIONS – the second main product of the thesis – possible planning
and design solutions are presented and eventually implemented into redesigns of public spaces based on
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the results of the Analysis of the third chapter. These interventions aim on improving (i.e., decreasing) the
heat stress to eventually decrease the UHI effect in public spaces and eventually improve the quality of life
of the users of the city. Therefore, the first two parts of this chapter present potential solutions for the UHI
mitigation as well as the application of those through design principles (Figure 1; green part). Then, these
design principles are applied to the PSR in the form of designs of cross sections and eventually be evaluated
in the last step of this chapter (Figure 1; blue part).
In the fifth chapter DISCUSSION the research sub-questions will be answered, further points of discussion
presented, and limitations of the research will be revealed.
The last chapter CONCLUSIONS AND RECOMMENDATIONS answers the main research question, concludes
the results of the thesis, and scientific and societal recommendations will be presented.

Figure 1. Flowchart of the thesis’ structure.
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2.1

Urban Heat Island Effect

The UHI effect is a phenomenon where urban (i.e., built-up) areas are significantly warmer than rural areas
in the surrounding due to different factors such as lack of ventilation, lack of (open) green space and waterbodies, and low albedo (i.e., reflectivity) of materials (Aram, García, Solgi & Mansournia, 2019). Figure 2
shows that in rural areas (left side) much of the solar energy is reflected to space, and natural elements like
vegetation and water have a cooling effect due to evaporation. Additionally, a large open space facilitates
air ventilation, which also prevents heat accumulation. On the contrary, in urban areas (right side), solar radiation gets trapped between the buildings and gets absorbed by materials with low albedo such as black
asphalt, concrete walls, or cars. A lack of vegetation and waterbodies as well as poor air ventilation due to a
large built-up area increases the effect. Eventually, the trapped heat is released slowly, and increases the air
temperature creating the UHI effect. Because of the UHI effect, urban areas tend to be on average 1 to 6 °C
warmer than rural areas in the direct surrounding (Dimoudi et al., 2013). Especially at night, when there is no
direct solar radiation coming from the sun, rural areas cool down, while urban areas still release the trapped
heat causing hot nights. Furthermore, less evaporation occurs in urban areas due to a lack of vegetation and
water elements, which results in the absent cooling of the area. Figure 3 visualizes a typical UHI profile after
sunset in which the UHI effect increases towards the center of the city with the exception of parks, which have
a cooling effect.

Figure 2. Illustration of the UHI effect. (Adhikari, 2018)

Figure 3. Visualization of a typical UHI profile. (Royal Meteorological Society, 2021)
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The consequences of heatwaves exacerbated by UHIs are various. The most direct consequences are health
issues like general discomfort, respiratory difficulties, heat cramps, heat exhaustion, and heat strokes (EPA,
2021). Heatwaves also lead to an increase in mortality rates. As an example, Figure 4 shows the daily excess
of mortality rates related to a heatwave in August 2003 in France. It gets clear that with each continuous
day of the heatwave, excess mortality numbers increased. Especially, groups of persons such as the elderly,
young children, people with health problems, people who work outside, or people living in poor housing conditions are vulnerable to urban heat (EPA, 2021).

Figure 4. Excess Mortality Rates during the 2003 Heatwave in France (Fouillet, et al., 2006).

Another, more indirect, consequence of urban heat is the increase in electricity consumption related to air
conditioning (EPA, 2021). This increases electricity expenses as well as it increases the utilization of the
capacity of electricity networks – especially during extreme heat events when offices and homes use air
conditioning and other electric appliances at the same time. Furthermore, since a big share of energy is based
on unsustainable fossil fuels, an increase in energy demand will also lead to an increase of used fossil fuel,
which will increase the problem even more.
One way to calculate and evaluate temperatures is by using physiological equivalent temperature (PET). The
PET is defined as an air temperature of an indoor setting at which the heat budget of the human body is equal
to the respective outdoor temperature. In that way, PET enables comparison of thermal conditions such as
evaluation of the UHI effect before and after the implementation of mitigating measures. For example, the
PET value on a hot summer day could be more than 20 K higher than the air temperature, whereas on a cold
winter day the PET value could be 15 K lower than the air temperature (Höppe, 1999).

2.1.1

Importance of Improving Thermal Comfort

It gets clear that in order to keep or even increase the quality of our cities, thermal comfort is an important
aspect to be addressed. Cities must be prepared for the consequences of the climate change, which includes
mitigating the UHI effect. As heatwaves become more intense and frequent, it is crucial to prepare our cities
with the proper measures to prevent and adapt to these situations in the future. Significant parts of urban
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environments suffer from extreme heat in hot periods and require to be redesigned to cope with this issue.
Since people from vulnerable groups – including elderly people, young children, people with health problems,
people who work outside, and people living in poor housing conditions – are more likely to suffer from urban
heat issues, a special focus should lie on those (EPA, 2021).
Besides addressing and improving these direct, mainly health-related consequences for people, an improved
thermal comfort of public spaces could potentially lead to an increase of liveliness of cities by improving the
quality of stay in public spaces.

2.1.2

Potential Solutions

Research suggests that urban morphology and urban design have a significant influence on the UHI effect.
The research of two nearby neighborhoods, Parc Central and Coll Favà, in the Spanish municipality of Sant
Cugat del Vallès compared differences of surface and air temperature as well as other characteristics among
the two areas (Arellano & Roca, 2018). Most of the characteristics suggest a better thermal performance for
Coll Favà such as the higher percentage of open land, pervious surfaces, and green surface. In contrast, of
the compared characteristics only tree canopy was in favor of Parc Central. After analyzing the areas’ surface
and air temperatures, it showed that Parc Central has a better thermal performance than Coll Favà (average
of 32.65 °C and 35.54 °C LST, respectively), suggesting that tree canopy plays a major role for the thermal
performance.
Similar conclusions resulted from research by Heusinkveld et al. (2014). Meteorological measurements were
taken on a bicycle traverse in Rotterdam on a tropical day (during midday and at night), and eventually got
analyzed regarding meteorological differences related to the city’s morphology, including different parts of
the city such as downtown, suburbs, parks, and rural areas. Results showed that the UHI during midday was
rather small (1.2 K difference), whereas the difference at night was up to 7 K. A large park was 4 K cooler
during midday compared to the downtown, but at night, however, it did not show a cooling effect. That is
expected to be due to a limited cooling effect of the water bodies, as similar results were found for harbor
areas, which had similar temperatures like rural areas during midday, but were as warm as central urban areas
during the night.

2.2

Space Syntax Theory

Space syntax is a theory and a method for the analysis of spatial relationships in the built environment (Van
Nes & Yamu, 2021). It is a set of techniques that can be applied individually as well as combined in various
ways. After originally being applied on a relatively small scale, it is now able to analyze complex spatial relationships in large cities and even regions. According to Hillier, Turner, Yang & Park (2007), the techniques of
space syntax analyze street networks due to the placing, grouping, and orientation of buildings, and therefore,
is able to analyze the spatial relations between one street and all other streets in a chosen area. Furthermore,
it is possible to observe and analyze vehicle or pedestrian movement flows through areas. One limitation of
the space syntax method, however, is that it is not able to take the place identity or character into account as
it analyzes the spatial relations independently from the place’ quality (Van Nes & Yamu, Introduction to Space
Syntax in Urban Studies, 2021). This limitation, whatsoever, will play no bigger role in this thesis as the space
syntax analysis will be combined with the analysis of the UHI effect in GIS, which gives information about the
place’ character, i.e., information about the UHI effect and the amount of elderly residents. Anyways, it has to
be noticed that the actual pedestrian volume depends on many factors such as the distribution of residents
(influcened by capacities of buildings), shops and other destinations in certain areas, and others, and the
outcome of the space syntax analysis is merely the expected pedestrian volume of a simulation.
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According to Hillier et al. (2007), cities consist of two types of street networks: foreground and background
networks. The foreground street network represents the main connections of different urban centers of the
city on a city-wide scale with high accessibility. The background street network, in contrast, represents the
street network on a smaller scale such as neighborhood streets with low accessibility. Figure 5 shows the
foreground and background street networks in two cities. The red lines represent streets of the foreground
network, the blue lines the streets of the background network. As the foreground network consists of streets
with high accessibility, this network type will be substantial for this research as the high accessibility also
increases the number of potential users which are susceptible to urban heat issues in the public realm.

Figure 5. Foreground and background street networks in Amman, Jordan (left) and Banda Aceh, Indonesia (right).
Note. Explanations to supplement or clarify information in the image. From Introduction to Space Syntax in Urban Studies
(p. 68), by A. van Akkelies & C. Yamu, 2021, Springer. Copyright 2021 by A. van Akkelies & C. Yamu.

2.2.1

Angular Choice Analysis

With the angular choice analysis, the ‘through-movement’ of streets within a street network can be analyzed.
For the angular choice analysis different radii can be applied, which represent the distance of movement. As
a rough orientation, radii of 400 to 1,200 m are being used for walking distances, referring to walks of 5 to
15 min, respectively. Larger radii of 5,000 to 8,000 m are being used for distances by car (Van Nes & Yamu,
2021). For this research, a medium radius of 2,500 m cycling will be applied, which corresponds to distances
taken by pedestrians and cyclists as they are more affected by the UHI effect in a certain public space than
car drivers.
With help of the space syntax method, the expected pedestrian volumes of the streets within a city’s street
network can be analyzed. In that way, it can be determined which streets are used the most, and thus, are
most relevant for measures of the UHI mitigation.

2.3

Definition of Public Space

Public spaces play an essential role in our cities and offer various functions such as transportation and
accessibility, socializing and recreational opportunities, or space for the common goods like nature reserves.
The Charter of Public Space (2013) – a document created at the Biennial of Public Space in collaboration
with United Nations Human Settlements Program (UN-Habitat) – defines public space as “all places publicly
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owned or of public use, accessible and enjoyable by all for free and without a profit motive. Each public space
has its own spatial, historic, environmental, social, and economic features” (Article 6). Public spaces include
streets and sidewalks, parks, squares, malls, and courtyards. Although it is often used synonymously, public
space is not necessarily equal to public property as private property used by the public can be considered
as public space, too (Mitchell & Staeheli, 2009). Therefore, private shopping malls or even dining areas of
restaurants are public space, even though privately owned.
Many factors can influence the quality of public spaces, including (perceived) safety, the physical condition of
buildings and other city elements, accessibility by different transport modes, and thermal comfort (Project for
Public Spaces, 2007). For the latter, the urban heat island (UHI) effect plays a significant role.
In this thesis, the main focus of public spaces will be on streets as their alterable space is usually very limited
due to a street’s infrastructural utility. The sacrifice of car lanes in favor of UHI effect mitigating implementations, for instance, could have a big consequence on a city’s infrastructure, and therefore, must be chosen
wisely.
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3.1

Introduction

In order to determine the areas to be prioritized for mitigating the UHI effect by the implementation of design
interventions, three main aspects will be considered: a strong UHI effect intensity, a large population of elderly
people, and streets with high expected pedestrian volume. The analysis will be conducted on the four largest
cities of the Netherlands, namely Amsterdam, Rotterdam, The Hague, and Utrecht (further referred to as
ARHU), as the UHI effect occurs most strongly in large urban areas. However, this aim of the method is that
it can be applied to other cities as well.
The flowchart below (Figure 6) illustrates the steps of the method for the determination of public space to
be redesigned regarding UHI mitigation. The steps in the red boxes represent the parts of the third chapter,
the green and blue boxes represent the steps of the fourth chapter. The first two steps are the determination
of vulnerable public space (subchapter 3.2), consisting of the UHI analysis and the determination of areas
with a high number of elderly residents. The combination of those two parts results in the assignation of
the focus areas. Hence, focus areas are typically districts (“wijks”) or neighborhoods (“buurts”) with a high
UHI intensity and a large number of elderly residents. Following, in subchapter 3.3 Determination of PSR, the
expected pedestrian volumes of the street networks of these focus areas will be conducted by use of space
syntax. Therefore, streets with the highest expected pedestrian volumes are the determined public spaces to
be redesigned with UHI mitigating solutions. The following subchapters present the steps of the method and
the results in more detail.

Figure 6. Flowchart of the third chapter’s structure.

3.2

Determination of Vulnerable Public Space

The first part of the method of determining the PSR is the determination of vulnerable public space via GIS.
‘Vulnerable public space’ is here referred to as a public space with a strong UHI intensity and a high number
of elderly residents, which form the two parts of this subchapter. The thresholds of a high UHI effect intensity
and a high number of elderlies are defined in the respective parts as follows.

3.2.1

UHI Effect Analysis

The first step in the method of determining vulnerable public space is the analysis of the UHI effect in ARHU. For this analysis, a freely available dataset by
RIVM was used. The data show the average temperature difference between
urban and rural areas in the Netherlands in °C (visualized in Figure 7). The map
shows clearly that urban areas (red areas) are affect more by the UHI effect
than rural areas. The range of the temperature differences extends from 0
to +2.54 °C. Attention should be paid to the fact that these figures are
annual averages, and temperature differences can be much higher
on individual days with high temperatures (RIVM, 2021).

			
Figure 7. UHI effect map of the Netherlands
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In order to determine a high UHI intensity, the UHI data was divided into 4-quantiles. Through this statistical
division the top 4-quantile (i.e., the highest 25% of the temperatures of the UHI effect) was calculated, which
equals temperatures of the UHI effect above 1.9 °C. Figure 8 shows this top 4-quantile (red area) on satellite
maps of ARHU. When analyzing the maps in Figure 8, it gets clear that especially the city centers are literal
hot spots of the UHI effect. Also, one can recognize differences among the cities as the UHI intensity of
Amsterdam, for example, occurs rather scattered, while The Hague occurs more as one large spot. Furthermore, it gets clear that large parks as well as canals (e.g., the central canals of Amsterdam) are in a brighter
red (or even not colored at all) than their direct surroundings, which indicates a cooling of areas with a large
share of nature. This corresponds with the typical UHI profile as earlier presented in Figure 3.

Figure 8. UHI effect in ARHU. Red areas show average temperatures of at least 1.9 °C.

3.2.2

Elderly Population

After identifying areas with a high UHI intensity, the next step was to identify areas with a large elderly population. Therefore, demographic data of CBS was used. The data is represented as a grid of squares of each
100 x 100 meters of the whole Netherlands and contain demographic information of the correlating areas.
Before the actual analysis, the dataset was ‘cleaned up’, i.e., for this study irrelevant data was filtered out.
Thus, the data was filtered by municipality since this study looks only at ARHU. Therefore, only squares within
the municipalities of Amsterdam, Rotterdam, The Hague, and Utrecht remained. Secondly, squares with at
least one resident of 65 years or older were filtered out since this study focuses on areas with a large number
of elderly persons as a vulnerable group (Figure 9). In the next step, the elderly population of each city separately was divided into 5-quantiles (i.e., quintiles) with only looking at the top quantile (so, the squares with
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the top 20% number of elderly population). The 5-quantiles were chosen after trying some larger and some
smaller quantiles, because it represents a good selection, which neither does contain too many squares (i.e.,
too little hierarchy of the data) nor a too small selection of squares, which would make it hard to identify any
clustering of squares with large numbers of elderly residents. Eventually, for the four cities of Amsterdam,
Rotterdam, The Hague, and Utrecht, the squares represent a minimum number of elderly persons of at least
30, 25, 30, and 20 respectively, which corresponds with the top-20%-quantile of elderlies for each city (Figure
10).

Figure 9. Squares with at least one elderly person in ARHU.

Figure 10. Squares with the top-20%-quantile of elderly persons in ARHU.

20

3 METHODS AND RESULTS

3.2.3

Assignation of Focus Areas

In order to assign focus areas with high vulnerability, the results from previous subchapters 3.2.1 UHI Effect
and 3.2.2 Elderly Population were combined (Figure 11). Areas with a cluster of squares were compared with
maps of the districts (Dutch: Wijks) and neighborhoods (Dutch: Buurts) of each city. Depending on the size
of the clusters, either the respective district or neighborhood was used as the focus area (Figure 12). Table 2
presents the focus areas resulting from the combination of the elderly population and the UHI effect.

Figure 11. Combination of high UHI effect and a high elderly population in ARHU.

Figure 12. Districts and neighborhoods with high vulnerability clusters.
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Table 2. Resulting focus areas.

City
Amsterdam

3.3

Focus Area
Jordaan

Type of Area
District (Wijk)

Rotterdam

Oude Westen

Neighborhood (Buurt)

The Hague

Schildersbuurt

District (Wijk)

Utrecht

Lombok-Oost

Neighborhood (Buurt)

Determination of PSR

With the analysis of subchapter 3.2 Determination of Vulnerable Public Space areas with high vulnerability
were determined. By means of the following space syntax analysis, usage frequencies of the streets within
the focus areas were simulated to determine the most frequently used streets for a later redesign. Therefore,
street networks of the focus areas (of Table 2) plus a radius of 2,500 m around the areas were analyzed. A
radius of 2,500 m was chosen as a walking distance would usually not exceed this distance from the focus
area as a starting point. Then, an angular choice analysis was conducted with a radius of 2,500 m, which
corresponds to distances for walking and cycling.
The following subchapters present the results of the angular choice analysis of ARHU, whereas street
segments in red represent a high expected pedestrian volume, yellow to green a medium expected pedestrian
volume, and blue a low expected pedestrian volume. Based on that expected pedestrian volume simulation,
the PSR for each cities was eventually determined.
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3.3.1

Rozengracht, Amsterdam-Jordaan

Figure 13 shows the results of the space syntax analysis of the Jordaan district in Amsterdam. The central
street Rozengracht (Figure 13, marked with a black dashed rectangle) was determined as a redesign street. It
is a main connection between the inner center of Amsterdam and its west. The fact that the street additionally hosts a lot of retail and gastronomy, underlines the importance for local users such as pedestrians and
cyclists. The street is partly in and partly bordering the determined focus area, and is thus expected to attract
many people, including the many elderlies, from the district. Figure 14 shows an impression of the street view
of the street.

187 Rozengracht - Google Maps

https://www.google.com/maps/@52.3725858,4.8775694,3a,75y,85.19h,94.24t/data=!3m6!1e1...

Figure 13. Results of the space syntax analysis in Amsterdam-Jordaan.

Figure 14. Street view of Rozengracht in Amsterdam.
2 von 3

26.04.22, 14:17
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3.3.2

West-Kruiskade, Rotterdam-Oude Westen

Figure 15 shows the results of the space syntax analysis of the Oude Westen neighborhood in Rotterdam.
West-Kruiskade (black dashed rectangle) is one of the main east-west connections of the neighborhood
and offers a lot of retail and gastronomy, as thus, attracts local visitors. The street itself is the center of the
determined focus area and has a strong UHI effect as well as it is home to many elderly people. Figure 16
shows an impression of the street view of West-Kruiskade.

65 West-Kruiskade - Google Maps

https://www.google.de/maps/@51.920232,4.4676609,3a,75y,255.8h,86t/data=!3m6!1e1!3m4!...

Figure 15. Results of the space syntax analysis in Rotterdam-Oude Westen.

Figure 16. Street view of West-Kruiskade in Rotterdam.
2 von 3

01.04.22, 16:34
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3.3.3

Vaillantlaan, The Hague-Schildersbuurt

Figure 17 shows the space syntax analysis of the district of Schildersbuurt (also called Schilderswijk) in
The Hague. The Vaillantlaan (marked with a black dashed rectangle) is a main connection in the district
and largely occupied by car lanes. Unlike Rozengracht and West-Kruiskade in Amsterdam and Rotterdam,
respectively, Vaillantlaan does neither offer much retail nor gastronomy, but hosts mainly residential buildings
including many elderly residents. Figure 18 shows an impression of the street view of that street.

230 Vaillantlaan - Google Maps

https://www.google.de/maps/@52.0676869,4.3033037,3a,87.5y,320.7h,84.77t/data=!3m6!1e1...

Figure 17. Results of the space syntax analysis in The Hague-Schildersbuurt.

Figure 18. Street view of Vaillantlaan in The Hague.
2 von 3

01.04.22, 16:54
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3.3.4

Kanaalstraat, Utrecht-Lombok-Oost

Figure 19 shows the results of the space syntax analysis of the Lombok-Oost neighborhood in Utrecht. Even
though the street’s user frequency is shown as medium high (i.e., in orange), Kanaalstraat (Figure 19, marked
with a black dashed rectangle) was determined as a redesign street due to its central location in the neighborhood and the large number of retail and gastronomy. It lies centrally in the determined focus area with many
elderly residents (especially in the southern part of the neighborhood). Figure 20 shows an impression of the
street view of Kanaalstraat.

Kanaalstraat - Google Maps

https://www.google.de/maps/@52.091548,5.1029351,3a,75y,276.05h,85.14t/data=!3m6!1e1!3...

Figure 19. Results of the space syntax analysis in Utrecht-Lombok-Oost.

Figure 20. Street view of Kanaalstraat in Utrecht.
2 von 3

01.04.22, 17:01
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This chapter focuses on design interventions for mitigating the UHI in selected areas of the four largest
Dutch cities. Therefore, the first subchapter 4.1 Toolbox: Potential Interventions will present an overview of
potential interventions, which can be implemented to decrease the UHI effect. The second subchapter 4.2
Toolbox Application: Design Principles will present design principles (i.e., guidelines) on how the potential
interventions should be implemented into new redesigns (Figure 21; green parts). Following, in the subchapter
4.3 Retrofitting Streets in ARHU the design principles are applied to the assigned streets of ARHU from the
previous subchapter 3.3 Determination of PSR. Finally, in subchapter 4.4 Evaluation of the Impact on the UHI
Effect the quantification of the effectiveness of the interventions will be presented in order to give a rough
estimation for a potential change of the UHI effect for the respective public spaces (Figure 21; blue parts).

Figure 21. Flowchart of the fourth chapter’s structure.

4.1

Toolbox: Potential Interventions

This subchapter presents an overview of potential interventions, which can be used for the mitigation of the
UHI effect.

4.1.1

Vegetation

As vegetation has shown to have a major impact on the mitigation of the UHI effect, it is one of the main
solutions to improve the thermal comfort in urban areas (Arellano & Roca, 2018; Klok et al., 2012). According
to Klok et al. (2012), an increase of vegetation of 10% can lower the surface temperature by up to 1.3 °C.
Especially, the tree canopy plays here a major role and is decisive for an impact on the temperature (Arellano
& Roca, 2018). On one hand, the cooling effect of vegetation is achieved by evaporation and, on the other
hand, by the increase of shade. Specific elements of this category are trees, bushes, grass, and climbing
plants, which can be used for façade greenery or the greening of pergolas.

4.1.2

Water

Even though, water can have a cooling effect and therefore, a positive impact on heat stress, there can also be
an opposite effect: The analysis of meteorological measurements by Heusinkveld et al. (2014) in Rotterdam
showed that temperatures at the harbor were similar to the rural surroundings (i.e., no UHI effect), indicating
a cooling effect of the water. However, at night time – when the UHI effect is the most distinct – temperatures
of the harbor were similar to the urban center of the city, indicating a strong UHI effect.

4.1.3

Ventilation

According to Gross (2019), the ventilation of a city has a big impact on the UHI effect. Through enhanced ventilation, air temperature extremes can be decreased and therefore, the thermal comfort can be improved (with
another advantage of decreasing the concentration of air pollutants). Gross (2019) argues that enhancing
ventilation in urban areas is one of the major solutions to mitigate the UHI effect, and could be done via
planning breezeways or opening up spaces. These, however, would be rather big structural interventions of
the broader urban morphology, and therefore, not fully suitable for the retrofitting designs of particular public
space of this thesis.
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4.1.4

Albedo

As Klok et al. (2012), Wang & Akbari (2016) and Aram et al. (2019) state, an increased albedo can also have
a positive impact on the occurrence of the UHI effect. Thus, urban elements like façades, streets, and other
surfaces with a high albedos reflect more solar radiation instead of absorbing it. According to Wang & Akbari
(2016), an increase of the albedo of streets can also play a role for the safety as their visibility increases with
an increase of the albedo, which can have a positive effect on the visibility (and thus safety) at night or during
wet weather conditions. However, elements with a very high albedo could also decrease traffic safety due to
blinding. One effective way of increasing the albedo is simply by removing parts of the asphalt or sidewalks
and replace it with greenery, which has a higher albedo as well as promotes evaporation, which has a cooling
effect (Taha et al., 1988).

4.1.5

Miscellaneous

Furthermore, there are other interventions, which can have a positive aspect on the UHI mitigation. Constructions like heat shields and pergolas, for example, can create shade just like tree canopies. Especially, in areas
where the planting of trees might be difficult, e.g., due to occupancy of underground infrastructure like cables
and pipes, pergolas (possibly in combination with climbing plants) and heat shields can be an effective way
to create shade.

4.2

Toolbox Application: Design Principles

Design principles are guidelines on how the design solutions of the toolbox should be implemented into the
redesigns of the retrofitted public spaces. The first part of the design principles 4.2.1 Creating Free Space
aims on finding ways to create free space, which will eventually be used for the implementation of design
solutions (4.2.2 Implementing Design Solutions).

4.2.1

Creating Free Space

Creating free space has two goals: The first and main goal is to gain free space which can eventually be
used to implement design interventions. These design interventions would then help to mitigate the UHI
effect. For example, free space could be used in a next step to plant trees, which help cooling the area due to
evaporation and creating of shade. However, solely the creation of free space by removing ground surfaces
such as parking spaces (and thus, also parked cars), pavements or asphalt can already eliminate a potential
cause of the UHI effect. As following, three design principles are presented to effectively gain free space in
public streets.

Removal of 50% of car parking spaces
Decreasing the number of parking spaces is a significant step
towards creating space for the mitigation of the UHI effect. Cars
take up much space in cities and (parts of it) might be worth to
be sacrificed in order to reach the higher goal of mitigating the
UHI effect. To avoid a potential traffic chaos by taking all car
parking spaces, the design principles aim on a removal of 50%
of the car parking spaces. This fits well to the intention of many
Dutch cities as the city of Amsterdam, for example, is already
removing car parking spots to exchange them with bicycle lanes
and bicycle parking, sidewalks, and trees. Eventually, the city aims
on removing 11,200 parking spots until 2025 (Koops, 2019).
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Also, a strategic removal could help increasing acceptance of the residents as well as reducing the risk of
a severe shortage of parking spaces as people need to have the chance to adapt to the new situation. This
could follow the example of Copenhagen, where every year a small percentage of car parking spaces is being
removed (Garthwaite, 2011). Thus, an option for a strategic removal of the parking could be that each year
10% of the parking will be removed in the respective street. Furthermore, in respect of people who are more
dependent on individual car use such as disabled or elderly people, a certain percentage of the remaining
parking could be exclusive handicapped parking space.
•

Narrowing car lane widths
Reducing the width of car lanes can be an effective measure to
create available space for design implementations. In prospect
of an increase of autonomous driving and active transport modes
such as cycling in the future, the width of streets can be reduced
to a minimum. Furthermore, it is suggested that a narrowing of the
widths of car lanes can decrease the risk of accidents, and thus,
increase road safety as wide car lanes often give a false sense of
security and encourage speeding (Pokornya et al., 2020). Especially in urban areas, that ‘side effect’ might be another strong
reason for narrowing car lanes.
•

Merging traffic lanes
Reducing the number of car lanes is another method to make free
space available. For example, separated car and bicycle lanes
could be merged into bicycle streets where cars are permitted
subordinately, or separated lanes for trams and cars could be
merged where both share one lane. This, however, is dependent
on the traffic volume of the respective street as bicycle streets, for
example, would work mainly for smaller neighborhood streets/30
km/h zones with less car traffic rather than for bigger main roads
with higher traffic load and speed limits.

4.2.2

Implementing Design Solutions

With the application of the methods of the previous subchapter much free space can be gained to be used
for the implementation

30

4 DESIGN INTERVENTIONS

Increase vegetation
As discussed in 2.1.2 Potential Solutions, the increase of vegetation is one of the main solutions for the mitigation of the UHI
effect. Especially, the canopy of trees creating shade is very
effective for a cooling effect (Arellano & Roca, 2018). Therefore,
free space should be filled up with trees as well as other forms of
vegetation such as bushes or grass. As a design principle every
removed parking lot will accommodate one tree. Additional free
spaces such as medians between different traffic lanes, unused
parts of sidewalks, or space under train tracks should be greened
as well if they have no other functions like offering a possibility
for crossing.

Implement pergolas and heat shields
An effective way of increasing the canopy in spaces where
it might be not possible to plan trees (e.g., on sidewalks) are
pergolas and heat shields. These constructs can accommodate
climbing plants or awnings to block direct solar radiation. Those
should be implemented prioritized on northern sides of streets
in order to block solar radiation coming from the south. Furthermore, pergolas and heat shields can function (partly) as a rain
shelter depending on how permeable they are.

Implement green façades
Green façades are an effective intervention in order to increase
the vegetation and promote a cooling of adjacent public spaces.
Vegetation like climbing plants on the building façades protect
the façades from direct solar radiation and reduce the release of
the trapped heat during the night. Furthermore, the plants’ evaporation creates additional cooling.

4.3

Retrofitting Streets in ARHU

Following, the previous design principles with the design interventions are applied to the determined redesign
streets from the third chapter and give an idea on how the retrofitted areas could look like. For each street,
the current state and the redesign are presented. Please note that the measurements for the streets are taken
from Google Maps and might be not fully accurate. However, for the demonstration of the design interventions that will be accurate enough.
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4.3.1

Rozengracht, Amsterdam-Jordaan

Rozengracht in Amsterdam is currently a large street with four car and tram lanes, additional bike lanes,
car parking, and sidewalks (Figure 22). As merging the car and tram lanes could result in traffic jams and
decrease the attractivity of public transport, the initial lanes are kept in the redesign. However, in the redesign,
the tram lines are exclusively for the trams, and therefore, the asphalt is exchanged with a grass surface
(Figure 23). 50% of the parking lots are removed and exchanged with vegetation like trees, bushes, and grass.
The sidewalks on the northern side (here on the left side) have pergolas with climbing plants, and the façades
on this side are greened.

Figure 22. Cross section of Rozengracht, current situation.
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Figure 23. Cross section of Rozengracht, redesigned.
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4.3.2

West-Kruiskade, Rotterdam-Oude Westen

West-Kruiskade in Rotterdam has currently one large car and tram lane per direction, a bike lane, and a pedestrian way with some car parking spots (Figure 24). With 4.1 m width, it is too large for one tram or one car, but
two small for both next to each other. So, if car want to pass a tram, they have to use the cycling lane, which
can result in dangerous situations for cyclists. In the redesign the car and tram lanes are narrowed down from
4.1 m to 3.5 m, resulting and a common lane for cars and trams (Figure 25). Thus, with the won space (0.6 m)
the bicycle lane and the car parking lots (which are reduced by 50%) are moved to the inner side of the street,
which gives extra space to the sidewalk. This extra space of the sidewalk and the removed parking spots is
used to vegetation like trees, bushes, and grass. Furthermore, on the northern (here left) sidewalk pergolas
are implemented as well as green façades.

Figure 24. Cross section of West-Kruiskade, current situation.
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Figure 25. Cross section of West-Kruiskade, redesigned.
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4.3.3

Vaillantlaan, The Hague-Schildersbuurt

Vaillantlaan is a large district road in The Hague with two large car lanes per direction (each 3.4 m), separated
by a 1.2 m median (Figure 26). Additionally, there are many parking spots followed by a bike lane and a large
sidewalk of 4 m. In the redesign the car lanes are narrowed down from 3.4 m to 2.8 m, the sidewalk from 4 m
to 3 m (Figure 27). Furthermore, car parking spots are reduced by 50%. The median between the car lanes in
each direction is enlarged from 1.2 m to 3.6 m, and now giving enough space for a green area with additional
trees. The space, which is won by the reduction of the parking spots and the narrowing of the sidewalk, is also
used for further vegetation. On the northern (here left) sidewalk pergolas are implemented as well as green
façades.

Figure 26. Cross section of Vaillantlaan, current situation.

36

4 DESIGN INTERVENTIONS

Figure 27. Cross section of Vaillantlaan, redesigned.
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4.3.4

Kanaalstraat, Utrecht-Lombok-Oost

Kanaalstraat in Utrecht is a relatively small neighborhood street in a vibrant area with many shops. It consists
of a 4.4 m street for cars in two directions, additional bike lanes on each side as well as a sidewalk with some
parking spots (Figure 28). For the redesign, the car lanes and bicycle lanes are merged into a bike street,
where cars are still allowed (Figure 29). Thus, the whole space of the former bike lanes (each 1.4 m) is added
to the sidewalks, remaining car parking spots are moved towards the center of the street. The additional
space of the sidewalks as well as the former car parking spots are used for additional vegetation, namely
trees, bushes, and grass areas. Furthermore, on the northern (here left) sidewalk pergolas are implemented
as well as green façades.

Figure 28. Cross section of Kanaalstraat, current situation.

38

4 DESIGN INTERVENTIONS

Figure 29. Cross section of Kanaalstraat, redesigned.
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4.4

Evaluation of the Impact on the UHI Effect

In order to argue in favor of thermal retrofitting of the public spaces, it is important to be able to quantify the
impact of the solutions (Kleerkoper et al., 2012). One main problem here is that there are so many factors
having an impact on the urban heat, which makes it hard to have an accurate calculation. Every tree, every
bush, every parked car, etc. could influence the temperature of one location, same as the weather conditions
play a big role in that. Therefore, own studies about the effectiveness of urban heat measures for each public
space could and should be done to get an evaluation as precise as possible. However, it is still important to
quantify the data and show the impact in order to have an argument for policy makers – and if that actual
change will be 10% or 20% eventually might not be that important anyways as long as there is a verifiably
positive impact.

4.4.1

Toolbox Klimaatbestendige Stad (TKS)

The Toolbox Klimaatbestendige Stad (TKS) is a free online tool provided by the ‘Kennisportaal Klimaatadaptatie’ (Climate Adaptation Knowledge Portal), which is a Dutch platform for climate adaptation. With help
of the TKS users can simulate the implementation of different measures a city, neighborhood, or street, and
learn about the impact of those measures on different subjects, such as the effectivity (e.g., change of the
temperature), the costs, impacts on public health, and more. In the following, the calculated impacts of the
four retrofitted designs of 4.3 Retrofitting Streets in will be presented and give a rough idea of how the redesigns can positively influence the UHI effect.
For the calculation of the effectivity of the interventions the TKS measures the interventions’ effect in PET.
Therefore, the PET values are average values from 12:00 until 17:59 for a hot summer day (Brolsma, 2022).
The chosen project area is divided into a raster of 2x2 m2, and the differences between the local PET value
and the local minimal PET value is calculated. This difference is then multiplied with the expected reduction
factor for each intervention (see Appendix 1 for the expected reduction factors).

4.4.2

Impact on the Temperatures

After transferring the retrofitted designs into the TKS (as precise as it is possible), it calculated the change
of the PET due to these measures (see Appendix 2 for detailed results). Table 3 shows a potential reduction
of the temperature due to the retrofitting measures. The temperatures are presented as average PET values
from 12:00 until 17:59 for a hot summer day. ‘Current temperature’ shows the PET value for each location at
the current state. ‘New temperature’ shows the calculated PET value after the theoretical implementation of
the urban heat mitigating measures. ‘Temperature reduction’ shows the PET difference of the previous values,
i.e., the effectivity of the redesigns of 4.3 Retrofitting Streets in . Screenshots with the full data are presented
in Appendix 2.
Comparing the (current and new) PET values of the locations of Table 3 with the grades of physiologic stress
(Table 4), one can see that all locations are currently graded with ‘extreme heat stress’ and would improve the
grades to ‘strong heat stress’ (Amsterdam) or even ‘slightly heat stress’ (Rotterdam, The Hague, Utrecht). The
effect of the temperature reduction is classified in the TKS as follows:
•

Large effect (PET reduction of 5–15 °C)

•

Medium effect (PET reduction of 2–5 °C)

•

Limited effect (PET reduction of 0.5–2 °C)

•

No effect (PET reduction below 0.5 °C)

40

4 DESIGN INTERVENTIONS

With calculated temperature reductions between 6.18 °C and 9.44 °C, the effectiveness of all redesigns can
be classified as large. Even though, these calculations should be treated with caution as they are not fully
precise, they give a good idea on what could be possible with redesigning public space in order to mitigate
the UHI effect.
Table 3. Temperature reduction of the retrofitting measures.

Location

Current temperature

New temperature

Temperature reduction

Rozengracht, AMS

41.34 °C

35.16 °C

6.18 °C

West-Kruiskade, RTM

42.8 °C

33.36 °C

9.44 °C

Vaillantlaan, HAG

42.7 °C

34.28 °C

8.42 °C

Kanaalstraat, UTC

41.6 °C

33.35 °C

8.25 °C

Table 4. Index for thermal perception and physiological stress on humans.

PET (°C)

Thermal sensitivity

Grade of physiologic stress

Very cold

Extreme cold stress

Cold

Strong cold stress

cool

Moderate cold stress

Slightly cool

Slightly cold stress

Comfort

No thermal stress

Slightly warm

Slightly heat stress

warm

Moderate heat stress

Hot

Strong heat stress

Very hot

Extreme heat stress

4
8
13
18
23
29
35
41

4.4.3

Impacts on other Factors

The redesigns of the streets would not only have a positive impact on the UHI effect mitigation, but the implementation of those measures could also have positive effects on other factors such as storing CO2, reducing
consultation rates, and general increase of mental health due to increased vegetation (Cox et al., 2017).
Table 5 shows further benefits of the redesigns of the calculation with the TKS. Due to the implementation of
vegetation, additional CO2 could be stored, costs for consultation rates and absenteeism could be decreased,
and pollutants could be adsorbed. These figures, even though they might be rather approximate estimations,
show that the improving the thermal comfort of cities can have many further benefits.
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Table 5. Further side effects of UHI effect mitigating urban design interventions.

Location

Decreased costs

Decreased costs

Storage of CO2

due to decreased

by avoided

(kgCO2/dam2/year)

consultation rates

absenteeism

(€/year)

(€/year)

Adsorbing
pollutants
(%)

Rozengracht, AMS

0.72

7,800

38,000

12.72

West-Kruiskade, RTM

1.2

6,100

30,000

14.7

Vaillantlaan, HAG

0.5

7,400

36,000

4.65

Kanaalstraat, UTC

1.4

5,400

27,000

5.45
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This chapter discusses the findings of this research by answering the research sub-questions. Furthermore,
it presents ongoing debates as well as limitation of this work. The first three sections of this chapter correspond to the research sub-questions. Each section will answer one sub-question as well as its respective
subordinate questions. In a fourth section of this chapter further relevant points will be discussed, followed
by limitations of this work as a fifth part.

5.1

Which public spaces in the Netherlands have the highest priority for being redesigned
regarding UHI mitigation?

This first section of the method of this thesis was about determining which public space has the highest
priority of being redesigned. Therefore, the highest priority was interpreted as public space with a high vulnerability regarding urban heat. That includes three parts, corresponding to the three subordinate questions,
which were determined through data analysis with GIS and a space syntax analysis. The first part looks at
which public spaces have the highest UHI effect, which could be determined through official UHI maps of
the whole country provided by RIVM. Unsurprisingly, the highest UHI effect intensity was found in big cities,
and there, predominantly near the city centers and in areas with large built-up spaces, and lack of vegetation
and parks. The second part (i.e., the second subordinate question) looked at the highest numbers of elderly
residents within the case cities of ARHU. With help of the data of CBS and use of a quantile analysis, it could
be determined which areas have the highest numbers of elderlies, which then were filtered by the top 20% for
each city. The third and last part of these research sub-questions looked at the expected pedestrian volumes
in order to determine public spaces with high numbers of pedestrians (i.e., potentially affected people by
urban heat stress). Therefore, an angular choice analysis based on the space syntax theory was conducted
and pedestrian movements around the determined focus areas were simulated.
For answering the research sub-question, the outcomes of the three parts were combined, and thus, the most
vulnerable areas were defined. The public spaces with a high UHI intensity, a large population of elderlies,
and high expected pedestrian volumes are the most vulnerable areas, and thus, have the highest priority of
being redesigned regarding UHI mitigation. In the cases of ARHU the public spaces with the highest prioritization are Rozengracht (Amsterdam), West-Kruiskade (Rotterdam), Vaillantlaan (The Hague), and Kanaalstraat
(Utrecht). With this method, however, more areas with a high prioritization could be found in those cities as
well as in other cities in the Netherlands.

5.2

What are potential urban design solutions for reducing the UHI effect?

The second research sub-question of this thesis is about which urban design and planning solutions can
be implemented for the mitigation of the UHI effect. In order to answer that sub-question, there are two
subordinate questions to be answered before. The first question is about which urban characteristics and
elements actually increase the UHI effect. Answering this question helps to understand the occurrence of the
UHI effect as the absence of the UHI can be seen as the actual norm (as there is no UHI effect in natural rural/
undeveloped areas). Urban elements and characteristics which are relevant for research on the UHI effect
can be categorized into elements which increase the UHI effect and elements which decrease the UHI effect.
The contrary of those categories can eventually answer the research sub-question. Aram et al. (2019) stated
that the main causes of the UHI effect are lack of vegetation and waterbodies, lack of ventilation, and low
albedo (i.e., reflectivity) of materials. So, consequently, the increase of vegetation, waterbodies, vegetation,
and albedo are potential solutions, simply by tackling the causes of the problem. Especially, the increase of
vegetation has been proven to be one of the most effective solutions for the UHI effect mitigation (Aram et al.,
2019; Heusinkveld et al., 2014; Klok et al., 2012; Rafiee et al., 2016; Wang & Akbari, 2016; Wang et al., 2016).
Possible solutions with vegetation could be trees, bushes, grass, and façade greenery, whereas especially
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the canopy of trees (i.e., the creation of shade) has a positive effect of the UHI effect mitigation. Also, other
elements which create shade are effective solutions such as heat shields and pergolas (Hogeschool van
Amsterdam / KuiperCompagnons, 2020).
In consideration of limited space in cities, the question occurred of how potential solutions can be implemented. Therefore, the fourth chapter of this thesis aimed on answering that, divided into the two parts:
Creating free space and implementing design solutions. The first part aims on the creation of free space,
which consists of a removal of 50% of the parking spaces, narrowing wide lanes, and merging different traffic
lanes. In that way, the limited space of a public space can be newly distributed and free space can be ‘won’. In
the second step, this free space can be allocated to the design implementations such as open green spaces
including trees and other vegetation.

5.3

What is the effectiveness of the urban design solutions and how can it be measured
and evaluated?

The last research sub-question is about the quantification of the potential measures. As Kleerekoper et al.
(2012) mentioned, it is important for planners and policy makers to have a certain freedom in the application
of UHI mitigating measures, but still it is important to be able to measure the outcomes in a way to have some
sort of quantification. The main factor for the effectiveness is the difference of the PET before and after the
redesign as the high temperature is what is causing the UHI effect and eventually the problematic heat stress.
Answering the question of how this effectiveness, i.e., the PET difference, can be measured, can be very
complex as many factors play a role and the effect of a design element cannot be clearly defined. However,
there are software solutions, which can calculate the approximate effectiveness, and thus, the PET difference
of such implementations. For this thesis, the free online platform ‘Toolbox Klimaatbestendige Stad’ (TKS)
was used, which calculated the temperature differences for the different redesigns. The outcomes of these
calculations for ARHU were between 6.18 °C and 9.44 °C. West-Kruiskade in Rotterdam had the biggest difference (9.44 °C) by decreasing the PET from 42.8 °C to 33.36 °C. That equals a jump of two levels on the index
for thermal perception and physiological stress on humans (Table 4) from ‘extreme heat stress’ to ‘moderate
heat stress’, which would reduce the risk and the negative consequences of urban heat stress enormously.

5.4

Further Discussion

Besides the research sub-questions, there are more relevant aspects to be addressed. Firstly, it is relevant
to look at who could potentially benefit from the UHI mitigation of certain public spaces and who could be
disadvantaged. Potentially benefited could be basically any user of the respective public space during hot
days. Especially for people who belong to the vulnerable groups the risk for serious heat stress could be
decrease with the implementation of the measures. Furthermore, an improved thermal comfort could make
public spaces more vibrant with positive effects on safety and an increase of potential customers for local
businesses. Also, it is important to look at the side effects of the implementations. The presence of plants,
for example, has many positive effects on the psyche of humans such as reducing blood pressure and stress
and the increase of general well-being (Lewis, 1995).
Disadvantaged could be users of the public spaces of other transport modes, especially car drivers. The
local temperature of a public space might have little influence on a person in a car driving through the area, a
possible reduction of car lanes and parking spots, otherwise, could be a disadvantage for car users. However,
as Dutch cities like Amsterdam already aim on reducing car parking spots in order to use the space alternatively and to promote other forms of transport, that aspect seems to be neglectable (Koops, 2019).
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5.5

Limitations

This section will discuss different limitations which occurred during the research or may potentially occur in
the further work with the outcomes of this thesis.
Locations of vulnerable areas might shift
One limitation of the method, specifically the determination of the focus areas, is that the locations of the
most vulnerable areas might shift. Hence, the areas with the strongest UHI effect might change over time,
for example, due to building projects. In that way, areas with a strong UHI effect might become less affected,
others might become more affected over time. The same applies to the elderly population: A high elderly
population of one area might decline over time, in other areas the population might become older over time
– maybe just by the natural aging process of the residents. Even though, this might be a relevant limitation to
be considered, the fact that not only the most vulnerable persons are affected by heat stress but potentially
everyone, shows that the UHI mitigation of any area can have a positive effect.
Expected pedestrian volumes are simulated
The calculation of the expected pedestrian volume is calculated based on a simulation of the street network
through the space syntax analysis. This results in a limited accuracy of the actual situation and just gives a
rough idea of it. With help of analyzing anonymous phone location data (as, for example, used to traffic jam
analysis in Google Maps) more accurate data could be used for the expected pedestrian volumes, and thus,
could result in a more precise determination of PSR.
Imprecise evaluation with TKS
The used evaluation with TKS gives a rough indication on the potential of the UHI mitigating measures.
However, the online tool is rather limited when it comes to the precise transfer of the public space designs.
Besides the fact that it is generally difficult to calculate an exact temperature reduction of the measures as
it is dependent on many different factors, for a more precise evaluation it might be necessary to do further
complex analyses of the potential effectiveness for each redesign. The use of the TKS in this thesis, however,
helped to get a general understanding of the potential of the implementations.
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6.1

Main Conclusion

The main aim of this thesis was to create a method for identifying vulnerable public space in the Netherlands, which should be redesigned regarding UHI effect mitigation with priority. The definition of vulnerable
public space consists of a high UHI effect, a large number of elderly residents, and high expected pedestrian
volumes. Furthermore, the aim was to offer potential solutions in the form of cross section designs for the
identified public spaces to be redesigned, and the evaluation of the impact of those. This part will present the
main conclusion of the following main research question.
How can the UHI effect in public spaces in the Netherlands be mitigated in respect of different characteristics,
which include urban heat intensity, the number of elderly residents, and expected pedestrian volumes of the
respective public space?
For the effective mitigation of the UHI effect in public spaces in the Netherlands, it makes sense to create
a prioritization for particularly vulnerable public spaces to be approached first. A prioritization is necessary
since not all public spaces can be redesigned at the same time due to financial, logistical, and other factors.
This method of identifying public spaces with the highest vulnerability (i.e., highest prioritization) is to first
analyze the UHI effect intensity, which creates the base of the method. With the help of GIS, UHI data is
analyzed regarding literal hotspots. Thus, the areas with the top 25% UHI effect area filtered, which excludes
areas with a lower UHI effect, i.e., less thermal comfort issues. In a second step, areas with high numbers (i.e.,
the top 20% per city) of elderly residents is analyzed. The combination of these two parts creates focus areas,
which have a strong UHI effect and a large number of elderly (thus, potentially heat vulnerable) residents.
After the identification of these focus areas, a space syntax analysis in these areas and their surroundings
simulate pedestrian movements, and thus, gives information about expected pedestrian volumes of the
street network. Hence, the streets with the highest expected pedestrian volumes within (or near) the focus
areas area eventually determined as public spaces to be redesigned (PSR).
After the identification of the PSR, designs for the public spaces need to be made. Potential solutions for
the UHI mitigation consist mainly of increasing vegetation and especially tree canopy as well as increasing
waterbodies, ventilation, and albedo. On a small-scale street level especially the increase of vegetation is a
main solution, while ventilation, for example, is mainly to be considered on a larger scale considering the city
morphology. The guidelines of chapter 4.2 help to determine which parts of a public space can be altered in
order to gain space for the implementation of the UHI mitigating solutions. The proposed designs of chapter
4.3 showed that in all four cases free space could be gained and different solutions such as increased tree
canopy and vegetation in general as well as façade greenery or pergolas could be implemented. The evaluation of the proposed designs that followed (chapter 4.4) showed that the PET in the areas could be reduced
by 6.18 to 9.44 °C through the implementation of the redesigns.
So, in conclusion, the UHI effect in public spaces in the Netherlands can be effectively mitigated by creating
a prioritization based on the identification of particular vulnerable public space in combination with expected
pedestrian volumes. Predefined design principles help to facilitate the application of potential urban heat
mitigating solutions for urban planners and designers while still giving enough freedom for detailed designs
and adjustments for the individual location-based designs. Eventually, with software solutions like the TKS
the effectiveness of the redesigns can be evaluated, which can help policymakers and planners to reinforce
the mitigation of the UHI effect through redesigning public spaces.
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6.2

Scientific Recommendations

As discussed earlier in chapter 1.3 Problem Statement, there are some aspects which are widely neglected
in current research about the mitigation of UHI effect, and therefore, are recommended for further scientific
research. Firstly, it is helpful to include expected pedestrian volumes in the research, which helps to identify
public spaces with many (potentially affected) users. In further research, it could be worth to look into alternatives to the space syntax analysis, which simulates the outcome based on the street network. Another
method for the analysis of expected pedestrian volumes – e.g., by using anonymous phone location data
– could potentially specify the outcome and give more precise predictions of the pedestrian volumes. Further
research could, therefore, look into alternatives and implement those into this method.
Another scientific recommendation is to include more demographic data in the determination of PSR besides
the number of elderly residents as elderly people are not the only vulnerable group regarding urban heat
stress. Also, young children, people who work outside, people living in poor housing conditions, and people
with disabilities, chronic diseases, and other health constraints are more vulnerable. Hence, it would be
recommended to do further research on the determination of heat stress vulnerable demographics to have
more aspects in the definition of ‘vulnerable public space’.
As recommended by Kleerekoper et al. (2012), design guidelines should be created, which give policy makers
and urban planners a clear direction, but still enough freedom for site-related adjustments. Such basic guidelines were presented in chapter 4.2 Toolbox Application: Design Principles, but it would be recommended to
further research on more detailed guidelines for a smooth application of the measures. Thus, further research
could have a main focus on creating such design guidelines.

6.3

Societal Recommendations

With the findings of this thesis, professionals like policy makers and urban planners and designers can apply
the method to determine public spaces with high vulnerability and eventually mitigate the UHI effect in those
most vulnerable areas. Most affected areas (and residents) can be identified, and prioritization can be created
based on level of vulnerability. The presented interventions and design principles help at the application, and
still give enough freedom for site-specific adjustments. In that way, the UHI effect of cities could be mitigated
with positive effects on the residents’ health, the general quality of life, and the energy consumption.
Nevertheless, this method – and generally the UHI mitigation on street-scale – is just one of several steps
to be taken for improving the thermal comfort of our cities. Furthermore, laws could influence how cities are
built regarding UHI mitigation, for example, by obligating a high albedo or greening of building façades. Also,
a city’s morphology needs to be considered when it comes to urban heat as the alignment of buildings and
streets can have a large impact on the ventilation, and thus, on the UHI effect.
Another important factor might be the education on the UHI effect and its mitigation of the residents. Many
people who professionally have nothing to do with urban heat stress might not be aware of the problem
and potential problem-solving approaches. On-site education on hot days could be one solution for that. An
increase of the awareness could eventually lead to a higher acceptance of the solutions – for example when
car parking is reduced in favor of UHI mitigating solutions. Also, a heat warning system (such as emergency
alerts on the phone) could increase awareness of urban heat. Also, route planners such as Google Maps
could offer features for alternative routes during hot days which choose routes by thermal comfort.
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It is relevant for professionals as well as for all other residents to be aware of the diverse advantages of many
of the UHI mitigating solutions as increasing vegetation and decreasing pavements, for example, will not only
help to mitigate the UHI effect, but would also have a positive impact, for example, by reducing stress and
increase general well-being as well as decreasing costs for absenteeism or consultation rates. The following
ironical paraphrase of Marc-Uwe Kling (2018, p. 70) illustrates this relevance of the side effects:

Yes, we could take action against climate change now, but if in 50 years’ time, we found out that all those
scientists were mistaken and there was no global warming, we would have, for no reason, made sure
that our rivers are no longer toxic, our cars no longer make any noise or stink, and that we are no longer
dependent on dictators and their oil reserves. Imagine how upset we would be.

50

BIBLIOGRAPHY
Adhikari, S. (2018, March 06). Urban Heat Island, Its Effects and Mitigation Measures. Retrieved from Public
Health Notes: https://www.publichealthnotes.com/urban-heat-island-effects-mitigation-measures/
Aram, F., García, E., Solgi, E., & Mansournia, S. (2019, April). Urban green space cooling effect in cities. Heliyon,
pp. 2-3.
Arellano, B., & Roca, J. (2018). Can urban design mitigate the UHI effect? SPIE Remote Sensing Conference,
1-16.
Biennial of Public Space. (2013). Charter of Public Space. Rome.
Brolsma, R. (2022, May 16). Description of urban heat stress calculation. Retrieved from Climate Resilient City
Tool: https://publicwiki.deltares.nl/display/AST/Urban+heat+stress
Colaninno, N., & Morello, E. (2019). Modelling the impact of green solutions upon the urban heat island
phenomenon by means of satellite data. Journal of Physics: Conference Series 1343 012010, pp. 1-6.
Cox, D. T., Shanahan, D. F., Hudson, H. L., Plummer, K. E., Siriwardena, G. M., Fuller, R. A., . . . Gaston, K. J. (2017,
January 13). Doses of Neighborhood Nature: The Benefits for Mental Health of Living with Nature.
BioScience, Volume 67, Issue 2, pp. 147–155.
Dimoudi, A., Kantzioura, A., Zoras, S., Pallas, C., & Kosmopoulos, P. (2013, April). Investigation of urban microclimate parameters in an urban center. Energy and Buildings 64, pp. 1-9.
EPA. (2021, September 15). Heat Island Impacts. Retrieved from Environmental Protection Agency: https://
www.epa.gov/heatislands/heat-island-impacts
Filho, W. L., Icaza, L. E., Neht, A., Klavins, M., & Morgan, E. A. (2018). Coping with the impacts of urban heat
islands. A literature based study on understanding urban heat vulnerability and the need for resilience in cities in a global climate change context. Journal of Cleaner Production 171, pp. 1140-1149.
Fouillet, A., Rey, G., Laurent, F., Pavillon, G., Bellec, S., Guihenneuc-Jouyaux, C., . . . Hémon, D. (2006, March 08).
Excess mortality related to the August 2003 heat wave in France. Retrieved from Springer: https://link.
springer.com/article/10.1007/s00420-006-0089-4#Fig1
Foundation myclimate. (2021). What are the effects of climate change and global warming? Retrieved from
myclimate.org:

https://www.myclimate.org/information/faq/faq-detail/what-are-the-effects-of-cli-

mate-change/
Garthwaite, J. (2011, July 14). To Curb Driving, Cities Cut Down on Car Parking. Retrieved from National
Geographic:

https://www.nationalgeographic.com/history/article/110713-cutting-down-on-city-

parking
Gross, G. (2019). On the self-ventilation of an urban heat island. Meteorol. Z. (Contrib. Atm. Sci.), Vol. 28, No.
1, 87–92.
Höppe, P. (1999, May 26). The physiological equivalent temperature – a universal index for the biometeorological assessment of the thermal environment. Int J Biometeorol (1999) 43, pp. 71–75.
Hendel, M., Gutierrez, P., Colombert, M., Diab, Y., & Royon, L. (2016). Measuring the effects of urban heat island
mitigation techniques in the field: Application to the case of pavement- watering in Paris. Urban
Climate 16, pp. 43–58.
Heusinkveld, B., Steeneveld, G., van Hove, L., Jacobs, C., & Holtslag, A. (2014). Spatial variability of the
Rotterdam urban heat island as influenced by urban land use. Journal of Geophysical Research Atmospheres, 677-692.
Hillier, B., Turner, A., Yang, T., & Park, H.-T. (2007). Proceedings, 6 th International Space Syntax Symposium,
İstanbul, 2007 METRIC AND TOPO-GEOMETRIC PROPERTIES OF URBAN STREET NETWORKS: some
convergences, divergences and new results. 6th International Space Syntax Symposium, (pp. 1-22).

51

Istanbul.
Hogeschool van Amsterdam / KuiperCompagnons. (2020). De hittebestendige stad: COOLKIT – Toolkit voor
ontwerpers van de buitenruimte. Amsterdam/Rotterdam.
Kleerekoper, L., van Esch, M., & Salcedo, T. (2012). How to make a city climate-proof, addressing the urban
heat island effect. Resources, Conservation and Recycling 64, 30-38.
Kling, M.-U. (2018). Die Känguru-Apokryphen. In M.-U. Kling, Die Känguru-Apokryphen (p. 70). Berlin: Ullstein
Buchverlage GmbH.
Klok, L., Zwart, S., Verhagen, H., & Mauri, E. (2012). The surface heat island of Rotterdam and its relationship
with urban surface characteristics. Resources Conservation and Recycling, 1-7.
Koops, R. (2019, March 28). Ruim 10.000 parkeerplaatsen verdwijnen voor 2025. Retrieved from Het
Parool:

https://www.parool.nl/amsterdam/ruim-10-000-parkeerplaatsen-verdwijnen-voor-

2025~b8496335/?utm_source=twitter&utm_medium=social&utm_campaign=shared%20
content&utm_content=free&referrer=https://www.bloomberg.com/news/articles/2019-03-29/
amsterdam-s-plan-toLewis, C. (1995). HUMAN HEALTH AND WELL-BEING: THE PSYCHOLOGICAL, PHYSIOLOGICAL, AND SOCIOLOGICAL EFFECTS OF PLANTS ON PEOPLE. Acta Hortic. 391, pp. 31-40.
Mitchell, D., & Staeheli, L. A. (2009). Public Space. International Encyclopedia of Human Geography, 511-516.
Onishi, A., Cao, X., Ito, T., Shi, F., & Imura, H. (2010). Evaluating the potential for urban heat-island mitigation by
greening parking lots. Urban Forestry & Urban Greening 9, pp. 323-332.
Pokornya, P., Jensen, J. K., Gross, F., & Pitera, K. (2020, September). Safety effects of traffic lane and shoulder
widths on two-lane undivided rural roads: A matched case-control study from Norway. Accident Analysis & Prevention, Volume 144, pp. 1-11.
Project for Public Spaces. (2007). What Is Placemaking? Retrieved from pps.org: https://www.pps.org/article/
what-is-placemaking
Rafiee, A., Dias, E., & Koomen, E. (2016). Local impact of tree volume on nocturnal urban heat island: A case
study in Amsterdam. Urban Forestry & Urban Greening 16, pp. 50-61.
RIVM. (2021, March 24). Stedelijk hitte-eiland effect (UHI). Retrieved from Atlas Leefomgeving: https://www.
atlasleefomgeving.nl/stedelijk-hitte-eiland-effect-uhi
Royal Meteorological Society. (2021). Urban Heat Island Information. Retrieved from MetLink: https://www.
metlink.org/fieldwork-resource/urban-heat-island-introduction/
Taha, H., Akbari, H., Rosenfeld, A., & Huang, J. (1988). Residential cooling loads and the urban heat island—the
effects of albedo. Building and Environment Volume 23, Issue 4, 271-283.
UN. (2021, August 9). IPCC report: ‘Code red’ for human driven global heating, warns UN chief. Retrieved from
UN News: https://news.un.org/en/story/2021/08/1097362
United Nations. (2018). World Urbanization Prospects: The 2018 Revision. Department of Economic and Social
Affairs, Population Division . Retrieved from https://population.un.org/wup/Country-Profiles/
Van der Hoeven, F., & Wandl, A. (2015). Amsterwarm: Mapping the landuse, health and energy-efficiency implications of the Amsterdam urban heat island. Building Serv. Eng. Res. Technol. Vol. 36(1), pp. 67-88.
Van Nes, A., & Yamu, C. (2021). Introduction to Space Syntax in Urban Studies. Cham, Switzerland: Springer.
Van Nes, A., Mashhoodi, B., & Berghauser Pont, M. (2012). Combination of Space syntax with spacematrix
and the mixed use index: The Rotterdam South test case. Anesthesiology, 1-29.
Wang, Y., & Akbari, H. (2016). Analysis of urban heat island phenomenon and mitigation solutions evaluation
for Montreal. Sustainable Cities and Society 26, pp. 438-446.
Wang, Y., Berardi, U., & Akbari, H. (2016). Comparing the effects of urban heat island mitigation strategies for
Toronto, Canada. Energy and Buildings 114, pp. 2-19.

52

APPENDIX
Appendix 1: Classification of heat reduction in the TKS
ID

Adaptation Interventions

PET reduction (%)

3

Adding trees in streetscape

75

72

Bioretention cell

10

6

Bioswales (with drainage)

10

88

Building as levee

0

62

Cool building materials

10

8

Cooling with water elements: ponds

10

19

Create extra surface water (m2)

10

80

Creating shadow

75

10

Deep groundwater infiltration

0

11

Ditch and swales

10

20

Drainage-Infiltration-Transport (DIT) drains

0

84

Drought resistant species

0

15

Extensive green roof

10

12

Extra intensive green roof

10

13

Floating puri-plants (floatlands)

10

7

Fountains, waterfalls, water facades

25

82

Gravel layer

0

14

Green facades

10

16

Green roofs

10

42

Green roofs with drainage delay

10

51

Improve soil infiltration capacity

0

33

Infiltration boxes

0

22

Infiltration field and strips with surface storage

10

23

Infiltration trenche

10

24

Infiltration shafts

0

81

Levees

0

45

Lower streets

0

92

Lowering of terrace

0

93

Lowering part of garden

0

90

Permeable pavement (storage)

0

26

Permeable pavement systems (infiltration)

0

27

Private green garden

25

87

Quay

0

29

Rain barrels

0

95

Rain gardens

10

71

Rainwater detention pond (wet pond)

10

30

Rainwater storage below buildings

0

91

Remove pavement to plant green

10

31

Retention soil filter

0

83

Small quay

0

57

Smart irrigation measures

0

32

Storage by creating extra freeboard

0

46

Storage tank or underground water storage

0

35

Surface drains

0

37

Systems for rainwater harvesting

0

89

Temporary levee

0

39

Urban agriculture

10

25

Urban forest

75

94

Urban parks

75

4

Urban wetland

25

53

Use of groundwater (aquifer storage and recovery)

0

40

Water roof

10

41

Water square

0

61

Wetting surfaces (of gardens, roofs, roads)

25

Source: https://publicwiki.deltares.nl/display/AST/Urban+heat+stress
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Appendix 2: Outcomes of the TKS for ARHU
Amsterdam:

54

Rotterdam:

55

The Hague:

56

Utrecht:

Source: https://kbstoolbox.nl/en/
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