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Abstract

The number of people living in urban areas is expected to increase all over the world. In Europe
and the Netherlands, densification strategies have been widely promoted as a development
strategy for cities, following the Compact City concept. However, dense cities could be more
vulnerable to the effects of climate change, such as increased temperatures and heatwaves. If high
temperatures negatively affect the human body, this can be called heat stress, especially for
vulnerable groups of people heat stress could contribute to morbidity and mortality. The elderly and
people with a low-income were identified as groups who were more vulnerable to climatic hazard.
This research aims to assess how densification strategies in the city of Utrecht will affect heat stress
in the future. A model was created to estimate future temperature after densification. Industrial
areas and buildings appeared to amplify the Land Surface Temperature (LST), whereas water,
green space and the distance to the city centre were indicators which had a cooling effect. This
research illustrates that it is important for urban planners who are concerned with densification to
understand that tackling heat stress is not only about reducing the temperature. It is also about
taking into account areas with high concentrations of vulnerable people, as these areas are more
prone to heat stress.

Keywords: Compact City, densification strategies, heat stress, climatic hazard, vulnerable
inhabitants



Summary

It is expected that by 2050 85% of all European inhabitants will live in urban areas. This is true for
The Netherlands as well, wherein the coming decades most of the new dwellings will be created
within urban areas. This makes cities more vulnerable to the consequences of climate change,
such as high temperatures and more frequent heatwaves. Because of the Urban Heat Island (UHI)
effect, cities will warm up even more, which could lead to negative health effects for humans, also
called heat stress.

For decades, densification has been promoted as a development strategy both in Europe and the
Netherlands, in accordance with the Compact City concept. This concept is often described as a
sustainable concept for the growth of cities because it makes cities more efficient and it preserves
natural area at the edge of the city. However, it implies challenges as well, densification leads to
space becoming even more scarce, and the city getting less adaptable to future increases in
temperature, thus potentially amplifying the UHI.

The goal of this research is to assess how densification strategies in a city will affect the heat stress
in the future. Utrecht is chosen as a case area, as it is going to experience a lot of densification in
the coming years, therefore, a good estimation can be made of how the city will change because
of densification, and what the strategies are. In this research, it is examined how landscape
characteristics influence the UHI, which is hereafter used for assessing heat stress in the city. Heat
stress is defined as the phenomenon when heat negatively affects the human body, leading to an
increase of heat-related morbidity and mortality. This is especially the case for vulnerable groups
of inhabitants, which are in this research defined as the elderly (65+) and people with a relatively
low income.

From interviews and documents from the municipality of Utrecht, it appeared that for different
reasons, which could be related to the Compact City concept, a lot of densification will take place
in the coming years. In the strategies, the changing climate is taken into account, especially by
implementing green spaces. However, when heat stress was mentioned, it was mainly about
reducing the temperature, and to a much lesser extent about taking care of vulnerable inhabitants
who are more affected by heat.

For estimating the temperature in Utrecht in 2025, after densification has taken place, a regression
model was created to assess the role of certain landscape characteristics (computed through a
GIS software) on temperature. From the results, it appeared that increasing buildings and industrial
areas amplify the temperature, whereas more green, water and a longer distance to the city centre
have a cooling effect. The hottest areas were found in and around industrial areas and in the city
centre. When looking at temperature, different potentially favourable densification strategies were
identified. These included densification on former industrial areas, densification on locations further
from the city centre and by densifying with higher buildings so that on the ground space for cooling
elements such as green and water is preserved.

This research highlights that densification strategies should be designed considering not just the
potential rise in temperature due to changed landscape characteristics, but also the influence of
densification on the concentration of vulnerable inhabitants. This means identifying areas where
densities are already relatively high as well as areas where a relatively high share of vulnerable
people live, and making sure that densification interventions do not end up combining high
concentrations of vulnerable people and climatic hazard, thus amplifying the heat stress risk.



Samenvatting

In 2050 zal de totale Europese bevolking die in steden woont gestegen zijn tot 85%. Ook in
Nederland is dit merkbaar, de komende decennia zal het grootste gedeelte van de nieuwe
woningen in steden worden gebouwd. Dit maakt steden extra kwetsbaar voor de gevolgen van
klimaatverandering, zoals hogere temperaturen en meer frequente hittegolven. Door het Urban
Heat Island (UHI) effect, zullen steden extra opwarmen, wat kan leiden tot negatieve
gezondheidsgevolgen voor de mens, ook wel hittestress genoemd.

Al decennia lang wordt in Europa en in Nederland gestimuleerd om bevolkingsgroei op te vangen
door middel van verdichting, dit is in overeenstemming met het Compact City concept. Dit concept
wordt beschreven als duurzaam, onder andere omdat het steden efficiénter maakt en natuurlijke
gebieden aan de randen van de stad behouden blijven. Maar verdichting leidt er ook toe dat ruimte
binnen de stadsgrenzen schaarser is en er minder ruimte is om klimaatadaptatief in te richten.

Het doel van dit onderzoek is om te beoordelen hoe strategieén van verdichting zullen bijdragen
aan het versterken van hittestress in de toekomst. Utrecht is gekozen als onderzoeksgebied. Eén
van de belangrijkste redenen is dat Utrecht in de komende jaren veel gaat verdichten. Hierdoor kan
er een goede inschatting worden gemaakt van hoe de stad gaat veranderen door verdichting en
wat de strategieén daarbij zijn. Voor dit onderzoek is er gekeken naar verschillende
landschapskarakteristieken die invloed hebben op het UHI. Vervolgens onderzocht of hittestress
toeneemt, hierbij is hittestress gedefinieerd als het fenomeen wanneer hitte een negatief effect
heeft op het menselijk lichaam en daarbij leidt tot een toename van hitte gerelateerde morbiditeit
en mortaliteit. Dit is vooral het geval bij kwetsbare bevolkingsgroepen, in dit onderzoek wordt om
hittestress te bepalen gekeken naar ouderen (65+) en mensen met een relatief laag inkomen.

Uit interviews en documenten van de Gemeente Utrecht bleek dat er om verschillende redenen,
die aansluiten bij het idee van de Compact City, veel wordt verdicht in de komende jaren. Hierbij
wordt ook rekening gehouden met het veranderende klimaat, vooral door het toevoegen van groen.
Wel werd als het over het verminderen van hittestress ging, vooral besproken dat de temperatuur
moest worden verlaagd door bijvoorbeeld groen toe te voegen. In mindere maten werd er
gesproken over kwetsbare bevolkingsgroepen die er hinder aan kunnen ondervinden, dat terwijl
de kwetsbaarheid van bepaalde bevolkingsgroepen een belangrijke indicator van hittestress is.

Voor het schatten van de temperatuur in Utrecht na verdichting is een regressie model gecreéerd.
Aan de hand van dit model kan op basis van landschapskarakteristieken de temperatuur worden
geschat (met GIS software). Uit de resultaten bleek dat gebouwen en industriegebieden het UHI
versterken, en dat meer groen, water en een langere hemelsbrede afstand tot het stadscentrum
verkoelend werken. De warmste gebieden werden gevonden in en rondom industriegebieden en
het centrum. In relatie tot temperatuur werden verschillende potentieel succesvolle verdichting
strategieén geidentificeerd. Dit zijn verdichten op voormalige industriegebieden, verdichten op
plekken verder van het centrum en verdichten door de hoogte in te gaan om zo op de grond meer
ruimte te behouden voor verkoelende elementen zoals groen en water.

Dit onderzoek toont aan dat bij verdichting strategieén niet alleen gekeken moet worden naar de
potentiele toename van temperatuur door veranderde landschapskarakteristieken, maar ook naar
de invloed van verdichting op de ruimtelijke concentratie kwetsbare bevolking. Hiervoor is het
belangrijk dat locaties waar populatiedichtheden al relatief hoog zijn en locaties waar de
concentratie kwetsbare bevolking al hoog is geidentificeerd worden, zodat verdichtingsinterventies
er niet toe leiden dat er hoge concentraties kwetsbare bevolking ontstaan op locaties waar het erg
warm kan worden, en hiermee de kans op hittestress vergroten
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Preface

Urbanization and the challenges arising with climate change have always interested me. That is
also why, after | finished my Bachelor of Spatial Planning, | started the Master of Urban
Environmental Management. In this Master program, the focus was more on climate adaptation
and the urban area and less on ambiguous theories without relevant conclusions as was the case
in my Bachelor. Still, | have always kept my soft spot for spatial planning. This thesis allowed me
to combine my love for spatial planning with the more pragmatic content of urban environmental
management. This research included everything | liked from my five years of my Bachelor and
Master study; from including planning theories (with relevant conclusions), to implementing GIS
and statistical knowledge and drawing conclusions on climate adaptation and urbanization
phenomena. In the past, | worked on a project on densification during the Ma s t atelisr,6but in
this research, it was very interesting to dive further into the subject and learn more on what the
actual influence of densification is on the climate in the city and subsequently heat stress.

Writing a thesis during the COVID-19 pandemic was quite strange. | was not able to play hockey,
which is my biggest hobby, the weekends did not really feel like weekends as the bars were closed
and nothing special happened, and because | was not allowed to work in the thesis room from
March to June | had to do most of the work (including GIS calculations) on my very slow laptop with
studentish internet connection. Still, it all went relatively smooth: the thesis work went on, in running
| extensively rediscovered my next best hobby, in the weekends | came up with the most creative
plans with my friends to still drink a beer, and working on my laptop appeared not to be that bad
after all. Il 6m happy that my thesis gave mee
to this terrible virus.

This final result would have not been possible without the help of different people. | am very grateful
to the people which | interviewed, | would like them for their time and useful insights during this
intense period for regional and local governments. | also want to thank my supervisor during this
Master thesis, Francesco Orsi, who helped me to give form to my vague ideas to create a very
interesting research, and also majorly contributed to expanding my knowledge on GIS and
statistics. Further, | want to thank my girlfriend for the walks during working at home, the mental
support and answering my questions on the English language. Lastly, | want to thank my family for
their mental support, my friends for the beers after thesis time and my fellow students for the coffee
breaks and for allowing me to crush them during a game of ping-pong in the thesis room.

| hope this research provides interesting insights into the subject of densification and the relation
with heat stress, as | believe that both densification and heat stress will be key topics in future
urban planning.

Hope you enjoy reading my Master Thesis!
Daan Simmelink

Wageningen, August 2020

Vii

S 0me

P



Table of contents

I | 011 oo [ e 1o o H PP PUP PPN 1
I oo [F (o1 1T ] o I OO U OTPPPPUPPPPTN 1
1.2 SOCIEtaAl PrOBIEMI ...ttt e e et e e aaeeaeean 1
1.3 SCIENLIIC FEIEVANCE......coi ittt ettt e e et e e e e aabb e e e e aneeeaeanns 2
=T o To | o] o] = o 1= SRR 3
1.5 REPOI SITUCTUIE ... s 3

2. Theoretical frAMEWOTK ... e e e eneeee s 4
A R O] 4o o T= Ty A @41 Y o0 T =7 o 1 SRR 4
2.2 Determinants Of the UHI ... e s 7
ARG o [T | S £ TP TP TP 11
2.4 conceptual frAMEWOTK ..........euviiiiiee e e e e e e e e s e e e e e e e e s e s annneneeeaeeean 13

3. RESEAICH QUESLIONS ......eiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeseeeeeseeasesssssssssssssssssssssssssssssssssssssnsnsnnnnnns 14

N | 1= T To L PSRRI 15
4.1 CharaCter Of FESEAICH.......cii i e s e b e e e e sneeeeeanes 15
S LN [0 )Y = S 15
4.3 Design of data collection and data analySiS...........cccceeeiiiiiieiiiiiee e 17

T (=T U 1 S PP PPPP 31
5.1 Densification strategies & liNk with heat StreSS ... 31
5.2 Influence of landscape characteristics on the Land Surface Temperature ...........ccccceen..e. 35
5.3 EStimating futUre NEAL SIrESS .......ueiiii ettt e s eneee e e e 39

(ST B o L1 o] o D PP PP 52
6.1 Planning Strat@QIES ......ueeii ittt e e e e sttt e e e st e e e st e e e e brr e e s annr e e e e e ennees 52
6.2 Impact of landscape characteristiCsS 0N LST .....coiuiiiiiiiiiie e 53
6.3 Potential heat stress and denSifiCatioN............coooiiiiiiii e 55
6.4 Limitations Of the rE@SEAICH ........ocueiiii e 58

N O] o Tox 113 (o] o 1RSSR 60
7.1 The effect of urban densification strategies on heat stress in the future ............ccccovveeeenn. 60
7.2 Recommendations for fUrther reSEarch...........ccooiiii i 62
7.3 Recommendations for urban planners involved in densification............ccccccoecvveiviiee e, 62

2] ][ ToT | r=1 ] 1 /2SR 65

Appendix A: Policy dOCUMENES FEVIEWET .......ccoieeiiiiiiiiiiie e ettt e e e e e e e e e e e e e e ssnaraaeeaaeeeenanes 71

Appendix B: List of reviewed building PIaNnS...........cooiiiiiiiiiii e 72

Appendix C; Formulas for calculating the LST ........ccuuiiiiiie e ee e e e 76

Appendix D: INterview SUMMATY FEPOIT........uuiiiieeeiiiiiiiieeree e e e s setreeeeeeeesestrreeeeaeeesesnssneseeeaaeesannnnes 77



1. Introductio

1.1 Introduction

Everywhere around the world urbanization is taking place. In 2018, 55% of the total world
population lived in urban areas, it is expected that by 2050 68% of the world population will live in
urban areas, whereas in Europe the percentage of urban population will increase from nearly three
quarters in 2018 to 85% in 2050 (United Nations, 2019). With increasing urbanization trends in the
coming years, cities will likely become denser due to both natural urbanization mechanisms and
active planning policy. However, density is identified as one of the elements influencing the ways
in which urban areas will be affected by climate change, potentially leading to less resilient and less
sustainable cities (Dodman, 2009). In the next decades, it is expected that climate change will affect
the earth in terms of altered precipitation patterns, more frequent extreme weather events and
higher temperatures (United Nations, 2017). Increased density in cities, in combination with climate
change leading to higher temperatures, could lead to major challenges in the future which need to
be assessed by urban planners, to keep urban areas liveable.

12Societal problem

Especially in cities, higher temperatures as a result of climate change become a challenge,
because of the Urban Heat Island (UHI). The UHI is the phenomenon by which the atmospheric
and surface temperature is higher in the urban area compared to the rural area, due to human
modification of the surface and the atmospheric properties associated with urban development
(Oke, 1995). High temperatures which occur because of the UHI could lead to heat stress, namely
a situation in which hot atmospheric conditions have a negative impact on the health of the human
body, potentially increasing heat-related mortality and morbidity (Kovats & Hajat, 2008). The
elderly, lower socioeconomic groups and people already experiencing health issues can be
particularly vulnerable to heat stress (see, for example, Harlan et al., 2006; Basu, 2009; Oudin
Astrém, Bertil & Joacim, 2011; CBS, 2019).

Next to the challenge of climate change, and the rise of temperatures in cities because of the UHI,
the Netherlands also faces the challenge of building one million new houses by the year 2040 (EIB,
2015). Because the Netherlands is a highly populated country, most of these houses need to be
created within the built environment to preserve agricultural lands and natural areas (Broitman &
Koomen, 2015; Koopmans et al., 2018). Dutch policies, following the European guidelines, have
promoted strategies of densification for decades, making it a more popular building strategy in all
regions of the Netherlands (Daneshpour & Shakibamanesh, 2011; Nabielek, 2012). Jabareen
(2006) supports the trend of densification by describing different advantages of a Compact City
instead of a sprawled city. The Compact City is often seen as a sustainable urban form. Neuman
(2005) questions if the concept can be called sustainable, as sustainability is not only achieved by
just an urban form, but by the processes that take place within the city.

A negative influence of the Compact City is that it could increase the UHI, as densification could
change landscape characteristics and elements of the city which have an impact on the city
temperature, thus amplifying the UHI (Oke, 1995; Steeneveld et al.,, 2011; Yin et al., 2014;
Heusinkveld et al., 2014). A few examples of spatial characteristics which influence the UHI by
changing the land surface temperature (LST) are building density, vegetation fraction and water
fraction (lvajngil, Kaligari |l & Gi berna, 20
found for example that processes of densification can be a threat to green space in the urban area,
therefore, compact cities from a major challenge for the provision of urban green space. When
densification leads to a higher UHI, the amount of heat stress could also rise because more people
are affected by the heat, especially in areas where a lot of vulnerable groups of people live (Dugord,
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Lauf, Schuster & Kleinschmit, 2014). This is something that urban planners need to take into
account while creating densification strategies: they need to know whether and how densification
badly affects urban climate and human well-being.

13Scientific relevance
A lot of research has been carried out on UHI and heat stress (see, for example, Oke, 1995; Kovats

& Haj at, 2008; Basu, 20009; lvajngil, 2014) .

investigated (Steeneveld et al., 2011; Brandsma & Wolters, 2012; van Hove et al., 2015). Multiple
studies have focused on densification as well, which has become a more prominent strategy in
urban planning in the last decades (Jabareen, 2006; Nabielek et al., 2012; Broitman & Koomen,
2015). However, less is known about the link between the two.

There are studies which have focused upon the relation between urban expansion strategies, like
densification, and the Urban Heat Island (Williams, Joynt & Hopkins, 2010; Lemonsu et al., 2015).
Some have tried to link the UHI to the landscape characteristics (as landscape characteristics often
change due to densification). These studies used regression modelling, which seemed quite a
promising method for dealing with problems related to the urban thermal environment (see, for
example,l vaj ngi |l , 2014 Iinth&Netherlends, different studied dndlysed the relation
between landscape characteristics and the temperature. Steeneveld et al. (2011) found a
correlation between the UHI and population density and the UHI and area covered by green
fraction. Heusinkveld et al. (2014) found that the UHI can be linked to different types of land use,
particularly built-up area, green space and water. So, different studies identified different indicators
which have an impact on the UHI, but these studies did not go beyond assessing the relationship
between landscape characteristics and the temperature.

Some studies focused on how densification strategies could influence future LST. Deilami &
Kamruzzaman (2017) looked at smart growth policy scenarios in Brisbane. They tried to predict the
future UHI in each of these scenarios looking at porosity and density in the different scenarios. A
comparable study was executed by Koomen & Diogo (2015) in the city of Amsterdam. Koopmans
et al. (2018) looked at two neighbourhoods where densification is taking place in The Hague to
quantify the effect of different urban planning strategies on the UHI. They found that high-rise
buildings are often the best solutions in limiting the rise in UHI when densifying, as green areas on
the ground can be preserved by building into the air. However, they did not look at what groups of
people (e.g. elderly people) lived in the analyzed neighbourhoods, and no link to heat stress was
made.

Some studies made the link between the UHI and heat stress, looking at the population in an area
(Harlan et al., 2006; Scherer et al., 2013). Dugord et al. (2014) linked heat stress to landscape
characteristics by assessing the influence of urban structure on LST and subsequently investigating
the association between the UHI and demography in Berlin to identify heat stress risk. However,
while this study included the heat stress component, it did so only for the current situation, therefore
disregarding possible densification trends, and using simply age to identify vulnerable people.

In conclusion, three streams of research on the UHI and densification can be identified. Research
has been conducted on the influence of landscape characteristics on the UHI, the influence of
densification strategies on the future UHI, and lastly the relation between UHI and heat stress. Yet
a link between these three is missing, namely how densification strategies could influence the future
UHI and as a result increase heat stress in the city. This knowledge could be important as cities in
the Netherlands will need to densify in the future to meet the housing demand, hereby the right
strategies are important to do so without exacerbating the effects of climate change.

Al
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14Rporbbjeicte

The objective of this research is to assess how densification strategies in a city will affect the heat
stress in the future. This will be researched by looking at densification strategies, investigating their
impact on the built environment and looking at where and to what extent heat stress risk is likely to
increase due to densification. In order to research this, the city of Utrecht has been chosen as a
case study area. A case area was needed to quantify the effects of densification on heat in the city
and investigate whether and how densification strategies affected heat stress. As Utrecht is going
to experience a lot of densification in the coming years, a lot of data on how densification is planned
is available. Besides, Utrecht is a good city for calculating the UHI, as it is a compact settlement
surrounded by rural area. In section 4.2 the choice for Utrecht will be elaborated further upon.

15 Report structure

This paper will first introduce the theoretical framework (2) on which the research will be based on,
followed by theoretically informed research questions (3). Hereafter, the methodology (4) of how
the research questions will be investigated is elaborated on. In the results chapter (5) the outcomes
of the research will be presented, that will be discussed in the discussion part (6). Finally,
conclusions and recommendations are given based on the results and the discussion in the
conclusion (7).



2. Theoretical framework

2. XCompactdcomgept

In the past decades, population density has increased in a lot of cities in the Netherlands. This is
mainly due to natural agglomeration phenomena like urbanization and the aim to preserve valuable
natural and agricultural land (Broitman & Koomen, 2015). On the other hand, policies also led to
the promotion of densification. A concept that has been widely used to describe the densified city,
is the Compact City concept. For decades, the Compact City concept has been promoted as a
planning strategy, eventually becoming a dominant strategy in urban planning (Daneshpour &
Shakibamanesh, 2011; Nabielek, 2012; Van der Woude, 2016).

2.1.CharacteristicsGurtipact City

According to Jabar e e rCompaOsincludesimaiyestraiegies that @inh to
create compactness and density that can avoi
46). The Compact City can be seen as the opposite of urban sprawl (Neuman, 2005). The rise in
popularity of sustainable development has contributed to the promotion of the compactness idea.
The concept has several ecological and environmental justifications behind it. Compactness can
reduce fuel consumption for travelling, as different facilities are more close to each other. It is
favoured as well because the urban land can be used more intensely, while rural land at the edge
of the city is preserved. A third advantage is that compactness and mixed-use lead to increased
social cohesion, cultural development and diversity. Last, it is argued that the Compact City strategy
is economically attractive, as the infrastructure, like street lights and roads, can be provided more
effectively (Jabareen, 2006). Burton (2000) identifies advantages as well, namely, improved public
transport use, reduced segregation and better access to facilities. However, she states that
compactness could be negative for different aspects of social equity, such as less domestic living
space and lack of affordable housing. The Compact City is often also related to mobility as it
privileges public transport over private vehicles (Westerink et al., 2013), and is specifically
associated with the traffic concept of Transit-Oriented Development (TOD), which is about dense
development around locations served by public transit. Neuman (2005) has identified several
characteristics of a Compact City, they are listed in table 1.

Table 1. Compact City characteristics (Neuman, 2005)

1. High residential and employment densities

2. Mixture of land uses

3. Fine grain of land uses (proximity of varied uses and small relative size of land parcels)
4. Increased social and economic interaction

5. Contiguous development (some parcels or structures may be vacant or abandoned or surface parking
6. Contained urban development, demarcated by legible limits

7. Urban infrastructure, especially sewerage and water mains

8. Multimodal transportation

9. High degrees of accessibility; local/regional

10. High degrees of street connectivity (internal/external)

11. High degree of impervious surface coverage

12. Low open-space ratio

13. Unitary control of planning of land development, or closely coordinated control

14. Sufficient government fiscal capacity to finance urban facilities and infrastructure
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One of the key characteristics of the Compact City concept is density. Jabareen (2006) sees density
as a critical typology for determining sustainable urban form. The definition that is given for density
is the ratio of people or dwelling units to land area. The assumption that is made for the fact that
density is seen as design concept related to sustainable urban form is based on the concept of

viable threshold. Jabareen (2006, pp. 41umbkert at es

of people within a given area becomes sulfficient to generate the interactions needed to make urban
functions or activities viableo.

Multiple definitions of density are provided by different scholars (Boyko & Cooper, 2011; Batey &
Forsyth, 2018; Dembski, Hartmann, Hengstermann & Dunning, 2020). In spatial planning, density
could be simply defined as the number of units in a specific area. However, these units could be
different things (e.g. people, jobs), therefore there are many different definitions that depend on the
kind of density that is being investigated. Besides, different kinds of density could also have
different scales (Boyko & Cooper, 2011). Batey & Forsyth (2018) came up with a basic equation to
define density for planning. According to them, a numerator which represents objectively observed
planning relevant items is divided by a denominator which represents an area. While all the
planning densities can be described by this formula, not all of them have the same character, as
the objectively observed planning relevant item as well as the (kind of) area can be different. Within
planning densities, Batey & Forsyth (2018) describe two characters:

91 Discrete planning densities indicate densities where the numerator is a discrete item, such
as population, housing, job and business densities.

1 Intensities or proportional planning densities are densities on proportions of the built area
to land use, such as the floor area ratio, floor space index or building footprint.

In this research, the main focus will be on discrete planning densities, hereby population is the most
suitable numerator to quantify density. This is since this research will focus on the relation between
densification and heat stress. When researching heat stress, the population within an area should
be taken into account, as heat stress only occurs when the heat negatively affects the human body
(Scherer et al., 2013). Thus, when densification is mentioned, it can be defined as the net increase
in population within a specific area, that is realized within the urban area.

Density affects sustainability by reduced consumption of energy, materials, transportation, land for
housing, and urban infrastructure. Besides the conservation of resources, density provides for
compactness that encourages social interaction as well (Churchman, 1999). Broitman & Koomen
(2015) state that densification is seen as a strategy for providing extra houses within a city, without
expanding the city and thus claiming valuable land. However, densification of a city implies several
challenges as well. In fact, different aspects of a city which are important for a healthy and
comfortable environment are challenged by densification (Boverket, 2017). Multiple disadvantages
of dense urban forms identified by Churchman (1999) are possible higher levels of congestion and
pollution, reduced green and public space, higher housing prices, psychological stress and
negative health effects.

Lemonsu et al. (2015) have shown that the Compact City strategy compared to other planning
strategies in Paris, affects the UHI the most, and therefore amplifies the overall vulnerability of the
population. Williams, Joynt & Hopkins (2010) argue that the Compact City agenda is in line with
the climate change agenda because of the aim to reduce both CO, and the use of resources.
However, they also argue that some of the policies for achieving Compact City forms do challenge
the capacity for built environments to adapt to future climate change. Because of scarcely available
land in densified areas, it is difficult to adapt the built environment to respond to climate change
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effects like precipitation and temperature changes. Different geographical scales of interests in the
Compact City and climate change discourses could lead to the conflict between mitigation
measures on the city level (i.e. densification strategies) and adaptation measures undertaken on
the local level (e.g. urban green provision) (Williams, Joynt & Hopkins, 2010). It is stated that
il al t h o CagnpactiChyes positioned within the sustainable urban form debate, the sustainable
development and climate change discourses have not yet been integrated fully and there may well

be conflicts i nher en t(Wilkams, boynh& Hopkiess i 118).i Ferexamplesae s .

Compact City may greatly contribute to climate change mitigation at the global level by reducing
energy demand and transportation-related pollution, while at the same time performing rather
poorly in terms of protecting its citizens from heat waves given the lack of adequate green spaces
(Haaland & van den Bosch, 2015; Wingren, 2017). This suggests the need for smart densification
and intensification strategies striking a balance between large- and local-scale benefits.

2.1.2ompactifiope & the Netherlands

Since the 1990s, the Compact City has been widely promoted across the world to achieve
sustainability through urban for m. I n Europ
published by the European Commission (European Commission, 1990). This paper introduced the
Compact City, making it a popular strategy for European cities (Daneshpour & Shakibamanesh,
2011). The Compact City became an important guideline throughout the continent. Cities in Europe
seem to promote residential attractiveness in their city centres, leading to re-urbanization
processes in these inner-city areas (Haase et al., 2010). This re-urbanization contributes to
increasingly densified inner-city areas in Europe (Kabisch & Haase, 2011). In documents from the
European Commission, the Compact City strategy is still framed as sustainable use of land and is
promoted as a strategy for European cities. Cities should be green, compact and energy-efficient
to achieve sustainable development. The balance between the Compact City and high standards

0

t

he

of quality of I|ife in a healthy wurban environment

areas (European Commission, 2017). Density is promoted as dense cities are seen as places
where walking, cycling and public transport are more attractive, thus reducing emissions by car.
Besides that, it is argued that dense cities are more efficient in energy use, land use and
infrastructure (European Commission, 2016). However, a link between the Compact City or high-
density levels and an increased UHI is not often mentioned in European policy documents. Besides,
if for example greening is promoted in relation to the Compact City, it is mainly promoted for its
recreational function instead of its cooling function.

The compact urban form has also been promoted in the Netherlands for quite some time. The first
policy documents which mentioned strategies of urban densification and compactness were the
second and third National Policy Documents (in Dutch: Nota over de Ruimtelijke Ontwikkeling). In
1988 the Compact City concept was first introduced in the fourth National Policy Document. The
main topic was to control the suburbanization and the prevention of further urban sprawl (Van der
Woude, 2016). More recent policy documents mention strategies which relate to urban densification
as well, thus following the European policy documents. However, research has shown that in the
Netherlands, between 2002-2008, there has been a significant decline in the densification of
dwellings. This was mainly due to the development of suburban areas around existing urban cores
and the increase in demolished houses within the city in this period (Nabielek, 2012). Van der
Woude (2016) argues that half a century of the promotion of densification policies could not prevent
urban sprawl in Dutch cities. However, Nabielek (2012) states that without a national policy on
compactness, cities would have been even more dispersed. Furthermore, the attractiveness and
liveability in Dutch cities had increased according to the research of Nabielek et al. (2012) on urban
densification. With these arguments, it seems unfair to state that Compact City policies did not work
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at all. However, when reviewing recent Dutch policy documents, it can be noticed that terms like

&ompact Ctyd and Oo6densi fication6é are hardly mentioned.
policies have been decentralized in the Netherlands: Provinces and Municipalities are now

responsible for their densification policies (Nabielek et al. 2012).

Despite the long history of compactness in the Netherlands, there is not really a clear recent
description of how this should be executed, let alone how densification strategies should include
heat stress. These specific considerations seem to be mostly dependent on the Provinces and
Municipalities today. However, since 2012 every building plan with an urban character needs to
foll ow t he Déuzanted/ler svedel i j Kingd which is included
Infrastructure and Environment. The ladder prescribes that a new plan should be located within the
urban area, and if not, it should be motivated why this is not the case. The goal is to prevent
buildings from becoming vacant and stimulate sustainable use of space (CBS et al., 2018; Dijkstra,
2019). So it can be concluded that there is sort of a general guideline for the Provinces and
Municipalities which promotes densification. However, no guidelines were found on how local
governments should handle potentially increased heat stress risk as a result from densification,
and as Klok & Kluck (2018) state, Dutch local governments often have insufficient understanding
of heat-related risk to take the right heat adaptive actions.

2.Determinants oHhe

Various characteristics of the built environment that may change due to densification may have an
impact on the UHI (see, for example, | vaj ngi | , Kaligari|l & Q)i Nbostr n a , 2C
scholars use the definition of Oke (1995) for describing the UHI.

fi Aldrban Heat Island is simply the characteristic warmth of a town or city. It is almost ubiquitous,
in the sense that it is found in cities of all climatic regions. It is due to human modifications of the
surface and atmospheric properties which accompany urban development and is probably the best
example of inadvertent climate change. The phenomenon is given the "island" designation because
the isotherm patterns of near-surface air temperature resemble the contours of an island in the
"sea" of the surrounding cooler countryside. The heat island is therefore defined on the basis of
temperature differences bet(Qke 2965, ppr8ban and rur al st

In this research, this definition is used, hence, the temperature difference between the urban area
and a rural reference area will be computed to measure the UHI. For determining the UHI the Land
Surface Temperature (LST) from the urban- and rural area will be calculated. The LST represents
the emission of thermal radiance from the land surface and can be used to measure the
temperature on the ground. As this research aims to understand how densification affects heat
stress, different elements of the natural and built environment that affect the LST are investigated.
Some of those factors, which are proved to have a significant impact on the LST are described
below. In table 2 the indicators are presented with a short description.

According to Heusinkveld et al. (2014), greenery can strongly reduce the UHI and is one of the
factors that have the greatest influence on the reduction of temperature. An indicator for quantifying
the amount of green space on a location is the green fraction, which represents the fraction within
an area covered by green space. In this research, the vegetation fraction will be used for
determining the LST on a location. The green fraction could affect the LST as vegetation and urban
materials differ in moisture, aerodynamic and thermal properties (Givoni, 1991). A key factor in the
cooling of urban green is evapotranspiration, which is known as the loss of water from a plant as a
vapour into the atmosphere (Taha et al., 1988). Urban greening is seen as an approach to mitigate



the human health consequences of increased temperature resulting from climate change (Bowler
et al., 2010).

The building fraction, or urban fraction, (fraction of an area covered by built-up land) is a factor
which influences the UHI as well. Heusinkveld et al. (2014) showed that the building fraction has a
positive impact on the LST: more buildings in an area will lead to higher summertime temperatures.
Koopmans et al. (2018) have shown as well, that increasing the building fraction leads to a higher
LST. This mainly has to do with the fact that increasing the building fraction often is at the expense
of the vegetation fraction. An important reason why the building fraction has a positive effect on the
LST is that the urban land-cover fraction absorbs more solar radiation than natural surfaces due to
a lower albedo (Oke, 1988). Land uses which absorb more solar radiation as well are industrial
land use and the area of road infrastructures. A higher fraction of industrial land use in an area
means a higher LST, leading to longer and more frequent heat stress events (Pearsall, 2017). In
research by Hua et al. (2020), the presence of industrial areas was even identified as the greatest
contributor to surface temperature, as these areas gave the most severe temperatures. This is
mainly due to the fact that industrial areas are often characterized by limited green space and
concrete impervious structures (Rotem-Mindali et al., 2015). The fraction of road infrastructures
have an amplifying effect on the LST as well (Dugord et al., 2014; Jeong, Lee & Kim, 2015), their
concrete structures and the anthropogenic activities which are taking place on areas meant for
traffic, lead to an increase in temperature near transportation infrastructures. However, due to
differences in the intensity of traffic between roads, peak hours and days in the week (e.g.
weekends) the amplifying effect could be different per locations or time (Hart & Sailor, 2008).

Another fraction which influences the LST is the water fraction, however, the relation is more
complicated than for the previously mentioned indicators. Theeuwes, Solcerovad & Steeneveld
(2013) found that open water bodies may lower the LST because of their evapotranspiration. But
on the other hand, when the water is warmer than the air temperature, which could occur during
night-time or autumn, the water has a negative effect on thermal comfort. Steeneveld et al. (2014)
found a comparable result when researching the effect of open water surfaces: they argue that
water bodies do not necessarily act as cooling mechanisms in urban areas, especially during
seasonal transitions and night-time, because water temperatures remain relatively high when the
air temperature goes down.

Schwarz et al. (2012) found that the distance to the city centre was a significant predictor of LST in
the city of Leipzig. Dugord et al. (2014) found the ability of the distance to the city centre to influence
the LST as well. This follows the cross-section of the typical UHI in cities defined by Oke (1987),
who defines the characteristics of the city temperature when moving from the city boundary towards
the city centre into three parts; the cliff, the plateau and the peak. The cliff represents a steep
temperature gradient at the edge of the city, the plateau stands for a large part of the city where
the temperature gradient is quite weak towards the city centre. Finally, the city centre presents the
peak, where the largest temperature differences with the rural area are observed. This temperature
cross-section within a city is described by Unger, Simeghy & Zoboki (2001) as well (figure 1).
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Figure 1 Cross-section of the typical UHI (Unger et al., 2001).

Steeneveld et al. (2011) found a correlation between LST and population density. Their study on
the UHI in multiple Dutch cities showed that there was no correlation between total city population
and LST, but the population density per neighbourhood was correlated with LST. Hereby their
classification of neighbourhoods was based on the classification from the CBS, which is based on
the differences in landscapes or socioeconomic structure. Within urban areas, this classification
shows uniformity of the building design per neighbourhood. The correlation is a result of the fact
that higher population density requires a higher building density, which often results in more trapped
radiation between the buildings and a higher building fraction. There are ways to measure building
density as well. A common way to measure the building density is the Floor Area Ratio (FAR). The
FAR represents the total amount of floors in a building divided by the footprint of the plot (Dugord
et al., 2014). Another way to calculate the FAR is by dividing the total floor area of a building by the
footprint of the plot (Lan & Zhan, 2017). In general, a higher FAR means higher building heights
over the same area (Yin et al., 2018). Dugord et al. (2014) found that the FAR has a strong positive
correlation with the LST, indicating that when the FAR is higher the LST is higher as well. They
also concluded that there was a strong linear relationship between the FAR and potential heat
stress risk, indicating that building density is a good indicator for describing the hazard component
of the heat-stress risk. Another very simple indicator related to building density and FAR is the
average building height in an area. A correlation is found between this indicator and the LST in
multiple studies (Bottyan & Unger, 2003; Van Hove et al., 2015).

Another predictor of LST is the sky view factor (SVF) which indicates the fraction of visible sky on
a location. The fraction is between 0 and 1, where a value close to 0 means that on that location
the sky is only scarcely visible, often indicating a high building density and high buildings. A value
close to 1 means that the sky is very visible, often indicating open parks, squares or low building
heights (Dirksen et al., 2019). However, there is still uncertainty about the effect of SVF on LST
(Yin et al., 2018). Yin et al. (2018) found in a study in Wuhan, China, that the influence of the SVF
on the LST was significant in different models. SVF has a positive influence on the temperature,



indicating that with an increased SVF the UHI be more severe. A high SVF in the studied city always
occurred in areas which could be described by wide concrete asphalt surfaces which absorbed a
lot of solar radiation, where a low SVF indicated areas with tree canopies or building clusters with
shadows. However, studies in the Netherlands have concluded that limited sky-view could result in
a lower ability to release stored heat in the city during daytime, therefore indicating that limited
exposure to the sky leads to a higher LST (van der Hoeven & Wandl, 2014; Dirksen et al., 2019).
On the other hand, another Dutch study from van Hove et al. (2015) did not find a correlation at all
between the SVF and the temperature in the city of Rotterdam. So some scholars agree that there
is a relation between the SVF and the LST, but conclusions about whether this relation is positive
or negative are conflicting. Besides that, results are available as well which do not show a
correlation at all.

The aspect ratio is related to urban form as well and can be compared to the SVF. The aspect ratio
is the height of the buildings divided by the width of the street. In areas with a low SVF indicating a
high building density, the aspect ratio is often high. The relation between the aspect ratio and the
LST appeared to be quite complex because of two counteractive processes. The process of
trapping long-wave radiation has an increasing effect on the UHI, but on the other hand, the process
of shadowing has a decreasing effect on the temperature. Research has shown, that if the aspect
ratio is below 0.5, it has a positive effect on the temperature, but when there is a large aspect ratio,
the shadowing effect becomes more important (Marciotto, Oliveira & Hanna, 2010; Theeuwes et
al., 2014). Therefore, the aspect ratio might be a quite complex indicator for estimating the LST in
an area.
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Table 2 Factors affecting LST in the city.

Indicator Description Impact on LST References
Vegetation The fraction of green in an area Negative Steeneveld et al. (2011)
fraction Brandsma &
Wolters (2012)
Heusinkveld et al. (2014)
Building fraction | The fraction of buildings in an Positive Heusinkveld et al. (2014)
area Koopmans et al. (2018)
Industrial The fraction of industrial land use  Positive Rotem-Mindali et al.
fraction in an area (2015)

Fraction of road
infrastructure

Water fraction

Population
density

Floor area ratio
(FAR)

Mean building
height

Distance to city
centre

SVF

Aspect ratio

The fraction of roads in an area

The fraction of water in an area

Amount of inhabitants per square
kilometre

Indicator for building density, the
total amount of floors in a
building divided by the footprint
of the building, or the total floor
area of a building divided by the
footprint of the building

The height of buildings in an area

The distance in (km) from a
central point within the city centre

The fraction of visible sky

The aspect ratio is the height of
the buildings divided by the width
of the street

Positive, higher during
peak hours or weekdays

Negative, except for when
the water temperature is
warmer than the air
temperature, (e.g. during
night-time)

Positive

Positive

Positive

Negative

Conflicting results between
studies

Below 0.5 the impact is
positive; a very large
aspect ratio could lead to a
negative impact

Pearsall (2017)
Hua et al. (2020)

Hart et al. (2008)
Dugord et al. (2014)

Theeuwes et al. (2013)
Steeneveld et al. (2014)

Steeneveld et al. (2011)

Dugord et al. (2014)
Lan & Zhan. (2017)
Yin et al. (2018)

Van Hove et al. (2015)

Unger et al.(2001)
Schwarz et al. (2012)
Dugord et al. (2014)

Van der Hoeven & Wandl
(2014)

Van Hove et al. (2015)
Yin et al. (2018)

Dirksen et al. (2019)

Marciotto et al. (2010)
Theeuwes et al. (2014)

2.3Heat stress

When the city heats up because of the UHI effect, this could have negative effects on humans. The
highest level of spatial hazard in the city is defined by Gabriel & Endlicher (2011) on temperatures
exceeding the 95th percentile of the distribution. Excessive heat may lead to greater health risks
and higher heat-related morbidity and mortality. Not all populations are at equal health risk from
heat, certain groups of vulnerable people may be more affected depending on their ability to
thermoregulate (see, for example, Reid, 2013; Dugord et al., 2014). When the heat negatively
affects the energy balance of the human body and thereby implying an increase of heat-related
morbidity and mortality, this phenomenon is called heat stress (Kovats & Hajat, 2008). In this
research, this definition of heat stress will be used, and heat stress will be determined by analysing
the UHI (climatic hazard) and comparing it to the vulnerability of the inhabitants, i.e. the
concentration of vulnerable people in an area.
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Reid et al. (2013) identified four factors which contributed to heat-related health impacts, namely
social/environmental vulnerability (i.e. education, poverty, race, green space), social isolation, air
conditioning prevalence and the proportion of elderly. Especially the latter is a factor that
contributes to heat stress as the elderly (i.e. >65 years) are more sensitive to higher temperatures
than other age groups (Ellis, Nelson & Pincus, 1975; Scherer et al., 2013). Not only the elderly but
also young children and babies have limited ability to thermoregulate. Therefore, this age group is
more at risk as well (Kovats & Hajat, 2008). However, although they are at more risk because of
their limited ability to thermoregulate, no significant evidence was found in mortality studies that
heat affects the mortality of children (Ishigami et al., 2008). In Dugord et al. (2014), two age-specific
groups are seen as O6vulnerable peopl eb, namely el 0
children (below 6 years old). However, in this research, young children were not taken into account
in the classification of vulnerable people looking at age groups. This is because there is no
significant evidence that heat affects the mortality of children according to Ishigami et al. (2008).

As Reid et al. (2013) found, not only age affects vulnerability to heat stress, lower socioeconomic
and minority groups were as well more affected by warmer temperatures leading to heat stress.
This was as well found in other studies (see, for example, Harlan et al., 2006; Basu, 2009; Huang,
Zhou & Cadenasso, 2011; Pearsall, 2017). There are multiple reasons for this. First, certain
landscape characteristics in neighbourhoods where low-income people live are often less resistant
to high temperatures. Most of the previously mentioned studies were in cities outside Europe, but
Chakraborty et al. (2019) found that also in European cities, like Copenhagen and Berlin, the UHI
distribution falls more heavily on the less affluent. People with a low income are more likely to be
living in neighbourhoods with old buildings with poorer temperature regulating conditions
(Santamouris et al., 2007; Michelozzi et al., 2005). A second reason is the protection against heat.
In the dépoorerd6 neighbourhoods it aeassciafapdimatdrialt hat t h
resources to cope with high temperatures, decreasing the thermal comfort of the residents (Harlan
et al., 2006). For example, people with higher income levels, have a greater ability to protect
themselves against heat stress, by e.g. having better access to information on protection to heat
or self-protective resources like air conditioning systems or house insulation (Reid et al., 2009;
Lundgren & Kjellstrom, 2013; Rohat et al., 2019). Besides, it was found that individuals with a lower
income were more vulnerable because they may be more reluctant to respond to warnings, and
they have fewer resources to make use of transportation to cooler locations (Gronlund, 2014).
Another reason was found by Michelozzi et al. (2005), they found that people with a relatively low
income are more likely to suffer from a chronic disease or other medical risk factors, such as mental
illness or obesity, and thus these people are more prone to the negative effects of heat.

A study in multiple cities in Canada found that heat in low-income neighbourhoods caused health
effects for the elderly as well as people below 65 years old (Belanger et al., 2014). Therefore, it is
argued that reducing the temperature in urban low-income neighbourhoods which are vulnerable
to high temperatures should get special attention of policymakers (Harlan et al.. 2006). In addition
to the elderly, this research will look at people with low-income as vulnerable people, to identify
heat stress. This is in line with a study in London and Madrid, which also used the elderly and
people with a low income to identify vulnerability to heat (Sanchez-Guevara et al., 2019).

People living in social isolation have a higher heat stress risk as well in comparison to e.g. people
with social contacts and access to transportation as Reid et al. (2013) stated. For example, people
who are divorced, widowed or have never been married were more likely to die from heat stress
than people who were married. However, it should be noted that it does not per se indicate that
people who are not married are socially isolated, as they could still have social contacts and access
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to transportation (Reid et al., 2013). Therefore, it is hard to identify social isolation, as the definition
of social isolation is quite complex and data on this risk factor is hard to find. Thus, social isolation
will not be used as an indicator of vulnerable people in this research.

2.4 conceptual framework

Based on the theoretical framework as described above, a conceptual framework is created for this
research (figure 2). In this research, the Compact City concept will be used as a lens to look at the
city of Utrecht. One of the key elements of the Compact City concept is density, to achieve this,
strategies of densification can be implemented in a city. However, these densification strategies
could increase heat stress. This research will focus on two aspects of heat stress which could
become more severe due to densification. First, densification could change landscape
characteristics in a way that the UHI could be amplified as described in section 2.2. Second, this
research focusses on the vulnerability of the population, the groups that will be looked at are the
elderly and people with a low income, as described in section 2.3. The goal of this research is to
superimpose areas of supposedly high temperatures with areas where the concentration of
vulnerable people is particularly high, to quantify heat stress, and see if there is a relation with the
densification strategies implemented in the city of Utrecht.

Compact City Planning

v

Densification

Changed landscape
characteristics

v v

UHI Fopulation vulnerability

Elderly, Low Income
i e

Y

Population density

Figure 2. Conceptual framework, each colour represents one sub-question as listed in section 3, created by
author
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3. Research Questions

As previously mentioned, this research aims to assess how densification strategies in a city will
affect the heat stress in the future. This is investigated to conclude what the influence of
densification strategies could be on heat stress, and give recommendations on how these
densification strategies could be implemented without exacerbating heat stress in the city. To
investigate this, the following research question is composed;

RQ: How will urban densification strategies spatially affect heat stress in the future?

To answer the research question, three sub-questions have been formulated, these sub-questions
are based on the theory as described in the previous chapter. The sub-questions are:

SQ1L1: What are the plans/strategies for the future regarding densification in the study area?
SQ2: How are landscape characteristics related to temperature in the city?

SQ3: Where and to what extent will vulnerable groups be exposed to heat stress given the
implementation of densification strategies?

SQ1 aims to identify strategies of densification in the city of Utrecht, hereby the Compact City
concept will be used as a lens to analyse the city 6ptans and strategies, besides, the discourse
around heat stress will be investigated as well. This sub-question will be answered by conducting
desk research and interviews, which will give insights on what is going on regarding densification,
and how heat stress is hereby taken into account. Thereafter, SQ2 will provide insight into how
changing landscape characteristics due to densification will change the temperature in the city. A
guantitative analysis will be executed to estimate the impact of different urban landscape
characteristics on temperature with regression analysis. Both the outcomes of SQ1 and SQ2 are
used to answer SQ3, where it is analysed in which parts of town heat stress risk is most likely to
occur, and what the relation with densification strategies is. Hereby, conclusions can be drawn on
what urban planners should take into account while densifying a city in terms of not amplifying the
heat stress risk. The methods which are used to achieve the research objective and answer the
sub-questions and thus the main research question are described in chapter 4.
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4. Methods

41 Charactexsgfarch

From the viewpoint of the objective of the study, the type of research is a correlational study, as
the emphasis of the research is to discover the existence of a relationship between two aspects of
a phenomenon or a situation (Kumar, 2014). The study will focus on measuring the relationship
between the physical characteristics of a densified city and temperature, and subsequently,
investigate how densification strategies affect heat stress.

From the perspective of the mode of enquiry, this research can be described as one with a mixed-
methods approach. This research uses the strength of both a qualitative and quantitative study
design. The first part of the research, which is dedicated to answering the first research question,
is a qualitative design in the form of a review of plans and strategies on urban densification by
conducting desk research and interviews. Herewith, the aim is to describe the situation within the
study area. The second part of the research will be quantitative research and will answer the second
and third research questions. First, the research will investigate how the spatial characteristics of
Ut r e c ht dnaronibanti affect temperature, and hereafter, this information will be used to
estimate the likely effect of densification policies on the future temperature, to identify locations
where heat stress risk occurs. This part of the research is a prospective study design, as it is about
the likely prevalence of heat stress in the future.

For this study, the municipality of Utrecht was selected as a case. This area was treated as one
entity to investigate how densification strategies influenced the heat stress in the future. By
conducting a case study, the research can be much more in-depth and detailed than would be
possible if a large sample was chosen (Gilbert, 2008). Moreover, investigating multiple areas would
become too time-consuming and was therefore deemed unsuitable for this research. The aim of
the case study design in this research is to study a phenomenon within one municipality, i.e. heat
stress due to densification. For this research, the type of case study that was chosen is an extreme
case study, namely an outlier that represents extremely high or extremely low values of the
phenomenon. Extreme cases are useful as they reveal more information owing to the fact that
under extreme conditions more basic mechanisms are activated, which allows the researcher to
dive deeper into the subject and the consequences instead of only describing the situation
(Flyvbjerg, 2006). In the next paragraph, the selection of the case area will be elaborated.

42Study area

As said, the municipality of Utrecht was chosen as the study area. Besides the conveniences of a
Dutch city, Klok & Kluck (2018) state that it is proven by many different studies and papers that
heat stress is a problem in the Netherlands, and the number of events causing heat stress will
increase in the future due to climate change. Besides, they conclude from their research that Dutch
local governments often have insufficient understanding of heat-related risk to take the right heat
adaptive actions. Therefore, a Dutch city like Utrecht seemed interesting to investigate in terms of
heat stress.

Utrecht is located in the Province of Utrecht in the centre of the Netherlands (figure 3). In 2019 the
city of Utrecht counted 352,941 inhabitants, but the population is expected to grow a lot in the
coming years. The strongest growth is expected between 2022 and 2025 when the number of
inhabitants is expected to increase by around 40,000 units. All districts within Utrecht are expected
to grow due to densification; Zuidwest and Leidsche Rijn will have the strongest growth (afdeling
Onderzoek, gemeente Utrecht, 2019). Among the four largest cities in the Netherlands
(Amsterdam, Rotterdam, The Hague and Utrecht) Utrecht is expecting the largest growth in
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percentage (CBS, 2019b). Because of the expected growth in the coming years, Utrecht makes an
interesting case area for this research. Besides, the largest amount of dwellings will be created
within the built environment, because Utrecht has almost reached its limits of expanding its city
boundaries. Utrecht could be seen as an extreme case as a lot of densification is taking place in
the coming years, more than in every other Dutch city, because of that more information can be
obtained. It is expected that this case is typical of densifying cities, and therefore this single case
can provide insights and outcomes which are prevalent in other densifying cities as well.

Utrecht represents a suitable case study also because, owing to an upcoming major population
growth (taking place between 2022 and 2025), densification projects will be implemented in the
coming years. And as this period of time is not too far away, a lot of project plans are already
worked out, which makes it easier to look at how landscape characteristics will change in the
coming years. A lot of data is available, such as strategies, estimation on inhabitant increase and
building plans. This is different from what happens in other Dutch cities, where either a large growth
had mainly happened in the last decades, or it is expected in the next decade(s).

Next to that, the location of Utrecht makes it a city which is simple to investigate as well. Unlike
| arge Dutch <cities in the Randstad, Ut ane ¢hb
predominantly land use around the built-up area of Utrecht is pasture (Brandsma & Wolters, 2012).
The fact that it is surrounded by rural area makes it a good city to compare the urban climate with
the rural climate for the computation of the UHI, which according to Oke (1995) is the difference in
temperature between the rural and the urban climate.

= Municipal border

Figure 3 Location of Utrecht, created by author
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43Design of data collection and data analysis

4310verviewrwdthodology

The methods used to answer each sub-question, are presented in figure 4. The research starts
with identifying the strategies and plans for densification. The main activities to answer the first sub-
guestion are conducting interviews and doing desk research in the form of a document review.
From the interviews and documents, densification strategies and plans can be identified.

The second sub-question, about the influence of landscape characteristics on the land surface
temperature (LST), will be answered by conducting regression analysis. This step is needed to
estimate how each characteristic influences the LST. Hereby, the landscape characteristics are the
independent variables, and the LST derived from satellite images represent the dependent variable.
With regression analysis, the parameters for the influence of the independent variables on the
dependent variable are computed, resulting in a multiple linear regression model for estimating the
LST. Hereby the Ordinary Least Square (OLS) regression method is used.

For the third sub-questions, where locations of (increased) heat stress-risk after densification are
identified, the future LST will be computed. This will be done by editing the data on landscape
characteristics and population based on the documents reviewed in part one. When the data is
modified, the landscape characteristics will be computed. With the new landscape characteristics
representing a situation after densification, the model created with the regression analysis has to
be used to estimate the future LST. For identifying heat stress, the categorization method of Dugord
et al. (2014) will be used. Hereby, areas with a supposedly high temperature are superimposed
with areas where a particularly high share of vulnerable people lived. This is done for as well the
current and future situation to identify how densification contributes to heat stress in the city of
Utrecht. The steps that have to be taken in this research are presented in a more detailed way in
the coming paragraphs.
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Figure 4 Overview of the methodology used in this research, created by author
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432Review ehsification stradegigdans

The first step in the research was aimed at identifying and spatially locating densification strategies
in the city of Utrecht. This was achieved combining the review of policy documents and interviews
with municipality officers. The review of policy documents was carried out to identify strategies and
policies regarding densification in Utrecht and to create a list of areas where building projects will
take place in the coming years to identify densification. The interviews with officers from the
municipality and the Province were conducted to check, support and dive further into the
r es e ar fintirgs fiom the desk research. The use of multiple data sources allowed for so-
called triangulation, whereby different perspectives can be accounted for and explored. Doing this
increased the validity of the qualitative research (Creswell, 2014).

A wide range of policy documents from both the Province and the municipality (and available online)
were studied (table 3; appendix A). Not only documents for Utrecht in general were investigated,
but also documents which were specifically focused on one department, like living, green or
mobility. The desk research served different purposes. First of all, it gave a good overview of what
was going on in the municipality around densification, and also, if heat stress is an important theme.
Second, it was important to identify locations where building projects were planned, a list of
(densification) | ocations was <created ba shefdl
list of locations that were analysed is presented in Appendix B: these locations were used later on
to edit the data on landscape characteristics, as described in paragraph 4.3.4. Finally, the review
of documents enabled the identification of potential interviewees and the type of information to ask
them. An overview of the documents is presented below.

Table 3. Overview of policy documents reviewed

CODE NAME AUTHOR YEAR
1 Provinciale Ruimtelijke Structuurvisie Province 2017
2 Programmaplan Binnenstedelijke Ontwikkeling 2017-2021  Province 2017
3 Ruimtelijk Strategie Utrecht 2030 Municipality 2016
4 Uitgangspunten Ruimtelijke Strategie Utrecht 2040 Municipality 2019
B Woonvisie Utrecht Municipality 2019
6 Klimaatstresstest Utrecht Municipality 2018
7 Volksgezondheidsbeleid Utrecht 2019-2022 Municipality 2019
8 Coalitieakkoord Municipality 2018
9 Toekomstvisie Utrecht Centrum Municipality 2015
10 Omgevingsvisie Beurskwartier i Lombokplein Municipality 2017
11 Nota slimme routes slim regelen slim bestemmen Municipality 2016
12 Actualisatie groenstructuurplan 2017-2030 Municipality 2018
13 Meerjaren Groenprogramma: Ruimte voor Groen Municipality 2019

The interviews were conducted to gather more background information on the densification
strategies and policies from the municipality of Utrecht. The selection of interviewees was based
on the document review. People from different departments were interviewed to get different views
on the topic. The people interviewed, the questions and the answers can be found in Appendix C.
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There are multiple ways of conducting an interview. There are the unstructured interviews, which
are flexible and open, and the structured interviews which consists of pre-determined questions,
are rigid and closed when looking at the structure, contents and questions (Kumar, 2011). In this
research, an interviewing method which is somewhere in between was chosen, thus a semi-
structured interview. A predetermined set of general questions was asked, but when more
information was needed or could be useful, more specific questions were asked. The general
guestions were useful to get a clear picture of densification and heat stress in general, a broad
range of information could be obtained by the structured questions. The more in-depth questions
were useful to provide more information on certain subjects related to the expertise of the
interviewees, which provided a large variety of more specific answers. Besides, the questions could
differ slightly depending on the interviewee. For example, specific questions asked to someone
from the department of health were slightly different from those asked to a spatial strategist. All the
interviews were conducted in a non-physical setting due to the international COVID-19 situation.
An overview of the interviews is presented in table 4.

Table 4. Overview of people interviewed.

CODE FUNCTION TYPE

A Coordinator of the area city centre/central Municipality Phone
station

B Strategic advisor at the department of spatial ~ Municipality Phone
planning

C Advisor healthy environment, department of Municipality Phone
health

D Advisor climate adaptation Province Email

Finally, from the desk research and the interviews, an overview was created on the densification
strategies, policies and plans. For identifying the most important aspects, patterns were identified,
and interesting statements were quoted. A link with the Compact City concept is made to see how
the densification strategies are related to theory, and if the advantages and challenges of the
Compact City as described in paragraph 2.1.1 are present in Utrecht. It is as well analysed if a
relation between densification and the UHI is made, and how the municipality is willing to reduce
climatic hazard in the future. Besides, it is analysed what the discourse is around heat stress within
the municipality, and how they deal with this phenomenon. Hereby, it is investigated as well to what
extent the definition of heat stress as presented in 2.3 is in accordance with the definition that the
municipality of Utrecht uses to assess heat stress. To get an overview of the outcomes, several
guestions to be answered in this research are created, these are presented in the result section in
5.1.

433Study of the im[zaciswfape charactetestipsrature.

For the second research question, the impact of Utrechtdé $andscape characteristics and built
environment on the Land Surface Temperature (LST) was calculated. This step was needed to
estimate parameters describing the influence of several aspects of the city on the LST, which can
be used to estimate the future LST. For this step, a multiple linear regression model was used
(equation 1) to study the combined effects of different indicators. The same method was used by
Heusinkveld et al. (2014) for measuring the impact of landscape characteristics on the LST.

w how h ® h ® E h @ TT[ - Equation 1
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Hereby, the dependent variable (y) is the LST, R4,..., B, represent the parameters quantifying the
influence of different landscape characteristics on temperature, the independent variables (x,...,Xn)
reflect these landscape characteristics, e.g. vegetation fraction and building fraction, b0 is the
intercept or constant, and e represents the random disturbance with zero mean.

To measure the dependent variable, the current LST was calculated. This was done by using
Landsat 8 images, derived from the USGS website (USGS, n.d.). The Landsat images provide
different bands which can be used for calculating the LST on a specific day. Several criteria were
given for the selection of this day. First, it needed to be a warm summer day, as then the UHI will
be stronger. Second, the day should be in a period of drought, as a wet surface could affect the
measured LST. Third, it should be a sunny day, as clouds will make the Landsat images less
reliable. Finally, there should be Landsat images available for that day, as that is not the case for
every day. In the end, an image from the 26th of July, 2018 was chosen to compute the LST. On
this day, the maximum temperature at the weather station De Bilt (near Utrecht) was 35.7 °C,
making the UHI particularly strong, there had been no rain for 15 days and around 12 hours of
sunshine were measured (KNMI, 2018). In the future, it is expected that more hot days like this,
combined with periods of drought will occur. As the image was taken around noon, the dependent
variable thus only represents a day-time situation, whereas the influence of the characteristics on
the LST could differ during day and night. Only one image for one day was chosen, as the image
of this day alone was suitable for the computation of the LST according to the above-mentioned
criteria. That is justified by the assumption that although temperatures change every day,
temperature patterns within the city remain the same (Dugord et al., 2014).

For calculating the LST from the Landsat 8 image, the Radiative Transfer Equation-based method
(RTE method) was used to compute the LST in ArcGIS Pro. Yu, Guo & Wu (2014) identified this
method as the method for estimating the LST using Landsat images with the highest accuracy
compared to other methods, therefore it seems a good method to use for estimating the LST in
Utrecht. A flow diagram (figure 5) of the steps to take for this method was created by Oguz (2016).

Landsat 8

=

/

Reflectance

Emissivity

v

Figure 5. Flow diagram of the RTE method (Oguz, 2016).
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Landsat 8 images from the USGS consist of 11 bands. Each band is measured with different ranges
of frequencies along the electromagnetic spectrum (a colour). These colours are not all visible to
the human eye. As can be seen above, only band 4, 5 and 10 are needed to compute the LST in
the RTE method. Band 4 is the visible red band, band 5 represents the near-infrared band, which
is important for identifying ecology as healthy plants reflect it due to the water in their leaves. Band
10 is the long-wavelength infrared band, this band identifies heat, however where weather stations
identify heat in the air, this band identifies heat on the surface, which is often much hotter (Loyd,
2013).

In the RTE method, band 4 and 5 of the Landsat images are used to compute the normalized
differential vegetation index (NDVI). To compute this, the following equation (2) was used
(Heusinkveld et al., 2014).

6 O (JL) O— Equation 2

Where Rnir stands for band 5 and Rred is band 4. From the NDVI, the fractional vegetation cover
(FVC) was computed. From the FVC and band 4, the emissivity on every pixel in the map was
calculated. Band 10, the long-wavelength infrared band, was used to first calculate the radiance of
every pixel. With the radiance, the thermal radiance at sensor level (Lsen) was computed. The Lsen
together with the emissivity which was previously calculated allowed the computation of the LST.
In the end, a dataset was created which represents the temperature in Utrecht per cell with a cell
size of 30 meters. An overview of all the formulas needed for these calculations can be found in
appendix C.

From the literature review, several indicators were identified as possible indicators which could
serve as parameters for the LST. From table 2 of the literature review, only the aspect ratio was
excluded, as its effect on the LST is not fully understood and quite complex. The indicators of the
variables which constituted the independent variables in the regression analysis are shown in table
5. They were calculated through raster calculations in ArcGIS on data from PDOK, BAG and the
Geofabrik.

As the LST at one point is generally determined not just by the landscape characteristics at that
point, but the characteristics of a neighbourhood around the point, neighbouring cells also need to
be taken into account when calculating the landscape characteristic. Therefore, the landscape
characteristics were calculated using GIS-based neighbourhood operations aimed at computing,
for each cell, statistics of the cell values within a given radius (neighbourhood) around the cell. The
values as presented in table 5 give an indication of what other scholars found as computation radii
ensuring strong correlations between the computed variables and temperature. In this research the
computation radii for calculating the independent variables are computed by the researcher, thus
those from table 5 are not used. This is done by executing a correlation analysis between each
landscape characteristic and the temperature with different radii and identifying the radius which
ensures the highest correlation with the LST. The final computation radius might differ across
landscape characteristics. The radii used in this research are shown in table 6.

The different landscape characteristics were computed in different ways, but all with a cell size of
5 meters. This is different from the temperature resolution, which could only be derived with a
minimum cell size of 30 meters. However, because different landscape characteristics, such as
buildings, are provided in a more detailed way, a higher resolution was preferred to make it more
specific.
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The landscape characteristicsi nc |l uded f §whieh aéefthe budding-,@meen-, industrial-,
road- and water fraction. The computation method of these fractions was the same, however, the
input data was of course different. All the input data for the fractions were from the Geofabrik. From
this open data source, polygon datasets were available for buildings, roads and water which were
sufficient as input data for the corresponding fractions. For the green fraction, the land-use dataset
was used, from this dataset, multiple land-uses were selected as green, these included allotments,
cemetery, farm, forest, grass, heath, meadow, nature reserve, orchard, park and recreation ground.
Also for the industrial fraction, the land-use datasetwas used, theland-u s e O0i ndust r i
to identify industrial areas. The created features were transformed into a raster dataset. After that,
the number of raster cells belonging to that characteristic within a radius was calculated and divided
by the total amount of raster cells within the radius. So that the fraction was a value ranging from 0
to 1, explaining the fraction of the indicator within the radius.

For the computation of the distance to the city centre, the straight line distance from different
landmarks around the city centre of Utrecht was computed for every cell within the municipality.
The landmarks in the city centre that were used to calculate the straight line distance from were
Jaarbeurs, Central Station, Domtoren and Neude. Hereafter it was tested which output appeared
to be the best predictor of the LST, looking at the correlation between the distance from the
landmark and the LST, the output with the highest correlation with the LST was chosen. This was
done because the location from which the distance to the city centre was computed was not clearly
defined by both Schwarz et al. (2012) and Dugord et al. (2014): in fact, they both used a different
landmark within the city centre of the researched cities, as of course, the city centre is in every city
different. Therefore in this study, it was first examined which of the landmarks in Utrecht was best
to calculate the straight line distance from, in order to predict the LST in Utrecht.

The population density was calculated per neighbourhood with data from the PDOK database. The
feature data needed to be transformed to a raster dataset. Whereas Steeneveld et al. (2011) only
looked at population density at the neighbourhood level, in this research, it was examined as well
if the correlation with the LST would be higher if an average was calculated within a radius from
each cell.

For the FAR, which was calculated on the neighbourhood level as well, the height dataset from
BAG 3D was used to calculate the number of floors per building. Hereby the assumption is made
that one floor is three meters high. No national guidelines were available for this, but in at least
seven of the analysed building projects in Utrecht, the height per floor was three meters. By looking
at the number of floors per building and the footprint per building, the total floor area could be
computed. Finally, the floor area per neighbourhood was calculated and divided by the total area
of a neighbourhood, which gave the floor area ratio per neighbourhood. Again the mean within a
radius per cell was computed.

For the building height (BH), the BAG 3D dataset was used, from which the height of buildings can
be computed by subtracting the ground height from the roof height per building, which were both
provided in meters above sea level. To areas where no buildings were located the value 0 was
given. Per cell, the average height within a radius was computed.

The last indicator, the SVF, was computed by using a Digital Terrain Model of Utrecht from AHN3
data. With this data, the SVF could easily be calculated in the program QGIS. After that, for every
cell, the average of the SVF within a radius was calculated.
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Table 5 List of indicators for computing parameters

INDICATOR

SOURCE DATA
DERIVED FROM:

COMPUTATION
RADII USED BY
OTHER SCHOLARS

REFERENCES

GREEN FRACTION

BUILDING FRACTION

INDUSTRIAL FRACTION

FRACTION OF ROAD
INFRASTRUCTURE

WATER FRACTION

DISTANCE TO CITY CENTRE

POPULATION DENSITY IN
NEIGHBOURHOOD

FLOOR AREA RATIO (FAR)

MEAN BUILDING HEIGHT
(BH)

SKY VIEW FACTOR (SVF)

Geofabrik

Geofabrik

Geofabrik

Geofabrik

Geofabrik

Computed by
author

PDOK - Wijken en
Buurten

BAG 3D
PDOK - Wijken en
Buurten

BAG 3D

PDOK - AHN 3

250 - 700 meters

250 - 1600 meters

500 meters

500 meters

600 - 1000 meters

Neighbourhood level

150 - 200 meters

200 - 250 meters

100 - 250 meters

Heusinkveld et al. (2014)
Van Hove et al. (2015)
Wistemann et al. (2016)

Heusinkveld et al. (2014)
Van Hove et al. (2015)

Jeong et al. (2015)

Jeong et al. (2015)

Steeneveld et al. (2011)
Steeneveld et al. (2014)

Dugord et al. (2014)

Steeneveld et al., (2011)

Lan & Zhang (2017)

Van Hove et al. (2015)
Lan & Zhang (2017)

Van Hove et al. (2015)
Dirksen et al. (2019)

With the outputs, an Ordinary Least Square (OLS) regression analysis was executed in which the
influence of the landscape characteristics (independent variables) on the LST (dependent
variables) was calculated. The regression analysis was computed based on 1500 observations
within the municipality of Utrecht. These points were randomly created, the space between these
points was set at a distance of at least 30 meters to ensure that no points would have the same
values. If the 1500 points were evenly distributed in the municipality of Utrecht, this would mean
that there would be one point every 6.6 hectares, therefore the variations in the urban fabric were
accurately represented. At these points, the LST and the urban characteristics were extracted from
the previously defined raster datasets. Descriptive statistics of the outputs are shown in table 6.
The radii which were used to calculate the landscape characteristics around each point are given
as well. These were defined by looking at which radius gave the best correlation for each
characteristic with the LST, as previously described.
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Table 6. Descriptive statistics of samples from landscape characteristics in the municipality of Utrecht

INDICATOR MEAN STD. DEV. MIN MAX COMPUTATION RADIUS
(COMPUTED BY AUTHOR)

GREEN FRACTION 425 .336 .000 1.000 200 meters

BUILDING .130 137 .000 .706 150 meters

FRACTION

INDUSTRIAL .060 .216 .000 1.000 100 meters

FRACTION

FRACTION OF 416 .235 .000 973 400 meters

ROAD

INFRASTRUCTURE

WATER FRACTION .069 144 .000 1.000 100 meters

DISTANCE TO CITY | 4.294 2.256 .067 10.237 NA, distance measured from

CENTRE Central Station

FLOOR AREA .548 .631 .011 3.990 50 meters

RATIO

MEAN BUILDING 1.943 2.631 .000 22.293 200 meters

HEIGHT

SKY VIEW FACTOR | .931 .073 672 1.000 150 meters

Both backward and forward regression methods were used to get to a first robust model. In the
backward regression method, all the indicators are entered in the analyses and then sequentially
removed, the criterion for removal is based on the smallest partial correlation with the dependent
variable, this is done until no variables are left that satisfy the removal criteria. In the forward
regression method, the variables are sequentially entered into the model, hereby, the variable with
the highest correlation with the dependent variable is entered first, and so on until all the variables
are entered (IBM, n.d.). With the backward regression, the non-significant outputs (p>0.05) were
eliminated. The forward regression method was used to look at which model stabilizes the R?, i.e.
the model after which the R? did not increase much when adding another variable.

After that, the remaining indicators were analysed based on whether they showed multicollinearity.
This was done by looking at the correlation between indicators in SPSS outputs, and by calculating
the Variance Inflation Factor (VIF) of every indicator. The VIF quantifies the presence of
multicollinearity in an OLS regression analysis per indicator and is calculated using the following
formula (equation 3):

(JL)OO — Equation 3

where R?isthe R-squar ed val ue regrfessed agaidst evdryoother fredéctor in the
model. Rogerson (2001) identified a value of 5 as a threshold which the VIF should not exceed to
prevent potential multicollinearity problems. If an indicator showed high collinearity with other
predictors, the indicator was eliminated. These steps needed to be repeated several times until a
model was created without multicollinearity and an R? which was high enough to explain the
variability of the LST (R?>0.7), the steps to take are shown in figure 6.
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Figure 6. Regression analysis flowchart, created by author

To test the OLS assumptions, a scatter plot of the residuals versus the fitted values, and a
histogram showing the distribution of residuals were created. The assumptions of the OLS method
are that the scatter plot should not show any pattern in it, whereas the histogram should follow a
normal distribution. The results were tested as well for spatial autocorrelation of the residuals as
the results of spatial OLS model are more reliable if residuals are not spatially clustered. To test for
spatial clustering, t he GI o b(Bduatibha)rwasrcdlcsilated on the residuals to see whether
they are spatially autocorrelated.

0 — B Equation 4

where n is the total number of features, So is the aggregate of all the spatial weights, Z; represents
the deviation of an attribute for feature | from its mean (x; - 0), wij,is the spatial weight between
feature | and j The value that results from this formula and its significance (p < 0.05) state whether
a pattern is clustered (+1), dispersed (-1) or random (0) (the value has to be interpreted in the light
of the null hypothesis T i.e. that the elements are just randomly distributed) (Esri, n.d.). If the
residuals appeared to be clustered, other regression models should be tested. For a matter of
completeness, the spatial error model and the spatial lag model were also run using the software
GeoDa (Anselin et al., 1996) and their results were compared to those of the OLS.

434Analysis of xpesure to heatgitresslensification

From the model, of which the parameters were computed as described in the previous section, the
LST at any location within the city of Utrecht can be estimated using landscape characteristics. In
order to use the model to estimate the future temperature patterns after densification, first, the GIS
data as shown in table 5 had to be modified towards the future situation. For this step, changes in
the landscape because of building projects had to be modified in GIS by editing the data (example:
Figure 7). The building projects as identified during the desk research were used for this step
(Appendix B). The only criterion was that the building plans included a somewhat detailed
visualisation, sketch or drawing of where the buildings are going to be located. These plans were
often found on the projects 6 w eds policy decuments. If no visualisations were found, the plans
were not included in editing the landscape characteristics because that would give too much
uncertainty. This was often the case for plans which were planned in the long term. When adding
new buildings in GIS, the height of the buildings also needed to be included in the data. The building
height was often found in the plan documents. If not, an estimation was made based on the number
of floors. This information could be retrieved from each building project, as it was stated somewhere
and/or it could be derived from the visualisation of the building. Hereby, again the assumption was
made that one floor is three meters in height.
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Figure 7. Example of editing the Building and Green data so it represents a situation after densification, location:
project Merwedekanaalzone 4. Created by author.

The features of the data from the Geofabrik could easily be deleted, edited or added to configure
towards the future situation. For the data for which height was important, such as the SVF, the FAR
and BH, it was a matter of adding height to the building features. The distance to the city centre
was of course not edited as it is a fixed distance and does not change due to densification.

The data on population density could be edited in the PDOK - Wijken en Buurten dataset, based
on the estimated future density per neighbourhood. For the estimation of the future density per
neighbourhood, the future population per neighbourhood needed to be estimated. This was done
by using the Prognosis 2019 of the municipality of Utrecht in which the population estimations for
the year 2025 were given (afdeling onderzoek, Gemeente Utrecht, 2019). However, the estimations
were only given per sub-district (In Utrecht, 34 sub-districts are divided into 111 neighbourhoods).
To translate the estimation per sub-district to neighbourhood estimations, the number of dwellings
to be created per neighbourhood was assessed based on the projects which could be found on the
website of Utrecht (Gemeente Utrecht, 2020). The expected increase of inhabitants from 2019 to
2025 per sub-district was divided over the neighbourhoods within this sub-district based on the
number of new dwellings per neighbourhood.

Following equation 1, the parameter estimates (3) and future landscape configurations (Xs) were
used to predict the LST induced by future landscape configurations (Y). Because of the standard
error in the model, the predicted temperatures may not in every case be very reliable. Because of
this, a 95% confidence interval (i.e. the interval within which 95% of the predictions fall) was
computed, resulting in a lower bound and upper bound estimation as well. This was done in ArcGIS,
the 95% confidence interval for the forecasted values ¥ of X was calculated using equation 5.

O € & "QQUREOCERD bYWod 2 - Equation 5
Hereby, ¥ is the forecasted value, tqi is the inverse of the two-tailed T distribution, and U i s t he
standard error of the model. For the upper-bound of the confidence interval, the product of the tcit
and the U was added to the 7V, and for the | ower bo
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The output of the created model will only give the estimated values in a situation where the overall
temperature in Utrecht was somewhat the same as the 26th of July 2018. Therefore to give an
output that could represent a random summer day the UHI needed to be calculated. This is based
on the assumption that heatwaves affect absolute temperatures, but temperature patterns remain
constant in general (Dugord et al., 2014). Following the definition described in the literature review,
to calculate the UHI, the rural LST was subtracted from the urban LST. For the rural LST, an area
was used to calculate the mean rural temperature. The area that was used was based on areas
within the municipality of Utrecht that wer
The red contour is used by the Province of Utrecht as a policy instrument to preserve rural area
and can be defined as the border of the urban area (Provincie Utrecht, n.d.). The area outside the
red contour mainly consists of meadows, grass and farmland. For this area (Figure 8), the mean
temperature was calculated using ArcGIS, and this number was subtracted from the temperature
in the urban area to compute the UHI. For the computation of the UHI, water bodies were excluded,
with the assumption that no people live on the water, hence the UHI on water is unnecessary for
the classification of heat stress.

{060 A-7H5 4, 500e [ Municipal border
e ™ ™™™ il0meters . ¥
#77 Rural area

ERE Garmin, Intermap, incrament P Corp, €

apan, METL-Esri China (Hong Ko

Figure 8. Rural area used for calculating the UHI, created by author

The heat stress risk is calculated for the current situation, as well as for the future situation to
identify whether there are changes in heat stress risk due to densification. For the current situation
data from the year 2019 was used as the base, and for the future, a prognosis of the year 2025
was made. Population estimations were available on the longer term, but the year 2025 was most
consistent with the densification plans which were considered. The population estimations were
done as described before. For analysing the heat-stress risk, a categorization method was needed.
For this step in the research, the categorization method of Dugord et al. (2014) was used. They
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came up with the following equation (Eq. 6) to identify heat stress in the residential area. A full
overview of the method is shown in table 7.

‘I " U Equation 6

Hereby, r is the potential risk on the neighbourhood level, v is the vulnerable city dwellers and h is
the potential climatic hazard. They used statistical thresholds for the level of vulnerability (i.e. the
share vulnerable people and the population density) and the level of climatic hazard (i.e. the UHI)
to create four categories, ranging from 0, which indicates no vulnerability or hazard, to 3 indicating
maximum vulnerability or hazard, for determining areas at potential risk (table 7).

The highest level of climatic hazard (h) is defined on a temperature exceeding the 95th percentile
of the distribution (Gabriel & Endlicher, 2011). Level 1 and 2 are respectively defined at the 85th
and 90th percentile (Dugord et al., 2014). The level of vulnerability is more complex. For assessing
the vulnerability (v), Dugord et al (2014) combined the share of vulnerable inhabitants with the
population density. In this way, a value is given to the density of vulnerable people within an area.
For the population density the same classification method is used as with the potential climatic
hazard, so ranging from 0 to 3, depending on the 85th, 90th and 95th percentile of the density
distribution.

O QMWMOOME ¢ OQE & OME ®0 & & 'QTQEVXH'@ HR'QH | (HAIQ Q¢ Eqdation 7.

As it was not convenient to give a value ranging from 0 to 3 to the share of vulnerable inhabitants
(value ranging from O to 1) to assess vulnerability, the share of vulnerable people was multiplied
by the density category on that location, leading to a weighted concentration, which is shown in
equation 7 (e.g. on a location where the share of vulnerable people was 0.2, and the density
category 3, the weighted concentration was 0.6). To give a value for vulnerability (v) to the weighted
concentration, three thresholds were created by Dugord et al., (2014). To locations where the
weighted concentration was below 0.3, a value of 0 was given, from 0.3 and up to 0.6 the value
was 1, from 0.6 to 0.9 the value was 2, and when the value was 0.9 or higher the highest
vulnerability value (3) was given, representing a highly problematic concentration of vulnerable
people.

The percentiles used in this method for determining the thresholds of the categories for climatic
hazard and the density levels were calculated for the values of the current situation, i.e. the obtained
values before densification has taken place. The percentiles calculated for the current situations
were hereafter used for categorizing the values of the current situation as well as the future
situation. This is done because if for the categorization of the future situation also the percentiles
for the future situation were used, it would be a matter of relative conditions and therefore a
comparison between the current and future situation would not provide useful information. As, for
example, if the 85" percentile for the density rises because of higher density values, locations
within an area of significantly higher density values may be awarded the same density category,
as the percentile has risen as well. Because of this, only the percentiles for the current situation
were used for assessing the threshold for the categories in both the current and future situation.

From the literature review it appeared that next to the elderly as assumed by Dugord et al. (2014),
people with a low income could also be more affected by heat. Therefore, the categorization of heat
stress is done looking at the elderly as well as people with a low income, which resulted in two
separate outcomes of heat stress-risk per neighbourhood. An overview of the categorization per
indicator is presented in table 7.
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Table 7. Classification and calculation method for the indicators used for the estimation of potential heat stress
related risk, based on Dugord et al. (2014)

Indicator/ potential risk factor Value Signification calculation method
Potential Population density 0 Relatively negligible Population density < 85th
demographical density percentile (current)
vulnerability (v)
1 Relatively low density Population density > 85th
percentile (current)
2 Relatively medium Population density > 90th
density percentile (current)
3 Relatively high density Population density > 95th
percentile (current)
Share of 0-1 Percentage of elderly (> The concentration of vulnerable
vulnerable 65 years old), or people inhabitants is multiplied by the
inhabitants with a low income (as population density value to give
defined by PDOK) more importance to the
divided by 100 absolute amount of vulnerable
inhabitants
Concentration of 0 Not problematic Weighted concentration < 0.3
vulnerable concentration
inhabitants in a
block
1 Quite problematic Weighted concentration > 0.3
concentration
2 Problematic Weighted concentration > 0.6
concentration
3 Highly problematic Weighted concentration > 0.9
concentration
Potential climatic | Distribution of air 0 Negligible potential UHI <85th percentile (current)
hazard (h) temperatures hazard
1 Low potential hazard UHI >85th percentile (current)
2 Medium potential hazard  UHI >90th percentile (current)
3 High potential hazard UHI >95th percentile (current)

For calculating the population density, the PDOK data was available on the neighbourhood level,
however, the temperature was defined at a finer resolution, as this was derived from LANDSAT 8
images (i.e. one temperature value per 30 x 30 m cell). For accuracy, these temperature variations
across space were considered in this research for estimating heat stress. To give more sense to
the heat stress calculation, the population density variations across space were considered as well.
Hereby, the assumption was made that within a neighbourhood, more people are living where more
floor space of buildings is. In order to compute the total amount of floor space within a
neighbourhood, first, the previously calculated (FAR computation) amount of floors per building
was multiplied by the building footprint to get the floor space per building. Then the total amount of
floor space in the neighbourhood was obtained by adding up the floor space of each building in the
corresponding neighbourhood. The total population (census data) of the neighbourhood was
hereafter divided by the floor space per neighbourhood to get the average amount of people per
square meter floor area in a neighbourhood. When this number was multiplied by the floor area per
building, the number of people per building could be estimated.

29



Population density on a square meter basis was obtained by dividing the number of people per
building by the total footprint of the building. Clearly, cells with no building on them were assigned
a value of zero. The number of people per square metre was then multiplied by 1,000,000 to
calculate density on a square kilometre basis. By computing the mean within a square kilometre
around each cell, an estimation was given for the number of inhabitants in the neighbouring cells
within a square kilometre. The final map of population density represented the population density
variations across space looking at the number of people per square kilometre on that location. This
was calculated for both the situation in 2019, as the situation in 2025.

For assessing the share of vulnerable people, the database of the municipality of Utrecht
(Gemeente Utrecht, n.d.) was used, as it contains data on age distribution and income. For the
share of vulnerable people according to age, only people above 65 years old were looked at. As
shown in the theoretical framework, there is no consensus as to whether young children are
significantly more vulnerable to heat than other categories (Ishigami et al., 2008). An overview of
the data used is shown in table 8. For the future share of elderly people, only a prognosis on the
district level was available for the year 2025. The assumption was made that every neighbourhood
has the same rise or decline in the share of elderly as the districts it is located in. For the future
share of people with a low income, no prognosis was available at all. Therefore it was decided that
for the future situation, the same share of low-income people will be used as it is today.

Table 8. Source data for population characteristics. (note: both the PDOK data and the municipality database are
based on numbers from the CBS)

Source Type Year Level

PDOK Population 2019 Neighbourhood
Database Municipality of 2025

Utrecht

PDOK Population Density 2019 Neighbourhood
Database Municipality of Age distribution (65+) 2019 Neighbourhood
Utrecht

Database Municipality of Percentage of low income (up to 125% of social 2017 Neighbourhood
Utrecht minimum)
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5. Results

51Densification strategies & link with heat stress

This section presents the outcomes of the document review and the interviews. Seven questions
were formulated to get more insight into the planning strategies from the municipality of Utrecht
and how this is linked to heat stress. The codes in the text refer to the corresponding document or
interview from which the information was derived, the codes were presented in table 3 and 4.

51.What are the reasons for densification?

It is clear from the reviewed documents and interviews, that densification is a hot topic in the
municipality of Utrecht these days. Not only in the city of Utrecht but in the whole Province of Utrecht
it is the aim to create houses within the built environment to meet the housing demand. Because
the Province of Utrecht is an attractive region, the housing demand is high, therefore the province
wants to build a lot of houses within the built environmentP. The reasons for densification that are
mentioned are to keep the cities attractive to live and work in, and to preserve rural area?. A large
share of the dwellings that need to be created in the Province will be built in the municipality of
Utrecht, a number of 60,000 dwellings was mentioned in an interviewE. A reason that is mentioned
for creating this large amount of dwellings, is that otherwise the pressure on the housing market
will become too high, and housing prices will rise within the city. The ambition of the municipality is
to create a city for everyone, when housing prices are high, this ambition will be hard to
accomplishB. However, the size of the municipality is not very large, therefore, solutions need to be
found within the built environment®.

AColl eagues from soci al s ugemsofficient have t
facilities, ... other colleagues from the green program say there must be also
enough green for sport and recreation. So you will always see a sort of conflict

0] ensu

over scarce space. o0 (I nterviewee C)

Different reasons for densification were given in policy documents and interviews. A reason that is
mentioned multiple times, is to use densification as a tool to stimulate sustainable modes of
transport. The assumption here is that if densification takes place around station areas, the use of
the public transport rises, besides, Utrecht is the most centrally located train station in the
Netherlands so densification around the station results in a higher accessibility371011A
Densification around areas of public transport is in line with what national policy documents
stimulate with the Structuurvi si ederlvodr Dauzame
Ver st e d]lAlsp, lefficrency is mentioned as a reason for densification in Utrecht. For
example, waste, water and energy streams could become more efficient when population density
is high1®. It is mentioned that both the aim to promote sustainable transport and the aim for
efficiency due to densification, could lead to a reduction of CO, emission within the city of Utrecht®.
Another reason for densification is based on the assumption that if densification takes place on one
location, green and recreational areas will be preserved in another area. This could contribute to a
healthy living environment and stimulate social interaction®8.

51.How is densification proposed?

In the spatial strategies of Utrecht®4, it is described what the key points of densification are. An
order of priority for the development of the city is formulated; first, densification within the city
around nodes, second, densification within the city, third, densification at the edge of the city around
nodes, and lastly, development outside the city boundaries. The implementation of this strategy
can be seen when looking at the expected growth of inhabitants per neighbourhood until 2025, as
shown in figure 9, which also highlights that densification is taking place around train stations. The

31

uctuur



priority for locations around nodes in the city is also based on the focus on slow transport and public
transport. The aim is to stimulate sustainable modes of transport like walking, cycling and public
transport*1. Diversity in the city is an important aspect as well. Utrecht tries in its strategy to keep
and even strengthen the diversity in the city. It is looked at what kind of people live in which
neighbourhoods, and how stimulation of a certain dwelling type will contribute to diversity in the
neighbourhood>#B,

Inhabitant increase
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Figure 9. The expected increase in inhabitants per neighbourhood between 2019 and 2025. Created by author,
data based on Munici padstimdtmisabase and aut hor o

Another important element in the densification strategies of Utrecht is health®47. In every spatial

project, a health advisor is involved. These advisors look at the plans that are created and advise

on how the plans could be changedtocont ri but e t o ¢ HeRotekample dhedittan Li vi
advisor could discouragebui | di ng dwel lings next to a highway,
location. The advice is based on three aspects; first, the pressure on health should be minimized,

S0 as mentioned in the example, no dwellings on unhealthy locations. Second, healthy behaviour

should be stimulated, by for example supporting healthy mobility. And third, people need to live in

a pleasant environment, so there should be sufficient green and facilities in the surroundings®.

While reviewing policies, a list was created of densification plans that are taking place in Utrecht or
that will take place in the coming years. The full list of the reviewed plans is shown in appendix B.
In figure 10, a map is shown of reviewed building plans in Utrecht, the map also consists of plans
which are more expansion rather than densification.
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Figure 10. Map of large densification projects and reviewed building sites in the municipality of Utrecht, created by
author.

51.#How do the strategies take climate change into account?

Climate change is mentioned in documents from the Province, possible effects of climate change
that are mentioned are floods, water shortage and heat stress. Water and green infrastructures are
mentioned as ways to adapt to climate change’?. However, from an interview, it appeared that in
practice, only a small part of the created dwellings in the province do take climate change into
account. In 2018 there were 87,000 houses built in the Netherlands, in 90% of the cases, no
attention was paid to the changing climate. In the province of Utrecht, this was probably also the
case, however in the plans, there is an increasing amount of attention paid to climate change, but
costs are often the reason that some of these plans failP.

In the city of Utrecht as well, attention is paid to climate change in documents. The municipality
focusses in its strategies on both mitigation and adaptation. On the one hand, the municipality
wants to contribute to the reduction of CO2 emissions, by reducing energy use, becoming more
efficient in the use of fossil fuels, stimulating sustainable energy and emphasizing the role of the
bicycles in the city. On the other hand, it tries to adapt the city to the inevitable rise in temperature,
by means of climate adaptive measures. Hereby heat stress, drought and floods are mentioned as
potential risks of climate change, especially in the older parts of the city. Again green and blue
infrastructures are mentioned as tools to adapt to the increasing risks®4712, In the municipality,
there are sustainability and climate adaptive rules, which are not only for buildings but also for
public space”. This is a challenge however in densification projects, due to densification there is a
continuous6 battl ed over densifeatianelainss@ btookspaceAndthin the city®, smart
and technical solutions are required. The goal is to as much as possible prevent the public space
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