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space or at built structures. For these different types, a list of requirements was defined that 
need to be fulfilled to be able to implement the types in urban areas. The categories and 
requirements are incorporated in the newly developed decision-support tool by programming 
a raster analysis for the different types of UGI in a Geographic Information System (GIS) with 
Python. The outcome of the raster analysis is a raster layer per UGI type which represents the 
locations where which UGI type is possible. Based on the effect of the different UGI types on 
the PET found in the literature, a priority list is defined which represents the order of UGI 
types that have the most reducing effect on HTC. Based on the self-defined priority list, the 
raster layers per UGI type are combined into one raster map which presents in a presentable 
manner which UGI type can be best implemented at certain locations. Therefore, the newly 
developed decision-support tool adds, in comparison with existing decision-support tools, a 
wider range of UGI types; a more extensive list of requirements; and the self-defined priority 
list to define the best suitable UGI type for a certain location. In this way, the newly developed 
decision-support tool can identify the possibilities for the implementation of Urban Green 
Infrastructure. 
 
The relationship between HTC and UGI is further incorporated into the newly developed 
decision-support tool by programming a self-defined analysis for the combination of the 
outcome of the HTC calculation with the outcome of the UGI analysis in the same GIS Python 
script as the UGI analysis. Whereas the outcome of the HTC calculation defines where UGI is 
needed by defining the locations with poor HTC, the requirement analysis defines where UGI 
is possible. By linking these outcomes, it is possible to define which UGI types are possible at 
locations with high HTC values. Furthermore, it is demonstrated how these possibilities can 
be brought back into the HTC calculation algorithm which shows the effect of the UGI types 
on the HTC values.  
 
Altogether, this study contributes to bringing together the knowledge in the field of UGI and 
HTC by developing a decision-support tool for determining a strategy for the implementation 
of UGI for improving HTC. By performing an expanded PET index calculation which includes 
the relationship with all UGI types and linking the outcome with defined possibilities for types 
of UGI, it is possible to advise urban planners on a strategy for implementing UGI in urban 
areas by using the newly developed decision-support tool. 
 
Overall, this study demonstrates that a decision-support tool can be developed for improving 
HTC by performing an extensive literature review; describing how a decision-support tool can 
be developed which incorporates the relationship between UGI and HTC; and testing the 
decision-support tool on the case study of Rotterdam. Although further research will be 
needed, it will already be possible to improve the thermal comfort of people based on this 
study which will reduce heat stress, increase productivity and create better health 
circumstances for the population in urban areas. 
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legde het accent op waar verschillende typen stedelijk groen toegepast kunnen worden. Op 
basis van bestaand onderzoek zijn de verschillende typen ingedeeld in drie hoofdcategorieën: 
Bomen, struiken en lage beplanting gelegen in de openbare ruimte of op bouwwerken. Voor 
de verschillende typen is een lijst met eisen gedefinieerd waaraan moet worden voldaan om 
de typen in stedelijke gebieden te kunnen toepassen. De bevindingen zijn opgenomen in een 
nieuw beleidsondersteunend systeem door een rasteranalyse voor de verschillende typen te 
programmeren in een Geografisch Informatiesysteem met Python. Het resultaat is een raster 
laag per type die representeert waar welk type groen kan worden toegepast. Op basis van de 
in literatuur gevonden effecten van de typen groen op de PET is een prioriteiten lijst 
gedefinieerd die de volgorde weergeeft van types die de meeste invloed hebben op thermisch 
comfort. Op basis van deze lijst zijn de mogelijkheden van de verschillende typen 
gecombineerd tot één rasterkaart. De kaart toont op een representatieve manier welk type 
stedelijk groen het beste kan worden toegepast op bepaalde locaties. Het nieuwe 
beleidsondersteunend systeem voegt meer groen types, eisen en een prioriteitenlijst toe in 
vergelijking met bestaande systemen. Hierdoor kan het nieuwe beleidsondersteunend 
systeem de mogelijkheden voor het toepassen van stedelijk groen identificeren. 
 
Het verband tussen menselijk thermisch comfort en stedelijk groen is verder opgenomen in 
het nieuwe beleidsondersteunend systeem door de uitkomst van de berekening van 
thermisch comfort te combineren met de uitkomst van de raster analyse. De combinatie is 
geprogrammeerd in hetzelfde Python script als de raster analyse. De uitkomst van de 
berekening van thermisch comfort definieert waar stedelijk groen nodig is door de locaties 
met thermisch discomfort weer te geven en de uitkomst raster analyse definieert waar 
stedelijk groen mogelijk is. Door de uitkomsten te koppelen is het mogelijk om te definiëren 
welke typen stedelijk groen toegepast kunnen worden op locaties met thermisch discomfort. 
Verder wordt gedemonstreerd hoe de mogelijke typen ingevoerd kunnen worden in de 
berekening van het menselijk thermisch comfort zodat het effect van de typen stedelijk groen 
op de waarden voor thermisch comfort zichtbaar wordt. 
 
Al met al draagt het onderzoek bij aan het samenbrengen van de kennis op het gebied van 
stedelijke groen en menselijk thermisch comfort door het ontwikkelen van een 
beleidsondersteunend systeem voor het bepalen van een strategie voor het toepassen van 
stedelijk groen om het menselijk thermisch comfort te verbeteren. Door een uitgebreide PET 
index berekening uit te voeren waarin het verband met alle stedelijk groen typen is 
opgenomen en de uitkomst te koppelen met de gedefinieerde toepassingen voor stedelijk 
groen, is het mogelijk stedenbouwkundigen te adviseren over een strategie voor het 
toepassen van stedelijk groen in stedelijke gebieden. 
 
In algemene zin toonde deze studie aan dat een beleidsondersteunend systeem kan worden 
ontwikkeld voor het verbeteren van het menselijk thermisch comfort door een 
literatuuronderzoek uit te voeren; te beschrijven hoe een beleidsondersteunend systeem kan 
worden ontwikkeld waarin het verband tussen stedelijke groen en thermisch comfort is 
opgenomen; en door het testen van het systeem op de case studie van Rotterdam. Ondanks 
dat verder onderzoek nodig zal zijn, zal het op basis van deze studie nu al mogelijk zijn om het 
thermisch comfort te verbeteren, waardoor hittestress wordt verminderd, de productiviteit 
wordt verhoogd en betere gezondheidsomstandigheden worden gecreëerd voor de bevolking 
in stedelijke gebieden.  
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Abstract  
Urban areas are dealing with the Urban Heat Island (UHI) effect which is caused by a large 
amount of paved surfaces. The UHI effect in combination with extreme heat events increases 
heat stress experienced by people. For the well-being of people, it is important to improve 
Human Thermal Comfort (HTC) in urban areas. Urban Green Infrastructure (UGI) can help with 
improving the thermal comfort of people by reducing the temperature with shadow and 
evapotranspiration. Different decision-support tools have been developed to support urban 
planners in determining a strategy for the implementation of UGI. Many of these tools are 
focused on the temperature effect of UGI and not on the broader concept of HTC which could 
give more meaning to how the environment is experienced by people.  
 
This study investigates and illustrates how to develop a decision-support tool which supports 
urban planners by determining a strategy for the implementation of UGI by focusing on 
improving HTC. The study demonstrates that by performing an expanded PET index 
calculation, HTC can be calculated and that based on a raster analysis including an extensive 
list of requirements, it can be determined where certain types of UGI can be implemented. 
By linking these outcomes, it is possible to define which UGI types are possible at locations 
with high HTC values. Furthermore, it is demonstrated how these possibilities can be brought 
back into the HTC calculation which shows the effect of the UGI types on the HTC values. 
 
As a result, this study contributes to bringing together the knowledge in the field of UGI and 
HTC by developing a decision-support tool for determining a strategy for the implementation 
of UGI for improving HTC. Although further research will be needed, it will already be possible 
to improve the thermal comfort of people based on this study which will reduce heat stress, 
increase productivity and create better health circumstances for the population in urban 
areas. 
 
Keywords: Human Thermal Comfort, Physiological Equivalent Temperature, Urban Green 
Infrastructure, Decision-support tool, Geographic Information System 
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management, air quality, and biodiversity. An important benefit is that UGI can affect the UHI 
effect as stated by Norton et al. (2015). Amongst other measures, implementing green 
infrastructure can help with getting temperature reductions because of its reducing effect, 
due to shadow and evapotranspiration, on surface temperatures at locations with high air 
temperatures and solar radiation. Furthermore, UGI can be implemented to bring HTC back 
to a more acceptable level because UGI influences the microclimate in urban areas which is 
related to the thermal comfort of people (Huang et al., 2020). Therefore, UGI can contribute 
to better urban areas and health circumstances for people. 
 
The benefits of UGI can be categorized under social, economic, and environmental benefits 
(Carter, Handley, Butlin & Gill, 2017). The different benefits of UGI are a better quality of life, 
economic prosperity, adaptation to climate change, and a positive influence on energy usage 
and food shortage (Pötz, 2016; Ramyar, Ackerman & Joston, 2021; Voskamp & Van de Ven, 
2015). In response to the positive effect of UGI, different decision-support tools have been 
developed to support urban planners in determining a strategy for the implementation of 
UGI. A strategy for the implementation of UGI requires an integrated approach in which all 
relevant disciplines are included to increase the benefit of UGI (Norton et al., 2015; Pötz, 
2016; Ramyar et al., 2021; Voskamp & Van de Ven, 2015). A multi-disciplinary approach is 
required that covers the following disciplines: engineering and ecology; spatial planning and 
urban design; and policy and management. To accomplish a multi-disciplinary approach, all 
aspects of the disciplines need to be analysed. To analyse all aspects, much data is necessary 
and collaboration with stakeholders is desired (Ramyar et al., 2021; Voskamp & Van de Ven, 
2015). Furthermore, a well-developed strategy for the implementation of UGI requires a 
connection between different spatial scales, such as street, neighbourhood and city. These 
scales need to be connected by including the different social, economic and environmental 
processes at these scales (Carter et al., 2017; Ramyar et al., 2021). To decide on a UGI strategy, 
it is necessary to know the effects of UGI on all the relevant aspects of the disciplines by linking 
the UGI features with the different processes at different scales. By including all these effects, 
it is possible to get insight into how to adapt urban areas to climate change (Carter et al., 
2017; Ramyar et al., 2021; Voskamp & Van de Ven, 2015). A decision-support tool can assist 
in determining an urban strategy for implementing UGI because it can provide an integrated 
approach by being able to merge, analyse and demonstrate different data into a meaningful 
strategy (Kuller et al., 2019). In this way, it can help to answer questions such as what green 
infrastructure types have to be implemented and where they can be implemented based on 
multiple requirements.  
 
Many of the decision-support tools are focused on the temperature effect of UGI but human 
thermal discomfort is caused by more than just temperature. HTC is influenced by multiple 
factors, such as the microclimate and clothing  (Chen & Ng, 2012; Manan & Nadasiyatus, 2021; 
Norton et al., 2015; Rahman, Hartmann, Moser-Reischl, von Strachwitz, Paeth, Pretzsch, 
Pauleit & Rötzer, 2020; Rupp et al., 2015; Zhao et al., 2021). It is of interest to include HTC in 
urban strategies because by just focusing on temperature alone, no relationship will exist with 
the perception of people for whom urban areas are developed. HTC will give more meaning 
to how the environment is experienced by people (Rupp et al., 2015). 
 
Therefore, a strategy for implementing UGI in urban areas requires a more comprehensive 
approach. Then, UGI will not only rectify the UHI effect by reducing the temperatures but also 
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temperature (Rupp et al., 2015). The dissatisfaction is mostly caused by the skin temperature 
and extremities of women concerning thermal comfort and this relationship does not exist 
for men. The relationship is found for indoor conditions but is also relevant in non-uniform 
outdoor environments. In contrast to that, Yin, Zheng, Wu, Tan, Ye & Wang (2012) found that 
men are more sensitive to higher temperatures than women. Some researchers also 
concluded that people who are exposed to a smaller range of temperatures also have a 
smaller thermal comfort range. Culture also plays a role in thermal comfort because cultural 
differences exist in the attitude toward the sun which influences the time spent outdoors and 
the related comfort to that. As mentioned by Thorsson, Honjo, Lindberg, Eliasson & Lim 
(2007), Swedish people like to sunbathe and therefore, their thermal comfort is related to the 
temperature in the sun but Japanese people do not like to sunbathe and therefore, their 
thermal comfort more depends on the temperature in the shadow.  
 
The factors preferences, memories and expectations can be categorized under psychological 
factors and are part of behavioural aspects which influence the thermal perception of people 
(Chen & Ng, 2012; Nikolopoulou & Lykoudis, 2006). These factors all have to do with 
naturalness, past experience, perceived control, time of exposure and environmental 
stimulation. For example, on a hot summer day, people are looking for shaded locations 
because they expect that it will be a cooler place. After all, that is the memory they have and 
that influences their behaviour. Looking at it from another sight, Ruiz & Correa (2015b) state 
that people expect a comfortable environment in the shadow but sometimes this can be 
disappointing due to the solar radiation from the surrounding. The behaviour is also 
influenced by the preference for a location in the sun or the shadow but it can be stated that 
preferences are formed by the combination of memories and expectations. It is therefore 
stated that memories and expectations have an influence on thermal comfort and play a 
major role in the satisfaction of people (Yin et al., 2012). Furthermore, expectations are 
mostly formed by the thermal comfort of the day before but it is also related to seasons 
(Nikolopoulou & Lykoudis, 2006). For example, in the autumn warmer temperatures are 
expected due to the higher temperatures in the summer and in the spring colder 
temperatures are expected due to the lower temperatures in the winter. Another example is 
that people coming out of airconditioned buildings still seek sunshine outside even when the 
index exceeds neutral conditions (Chen & Ng, 2012). An important aspect of behaviour 
concerning comfort is perceived control, when people have the feeling they cannot control 
the situation then it is more likely that they will be dissatisfied (Nikolopoulou & Lykoudis, 
2006). For example, take a square in the full sun, people have no control over where shading 
by shelters such as parasols will be placed. In public spaces, people cannot interact with the 
environment to make it more comfortable for themselves. From another point of view, 
comfort also depends on having the control of leaving a place or not and this kind of control 
is present in public spaces and outweighs the control over the microclimate.  
 
Lastly, the factor activity influences the behaviour of people based on their preferences (Chen 
& Ng, 2012). For example, people that sport outside have other preferences in thermal 
comfort than people that are relaxing outside. Related to activity is the metabolic rate, it is 
stated that activities with a low metabolic rate, such as resting, can have higher temperatures 
outside than activities with a high metabolic rate, such as running (Nikolopoulou & Lykoudis, 
2006). Activity and metabolic rate can both be categorized as physiological factors. It can 







 Master Thesis | A. van Duijven 34 

that the GOCI is a widely applicable index because it can take into consideration the 
differences in climate between regions by including the annual average temperature, the 
average temperatures of the hottest and coldest month and the latitude. However, the index 
is only validated in one city (i.e. Rome) and therefore, it is not known whether the index is 
really applicable to different climates. The MOCI is an index which applies to Mediterranean 
locations which does not fit the purpose of this study because the index should be wider 
applicable to be included in the new decision-support tool (Golasi, Salata, De Lieto Vollaro, 
Coppi & De Lieto Vollaro, 2016).  
 
An improved variant of the PET index is the mPET, the modified physiologically equivalent 
temperature which according to Chen & Matzarakis (2018) gives a more realistic estimation 
than the PET index. The improvement of the index is especially in the thermoregulation and 
clothing insulation model. This means that the body is developed into a multiple-node model 
instead of a double-node body model (Figure 5). Furthermore, the index makes use of a multi-
layer clothing model and an automatically changing clothing insulation value and these 
improvements lead to a more accurate prediction of HTC.  
 

 
Figure 5: PET versus mPET (Chen & Matzarakis, 2018) 

Another predictor is the effective temperature (ET*) which is also able to include solar 
radiation. However, the index has been developed further in the ETVO which stands for the 
outdoor modified effective temperature. The ETVO adds to the ET* the possibility to indicate 
the separate effects of humidity, air temperature, solar radiation and wind speed on thermal 
perception. Besides, ETVO also can give a universal effect on temperature perception whereas 
other indexes only can indicate the universal effect (Nagano & Horikoshi, 2011a, 2011b).  
 
Another index is the enhanced conduction-corrected modified effective temperature (ETFe) 
which is developed from the ETF (conduction-corrected modified effective temperature) for 
indoor environments. To improve the ETF for outdoor environments, the effects of solar 
radiation are included in the index (Kurazumi, Fukagawa, Yamato, Tobita, Kondo, Tsuchikawa, 
Horiskoshi & Matsubara, 2011; Kurazumi, Tsuchikawa, Matsubara, Kondo & Horikoshi, 2011). 
The ETFe incorporates heat conduction and can indicate the universal and separate effects of 
the different environmental factors such as the ETVO. However, the ETFe has already been 
further developed into the ETU (universal effective temperature) which can also be applied 
to non-uniform conditions (Nagano & Horikoshi, 2011b).  
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Figure 6: Factors of PET index calculation 

The calculation is based on a standardized person who is defined as a male, 35 years old, 
1.75m, 75 kg, clothing insulation of 0.9 clo and performing walking with a speed of 4 km/h as 
metabolic rate. The standardized person determines the different PET index classes and those 
indicate that moderate heat stress can be experienced with a PET of 29°C or higher, see Figure 
7.  
 

 
Figure 7: The PET index scale (Kántor, 2016) 

The calculation of the PET index has some limitations. First of all, not all UGI types are included 
such as green roofs and green walls which do also influence HTC (Goede, 2021). Furthermore, 
due to the standardized person, no difference is made for high-risk groups, such as the elderly 
and people with health issues, which are more vulnerable to heat stress (Makido et al., 2019; 
Norton et al., 2015). The use of 0.9 clo as clothing insulation is quite high because that is an 
outfit with multiple layers which mostly is not worn on a hot summer day, see Figure 8. 
Another limitation is the uncertainty of the wind speed calculation, especially in the wind 
reduction calculation around trees and buildings. Furthermore, it would be better if more 
variation could be created in the wind direction which now is fixed to one direction for the 
whole country, namely east which was predominantly the wind direction of the day for which 
the calculation has been made. If the wind direction would have been expressed in degrees 
more variation could have been included. Moreover, it was not possible to include a 
calculation of cast shadows under the trees, therefore under trees of 2 meters or higher, the 
surface is determined as a shadow. It would be better if it can be improved by including the 
permeability of the tree canopy cover. Another limitation is that the water surfaces are 
treated as green infrastructure during daytime and as paved surfaces at night because it is 

















 Master Thesis | A. van Duijven 44 

in reducing temperature (Manan & Nadasiyatus, 2021). However, according to Rahman et al. 
(2020), the effect of UGI on wind speed to reduce temperatures can be outweighed by the 
effect of evapotranspiration and shading on the temperature because approximately 80% of 
the cooling effect is caused by shading and the other 20% by evapotranspiration.  
 
It also matters whether an urban area is situated in a humid climate or not because then the 
influence of UGI is different (Norton et al., 2015). UGI plays a role in controlling the humidity 
in urban areas because more leaf surface means more moisture due to evapotranspiration 
which increases the humidity level. A higher level of humidity can create a cooling effect, 
however, a too-high humidity level will not be perceived as a benefit because it can lead to 
non-efficient sweat evaporation of the human body especially when people are active (Huang 
et al., 2020; Manan & Nadasiyatus, 2021) In a humid climate will it, therefore, be more 
important to create shade instead of having more evapotranspiration. In a non-humid 
climate, more humidity can lead to cooling, however, too much humidity is not preferred. The 
humidity level also depends on the amount of greenery and the density of greenery because 
trees with a wide and dense canopy can stop the vapour from the ground which means that 
the humidity level under the tree is larger than above it (Manan & Nadasiyatus, 2021).  
 
Another important aspect introduced is the albedo of surfaces (Pötz, 2016) By implementing 
surfaces with a higher albedo such as greenery and green roofs, the surface temperature will 
also be reduced because these surfaces absorb less and reflect more radiation. In contrast to 
greenery, paved surfaces mostly have a smaller albedo which means that it reflects less and 
absorbs more solar radiation which leads to higher surface temperatures. The heat is released 
at night which contributes to the heating of urban areas and UGI can lead to releasing less 
heat from surfaces which also lowers the air temperature at night.  
 
The last aspect is that green infrastructure has an improving effect on air quality in urban 
areas which can contribute to cooling because a higher amount of greenhouse gas emissions 
makes it more difficult for the warm air to leave urban areas (Pötz, 2016). The greenhouse 
gasses create a layer above an urban area which blocks the air from moving upwards which 
keeps the warm air in the urban area (see Figure 33). UGI can reduce the amount of 
greenhouse gasses which makes it easier for the heat to leave the urban area.  
 

 
Figure 33: The effect of air pollution (Pötz, 2016) 
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PET in Freiburg. They concluded that a tree can lead to a reduction in air temperature of 2.7°C 
as it is situated on grassland and grassland without trees can lead to a reduction of 3.4°C. 
However, trees on grassland can lead to a reduction of 17.4°C on the PET while grassland 
leads to a maximum reduction of 4.9°C on the PET. The large difference in reduction on the 
PET is caused by the fact that trees create shadow and grass does not. From the study of 
Zheng et al. (2016) could be concluded that a lawn with grass has a larger effect on the PET 
and air temperature than shrubs. Furthermore, Aboelata (2020) also concluded that small 
pieces of grass along a road can lead to a reduction of approximately 1°C on the PET which is 
smaller than when a large surface is covered with grass.  

Another low planting is investigated by Yang et al. (2019) who studied the effect of 
ground-covering plants on the PET. This study is done with annuals and perennials and it could 
be concluded that the reducing effect is approximately between 0.1 and 0.7°C depending on 
the greenery ratio. However, more research is required on the effect of low planting to draw 
a conclusion about the effect. For this study, it is assumed that the reducing effect of grass is 
larger than the effect of other low planting. It is assumed that the effect of bankside plants is 
smaller than other low plantings because these are situated along the water and water has 
already a reducing effect on the PET. The assumptions are presented in Table 2.     
 
The effect of green roofs on the PET has been investigated where little difference is made 
between the different intensiveness of the roofs. For example, the study of Knaus & Haase 
(2020) investigated the effect of a green roof on the PET. It was concluded that a green roof 
has a reducing effect of 9°C on the PET. However, it was just investigated for one type of roof 
and at the roof level and not at the street level. Zhang, He, Zhu & Dewancker (2019) did 
investigate the effect of different green roofs on the temperature in Hangzhou by including 
different types of roofs and measuring the effect at the street level. The reducing effect of 
green roofs on air temperature differs between 0.1 and 0.8°C depending on different 
parameters. A larger coverage ratio and higher vegetation lead to a larger reduction of the 
temperature, while a higher building leads to a smaller reduction of the air temperature. The 
wind direction influences the location where the reduction is observable. Previously, Peng & 
Jim (2013) also did similar research and concluded that an extensive roof has a reducing effect 
of 0 to 0.7°C on the air temperature and an intensive roof between 0 and 1.7°C. The reduction 
has an impact on the PET of up to 1 and 5°C. Based on these studies, it is assumed that the 
effect of the different types of vegetation will be between 0 and 5°C as presented in Table 2.  
 
For green walls, the same applies as for green roofs. The effect has been investigated, but 
limited attention has been paid to the effect of the different types of vegetation on walls. The 
general effect concluded by Pötz (2016) is that the surface temperature of walls in the shadow 
can already be up to 20°C cooler than walls in the sun and vegetation increases the reducing 
effect. More specifically, Lin, Ni, Xiao & Zhu (2023) investigated the effect of green walls on 
the PET and concluded that the reducing effect is between 0.3 and 3.2°C depending on the 
location of the building. The study did not consider different vegetation possibilities. A 
previous study by Lin, Xiao, Musso & Lu (2019) investigated different forms of green walls and 
concluded that the average effect of green walls on the PET is a reduction of 2.5°C  in the 
summer. Furthermore, it concluded that a full coverage system has a larger impact than 
climbers that just grow without control and will not always cover the whole wall. It is 
therefore assumed that climbers have the smallest effect on the PET and this effect will 
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increase by using larger plants for the façade-bound green wall. The concluded assumptions 
for the effects on the PET are presented in Table 2.   
 
Table 2: Effects of the vegetation categories on the PET based on the literature 

  

PET reduction (°C) 
Public space Built structures 

Land Water Roof Walls 

Tree 

Tree 
avenue 

1st size open foliage 3.5 - 6       
closed foliage 10 - 14       

2nd size open foliage 3 - 5       
closed foliage 6 - 8       

3rd size open foliage 2 - 4       
closed foliage 5 - 7       

single-line 
trees 

1st size open foliage 2.5 - 4       
closed foliage 8 - 10       

2nd size open foliage 1.5 - 2.5       
closed foliage 4 - 6       

3rd size open foliage 1 - 2       
closed foliage 3.5 - 5.5       

Group of 
trees 

1st size open foliage 3 - 4.5       
closed foliage 8.5 - 10.5       

2nd size open foliage 2 - 3       
closed foliage 4.5 - 6.5       

3rd size open foliage 1.5 - 2.5   1 -2   
closed foliage 4 - 6   3 - 5   

Street tree 

1st size open foliage 2 - 3       
closed foliage 4 - 6       

2nd size open foliage 1.5 - 2.5       
closed foliage 3.5 - 4.5       

3rd size open foliage 1 - 2   0.4 - 1.4   
closed foliage 3 - 4   2 - 4   

Shrubs Single shrub 0   0   
Group of shrubs 0.3- 1.3   0.2 - 1.2   

Low 
planting 

Grass 0.5 - 4.5   0 - 0.7 0.5 - 2 
Moss, sedum & herbs     0 - 0.7 0.5 - 2 
Bankside plants   0.1 - 0.3     
Climbers       0.2 - 1 
Perennials & annual plants 0.1 - 0.7   0.1 - 0.9 1 - 2.5 

 
 

2.2.3 Requirements of Urban Green Infrastructure types 
To implement UGI in urban areas, different requirements regarding vegetation are applicable 
and the requirements have different values per vegetation category. Table 3 gives an 
overview of the different kinds of requirements categorized by type of location because the 
location determines the required conditions (Landscape Development and Landscaping 
Research Society e.V., 2018; Mentens, Raes & Hermy, 2006; Naing, Nitivattanon & Shipin, 
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2017; Norton et al., 2015; Patnaik, Seshadri, Mathewos & Gebreyesus, 2018; Pötz, 2016; 
Sarabi et al., 2022; UNaLab, 2019). Some overlap is existing between the different types of 
locations, among other things the type of space in the built environment. The type of space 
represents the distinction between public and private space. The target group for the 
decision-support tool are urban planners who only can steer by determining a strategy for the 
public space. The type of space should therefore be public which applies to all types of 
locations. Furthermore, the soil is an important requirement for vegetation. For vegetation, 
the best condition is to grow in natural soils as stated by the United States Environmental 
Protection Agency (2011). However, as presented by PDOK (n.d.), urban areas are categorized 
as built-up areas and not presented in the type of soil map because urban areas are not part 
of the natural soil system anymore (Van den Berg, Ricetti & Pixley, 2021). UGI can help with 
bringing urban areas back to the natural soil system but the requirement of natural soils is 
not possible to take into consideration. For now, it is important, when a location for 
vegetation is determined, to look into the soil quality and based on that choose the best-
suiting plant species.  
 
Table 3: List of requirement types  

Public space Built structures 
Land Water Roof Walls 

Amount of street traffic Land availability Building age Building age 
Hydrology Land use Building heights Building heights 

Land availability 
Presence of underground 
utilities Building rooftop Land availability 

Land use Soil Land use Land use 
Presence of overhead 
obstacles Type of space Slope of roof 

Presence of 
underground utilities 

Presence of underground 
utilities Width of paths and roads Type of space Soil 
Proximity to structures     Type of space 
Slope       
Soil       
Tree protection zone       
Type of space       
Width of paths and roads       

 
Another general requirement is the mandatory width for walkways, bicycle lanes and roads. 
According to Dutch standards, a walkway should have a minimum width of 1.5 meters which 
should be obstacle-free. A one-way bicycle lane should have a minimum width of 2 meters 
and a two-way lane should have a minimum width of 2.5 meters. A one-way road should have 
a minimum width of 3 meters and a two-way road should have a minimum width of 4.5 meters 
(Gemeente Leiden, 2013). This requirement is relevant because by knowing the minimum 
width of these elements in the built environment, it is possible to recognize where is space 
for UGI.  
 
Another important requirement to decide whether enough space is available for UGI is the 
amount of land that should be available for the different vegetation categories. The minimal 
space required for a tree depends on the space the roots need to grow well into a mature 
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Table 4: List of requirements 

  Built environment aspect Requirement 
Pu

bl
ic

 sp
ac

e 

La
nd

 
Amount of street traffic Trees with closed foliage: No motorway, highway, regional 

road or local road  

Hydrology 
Tree 1st size: More than 2.1 meters to groundwater level 
Tree 2nd size: More than 1.6 meters to groundwater level 
Tree 3rd size: More than 1.1 meters to groundwater level 

Land availability 

Single tree 1st size: More than 12.5 m2 
Single tree 2nd size: More than 10 m2 
Single tree 3rd size: More than 7.5 m2 
Group of trees: A location of more than 3x 12.5, 10 or 7.5m2 
space 
Tree avenues: Both sides of a linear element, a row of 
multiple 1st, 2nd or 3rd size possibilities 
Single line tree: One side of a linear element, a row of 
multiple 1st, 2nd or 3rd size possibilities 
Single shrub: Minimal 0.5 x 0.5 m 
Group of shrubs: Minimal 3 m2 
Bankside plants: Minimal 0.5 x 0.5 meter 
Perennials & annual plants: Minimal 0.5 x 0.5 meter 
Grass: Minimal 1 m2 

Land use 

No buildings and water 
Trees: No existing trees 
Shrubs and low planting: No existing greenery 
Single-line trees and tree avenues: Linear elements (roads, 
bicycle paths etc.) 

Presence of overhead 
obstacles 

Tree 1st size: Minimal 15m obstacle-free in height  
Tree 2nd size: Minimal 8m obstacle-free in height 
Tree 3rd size: Minimal 5m obstacle-free in height  
Shrubs: Minimal 3m obstacle-free in height 

Presence of underground 
utilities 

Tree 1st size: More than 12.5 m2 and 2 m in depth 
Tree 2nd size: More than 10 m2 and 1.5 m in depth 
Tree 3rd size: More than 7.5 m2 and 1 m in depth  
Shrubs: Minimal 0.5 x 0.5 x 0.5 m obstacle free 
Perennials & annual plants: Minimal 0.5 x 0.5 x 0.5 meter 
obstacle free 
Grass: Minimal 0.2 meter obstacle-free in depth 

Proximity to structures 

Tree 1st size: More than 7.5 meters 
Tree 2nd size: More than 4 meters 
Tree 3rd size: More than 1.5 meters 
Shrubs: More than 1 meter 

Slope 
Trees: Not steeper than 10 degrees  
Shrubs and perennials & annual plants: Not steeper than 20 
degrees  

Tree protection zone 
Tree 1st size: 25 m3 around existing trees (12.5m2 x 2m) 
Tree 2nd size: 15 m3 around existing trees (10m2 x 1.5m) 
Tree 3rd size: 7.5 m3 around existing trees (7.5m2 x 1m) 
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Table 4: List of requirements (continued) 
Pu

bl
ic

 sp
ac

e 

La
nd

 

Type of space Public space 

Width of paths and roads 

Walkway: Minimal 1.5 meters 
Bicycle lane: Minimal 2 meters (one-way) and minimal 2.5 
meters (two-way) 
Road: Minimal 3 meters (one-way) and minimal 4.5 meters 
(two-way) 

W
at

er
 

Land availability Bankside plants: Minimal 0.5 x 0.5 meter 

Land use No existing buildings and greenery  
Bankside plants: Water 

Presence of underground 
utilities Bankside plants: Minimal 0.5 x 0.5 x 0.5 meter obstacle free 
Type of space Public space 

Width of paths and roads 

Walkway: Minimal 1.5 meters 
Bicycle lane: Minimal 2 meters (one-way) and minimal 2.5 
meters (two-way) 
Road: Minimal 3 meters (one-way) and minimal 4.5 meters 
(two-way) 

Bu
ilt

 st
ru

ct
ur

es
 

Ro
of

 

Building age Grass and moss, sedum & herbs: >1991 
Perennials & annual plants, shrubs and trees 3rd size: >2012 

Building heights 
Grass and moss, sedum & herbs: Maximum of 20 meters 
Perennials & annual plants, shrubs and trees 3rd size: 
Maximum of 60 meters 

Building rooftop 

Grass and moss, sedum & herbs: Minimal 5cm in height 
Perennials & annual plants and shrubs: Minimal 12 cm in 
height 
Trees 3rd size: Minimal 15 cm in height  

Land use Existing buildings and structures with a roof 

Slope of roof 

More than 1 degree 
Grass, moss, sedum & herbs: maximum of 30 degrees 
Perennials & annual plants and shrubs: maximum of 10 
degrees 
Trees 3rd size: maximum of 5 degrees 

Type of space Public space 

W
al

ls 

Building age 
Climbers: >1972 
Grass, moss, sedum & herbs and perennials & annual plants: 
>2012 

Building heights Climbers: Maximum of 30 meters 
Land availability 0.5 m next to a vertical element 
Land use Existing buildings and structures with vertical elements 
Presence of underground 
utilities 

Climbers: 0.5 m next to a vertical element and 0.5 m in 
depth must be obstacle free 

Type of space Public space 
 
The requirements of Table 4 determine which vegetation category suits a certain location. 
Within these different vegetation categories, different kinds of vegetation exist that can be 
planted. Which kind of vegetation is best to plant depends on the local circumstances and 
should be decided by an expert such as a gardener. It can be decided based on information 
about the amount of (root)space, soil type, the humidity of the soil, the demand for open or 
closed foliage, deciduous or evergreen and the amount of sunlight (Hiemstra, 2012, 2018; 
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Schollen & Company Inc. & Urban Forest Innovations Inc., 2016). It is important to select the 
right vegetation for a location because otherwise it will not grow healthy and this will affect 
the cooling effect of the vegetation (Manan & Nadasiyatus, 2021; Norton et al., 2015; Pötz, 
2016).  
 

2.3 Decision-support tools 
Decision-support tools are tools that can support stakeholders in their decisions for certain 
strategies such as the implementation of Urban Green Infrastructure (UGI) in urban areas. 
The tools can incorporate, analyse and demonstrate data in a way that contains useful 
information for stakeholders (Kuller et al., 2019; Sarabi et al., 2022; Voskamp & Van de Ven, 
2015). This section will review existing decision-support tools developed for different climate 
adaptation measures such as UGI. The review will give insights into the positive developments 
and the limitations of existing decision-support tools which can give guidance in the 
development of an improved decision-support tool.  
 

 
Figure 34: Literature review decision-support tools within research design 

A decision-support tool was developed by Lee, Selvakumar, Alvi, Riverson, Zhen, Shoemaker 
& Lai (2012) which is a tool for Urban Stormwater Treatment and Analysis Integration. The 
tool assesses projects for the quality management of stormwater and flow abatement 
techniques. It can determine the location, type, and cost of best management practices 
(BMPs) for stormwater which are needed to reach better water quality and quantity goals. 
The tool is built on a base platform interface using ArcGIS and it can be used to analyse 
stormwater flow, pollutant discharge and management options at multiple scales. The tool is 
applicable for different kinds of urban planning questions but the tool requires knowledge of 
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the modelling components such as water quality modelling and optimizations which makes it 
less user-friendly and practical. 
  
Madureira & Andresen (2014) describe the development of a tool that assesses the different 
functions of green infrastructure and forms a conclusion about the spatial priority areas for 
green infrastructure. The assessment is based on two factors including the local temperature 
and the proximity of the population to public green spaces. The method aims to have an 
integrated assessment of the multifunctionality of green infrastructure and a proper valuation 
of these functions. The tool was able to demonstrate that the policy for green infrastructure 
should be based on other factors than was done before because beforehand, it was taken for 
granted that implementing green infrastructure would bring benefits, however, analysing 
local assessment factors is required to optimize these benefits in local contexts. The tool 
includes only two factors while it aims for assessing multifunctionality and therefore, it should 
include more.   
 
Norton et al. (2015) developed a tool for the prioritisation and selection of UGI to improve 
the urban climate which is applied to Melbourne in Australia. It quantifies the cooling benefits 
of four green infrastructure types including green open spaces, shade trees, green roofs and 
green walls. The steps from the tool go from city-scale to microscale and therefore, it takes a 
first step in considering the microscale by the implementation of UGI. The tool is a manual 
process and can be time-consuming. Furthermore, it only focuses on the street canyon 
context and does not consider the conditions of the green infrastructure types to determine 
whether it is possible to implement them. 
 
Another tool is developed by Voskamp & Van de Ven (2015) who generated a tool to select 
site-specific blue-green adaptation solutions for urban redevelopment projects to support 
urban planners. It is an electronic design table-based tool which is combined with a tool that 
allows users to evaluate the suitability of the solutions for a location and to select packages 
of solutions for flooding, drought and heat stress. This combination allows to have a guided 
and communicative urban planning process and is meant to overcome the gap between 
planners and engineers. The total tool includes specific green infrastructure types, a site 
suitability analysis and many assessment requirements. However, the tool does not consider 
the influence of the weather conditions on the microclimate and this will affect the climate in 
urban areas and therefore, the need for blue-green adaptation solutions.  
 
Meerow & Newell (2017) introduce a Green Infrastructure Spatial Planning tool which 
includes six benefits of Green Infrastructure: stormwater management, social vulnerability, 
green space, air quality, urban heat island amelioration and landscape connectivity. These 
benefits are used for the GIS-based multi-criteria approach for which stakeholders weigh 
priorities to find the locations where Urban Green Infrastructure is needed most. In this way, 
the demand for green infrastructure can be based on its multifunctionality and the tool is 
used on a city scale. The tool is practicable and widely usable in different urban areas. 
However, it is not a land suitability analysis because it does not include land characteristics 
and is only focused on where green infrastructure is necessary. It is not possible to decide on 
specific green infrastructure solutions with this tool because then other types of factors 
should be included as well.  
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Makido et al. (2019) present a more modelling-based tool by which it evaluates the changes 
in the environmental temperatures across different land uses of different green infrastructure 
solutions. This microclimate modelling is applied to the city of Portland, Oregon at a city-block 
level. It is fulfilled to know which built environment characteristics have the most influence 
on high temperatures and which solutions reduce these temperatures. The results of this 
modelling can be used to develop cooling solutions for different land uses which can help to 
achieve climate adaptation goals. The modelling-based tool provides proper insight into the 
effects on the temperature by different characteristics. However, this modelling tool is very 
specific to Portland and is not easy to universally reapply in other cities.  
 
Another tool is developed by Kuller et al. (2019) for the suitability of Water Sensitive Urban 
Design (WSUD). The tool determines spatial suitability from the two perspectives of where a 
need is and where is a suitable location for implementation. In which the suitability is based 
on biophysical, socio-economic, planning and governance factors and the need is based on 
climate adaptation factors. These factors are analysed by GIS-MCDA (multi-criteria decision 
analysis) techniques. The tool is used to realize a WSUD decision-support tool that automates 
spatial suitability evaluation to plan green stormwater control systems in urban areas. The 
tool adds something to existing tools by combing the side of where is a need with a site 
suitability analysis for where are possibilities. The tool is focused on stormwater and 
therefore, just includes a small number of UGI types.  
 
Some of the knowledge and tools from the literature mentioned above are combined in the 
nature-based solutions decision-support tool of Sarabi et al. (2022). The tool helps with 
finding measures to fulfil the needs of ecosystem services by integrating various 
functionalities of nature-based solutions on multiple scales. In comparison with the tool of 
Norton et al. (2015), it adds stakeholder input to weight factors and in comparison with the 
article of Voskamp & Van de Ven (2015), it includes a site suitability analysis. The tool of Kuller 
et al. (2019) is not able to prioritize and recommend green infrastructure solutions which the 
tool of Sarabi et al. (2022) can. Furthermore, the tool can analyse the building and street level. 
The tool of Sarabi et al. (2022) has also some limitations because the system consists of 
several steps but it is not easy to move back and forth between these steps and the steps 
need to be carried out separately. An integrated platform can make it easier to adopt and use 
the tool. Furthermore, only eight nature-based solutions are included which could be more 
specific and other requirements such as the presence of overhead obstacles and the amount 
of street traffic should also be included to analyse site suitability. Furthermore, it would be 
helpful if the impact of the chosen nature-based solutions can be researched and included in 
the tool. 
 
All the tools presented in this section have one main limitation in common: they do not 
include HTC as an assessment criterion. Most tools rely on physical, socio-economic and 
governance factors but do not include the factors that should improve the thermal comfort 
of people. The tool of Norton et al. (2015) tries to include HTC but in the end, it only includes 
social vulnerability as a factor for the comfort of people. Social vulnerability is just a small part 
of HTC and it is better to include more aspects of HTC to get a better view of the perceived 
temperature by people.  
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To answer sub-question 2a, it has been investigated what different types of UGI exist and how 
to organize these types in different categories. Urban Green Infrastructure (UGI) can be 
implemented on different scales in different compositions. The UGI types are structured into 
the three main categories trees, shrubs and low planting and to link these categories to two 
different types of locations, namely the public space and built structures. These categories 
are chosen because, in existing literature, it is mostly categorized in compositions, such as 
parks, playgrounds and parking lots. Fixing the categories to compositions will make the 
categories less flexible and by categorizing them based on single elements, more flexibility 
will be created and also smaller influences on the microclimate can be realized.  
 
Furthermore, it can be concluded that UGI affects temperature mainly by creating shadow 
and evapotranspiration but also by controlling wind, humidity, albedo and air quality. It is 
difficult to quantify the effect of UGI on the air and perceived temperature because it depends 
on many different factors. These factors include the urban fabric around the UGI, the 
presence of more UGI, the type of vegetation and the weather conditions. Furthermore, for 
some of the vegetation categories, just a limited number of studies are conducted to be able 
to certainly quantify the effect. Nevertheless, based on the existing studies, assumptions are 
made on what approximately the temperature effect is of the different UGI types. 
 
Based on the literature review, it succeeded to define a list of requirements which define the 
required conditions to implement the different UGI types in urban areas. The requirement 
categories are summarized in the right part of Figure 37. The requirements depend on the 
type of location and type of UGI and will be used as input for the development of the decision-
support tool.   

Figure 35: Factors affecting Human Thermal Comfort 
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By bringing the answers to questions 1a to 2c together into a decision-support tool, it will be 
possible to include HTC in the determination of an urban strategy for the implementation of 
UGI. The factors and requirements which need to be included in the decision-support tool are 
summarized in Figure 37. 
 
From the existing literature about decision-support tools could be concluded that HTC-based 
factors are missing in existing decision-support tools. However, the existing decision-support 
tools include methods that are successful in analysing urban areas related to climate 
adaptation. It is taken that GIS is a good system to relate the decision-support tool to and also 
to bring the need and possibilities for UGI together in one tool. The need for UGI will be 
defined by the factors of HTC and the possibilities by the requirements of UGI as presented in 
Figure 37. Furthermore, it can be concluded that further development is required in the range 
of requirements and UGI.   
 
 

Figure 36: Scope of improvement for the PET index 
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Figure 37: Factors and requirements to be included in new  decision-support tool 
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3. Development of Decision-support tool  
The development of the decision-support tool consists of three components which are related 
to the three research questions as presented in Figure 38. This chapter will explain the 
components which have been developed to answer research questions 1, 2 and 3. To answer 
these research questions, the results from the literature review will be applied to develop a 
decision-support tool. The decision-support tool will be developed by using the programming 
language Python and QGIS as GIS software program.  
 

 
Figure 38: Development of Decision-support tool within research design 
 
The first component is the calculation of Human 
Thermal Comfort in urban areas which can give 
insight into the need for UGI by showing the HTC 
values. For this component, an existing index 
calculation is expanded with more UGI types. The 
component is succeeded by the analysis of the 
possibilities for UGI types based on a list of 
requirements. This component adds extra 
requirements and a wider range of UGI types in 
comparison with the existing decision-support tools 
reviewed in the literature review. The last 
component is linking the first two components and 
implementing the possible UGI types in the HTC 

Figure 39: Main components of decision-support tool 
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calculation to visualize the effect. The components are visualized in Figure 39. 
 
The programs that are used to develop the decision-support tool are Python and QGIS. Python 
is used in two ways. Firstly, it is used as a programming language in a code editor for the 
calculation of the HTC values. Secondly, it is used by operating the plugin Python Console in 
QGIS. A script is developed in the console for the UGI possibilities analysis as a component of 
the decision-support tool. Furthermore, QGIS is used for visualizing the different data and 
outcomes of the calculation and analysis.  
 
The structure of the remainder of Chapter 3 is related to the steps of Figure 39. First, the 
method for calculating HTC values will be explained. Next, the UGI analysis will be described 
which is succeeded by the explanation of how these two steps are related to each other. The 
chapter will end with a conclusion.  
 

3.1 Methodology of Human Thermal Comfort (HTC) calculation  
The HTC calculation is the first component of the decision-support tool. As concluded from 
the literature review, HTC can be calculated by applying an index and as stated the PET index 
is selected as the index to include in the decision-support tool. However, as stated as well, 
some aspects of the PET index can be improved. These aspects are summarized in Figure 40 
and this study will focus on improving the aspect of including all vegetation. The existing PET 
index calculation does not include all UGI types as defined in the literature review. The 
vegetation at built structures is missing and therefore, the existing calculation will be 
expanded by including green roofs and green walls in the calculation. Although all 
improvements are relevant and should be realized in the future, it is, for now, most relevant 
to include all different UGI types to create a well-developed link between HTC and UGI in the 
decision-support tool. Therefore, research question 1 is redefined into: 
 

1. How can the PET index be improved by including green roofs and green walls? 
 

Figure 40: Focus point of possible improvements of the existing PET index  
 











   

A decision-support tool for improving Human Thermal Comfort in outdoor environments 67 

3.1.2 Calculation 
3.1.2.1 Existing PET index calculation 

How the input layers are related to the rest of the calculation is presented in Appendix D. The 
scheme demonstrates the method of the existing PET index calculation including input data 
layers, intermediate result layers and the final PET index layer. This section will explain the 
most important parts of the existing calculation, a more detailed explanation is given in 
Appendix E and by Koopmans et al. (2020). 
 
The calculation of the PET index starts with calculating the Urban Heat Island (UHI) effect 
which is an important part because of the calculation of the vegetation fraction (Figure 52). 
 

Figure 52: Calculating vegetation fraction 

For this calculation, a UHI box is created to be able to calculate the vegetation fraction over 
an area of 500 x 1100 meters in relation to the wind direction, see Figure 53 (Koopmans et 
al., 2020). The vegetation fraction is calculated by first determining the vegetation raster 
which provides information regarding where vegetation is present in a raster with a cell size 
of 1m. The vegetation raster is calculated by using NDVI, greenery and water as input layers. 
As stated earlier, NDVI > 0.16 is used as a threshold value to identify vegetation. However, 
when this is used as a threshold value then cropland may not always be indicated as 
vegetation because, during some periods of the year, cropland is bare. Bare cropland does 
not have the same heat capacity as paved surfaces and therefore, it needs to be identified as 
vegetation (Koopmans et al., 2020). Therefore, greenery is also used as an input layer which 
also includes the locations of cropland. Furthermore, water is a complicated factor in the 
vegetation fraction because it has a high heat capacity, but it also evaporates. Therefore, 
water is assumed as vegetation during daytime and as a paved surface during the night. So, 
the vegetation raster is calculated by setting all NDVI > 0.16, greenery and water locations as 
vegetation during daytime and all NDVI > 0.16 and greenery locations as vegetation during 
the night by giving these locations value 1 in the raster layer. The rest of the locations are 
assigned as paved surfaces and get a value of 0. The resulting vegetation raster is then 
averaged over an area of 500 x 1100 meters which conforms to the interaction between land 
use and urban temperature (Koopmans et al., 2020). The averaged vegetation raster values 
result in the vegetation fraction. 
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Figure 53: UHI box 

 
 
 
 
 
 
 
 

Figure 54: Calculating Bowen ratio 
 

After the UHI effect has been calculated, the wind reduction is calculated. This calculation is 
done because the weather stations are standing in open terrain and in urban areas, a 
reduction is present due to buildings and trees. Subsequently, the Bowen ratio is calculated 
which is the ratio between sensible and latent heat flux and is an important part because it 
tells something about the evapotranspiration of surfaces such as vegetation. The lower the 
value, the better the evapotranspiration of the surface. It is stated that paved surfaces have 
a value of 3 and well-evaporating vegetation has a value of 0.4 (Koopmans et al., 2020). It is 
stated that locations with an NDVI of 0.16 or larger are well-evaporating vegetation and have 
a value of 0.4 and all other locations get a value of 3 (Figure 54).  
 
The last intermediate calculation step is the calculation of the shade map. After that the UHI 
effect including the vegetation fraction, shade map, Bowen ratio and wind reduction have 
been calculated as intermediate maps, the air temperate (Ta) and wet-bulb temperature (Tw) 
are calculated.  
 
Based on the intermediate maps, air temperature and wet-bulb temperature, the PET index 
can be calculated by making a distinction between shadow and sun locations. When PETsun 
and PETshade have been calculated, then the PET index can be determined by giving all shadow 
locations the value of PETshade and all other locations the value of PETsun based on the shade 
map. If it is night then all locations get the value of PETshade. These calculation steps are done 
for every hour in a defined time period and at the end, all calculated PET index maps are 
averaged to create one final PET index map. 
 

3.1.2.2 Adjusted PET index calculation 
The adjusted PET index calculation developed in this study focuses on including green roofs 
and green walls in the calculation. The other UGI types are in a simplified way included but 
vegetation at built structures are not. Including green roofs and green walls in the calculation 
influences two calculation steps in the existing calculation. It influences the calculation of the 
vegetation raster and the Bowen ratio. The dimensions of the buildings are already included 
in the shade and wind reduction map, so it is concluded that it will not influence those 
intermediate maps of the calculation.  
 
The existing PET index calculation is first adjusted by changing the calculation of the 
vegetation raster, see Figure 55 which indicates with green the new/adjusted parts in 
comparison with Figure 52 (page 67). 
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Table 6: The included UGI types 

Tree 

Tree avenue 

1st size open foliage 
closed foliage 

2nd size open foliage 
closed foliage 

3rd size open foliage 
closed foliage 

single-line trees 

1st size open foliage 
closed foliage 

2nd size open foliage 
closed foliage 

3rd size open foliage 
closed foliage 

Group of trees 

1st size open foliage 
closed foliage 

2nd size open foliage 
closed foliage 

3rd size open foliage 
closed foliage 

Street tree 

1st size open foliage 
closed foliage 

2nd size open foliage 
closed foliage 

3rd size open foliage 
closed foliage 

Shrubs Single shrub 
Group of shrubs 

Low planting 

Grass 
Moss, sedum & herbs 
Bankside plants 
Climbers 
Perennials & annual plants 

 
Table 7: Data sources as input for UGI analysis (* Used from HTC calculation) 

Data sources Data format 
Land use Water* Raster 

Greenery* 
Trees* 
Railways Vector 
Roads 
Banks 
Walls 
Other structures 

Basis Register Addresses and 
Buildings (BAG) 

Buildings Vector 

Height map Digital Terrain Model (DTM)* Raster 
Digital Surface Model (DSM)* 
Height* 
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Figure 61: Data preparation Land availability requirement  
 

 
Figure 62: Data preparation Amount of street traffic requirement 
 
The amount of street traffic is further prepared because the roads with much traffic are 
defined but trees with closed foliage may not be implemented close to these roads. So, a 
buffer around these roads needs to be created in which these trees are not possible. For the 
buffer, it is assumed that a tree of 1st size is minimal 4 meters in width and therefore, the 
buffer is assumed to be 4x2 = 8 meters to be sure that also a larger tree with closed foliage 
will not grow over a road with much traffic (see Figure 63). 
 

 
Figure 63: Explanation of 8m buffer 

 
 
 
 
 
 
 
 
 
 

Figure 64: Specific data preparation Amount of street traffic 
requirement 

 
For the linear elements which are part of the land use requirement (Table 4, page 52), the 
same buffer is used but the buffer is created around all paths and roads. Furthermore, the 
buffer is defined to say that tree avenues and single-line trees should be within the buffer 
instead of outside the buffer (see Figure 65). 
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Figure 65: Explanation of 8m buffer 

 
 
 
 
 
 
 
 

 
Figure 66: Specific data preparation Linear elements 
requirement 

 
Building age is defined by rasterizing the buildings data, but this time not by rasterizing the 
vector layer as value 1 but by rasterizing based on the building age value in the attribute table. 
A raster is created in which the cells with buildings contain the value of the building age 
defined by construction year, for example 2006. So, all cells of the same building have the 
same building age value. The building age raster layer is further prepared to define the 
different values as defined by the literature in Table 4 (page 52). Three layers are created with 
buildings having a more recent construction year than 1972, 1991 or 2012 for the building 
age requirements (Figure 67). The cells that comply with the requirement have a value of 1, 
and the rest a value of 0. 
 

 
Figure 67: Data preparation Building age requirement 
 
The presence of overhead obstacles is based on the height layer of the HTC calculation. The 
height layer is used to define the different values as concluded by the literature in Table 4 
(page 52). Four layers are created which define the locations where the obstacle-free height 
is 15, 8, 5 or 3 meters (Figure 68). The cells that comply with the requirement have a value of 
1, and the rest a value of 0. 
 

 
Figure 68: Specific data preparation Presence of overhead obstacles requirement 
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Figure 71: Definition of Tree Protection Zone (City of 
West Torrens, 2022) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 72: Data preparation Tree protection zone requirement 
 

 
To determine for green walls the land availability requirement, it is needed to create a buffer 
around the defined structures because when the buffer is available then the land is available 
for a green wall. To be able to also analyse the building age for green walls, the same buffer 
needs to be created around the buildings with a building age newer than 1972 and newer 
than 2012 (Figure 73). 
 

 
Figure 73: Data preparation Land availability requirement for green walls 
 
In this way, all ten requirements are prepared which will be used to analyse the possibilities 
of the different UGI types. 
 

3.2.1.2 Analysis per UGI type 
To analyse possible locations for every UGI type, different steps need to be taken. The steps 
differ between two methods (Figures 74 and 75). For the UGI types which have a land 
availability requirement larger than 1 m2, the site suitability analysis consists of a possibility 
and land availability analysis. The rest of the UGI types only have a possibility analysis because 
they do not have a land availability requirement or the land availability requirement is equal 
to or smaller than the cell size.  
 
The possibility analysis is performed with an expression. The possibility analysis of a tree 
avenue and single-line trees with trees of 1st size and open foliage is taken as an example, see 
Figure 74. The expression defines that the UGI type cannot be located at locations with 
buildings, water, trees and roads. Furthermore, it should be located along a linear element, 
outside the tree protection zone and where land is available. The location should also be 15m 
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obstacle-free in height, 8 meters away from structures and have a slope of less than 10 
degrees. These requirements are in line with the literature review Table 4 (page 52) and the 
analysis determines where the UGI is possible and where not by giving the locations that 
comply with the requirements value 1 and the other locations value 0. This is done for all UGI 
types, when types have the same requirements then these are combined in the possibility 
analysis. All analyses for the different UGI types are defined in Appendix I. For the types with 
a land availability analysis, it is determined what the surface area is of the locations with value 
1 after the possibility analysis (see the example of Figure 74). This is done to analyse where 
enough space is available to implement the UGI type.  
 

 
Figure 74: Example requirement analysis with possibility and land availability analysis 
 

 
Figure 75: Example requirement analysis with only a possibility analysis 
 
The possibility and land availability analyses make it possible to create a possibility layer per 
UGI type which defines where the UGI type can be implemented and where not, simply with 
the values 1 and 0.  
 

3.2.1.3 Combining layers of UGI types 
The final part of the analysis is about combining all possibility layers of the UGI types. To do 
this, a priority list is created based on the temperature effects concluded from the literature 
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Figure 76: Example possibility analysis multiplied by the ranking value 

 

Figure 77: Example land availability 
analysis multiplied by the ranking value 

 
Figure 78: Minimum value analysis for creating Final UGI possibilities map 
 

3.3 Methodology of linking HTC calculation with UGI analysis 
The final component of the decision-support tool is the link between the outcome of the HTC 
calculation and the UGI analysis, see Figure 79. The final component consists of two parts. 
The first part is reducing the possibilities for UGI to the locations with the highest need for 
improving HTC. The second part is implementing possibilities back into the HTC calculation to 
see the effect.  
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Figure 79: Scheme of the final component of the decision-
support tool 

 
 
 
 

Figure 80: Analysis to define UGI possibilities for high 
HTC value locations 

 
For the first part, the final PET index map from the HTC calculation is defined as an extra input 
layer for the UGI analysis. After the final UGI possibilities map is created, an extra analysis is 
added to the PyQGIS script of the UGI analysis (Appendix G). The extra analysis defines the 
locations with a high HTC value defined by the PET index. As defined by Figure 7 (page 36), 
heat stress is experienced by people when the HTC value is higher than 29°C. Nevertheless, 
the locations with a high need for UGI are defined by 41°C to give more priority to locations 
with by far the worst HTC. The cells of the locations with a high HTC value of more than 41°C 
are given the value of the final UGI possibilities map (the ranking of the priority list), see Figure 
80.  
 
The second part of the final component of the decision-support tool is based on the final UGI 
possibilities map linked to the HTC values. Based on the possibilities map, it is possible to 
choose which UGI types will be implemented at which location to improve HTC. When these 
are chosen, it is possible to implement the chosen UGI types back into the HTC calculation 
which can be done with an existing method as explained in Figure 81. 
 
Based on the chosen UGI implementation, a shapefile needs to be created in, for example, 
QGIS. The shapefile needs to define where new greenery and trees are implemented and the 
height of the trees. The created shapefile is used as extra input for the Sky-View Factor (SVF) 
and PET index calculation. The rest of the input layers stay the same and the shapefile is used 
to update these input layers. For the SVF calculation, the height of the new trees in the 
shapefile is used to update the DSM input data. Based on the updated DSM data, the new SVF 
will be calculated. The new SVF and the shapefile will be used to calculate the new PET index. 
The shapefile is used to update the trees, greenery, green roofs, green walls, NDVI, DSM and 
height input data. Based on the updated data, the new PET index is calculated. By doing this, 
it is possible to link the UGI possibilities with the HTC calculation.  
 

 
Figure 81: Implementation of UGI possibilities in PET index calculation 
















































































































































































































































































































