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Summary 

The average global air temperature is expected to increase between 1.5°C and 4.5°C in 2100 compared 
to the last century (KNMI, 2006). Furthermore, there is an increased probability of very hot summers 
which results in a greater risk of associated negative impacts. Cities are more vulnerable to the climate 
change due to the high presence of low albedo surfaces and the lack of vegetation. As a result heat 
stress can be experienced on hot and sunny days. To decrease heat stress, adaptive measures can be 
implemented for example, high albedo surfaces, water facilities and vegetative measures. A research 
program that focus on adaptive measures to reduce the vulnerability of the urban environment is the 
climate proof cities (CPC) program. One of the cities studied in the CPC program is Arnhem and in 
particular the J.P. van Muijlwijkstraat. The focus in this study is on vegetative measures with use of a 
computational analysis the cooling effect of implementing vegetation in a complex urban environment is 
studied. The computational analysis is performed with computational fluid dynamics (CFD) and is based 
on a case study for the J.P. van Muijlwijkstraat.  
 
Vegetation has both effects on air flow and on air temperature. The mean air flow that approaches the 
vegetation is affected by the form drag and friction of the vegetation. Furthermore, momentum is 
extracted from the mean flow resulting in an additional loss of turbulent kinetic energy. The cooling 
effect of vegetation is contributed by evaporation and transpiration. These two processes combined 
results in direct cooling and humidification of air inside the vegetation volume and the near vicinity. The 
effect of shading is not taken into account in this study. For the air flow and cooling effect sink and 
source terms are used to simulate these effects in a computational model. Using validation studies the 
sink and source terms are validated. In this study the effect of adaptive measures on the micro climate is 
studied with use of a case study for the J.P. van Muijlwijkstraat in the city of Arnhem. This street has a 
risk of overheating due to the location near the city centre and the high presence of low albedo 
surfaces. The street and the vicinity are modelled based on the actual geometry. A structured grid is 
made with a total of 35 million tetrahedral cells. For the case study in total four scenarios are created 
which are: No Vegetation, New Trees, Green Façades, and Green Roofs. Furthermore, the current 
situation is used as a reference scenario to compare difference in air temperature with the scenarios. 
For the simulations the day of 16 July, 2003 is used as a hot day. Meteorological data for this day is used 
for boundary conditions at the inlet of the computational domain. Thermal boundary conditions are 
assigned to the wall and ground surfaces. For simulations a 3D steady RANS model is used combined 
with the realizable k-ϵ model and 2nd order discretizations.  
 
In the results it was found that a single tree row provided cooling inside the street canyon with a 
maximum air temperature decrease of 1.6°C and on average 0.6°C compared to the current situation. 
The results showed that for façade greening the average air temperature inside the street canyon was 
decreased by 0.1°C and at maximum 0.8°C compared to the current situation. Cooling is only found near 
the façade greening. Furthermore, green roofs are not effective in cooling down the air temperatures at 
pedestrian level since most of their cooling effect is restricted to the roof level. Here the air temperature 
decrease was at maximum 0.5°C and on average 0.1°C compared to the current situation.  
 
The most effective adaptive measure which can be taken regarding vegetative measures, is 
implementing trees inside the street canyon. The case study showed that implementing a single tree 
row already decreased temperatures inside the whole street canyon. Other adaptive measures like 
façade greening and roof greening are not effective measures. The cooling effect found was low and 
hardly noticeable inside the street canyon. Furthermore, for green roofs the cooling was only found near 
roof level and not inside the street canyon.    
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1 Introduction 

 

In this chapter the motivation for this thesis is presented. Furthermore, the general framework of the 
research program is described which this thesis is a part of. Finally, the research questions, research 
goals and the methodology are presented.  
 

1.1 Climate Change and Urban Heat Island 
Scientific research shows that the current climate is significantly changing (e.g. Wilby, 2007; Sanders and 
Phillipson, 2009). The average global temperature is expected to increase between 1.5°C and 4.5°C in 
2100 compared to the last century (KNMI, 2006). Furthermore, there is an increased probability of very 
hot summers which results in a greater risk of associated negative impacts. Most of these climate 
changes are due to human activities. Changes are expected in the temperature, precipitation and wind 
patterns (Stott et al., 2004). In recent research by the KNMI, which is the Royal Netherlands 
Meteorological Institute, several climate scenarios were proposed which indicate an average 
temperature rise for summer and winter conditions in the Netherlands. The results of these scenarios 
are presented in Figure 1. The figure shows that for the Netherlands the temperature is likely to increase 
from a current average summer temperature of 17°C to 18°C or even 22°C in future scenarios. The 
scenarios are based on an increase of the average summer temperature worldwide of 1°C or 2°C in 2050 
compared to 1998. 

 

Figure 1: Climate change scenarios for temperature change for summer conditions in the Netherlands in 2100 (KNMI, 2006) 

The changing climate also indicates that attention is needed to adapt the built environment to the 
changing temperatures. High outdoor temperatures will affect the indoor temperature and thus the 
health and thermal comfort of the occupants (Sanders and Phillipson, 2009). The built environment has 
to be adapted to these climate changes as most buildings have a long lifetime. Over 100 years, 90% of 
the current buildings will still be there. Furthermore, climate change will increase the cooling demand in 
buildings, which will affect the energy consumption of buildings (Wilby, 2007). 

The higher temperatures due to climate change affect people. Heat stress is a problem that affects 
people during daily activities, but can also result in serious health problems, (Sanders and Philipsson, 
2009) and in some cases even in death (Garssen et al., 2005). Heat stress can be experienced with high 
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outdoor temperatures. Symptoms of heat stress are an increased body temperature and a dry or 
clammy skin, eventually this can lead to a heat stroke or heat exhaustion. During the 2003 heat wave in 
the Netherlands, heat stress caused approximately between 1400-2200 deaths (Garssen et al., 2005). 
Especially among the elderly the death rates were high. This shows that heat stress is a serious problem 
which is enhanced by the climate change. This was also reported in the research by Garssen et al. 
(2005), who show that high outdoor temperatures are related to an increased death rate.   

An important aspect regarding the built environment is that the urban climate differs from the rural 
climate. The temperature is on average higher in the city compared to the rural surrounding area; this 
phenomenon is called the Urban Heat Island effect (UHI). Air temperatures can be 2°C higher in the 
urban environment compared to the rural area according to Taha (1997). Wilby (2007) shows a 
maximum difference in air temperatures between built area and surrounding countryside of 5-6°C 
worldwide. In the Netherlands it was shown that during measurements in Rotterdam the maximum 
difference in air temperature between 
the urban and rural area was 7°C (Klok 
et al., 2012). This effect is caused by 
several parameters. First, the lower 
albedo in the city due to the presence 
of stone materials, and the scarcity of 
vegetation that provides evaporative 
cooling (Taha, 1997; Wong et al., 
2003). Furthermore, the ability of 
building materials with a high heat 
capacity to absorb and store a high 
amount of heat during incident solar 
radiation (Wong et al., 2005). For 
example, the absorption of incident 
solar radiation by buildings 
(concrete), roads and other hard surfaces. Finally, the urban heat island can be linked to the urban 
geometry which can be defined as the height to width ratio (H/W) of urban street canyons or the 
packing density of buildings (Johansson and Emmanuel, 2006). Moreover, the frontal area index, which 
is defined as the total area of building walls facing normal to the wind divided by the horizontal area 
(ground plan area) of the study site shown in Figure 2, is suggested as a good indicator of the urban heat 
island effect and is used for mesoscale meteorological models since it has a significant influence on the 
urban climate (Johansson and Emmanuel, (2006) and Burian et al., (2002)). 

The UHI affects the people living in the city and as approximately 50% of the world population is living in 
cities this effect is significant (Wilby, 2007). Moreover, the expansion of cities is consuming quantities of 
vegetation and replacing them with concrete buildings and low albedo surfaces (Wong et al., 2005). The 
interaction between the heat transfer at different scales is shown in Figure 3, and shows for different 
scales the heat sources and their relation with the local climate. Furthermore, this implies that on 
different scales measures can be taken which have an effect surface and air temperatures and thus on 
heat stress. Several measures can be taken to reduce or mitigate heat stress; these measures are 
explained in paragraph 3.1. 

Figure 2: Description of the frontal area index (Burian et al., 2002) 
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Figure 3: Heat transfer on different scales (Murakami, 2004) 
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Figure 4: Logo of the Climate Proof 
Cities research program 

1.2 General Framework Program: Climate Proof Cities 
The thesis is part of the Climate Proof Cities program which is a 
research program that aims at “strengthening the adaptive 
capacity and reducing the vulnerability of the urban system 
against climate change and to develop strategies and policy 
instruments for adapting our cities and buildings”. To reach this 
aim, the consortium addresses the questions:  

 How and to which extent do Dutch cities influence the 
local climate themselves?  

 How vulnerable are Dutch cities to climate change and 
what will be the impacts of future climate change?  

 Which measures and strategies are available and effective 
to improve the adaptive capacity of cities?  

 How to implement adaptive measures in urban areas?  
One of the participants in this research program is Eindhoven University of Technology. In total ten 
different participants, see Figure 5, are collaborating in this research program.  

 

Figure 5: Participants in the Climate Proof Cities research program 

One of the Dutch cities that is studied in the Climate Proof Cities program and which is a stakeholder is 
the city of Arnhem.  

The project title of this thesis is as follows: 

Computational analysis of climate change adaption measures on building and street scale focused on 
vegetative measures: case study for the city of Arnhem. 

The computational analysis is performed using ANSYS FLUENT 12, which is a Computational Fluid 
Dynamics (CFD) software package. The street studied is the J.P. van Muijlwijkstraat in Arnhem. However, 
also the urban area in the surrounding of the street is of importance for the investigated street. The 
surrounding area influences the wind flow for the street due to the building geometry. Furthermore, the 
high concentration of buildings will have an effect on the air temperature due to the absorption of solar 
radiation. In this study the third of the four topics mentioned before are addressed. This study focuses 
on the cooling effect of adaptive measures and in particular vegetative measures applied on building 
and street scale for the J.P. van Muijlwijkstraat in the city of Arnhem.    
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1.3 Research Questions and Goals of this Study 
In the current situation high temperatures are expected during hot days due to the strong presence of 
stone materials with low albedo values in the street. Furthermore, the building blocks in the street have 
an average height of 15 m that will block the wind from certain wind directions. Measures to improve 
thermal comfort during summer will be applied in the street, both at building and street scale. Figure 6 
presents a heat map for the city of Arnhem. This map was developed at the university of Kassel and is 
based on the topography, land use, building volumes and height, dimensions of public open spaces, 
material and color usage and wind directions combined with meteorological data of the nearby weather 
station of Deelen (Burghardt et al. 2010). The map shows the probability for the UHI effect in an urban 
area. The area of interest for the current study, indicated by a white square, is situated between the 
dark-red overheating (highest probability for UHI- effect) area in the city centre of Arnhem and the dark 
orange area east of the city centre. Most of the studied area is indicated with orange which is classified 
as an area with a probability of overheating.  
 

 
 
Figure 6: Heat map Arnhem [www.eea.europa.eu] 

The aim of this research is to study the impact of vegetative measures and potential cooling effects on 
air temperature due to the Urban Heat Island (UHI) effect. The research consists of a case study for the 
city of Arnhem using computational analysis. This results in the following research question: 

What is the effect of climate change adaptive measures at the building and street scale focused on 
vegetative measures? 
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General objective 
Adaptation of the micro climate in the city using vegetative measures to reduce heat stress 

 
Specific objective 

Quantification of the cooling potential of vegetation in a complex urban environment 
 

1.4 Methodology 
The research is subdivided in the four parts shown in Figure 7. The first part of the research consists of a 
literature study, where literature is studied on vegetative measures with respect to thermal aspects, 
urban heat island effect and climate change. In state of the art similar research is studied to provide an 
indication of the effect of vegetation on air temperature in the urban environment. Furthermore, 
guidelines and other relevant information are studied to obtain information on the boundary conditions 
used in the computational model. The grid for the computational model is made based on the actual 
geometry of the studied area. A validation study will be performed to validate the computational model 
which is used to simulate the cooling effect of vegetation and is based on earlier studies of Amiro (1989) 
and Sashua-Bar et al. (2009). Finally, vegetative measures are applied at building and street scale in the 
computational model to evaluate the effectiveness of these measures on the air temperature. In the 
results section the air temperatures and wind velocities for the studied area are quantified and 
analyzed. The conclusion is used to quantify the effect of vegetation on air temperatures and is used to 
make recommendations for application and further research.  
 

 

Figure 7: Methodology flow chart 

Literature study 

•Background information 

•State of the art  

•Boundary conditions 

Computational model 

•Geometry and grid 

•Validation 

•Implementing vegetative measures 

Results 

•Data analysis (quantification of results) 

•Discussion 

Conclusion 

•Recommendations 
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2 Basic Principles of Vegetative Measures 

 

The basic principles of the effects of implementing vegetation in the urban environment are explained 
below. A distinction can be made between the effect of vegetative measures on air flow (Wilson and 
Shaw, 1977), and on air temperature (Erell et al. 2009).  
 

2.1 Effects on Air Flow 
The effects of vegetation on air flow can be distinguished in two parts: The effects on the mean flow and 
the effects on turbulence characteristics. 
 

 Mean flow 
The mean air flow that approaches the vegetation is affected by the form drag and friction of the 
vegetation, shown in Figure 8. The leaves, branches and trunk of the tree or plant will cause a blockage 
of the approaching flow which will result in a lower wind velocity inside and behind the vegetation 
volume. This results in a wake region behind the vegetation. The main wind flow is now separated in a 
part that will flow around and a small part that will flow through the vegetation volume. Parameters 
that describe the form drag and friction caused by vegetation are the Leaf Area Density (LAD) and the 
drag coefficient (Cd).  
 

 Turbulence characteristics 
The interaction between a vegetation volume and the air flow can be described by the following three 
processes. At first, momentum is extracted from the mean flow due to drag caused by the vegetation 
volume. Secondly, kinetic energy of the mean flow is converted into turbulent kinetic energy in the 
region behind the vegetation volume. Finally, large-scale shear turbulence eddies are transformed into 
smaller-scale shear eddies, thereby short-circuiting part of the normal energy cascade and resulting in 
an additional loss of turbulent kinetic energy (e.g. Sanz, 2002). 
 

 
Figure 8: Air flow vegetation  

  



14 
 

2.2 Effects on Air Temperature 
Effects of vegetation on air temperature are schematically illustrated in Figure 9. Below, the cooling 
effect contributed by evaporative cooling and shading is described.  
 

 Evaporative cooling 
One cooling effect of vegetation is attributed to the transpiration and evaporation ability of vegetation. 
Evaporation is the transformation of liquid water to water vapour from wetted surfaces (leaves and 
stem parts) and transpiration is the transformation which involves transport through stomata. These 
two processes combined results in direct cooling and humidification of air inside the vegetation volume 
and the near vicinity. The impact of the cooling by vegetation varies with the climate, species and the 
response to environmental conditions. The energy needed for this process is obtained from solar 
radiation, by turbulent transfer of warmer air or by conduction from the soil (Monteith, 2007). In this 
process sensible heat is transformed into latent heat (evaporation and transpiration). 
 

 Shading 
Incident solar radiation is intercepted by vegetation which results in shading for the surface adjacent to 
the vegetation. The shaded surface will be less heated up by solar radiation resulting in lower surface 
temperatures. Generally, the amount of solar energy that reaches the area below the tree is 10% to 30% 
of the incident energy depending on the species (Huang et al., 1990). The remaining energy is absorbed 
by the leaves and is used for photosynthesis and evaporation and some part is reflected back into the 
sky and surrounding area. The temperature in the shaded region can be perceived as comfortable 
because the incident solar radiation is decreased. 
 

 
Figure 9: Effects of vegetation on thermal environment (Murakami, 2007) 
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3 Literature Study  

 

Several measures can be taken to make a city more climate proof. Examples are, higher albedo value, 
water facilities or implementing vegetation. These three measures are briefly discussed below; further a 
more extensive research is presented on implementing vegetative measures.  

3.1 Measures 
 Higher albedo values 

When the albedo value is changed, the amount of reflected 
solar radiation by a surface is changed. An easy way to change 
the albedo value in the built environment is to paint the roof 
surface white. In research by Abkari et al. (1997a), it was 
shown that changing the roof albedo from 0.18 to 0.73 results 
in cooling energy savings of 10 up to 20%. This is the result of 
the effect that the amount of heat that is absorbed by the 
roof is decreased because solar radiation is reflected back to 
the atmosphere. An example of lowering the albedo value by 
painting a roof white is shown if Figure 10.  
 
 

 Implementing water facilities  
Water facilities can be applied in the urban environment to 
decrease the air temperature (Nishimura, 1998). Cooling by 
water facilities is provided by evaporative cooling. Examples 
of water facilities are: mist spray, water nozzles, water ponds 
(shown in Figure 11) and fountains. In research by Nishimura 
(1998), it was shown that water facilities can influence the 
thermal environment in urban areas. The results showed that 
air temperatures on the leeward side of water spray and 
water fall operation were 1°C to 2°C lower than the air 
temperature in the park, which was 35°C. 
 

 Implementing vegetation  
Vegetation can be applied to reduce the air temperature. By applying 
these measures less heat is absorbed by the surface thus the air 
temperatures do not increase that strongly. Secondly, vegetation can 
provide evaporative cooling which cools down the air by supplying 
water vapour. Examples of vegetation are green roofs and trees in the 
street. In research by Wong et al. (2003) the thermal benefits of rooftop 
gardens on the environment was studied. It was shown that the 
maximum temperature difference between a green roof and without 
vegetation was at maximum 4.2°C. However, the cooling was limited by 
distance. In a more recent study by Wong et al. (2010) a thermal 
evaluation was made of vertical greenery systems for building walls. The 
study showed that the use of these greenery systems to cool down the 
air temperature is promising. An example of implementing vegetation in 

Figure 10: Cool roof [coolroofhawaii.com] 

Figure 11: Water pond [panoramio.com] 

Figure 12: ACROS, Fukuoka 
[oursurprisingworld.com] 
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the urban environment is shown in Figure 12, which is the Acros building in Fukuoka, Japan.  
 
In this research the focus is on vegetative measures. In the past several studies were conducted on the 
effect of vegetative measures. Below a short literature overview is presented for vegetative measures. 
 

3.2 Vegetative Measures  
In previous research it was shown that vegetation planted on building surfaces and in the street can 
reduce the UHI effect (Taha, 1997; Wong et al., 2003; Wong and Chen, 2005; Wong et al., 2010 and 
Alexandri and Jones, 2008). Vegetation reduces the heating up of the air by evapotranspiration, shading 
and higher albedo. Evapotranspiration is the combination of evaporation and transpiration. Examples of 
the use of vegetation in the built environment are shown in Figure 13.  

 

Figure 13: (left) Parking garage Westblaak, Rotterdam [http://inspirationgreen.com], (right) Quai Branly museum, Paris 
[http://inhabitat.com] 

In the research by Taha (1997) it was shown that vegetation and high albedo surfaces can be effective in 
modifying the near-surface climate. Furthermore, the research has shown that implementing vegetation 
and high albedo surfaces for roads and roofs have a positive contribution to the energy use and the UHI 
effect. Alexandri and Jones (2008) have shown that when vegetation is used on the walls and roofs of 
buildings it can mitigate the UHI effect by 9.1°C inside the street canyon for a hot and arid climate. The 
reason for this is that the air temperature inside a canyon with vegetated walls is reduced due to 
evapotranspiration from plants and the lower surface temperature of the vegetated surfaces. Green 
areas can only provide cooling at macro level, which means that the effect is only experienced in the 
near vicinity of the vegetation (Wong and Chen, 2005). The area of influence of vegetation is limited. On 
the other hand, vegetation can reduce energy use in buildings, particular for cooling. According to the 
research of Abkari et al. (1997b) shading due to the addition of trees can deliver savings of 29% for 
energy usage. These savings are possibly due to lower wall surface temperatures, because of the 
shading effect of the trees. In research by Wong et al. (2003) it was shown that vegetated roofs reduced 
the thermal heat gain through the roof. The surface temperature was decreased to a maximum of 30°C. 
In more recent research by Wong et al. (2010) vertical greenery systems for walls were studied for 
tropical climates. The results showed that these systems have the potential to reduce the surface 
temperatures. Maximum reductions of 11.5°C were observed. The decrease in temperature is expected 
to correspond with a reduction in cooling load.  
 
In research by Alexandri and Jones (2008) a building street canyon was modelled with various 
configurations of vegetation and was examined for nine cities in the world. It was observed that the 
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temperature decrease was quite significant for both surface and air temperatures, both inside the 
canyon and at roof level. However, it was found that the hotter and drier a climate is, the more 
important the effect is of vegetation on mitigating urban temperatures. Colder climates, like the Dutch 
climate, benefit less of vegetation. In this moderate climate the average daytime decrease was between 
1.7-2.1°C. Furthermore, the research showed that green walls have a stronger effect than green roofs 
when applied inside the canyon. However, green roofs have a greater effect at roof level and at the 
urban scale. The strongest mitigation of temperatures in the canyon was found for the combination of 
both green roofs and walls.  
 
In research by Dimoudi (2003) the effect of vegetation in the urban area was studied. In this study a 
varying set of urban layout (different street width and building block locations) with and without 
vegetation was studied for the city of Athens. Different types of vegetation were studied like trees, 
vegetation on buildings and tropical vegetation. For example, a row of trees in a street canyon 
decreased the air temperature by 1°C. When the area of vegetation was increased it produced the 
greatest reduction of air temperature. In his study a rule of thumb was developed which stated that: “a 
0.8°C reduction in ambient air temperature is to be expected for a 10% increase to the ratio of green to 
built area, for the urban textures under consideration” (Dimoudi, 2003). 
 
A mature tree can evaporate up to 400 liters of water per day through millions of pores (stomata) in the 
leaves (Spangenberg, 2009). The foliage temperature of vegetation is of importance for the local 
climate. This process is caused by the effect that solar radiation is absorbed by vegetation and is 
converted from sensible heat into 
latent heat by evapotranspiration of 
water through the plant 
metabolism. As a result the 
temperature experienced by a 
person is lower in the vicinity of a 
tree as shown in Figure 14. The 
temperature used in this figure is 
the physiological equivalent 
temperature (PET), which is an 
indicator that gives the thermal 
condition of the human body in a 
physiological way. In which the air 
temperature, in a typical indoor 
setting, the heat budget of the 
human body is balanced with the same core and skin temperature as under the complex outdoor 
conditions to be assessed (Höppe, 1999).  
 
In more recent research by Fröhlich and Matzarakis (2013), the impact of ground coverage on thermal 
stress was calculated using of Envi-met. An open space in the city of Freiburg in Germany was 
redesigned from a grass covered area to light-colored stone covered area. The impact of this redesign on 
the local thermal stress was investigated using the PET. The results showed that where grass was 
replaced by pavement an increase in thermal stress occured, expressed in a calculated PET up to 10°C.  
 

Figure 14: The effect of a tree on the physiological equivalent temperature 
PET (Spangenberg, 2009) 
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4 Methodology to Model Effects of Vegetation 

 

Sink and source terms are used in this study to model the effects of vegetation on both air flow and air 
temperature. 

4.1 Sink and Source Terms for Effects on Air Flow 
To determine the influence of vegetation on air-flow and heat transport, sink and source terms are used 
in the CFD model. In these sink and source terms, properties of the vegetation are added to the 
momentum ui, turbulent kinetic energy k and turbulent dissipation rate ε equations as shown below. 
These sink and source terms are derived from literature (e.g. Bruse and Fleer, (1998), Katul et al. (2004) 
and Melese Endalew et al. (2010)). The sink and source terms are written in C++ source code and 
compiled as user defined functions in CFD.   
 
The source terms, equation number 1, 2 and 3 are used to describe the wind flow in the vicinity of the 
vegetation and were used and validated in research by e.g. Melese Endalew et al. (2010). The first 
source term is applied to the momentum equations for the x, y and z direction.  
 

                  (1) 

Parameter Properties 

ρ Air density (kg/m3) 
Cd Dimensionless drag coefficient (-) 
LAD Leaf area density (m2/m3) 
U Velocity magnitude (m/s) 
ui Air velocity in direction i = x, y, z (m/s) 

 
The dimensionless drag coefficient of a plant canopy is considered constant at 0.2 as used in a study by 
Liang et al. (2005). The leaf area density (LAD) is set at 2.10 m2/m3 as proposed by Bruse and Fleer 
(1998). This source term determines the form drag and friction caused by the leaves and stem parts of 
the tree. The wind will flow through the porous medium where the resistance is determined by the 
source term. As an effect a part of the incoming wind will flow over and around the vegetation volume. 
Equation 2 is applied as a source term to the turbulent kinetic energy.  
    

                 
         (2) 

Parameter Properties 

 p fraction of the mean flow kinetic energy converted 
to wake-generated k by canopy resistance 

 d coefficient for the dissipation of k  by interactions 
with the vegetation 

U Velocity magnitude (m/s) 

 

Where  p is set at 1, which is the same as in research by Melese Endalew et al. (2010).  d is set to 5.1 as 
proposed by Sanz (2002). In this source term one part of the equation describes the turbulent kinetic 
energy generated by the porous medium; the second part describes the loss of turbulent kinetic energy 
due to the vegetation, therefore the minus sign.  
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The third source term is applied to the turbulent dissipation rate (ϵ) 

               
 

 
             (3) 

Where Cε4 and Cε5 are closure constants set at respectively 0.9 and 0.9 as proposed by Sanz (2002). This 
term describes the amount of turbulence which is dissipated due to the presence of vegetation. The 
equation is similar to the previous equation.  
 

4.2 Source Term for Cooling 
Evaporative cooling involves extensive equations with unknown parameters, so assumptions have to be 
made. Instead of making assumptions for the unknown parameters a fixed value can be proposed for 
the vegetation volume. This implies that the vegetation volume has a predefined cooling potential 
expressed in W/m3 that cools down the air in the near vicinity. In literature information is found for the 
cooling potential of vegetation expressed in W/m2. In a study by Ennos (2011), peak values of 360-610 
W/m2 are calculated as cooling rates caused by urban vegetation. In this article the cooling power of 
trees was calculated for different species, peak values and average values were measured in this article. 
With use of the leaf area density (LAD) given in m2/m3 a fixed value can be calculated.  
 

 Trees 
For trees the crown area is of interest since this is the area of the tree that contains leaves where 
evaporative cooling can be provided. The amount of leaves inside the crown can be expressed by the 
leaf area index (m2/m2) or the leaf area density (m2/m3).  In literature values for leaf area index (LAI) of 
urban trees is set at 3.31 m2/m2 according to Loughner et al. (2012). To define the leaf area density the 
LAI is divided by the crown height, since LAI is the amount of leaves in m2/m2.  
 

 Green façade and roof 
To determine the cooling potential for green façades and roofs, the leaf area density or leaf area index 
has to be determined. The leaf area density for grass and small plants that is found in literature is 
approximately 3.0 m2/m3 according to Ramirez Garcia et al. (2012).  
 
To determine the fixed value an equation is used to roughly estimate the cooling power needed. This 
equation however is not very accurate but gives some more detail of the parameters involved to 
determine the cooling power. This equation can be found in appendix A.  
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5 Validation Studies 

 

In this chapter the results of two validation studies are presented. The first validation concerns the air 
flow, the second validation study concerns the cooling effect of vegetation. The validation studies are 
performed to check if the source terms are incorporated the right way in simulations and to determine if 
the results are in good agreement with measurements found in literature.  

5.1 Validation for Air Flow  
The first validation study deals with a spruce canopy in which the vertical velocity and shear stress 
profile is measured (Amiro, 1989). As mentioned in chapters 2 and 4, vegetation has effects on the air 
flow. Both the mean flow and the turbulence characteristics are influenced by the vegetation. Inside the 
forest after a certain distance from the windward edge, a canopy air flow will develop. This effect is 
researched and measured in the article of Amiro (1989). In this study Amiro studied the canopy air flow 
inside a forest for different species by using measurements for velocities and shear stress. In this study it 
was found that velocities decreased more quickly in dense canopies. For the validation study the forest 
is represented by a vegetation volume. The influence of vegetation on the air flow is determined by the 
Leaf Area Density (LAD) inside the canopy. The vertical profile of the LAD for the spruce forest is given in 
Figure 15 and is similar to the LAD profile used in the measurements of Amiro (1989). In the profile it 
can be found that the crown starts at 4 m and is 12 m high. The height is normalized by h = 10 m as in 
the study by Amiro. The results of Amiro for normalized velocity and normalized shear stress are used 
for the validation study on air flow to check if the source terms for momentum (ui), turbulent kinetic 
energy (k) and the turbulent dissipation rate (ε) are incorporated the right way in ANSYS FLUENT. The 
source terms used in the articles of (e.g. Bruse and Fleer, (1998), Katul et al. (2004) and Endalew et al., 
(2010)) are used to model the effects of vegetation on air flow in ANSYS FLUENT and were described in 
chapter 4. The forest is modelled as a volume of 12*10*100 m; the volume is placed in a 240 m high 
domain so that the blockage ratio is below 5%. The inlet and outlet of the computational domain are 
assigned as periodic boundary conditions. A mass flow is imposed at the inlet of the domain, shown in 
Figure 15. By using periodic boundary conditions the mass flow which flows out of the domain by the 
outlet is reinserted at the inlet for a continuous air flow. The lateral sides and top of the computational 
domain are modelled as symmetry planes. 
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Figure 15: Grid for the forest with Leaf Area Density profile for the spruce canopy (Armiro, 1989) 
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The ground is modelled as a wall with the aerodynamic roughness length (z0) = 0.5 m, which represents 
the roughness length for a forest. This value is used to calculate the equivalent sand grain roughness 
height (ks). Using equation 4 as proposed by Blocken et al. (2007) for calculating ks: and with the value of 
0.5 m for z0 and the roughness constant (Cs) set at 7, ks is calculated at 0.7 m. However, the first cell 
height is also of importance as kS is at maximum the distance of the centre point zP of the first cell to the 
adjacent wall (Blocken et al., 2007). The calculated of 0.7 for ks is not in agreement with the first cell 
height, which is 1 m.  Therefore, the roughness height is set to 0.5 which results in a roughness length of 
0.35 m.  
 

     
        

  
    (4) 

The grid size used for the forest is a uniform grid with a cell size of 1 x 1 x 1 m. as shown in Figure 15. 
After a certain number of iterations a canopy air flow will develop and the velocity and shear stress is 
read out for the predefined positions at 1.8, 4.2, 6.2, 9.2 and 12.1 m high. The mass flow at the inlet is 
determined using the boundary condition given by Amiro (1989), U12m = 2.5 m/s and is set at 35000 kg/s. 
A 3D steady Reynolds Averaged Navier-Stokes (RANS) model is used in ANSYS FLUENT combined with 
the realizable k-ε model (Shih et al., 1995) and 2nd order discretizations. This approach is used since it 
produces consistency and better accuracy for the simulations as suggested by Shih et al. (1995). The 
source terms for air flow described in chapter 4 are incorporated in the model as user defined functions. 
For the results the velocity profile is normalized by the velocity at the top of the canopy that is U12m = 
2.60 m/s as shown in Figure 16. The black bars in Figure 16 present the standard deviation for 
measurement results for the velocity measured in the field at the predefined height by Amiro (1989). 
Results show that the velocity is in agreement with the measurements performed by Amiro (1989). The 
figure shows that in overall the results of the simulations are in agreement with the measurements by 
Amiro since all the result of the simulations are within the range of results measured by Amiro (1989). 
Furthermore, the largest difference are found for the lower data points where the velocity is low, 
approximately 0.12 m/s. Therefore, the difference might seem large however the absolute difference 
with the measurements is small respectively 0.07 and 0.13 m/s.  
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Figure 16: Velocity profile normalized by velocity measured above the canopy 
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Overall the results of the simulation show good agreement with the measurements performed by Amiro 
(1989). For the  normalized velocity the highest difference is 0.13 m/s and the smallest 0.02 m/s. 
Differences for the normalized velocity with measurements by Amiro (1989) are at maximum 100% for 
the data point at z/H = 0.4 and minimal 4% at the top of the canopy, shown in table 1. The difference of 
100% with the measurements seems large however; the values are still within the standard deviation as 
proposed by Amiro (1989). Furthermore, the values found at the bottom of the canopy are small 
compared to the velocity at the top which causes a high difference in percentage.  
 
Table 1: Results velocity magnitude for both measurements and simulation 

Height [m]  Measurement [m/s] Simulation [m/s] Usim– Um [m/s]  Percentage [%]  

1.8  0.13 0.20 0.07 50 

4.2  0.12 0.25 0.13 100 

6.2  0.25 0.37 0.12 50  

9.2  1.25 1.23 0.02 2 

12.1  2.50 2.60 0.10 4 

 
The shear stress (N/m2) is calculated by:  
 

                 (5) 
 

The vertical shear stress profile is normalized by the shear stress at the top of the canopy (0.62 N/m2 for 
the measurements and 0.65 for the simulations). The results of the vertical shear stress profile are 
shown in Figure 17. Maximum differences are noticed at z/H = 0.6 and 0.9 of both 45%, respectively as 
shown in table 2. Small differences of 5% are noticed for the 2 measurement positions at the bottom of 
the canopy.  
 

 
Figure 17: Vertical shear stress profile normalized by shear stress measured above the canopy 
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In Table 2 the results for shear stress are quantified for the measurement positions. Here it is shown 
that the absolute difference between the simulations and measurements is small. For shear stress the 
actual differences are even smaller with a maximum difference of 0.15 N/m2 compared to the 
measurements. This suggests the correct implementation of the source terms for wind flow in ANSYS 
FLUENT.  
 
Table 2: Results for shear stress for both measurements and simulation 

Height [m]  Measurement [N/m2] Simulation [N/m2] Τsim - τm Percentage [%]  

1.8  0.01 0.01 0 0 

4.2  0.01 0.01 0 0 

6.2  0.08 0.04 0.04 50 

9.2  0.45 0.33 0.12 27 

12.1  0.62 0.65 0.03 5 

 
This study shows that for a canopy air flow the simulations were able to produce results that are 
comparable with the measurement by using source terms for momentum, turbulent kinetic energy and 
the turbulent dissipation rate. The normalized velocity profile shows a maximum difference of 0.13 m/s 
compared to the measurements. However, this is the absolute difference since the numbers are 
normalized by the velocity at the top of the canopy the normalized velocity difference is smaller. 
Furthermore, the values for simulations are within the range as proposed by Amiro. For the normalized 
shear stress difference between measurements and simulation is larger. However, the values are still 
within the range as proposed by Amiro (1989). For the case study the source terms validated in this 
study will be assigned to the vegetation volumes.   
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5.2 Determination of Cooling  
The second study concerns the cooling effect of vegetation. Cooling of the vegetation is caused by 
evapotranspiration of the leaves and the soil.  This study only focuses on the cooling provided by 
evapotranspiration and does not take shading into account. The study is based on a study by Shashua-
Bar et al. (2009). In this study the effect of vegetation on the air temperature inside a courtyard is 
studied. This was done for different courtyard configurations, for example with and without trees. The 
courtyard is located at the Sde-Boqert campus in southern Israel (30,5°N, 34,4°E), some impressions are 
shown in Figure 18.  
 

 
Figure 18: Courtyard at Sde-Boqert campus (Shashua - Bar et al. 2009) 

The geometry of the courtyard is shown in 
Figure 19. The air temperature is reported for 
an inner measurement point at 1.5 m high. 
The width of the courtyard is 5.5 m and the 
building height is 3 m. For this study two 
different configurations of the courtyard are 
simulated. These are: no vegetation and with 
trees (the species used are the Prosopis 
Juliflora and the Tipuana Typu with LAD = 2.0 
m2/m3). The crown of the trees starts at 2.5 m 
high and is 1 m in height. The leaf area density 
of the trees is set at 2.0 m2/m3 as given by 
Shashua-Bar et al. (2009). The air temperature 
inside the courtyard is measured at 12:00, 
14:00 and 15:00 h at the 7th and 9th of July, 
2007. These time points are chosen because 
the meteorological conditions are sufficiently 
stationary. The data from a nearby weather station is used as input for the inlet temperature and 
velocity as reported in Table 3. 
 
 
 
 
 

Figure 19: Geometry of the courtyard 
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Table 3: Input data measured at meteorological station at 10 m height (Shashua-Bar et al. 2009) 

Scenario / Time [h] 12:00 14:00 15:00  12:00 14:00 15:00 

No vegetation    Trees     

Air temperature [°C] 31.2 33.1 33.2 Air temperature [°C] 30.9 32.6 32.3 

Wind velocity at 10 m 
height [m/s] 

3 4.2 5.6 Wind velocity at 10 m 
height [m/s] 

5.2 4.9 7.2 

Wind direction  266 279 287 Wind direction 311 323 310 

 
For the computational model a grid is made of the courtyard shown in Figure 20. The grid contains an 
inner circle so this part can be rotated to simulate different wind directions for the scenarios.  The cell 
size inside the courtyard is 0.15*0.15*0.15 m to create high density mesh. The aerodynamic roughness 
length (z0) inside the courtyard is set at 0.03 m. To calculate the roughness height the formula derived 
from the study by Blocken et al. (2007) is used as in chapter 5.1.  

 

     
        

  
    (4) 

Using equation 4 this results in a ks value of 0.04 m with Cs set at 7. As mentioned before the first cell 
height is set at 0.15 m, the chosen value for the roughness height of 0.04 is in agreement with the first 
cell height. The distance for the inlet (5H), outlet (15H) and lateral sides (5H) towards the building 
geometry is according to Franke et al. (2007), with H (3 m) the highest building. The crowns of the trees 
are modelled as vegetation volumes starting at 2.5 m high with a height of 1 m. The cooling provided by 
the crown volume is determined by a fixed value that is derived from literature. In a study by Ennos 
(2011), peak values of 360-610 W/m2 are found as cooling rates per leaf area. The species used in this 
research is the “Pyrus calleryana”. For the first simulation a value of 250W/m3 is used as cooling rate 
and is assigned to the energy source term. Then by an iterative approach the actual value is determined.  
  
 
 
 
 
 
 
 
 
 

 
For the computational model a 3D steady RANS model is used. Inlet profiles for velocity (U), turbulent 
kinetic energy (k) and turbulent dissipation rate (ϵ) according to Richards and Hoxey (1993) see chapter 
6.2.4.1 for the equations. Furthermore, the realizable k- ϵ model combined with 2nd order discretizations 
is used (Shih et al. 1995). To model the effect of incident solar radiation the P1 solar model (Fluent Inc. 
2006) with solar ray tracing is used. The P1 radiation model is a rather simple model that is used to 
calculate the incident solar radiation. Solar ray tracing uses the global position (latitude and longitude) 
and time to calculate the amount of incident direct and diffuse radiation. The input parameters used for 

Figure 20: Grid of the courtyard 

Wind 
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the radiation model are shown in Table 4. The energy equation is enabled to calculate air temperatures 
inside the courtyard. Furthermore, natural convection is enabled by using the Boussinesq model. This 
model uses the gravity, the density of air, which decreases with an increase of air temperature, and the 
thermal expansion coefficient of air to simulate natural convection. This Boussinesq model is thoroughly 
explained in chapter 6.2.6. 
 
Table 4: Input parameters P1 solar model 

Parameter    

Radiation model P1 model with solar ray tracing   

Global position Longitude 34.4, Latitude 30.5, Time zone+1 

Date and time 7 July, 12:00, 14:00 and 15:00 h 

Sunshine factor 1 

Gravity -9.81 m/s2 for z direction 

 
To the ground and wall surface mixed (thermal) boundary conditions are set for the surface properties 
that are shown in Table 5. The mixed setting is used since it combines convection and radiation 
boundary conditions to calculate the heat flux through the wall and to calculate surface temperatures of 
wall and ground surfaces. The ground is modelled as a flat plane, however the thickness is set at 10 m 
which is used to calculate the heat flux and surface temperature. Furthermore, shell conduction is 
enabled to calculate heat conduction within the wall, in addition to conduction across the wall 
 
Table 5: Surface boundary conditions (Erell et al. 2009) 

Building Wall surface  

Thermal conductivity  0.2 W/mK 
Density 700 kg/m3 
Free steam temperature 296 K 
Emissivity 0.9 
External radiation temperature 296 K 
Thickness 0.12 m 
Albedo 0.60 

Ground surface  

Thermal conductivity 1.5 W/mK 
Density 1600 kg/m3 
Free steam temperature 283 K 
Emissivity 0.90 
Radiation temperature 283 K 
Thickness 10 m 
Albedo 0.35 

 
 
The results of the simulation compared to the measurement done by Shashua-Bar et al. (2009) are 
shown in Figure 21. The red (no vegetation) and purple (trees) line represents the data measured by 
Shashua-Bar et al. (2009). The difference between no vegetation and tree case is already reported to be 
at maximum 3°C. The blue line represents the result for the no vegetation courtyard simulated and the 
light blue and orange line the result for the cooling rates that is used for the trees.  
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Figure 21: Air temperature measured inside the courtyard 

For a cooling rate of 250 W/m3 it is noticed that the cooling is too low. The difference with the no 
vegetation simulation is approximately 2°C at 14:00 and 15:00 h and 1°C for 12:00 h. Where for 
measurement the air temperature difference between trees and no vegetation is 3°C for 14:00 and 
15:00 h and 2°C for 12:00 h. This shows that a higher cooling rate is needed for the vegetation volume. 
The cooling rate of 500 W/m3 is still not similar to the actual measurement. However, the air 
temperature difference for no vegetation and with cooling is approximately 3°C for 14:00 and 15:00 h 
and 2°C for 12:00 h, which is comparable with the measurements by Shashua-Bar et al. (2009). When 
the cooling rate is increased to 750 W/m3 the results are similar to the measurement of Sashua-Bar et 
al. (2009) for the trees configuration. However, the air temperature difference with the no vegetation 
case is higher compared to a cooling rate of 500 W/m3. Looking at the air temperature difference at 
12:00 for a cooling rate of 750 W/m3 compared with no vegetation the difference is 3°C where in 
measurement this was 2°C.  
 
The results showed that for a cooling rate of 500 W/m3 the difference in air temperature between no 
vegetation and trees, which is 3°C at 14:00 and 15:00 h and 2°C for 12:00 h, was similar to the 
measurements by Shashua-Bar et al. (2009). The results of this study show that the employed approach 
is capable of reproducing measurement data for this courtyard. The cooling potential is determined to a 
fixed value of 500 W/m3 for a LAD of 2.0 m2/m3 (i.e. 250 W/m3 for LAD = 1 m2/m3). As a consequence for 
the Arnhem case study for vegetation a fixed value can be used for the trees, green roofs and façades 
which describe the cooling rate caused by evapotranspiration. 
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6 Case Study City of Arnhem CFD modelling and setup 
 
For studying the effects of vegetative measures on the urban microclimate a computational model is 
used to simulate the case study and to apply the vegetative measures. In this chapter a description of 
the studied street, the J.P. van Muijlwijkstraat, is presented. Further, the grid and computational model 
are described and presented. The boundary conditions for inflow profiles, wall and ground surfaces, 
radiation and other parameters used in the CFD simulations are described. Finally, the scenarios and 
results for all scenarios are presented. 

6.1 Description of the J.P. van Muijlwijkstraat in Arnhem  
The studied street in this project is the J.P. van Muijlwijkstraat in Arnhem, indicated by the red line in 
Figure 222. This street is chosen because of the geometry of the street and buildings (rather simple 
building blocks), and the location near the city centre where high temperatures can be experienced. The 
street contains a high share of stone materials such as asphalt and concrete that absorb and store a 
large amount of heat. The length of the street is approximately 400 m and is roughly west-east directed. 
In the near environment of the street a small park of about 200 m2 and medium-rise buildings of 12 m 
high can be found. The global position of the study area is situated at longitude 5.92 and latitude 51.98 
degrees. 

  

Figure 222: Location of the J.P. van Muijlwijkstraat [Google Maps] 

The street itself contains building blocks with an average height of approximately 12-15 meters. The 
buildings consist of small apartments, and some shops at ground level. In the street large quantities of 
stone surfaces with low albedo values are present (pavement, roads, building façades and roofs). 
Further, little vegetation is present in the street, with only some trees on one side of the street as can be 
seen in Figure 24. The street has a width of approximately 25 m in the eastern part and 35 m in the 
western part. In the near vicinity of the J.P. van Muijlwijkstraat, similar streets with the same building 
heights can be found. 
 
 

N 
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6.2 CFD Modeling 

6.2.1 Building Geometry 

Figure 23 shows the J.P. van Muijlwijkstraat indicated as the light blue area, with surrounding building 
blocks. The geometry of the buildings is modelled with as much detail as possible to give an accurate 
prediction for the simulation results. The height of the buildings is indicated by the color. The building 
heights are rounded to the height levels indicated in Table 6. The building height is based on GIS data of 
the Actuele Hoogtekaart Nederland 2 (AHN2) with a resolution of 0.5 m (www.ahn.nl).  
 
Table 6: Building height distribution (m) in computational model 

Building heights in the computational model 

Height (m) 3 6 9 12 15 18 23 30 40 50 

Number of 
buildings 

3 55 60 61 12 8 3 1 1 1 

 
 

 
Figure 23: Geometry and building heights of the studied area 

  

N 

100 m 
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6.2.2 Vegetation 

The vegetation will be applied on the rectangular building blocks shown in Figure 24 both on the façade 
and roof. The layer-thickness of the vegetation on the buildings is 0.5 m. The average height of these 
building blocks is 12-15 m. The trees will be assigned on the sidewalks near the street with a crown 
height of 6 m starting at 4 m above ground. Existing trees, with a crown height of 5 m starting at 4 m 
height, are also taken into account.  

Figure 24: Impression of the J.P. van Muijlwijkstraat [Google Maps] 

6.2.3 Computational Grid 

The computational grid is build using the 2D geometry of Figure 23 as a footprint. An area of 900*600 
m2 is created in GAMBIT 2.4. First the 2D geometry is loaded in GAMBIT using an .iges-file which is made 
in AutoCad. The second step is to divide the 2D ground plane into faces to have a large degree of control 
over the ground mesh. The mesh generation will be described further in more detail. Finally the ground 
plane is split up in smaller parts to reduce the computational power needed for building the 
computational model.  
 
For the grid generation, Best Practice Guidelines are used based on the studies of Franke et al. (2007), 
Tominaga et al. (2008), and van Hooff and Blocken (2010). The investigated area, the J.P. van 
Muijlwijkstraat and the near vicinity, consists of a mesh with a higher density of cells compared to the 
rest of the domain, which is shown in Figure 25. In this area the quality of the grid is of high importance 
for an accurate prediction of the wind flow. The façade greening covers the first cell next to the wall, 
which is constructed in the model as a volume with a thickness of 0.5 m. The building blocks in the area 
of interest are discretized by at least 10 cells per building edge, in accordance with guidelines by 
Tominaga et al. (2008) and Franke et al. (2007). In the vicinity of the vegetation a cell size of 0.5 m is 
used. Further away from the vegetation an exponent grading of 0.7 is applied to the mesh at some 
points to connect to the cell size of 3 m, which is used in the other parts of the mesh. For the more 
remote surrounding area less detail is needed compared to the studied area as mentioned by Tominaga 
et al. (2008). For the size of the domain, the distance of the inlet to the building geometry is set at 5H 
and 15H for the outlet, with H the highest building inside the domain. For the lateral sides of the domain 
5H is used according to Franke et al. (2007) and Tominaga et al. (2008).  
 



32 
 

 
Figure 25: Resolution of the grid of the total computational domain 

The grid generation technique as applied by van Hooff and Blocken (2010) is employed here. The ground 
faces are swept along a meshed line in the z-direction (ground normal direction) that contains all the 
different building heights, to create a 3D mesh. From this 3D mesh the building volumes are removed, 
therefore only air volumes remain. The first volume above the ground has a height of 3 m and contains 
six cells.  The green roof, which has a height of 0.5 m and is applied at 9, 12 and 15 m height and consists 
of one cell in height.  
 
The highest building present in the computational domain is 50 m. The total height of the computational 
domain is 500 m and is needed to reduce the maximum blockage ratio below 3 % as suggested by 
Franke et al. (2007). In this domain the blockage ration is 2.4%. The dimension of the complete 
computational domain is 1200 m * 950 m*500 m (L*W*H) and consists of 35 million hexahedral cells.  
 
Finally some steps need to be taken in GAMBIT before boundary conditions can be addressed in ANSYS 
FLUENT, which are: 

 Defining special fluid zones for vegetation volumes which are needed to assign sink and source 
terms to these volumes  

 Defining a velocity inlet and pressure outlet 

 Defining symmetry planes at the top and sides of domain 
 
 
Impressions of the computational grid and the real situation of the studied area are shown in Figures 26 
– 30.  
 
 

Grid resolution surrounding 3 m 

Grid resolution area of interest 1 m 

Grid resolution vegetation 0.5 m 

N 
100 m 
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Figure 26: High building (35 m) in the vicinity of the J.P. van Muijlwijkstraat [Streetview Google Maps] 

 

  
Figure 27: J.P.van Muijlwijkstraat viewed from west direction [Streetview Google Maps] 

 
Figure 28: J.P. van Muijlwijkstraat viewed from east direction [Streetview Google Maps] 
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Figure 29: Aerial view of the J.P. van Muijlwijkstraat and surrounding buildings and the accompanying computational grid 
[http://binged.it/V4k2sE]  
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Figure 30: Aerial view of the west entrance of the J.P. van Muijlwijkstraat [http://binged.it/V4kN51]  
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6.2.4 Boundary Conditions 

Boundary conditions are applied for a realistic worst case scenario in terms of heat stress in the city. 
Data concerning solar radiation, wind velocity, air temperature and wind direction on a very warm day, 
during a heat wave in the Netherlands (16 July 2003), are employed as simulation inputs. The weather 
data is derived from the meteorological station Deelen which is located 5 km north of Arnhem.  
 
Weather data 16 July 2003 for Deelen 

Maximum air temperature  34.5°C 
Mean wind speed  5.1 m/s 
Wind direction 91 degrees (East) 

6.2.4.1 Inlet Profiles 

For the inlet of the domain, the profiles of mean wind speed, turbulence kinetic energy and turbulence 
dissipation rate need to be determined. The velocity profile is depending on the aerodynamic roughness 
length z0, which describes the roughness of the terrain and on the friction velocity u*

ABL. For the 
surroundings of the computational domain, the roughness length needs to be determined and is 
depending on the terrain. The city of Arnhem, shown in Figure 31, is located in the east of the 
Netherlands near the German border. The vicinity of the computational domain, indicated by the red 
square, consists of buildings. A large forest is present north of Arnhem; the Hoge Veluwe. Furthermore, 
Arnhem is located near the river Rhine, which is flowing through the city. The river will influence the 
wind profile for this area. The roughness length for each wind direction is given in Figure 32 using the 
revised Davenport roughness classification by Wieringa (1992). The yellow area in the centre represents 
the computational domain.  
 

 
 
Figure 31: The city of Arnhem and surrounding (Google Maps). Red box indicates the study region. 
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For the inflow boundary conditions the profiles suggested by Richards and Hoxey (1993) are used. The 
vertical profiles for U(z), k(z) and ε(z) are as follows: 
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Figure 32: Roughness of the terrain for different wind direction sectors 

N 

Mature regular forest; landscape totally and quite regularly covered with similar size 

obstacles, with open spaces comparable to the obstacle heights (roughness length: z0 = 1.0 m 

m) Cultivated area with regular cover of low crops, or moderately open country with occasional 
obstacles (roughness length: z0 = 0.1 m) 

Cities or villages; landscape totally and quite regularly covered with similar size obstacles, 

with open spaces comparable to the obstacle heights (roughness length: z0 = 1.0 m) 

Water (roughness length: z0 = 0.0002 m) 
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    (8) 

 
 
Table 7: Properties of the parameters used in equation 6,7 and 8 

Parameter Properties 

U mean wind velocity (m/s) 
uABL* friction velocity (m/s) 
κ von Karman constant (0.42) 
z height above ground (m) 
z0 aerodynamic roughness length (0.50 m) 
k turbulence kinetic energy (m2/s2) 
ε turbulence dissipation rate (m2/s3) 
Cμ constant (0.09) 

 
The atmospheric boundary layer friction velocity, which is used in equation 6, 7 and 8 can be expressed 
as follows: 
 

        
   

     

    
    
  

 
   (9) 

 
At the inlet of the domain, a mean wind speed profile is imposed with z0 = 0.5 m for the east (91 
degrees) wind direction. The reference wind speed is imposed at 10 m with a velocity of 5.1 m/s. Data 
for the wind speed inlet profile is derived from the KNMI for 16 July 2003 from the station of Deelen 
north of Arnhem. 
 

6.2.4.2 Ground Roughness 

ANSYS FLUENT operates with the roughness height ks inside the computational domain that is 
determined by the following formula derived by Blocken et al. (2007) that is already shown in equation 4 
in chapter 5.1 and 5.2: 
 

    
        

  
    (4) 

In which kS is the equivalent sand-grain roughness height in m and CS is the roughness constant. For the 
approach flow domain, which is the domain part without the buildings, z0 = 0.5 m. Using equation 4 and 
the previous known value of z0 = 0.5 m and the fact that Cs can be set at maximum 7 in ANSYS FLUENT, ks 
is calculated as 0.70 m for the approach flow domain. However, to assign the roughness height 
parameter kS of the terrain, the first cell height is of importance as kS is at maximum the distance of the 
centre point zP of the first cell to the adjacent wall (Blocken et al., 2007). The first cell height in this part 
of the domain is 1.8 m, the calculated value of 0.70 for ks is in agreement with this first cell height.  
 
For the building domain the z0 is closer to z0 = 0.03 m. With this knowledge and that Cs is set at 
maximum of 7 the ks value calculated is 0.04 m using equation 4. The value used in the street is a 
roughness height (ks) of 0.03 m. The first cell height for the building domain is 0.5 m, the chosen value of 
0.03 m for kS is in good agreement with this first cell height. The building surfaces are modelled as 
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surfaces with zero roughness height that means that ks is set at 0 m. This is according to guidelines given 
by Franke et al. (2004). The lateral sides and the top of the domain are modelled as symmetry planes. 

6.2.5 Fluid-Flow Model  

Different kinds of approaches to simulate the air flow are available: Reynolds Averaged Navier-Stokes 
(RANS), Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS). These three models have 
advantages and disadvantages. The RANS steady state model is efficient regarding needed 
computational power and is in many cases an adequate representation. Furthermore, it eliminates the 
time dimension, whereas LES is more suitable for transient problems. The LES model performs in general 
better than the RANS model because a large part of the unsteady turbulent motion is resolved and only 
the small scales are modelled. However, the LES method needs significantly more computing time 
compared to RANS. Finally, the DNS model is exact because it solves the Navier-Stokes equations 
directly. However, it is very time-consuming and requires huge computational recourses (Fluent Inc. 
2006). The computational domain used in this research is relatively large with a total of about 35 million 
cells. Therefore, a RANS model is chosen with the realizable k- ε turbulence model (Shih et al., 1995).     

6.2.6 Thermal Modelling 

For investigating the effect of vegetative measures on air temperature, the heat transfer near the 
surface is very important. The heat transfer near the surface in the built environment is influenced by 
several variables. Most important is the absorbed solar heat by the surface. The heat fluxes can be 
divided into four groups which are the sensible, latent, radiative and ground heat flux. The latent heat 
flux is strongly depending on the evapotranspiration rate of the vegetation, close to the surfaces. The 
heat transfer near surfaces can be described by the following equation according to Taha (1997): 
 

                    
             

   

  
          (10) 

 
Table 8: Parameters used in equation 11 

Parameter  

αs Absorption coefficient for short wave radiation To Outdoor surface  temperature [K] 

αL Absorption coefficient for long wave radiation Ta Air temperature [K] 

Q Direct shortwave radiative flux [W/m2] hc Convective heat transfer 
coefficient [W/m2K] 

q Diffuse shortwave radiative flux [W/m2] k Thermal conductivity of the ground 
[W/mK] 

L Incoming long wave radiative flux [W/m2] Ts Soil surface temperature [K] 

Qf Anthropogenic heat flux [W/m2] λE Latent heat flux [W/m2]  

ϵ Emissivity of the surface  λ Latent heat of vaporization  [kJ/kg] 

σ Stefan Boltzmann constant E Flux of water vapour [g/m2s] 

 
The anthropogenic heat flux mentioned in equation 10 is neglected in the computational model since 
this heat flux has a small contribution compared to the other heat fluxes. The latent heat flux is 
implemented as a sink term for cooling as a constant.  
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 Natural convection 
To calculate temperatures inside the computational domain, boundary conditions need to be applied to 
the walls, and the velocity inlet and outlet. Furthermore, natural convection needs to be modelled inside 
the domain. The Boussinesq approximation is used to simulate natural convection inside the domain. 
The equation which is used by the Boussinesq approximation (Fluent Inc., 2006) is: 
 

                          (11) 
 

Where ρ0 is the density of air at T0, T0 is the operating temperature, g the gravity and   is the thermal 
expansion coefficient. Natural convection is modelled by enabling the energy equation and by defining 
operating conditions to enable gravity. Furthermore, full buoyancy is switched on to simulate natural 
convection and for wall functions the Wall Prandtl number is set to 1.95 according to Defraeye et al. 
(2011) for obtaining better results for the convective heat transfer near the wall. The Prandtl number is 
the ratio between the momentum eddy diffusivity and the heat transfer eddy diffusivity.  
 
A radiation model is needed to simulate the influence of the sun on the temperatures inside the 
computational domain. The P1 radiation model is used to limit the computational time needed to obtain 
results for radiation. The solar calculator, which uses the global position of the computational domain 
and the time (16 July, 15:00h), is used to calculate the irradiance on the surface. For incident solar 
radiation a value of approximately 800 W/m2 for the direct radiation and 200 W/m2 for the diffuse 
radiation is used based on the solar calculator available in ANSYS FLUENT. Since the theoretical incident 
solar radiation is at maximum 800 W/m2 in the Netherlands the sunshine factor is decreased from 1 to 
0.938 to obtain a value of 800 W/m2 for direct radiation. A sunshine factor of 1 means a clear sky and a 
factor of 0 an overcast sky. The input parameters for the P1 solar model are given in Table 9.  
 
Table 9: Input properties solar model 

Parameter    

Radiation model P1 model with solar ray tracing   

Global position Longitude 5.92, latitude 51.98, Time zone+1 

Date and time 16 July 2003, 15:00 h 

Sunshine factor 0.938 

Gravity -9.81 m/s2 for z direction 

 
At the inlet the air temperature is set at 34.5°C which is also used for the outlet. This temperature is 
based on the actual temperature measured for 16th of July 2003 for the meteorological station of Deelen 
near Arnhem. To simulate the temperatures inside the model, thermal properties of the materials for 
the building surfaces and ground plane need to be defined. The materials which are used in the model 
are: brick and for the ground plane, earth with a top surface of concrete. For the ground plane the 
absorption used is for light concrete because the top surfaces of the ground plane are streets and 
pavements. Material properties are shown in Table 10. 
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Table 10: Thermal properties of the materials and air 

Material and air Properties  

Air Specific heat capacity 1006.43 J/kgK 
 Density (ρ) 1.177 kg/m3 
 Thermal conductivity 0.0242 W/mK 
 Absorption (longwave) 

Thermal expansion coefficient 
Latent heat of vaporization 

0 
0.0034 1/K 
2260 kJ/kg 

Brick Specific heat capacity 900 J/kgK 
 Density 2000 kg/m3 
 Thermal conductivity 0.8 W/mK 
 Absorption (longwave) 0.80 

Ground plane Specific heat 300 J/kgK 
(earth with concrete surface) Density 1600 kg/m3 
 Thermal conductivity 1.5 W/mK 
 Absorption (longwave) 0.85 

 
To calculate temperatures inside the domain, wall boundary conditions for thermal settings need to be 
defined to calculate the heat flux to the wall from the fluid cell. The mixed setting is used since it 
combines convection and radiation boundary conditions. Within this mixed setting the heat transfer 
coefficient, the free stream temperature, the wall thickness and the radiation temperature need to be 
defined. The free stream temperature and the radiation temperature represent the temperature 
outside the domain, for buildings it is the indoor temperature and for the ground surface the 
temperature at a depth of 10 m. The heat flux to the wall from a fluid cell is calculated for the combined 
radiation and convection boundary conditions using equation 12 derived from the Fluent manual (Fluent 
Inc. 2006) 
 

                     

 
                              

    
    (12) 

  
Table 11: Properties of parameters used in equation 13 

Parameter    

hf Convective local heat transfer coefficient [W/m2K] 

Tw Wall surface temperature [K] 

Tf Local fluid temperature [K] 

qrad Radiative heat flux [W/m2] 

hext External heat transfer coefficient [W/m2K] 

Text External temperature [K] 

ϵext Emmisivity of the external surface [-] 

σ Stefan Boltzmann constant [ 5.67*10-8 W/m2/T4 ] 

T∞ Temperature of the radiation source or sink on the exterior of the domain [K] 

 
Since the wall thickness in ANSYS FLUENT is by default 0, a thickness has to be defined to calculate the 
thermal resistance of the wall. The 1D thermal resistance is calculated by dividing the thickness over the 
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thermal conductivity of the wall. For the properties used, see Table 12. Furthermore, shell conduction is 
enabled to calculate heat conduction within the wall, in addition to conduction across the wall which is 
calculated by default in ANSYS FLUENT. 
 
Table 12: Thermal properties for the walls 

Wall thermal boundary conditions 

Building surface (brick)  

Heat transfer coefficient  0.5 W/m2K 
Free steam temperature 296 K 
Internal emissivity 0.9 
External radiation temperature 296 K 
Thickness 0.35 m 
External emissivity 1.0 

Ground surface (earth with concrete surface)  

Heat transfer coefficient 0.15 W/m2K 
Free steam temperature 283 K 
Internal emissivity 0.85 
Radiation temperature 283 K 
Thickness 10 m 
External emissivity 1.0 

 
Finally, solution methods are set. For the solutions, 2nd order discretizations are used as suggested by 
Tominaga et al. (2008). The SIMPLEC scheme is used for pressure velocity coupling as suggested in the 
ANSYS FLUENT manual, (Fluent Inc. 2006) because natural convection is enabled in the model. For the 
simulations a server is used with 8 nodes at 2.33 Mhz with in total 64 GB of memory. The computation 
time needed for one simulation to converge is around 21 days. 
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7 Case study Scenarios and Results 
 

In total five scenarios, shown in Figure 33, are simulated to study the cooling effect of vegetation. 
Results of air temperature inside the street canyon will be presented. Further, selected vertical cross 
sections of locations in the street canyon are made to indicate the air temperature differences for the 
different scenarios compared to the current situation and the air temperature is obtained for data 
points at pedestrian level. The five scenarios simulated are: 
 

o Current situation with small trees (crown starts at 4 m height up to 9 m height, LAD: 0.55 m2/m3) 
→ chapter 7.1 (serves as reference) 

o No vegetation → chapter 7.1 
o Scenario  with a row of large trees in the street (crown starts at 4 m height with a height of 6 m, 

LAD: 0.55 m2/m3) → chapter 7.2 
o Scenario with green façades (LAD: 3.00 m2/m3) → chapter 7.3 
o Scenario with green roofs (LAD: 3.00 m2/m3) → chapter 7.4 

 
 

 

  

Figure 33: J.P. van Muijlwijkstraat with configuration of possible vegetation and indication of positions of the vertical cross 
sections 1-4 (blue lines) 

100 m 
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7.1 Current Situation and No Vegetation Scenario  
For the current situation the existing trees are modelled inside the street canyon. The current situation 
is used as a reference case for all scenarios studied. The building walls and ground surface material 
properties are defined with respect to heat transfer as mentioned in chapter 6.2.6. The air temperature 
is calculated inside the street canyon by using the energy equation and the radiation model available in 
the computational model. In Figure 34 the results for the air temperature (top) and the amplification 
factor (bottom) at 2 m height are shown with uref = u (z=10 m) = 5.1 m/s. This figure shows that the 
coolest spots are found near the entrance of the street in the east with an air temperature of around 
35°C. Secondly, the amplification factor (U/Uref) at the north side of the canyon is higher compared to 
the south side of the canyon, 0.50 for the north side and 0.25 for the south side. Further, it can be 
noticed for the low normalized velocity area on the north side of the street canyon near the building 
wall, high temperatures of 38°C can be found. The air temperature inside the street canyon on 2 m 
height varies between 35.5°C and 36.75°C. The average temperature for the current vegetation on 2 m 
height inside the street canyon is 36.47°C which is influenced by the high surface temperatures near the 
façade of approximately 38°C.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 34: (top) Air temperature at 2 m height, (bottom) the velocity magnitude normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the current situation  
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In the current situation small trees are present on the north side of the street as mentioned in 
paragraph 6.2.2 and shown in Figure 33 as black boxes. Near the entrance of the street a small triangle 
shaped area with some trees is present that is also implemented in the model since the trees are on the 
windward side. The crown height of these trees starts at 4 m and have a height of 5 m.  
 
The results for air temperature for the four vertical cross sections, indicated in Figure 33, are presented 
in Figures 35-38 (view from the east direction). The contour plots are made using Surfer, for all contour 
plot see Appendix D. The grid algorithm used is the Kriging method, values at walls and street are not 
taken into account in the contour plots. In these figures the difference in air temperature between the 
No Vegetation scenario and the current situation is compared. The no vegetation scenario is used to 
study the cooling effect of the current trees. The red color indicates a higher temperature compared to 
the current situation and the yellow, green and blue color indicates a lower air temperature. The 
building blocks in the street canyon are indicated by the black boxes. In Figure 35 it is shown that higher 
temperatures are experienced at the south side of the street canyon for vertical cross section 1. In the 
current situation a square with trees is present in the near vicinity of the south side of the street canyon 
that provides cooler air. The differences with the current situation are small, on average 0.2°C and at 
maximum 0.5°C warmer; however the area affected by increased air temperatures is almost half the 
street canyon.  
   

 

Figure 35: Vertical cross section 1, difference in air temperature no vegetation/current situation in °C view from east  
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Figure 36 shows the temperature difference for vertical cross section 2. Higher temperatures are 
experienced on the north side of the street canyon, temperatures are on average 0.1°C higher and at 
maximum 0.4°C compared to the current situation. However the increased temperatures due to the lack 
of vegetation is small since temperatures are 0.1-0.4°C warmer compared to the current situation. 

 
Figure 36: Vertical cross section 2, difference in air temperature no vegetation/current situation in °C view from East 

Figure 37 shows the temperature difference for vertical cross section 3. The increased temperatures are 
now experienced in the bottom part, which is below 7 m height, of the whole street canyon. Increased 
temperatures are however on average limited. The average temperature in the street canyon is 0.2°C 
warmer and at maximum to 0.8°C near the north bottom corner of the street canyon compared to the 
current situation.  

 
Figure 37: Vertical cross section 3, difference in air temperature no vegetation/current situation in °C view from East 
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For the fourth cross section (Figure 38), the street width is increased from 25 to 35 m compared to the 
three previous cross sections. Increased temperatures are still experienced in the lower part of the 
street canyon below 4 m height.  The increased air temperatures are however limited on average to 
0.1°C warmer for the light red areas compared to the current situation.  

 
 

Figure 38: Vertical cross section 4, difference in air temperature no vegetation/current situation in °C 

To determine the cooling or heating effect the velocity in the street canyon is of importance, since air 
with a low velocity stays longer in the cooling vegetation volume compared to air with a higher velocity. 
Below in Figure 39, the velocity vector plot is shown at 2 m height for the area in the street canyon 
starting from the entrance on the east side to cross section 4. This plot shows that high velocities of 3.5 
m/s can be found for the east entrance of the street. In the central part of the street canyon the wind 
velocity is around 2 m/s. The wind flow is deviated towards the left side of the street canyon after the 
curve in the street.  

 
Figure 39: Horizontal vector plot at 2 m height of the velocity magnitude in the J.P. van Muijlwijkstraat for the current 
situation 
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In Figure 40 the horizontal contour plot of the air temperature at 2 m height is shown for the current 
situation (top) and the no vegetation scenario (bottom). The no vegetation scenario is compared to the 
current situation to determine the cooling effect provided by the current trees. This figure shows that 
cooler areas can be found in the east part of the street and the warmer areas can be experienced in the 
low velocity areas, shown in Figure 35, which are indicated by the red areas. The low velocity area are 
found near the building walls. The average temperature inside the street canyon at 2 m height for the 
no vegetation scenario is 36.62°C compared to 36.47°C for the current situation.  
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             Wind 

N 

Figure 40: Air temperature [℃] in street canyon at 2 m height for the current situation (top) and the no vegetation 
scenario (bottom) 
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7.2 Scenario New Trees 
For this scenario a large tree row is constructed at the north side of the street, since here enough space 
is available for large trees compared to the other side of the street. The crown height of the new trees is 
set at 6 m starting at 4 m high. The leaf area index (LAI) of urban trees is set at 3.31 m2/m2 according to 
Loughner et al. (2012). To define the leaf area density (LAD) the LAI is divided by the crown height, since 
LAI is the amount of leaf surface per unit of ground area. This results in a LAD for an urban tree of 0.55 
m2/m3, which means that the cooling effect is set at 140 W/m3, since the validation study showed that a 
LAD of 2.0 m2/m3 provided 500W/m3 of cooling, see chapter 5.2. In Figure 41, the air temperature (top) 
and the amplification factor (bottom) at 2 m height are shown for the new trees scenario. Lower 
temperatures, in the range of 34-35°C, are found for the part of the street canyon where the trees are 
planted in comparison to the current situation see Figure 34. In a large part of the street canyon the 
temperature is around 35°C. Further, it is noticed that the u/uref for this cooler area is in the range of 0-
0.25 with an Uref of 5.1 m/s which is lower compared to the current situation. The amplification factor 
near the east entrance is higher (0.60) compared to the velocity further down the street (0.30) where in 
the current situation this high decrease is not noticed. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: Air temperature at 2 m height (top) and the amplification factor normalized by Uref (5.1 m/s) (bottom) in the J.P. 
van  Muijlwijkstraat for the new trees scenario, for the reference scenario see Figure 35  
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In Figure 42 the location of the tree volume is indicated by the dashed black rectangle. Figure 45 shows 
that slightly lower temperatures can be expected on the north side of the street canyon for vertical 
cross section 1. However, present cooling is limited to a small area with a maximum air temperature 
that is 0.5°C lower compared to the current situation. No cooling effect is present inside the tree volume 
for this cross section. 

Figure 42: Air temperature difference new trees/current situation in degrees Celsius for vertical cross section 1 view from 
east 
 

Figure 43 shows the temperature difference for vertical cross section 2. The lowest temperature is not 
found inside the tree volume but at the right side of the tree volume.  The air in this part of the street is 
first streaming through the tree volume thereby cooling down the air. Further towards the façade this 
result in colder air near the façade since the street has a bent. Furthermore, it can be noticed that a 
larger part of the street canyon is cooled down by the tree volume compared to the first cross section.  

Figure 43: Air temperature difference new trees/current situation in degrees Celsius for vertical cross section 2 view from 
east 
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The maximum decrease in air temperature of 1.5°C is found near the tree volume. On average the 
cooling effect is 0.6°C for the area that is cooled down compared to the current situation. 
 
Figure 44 shows the temperature difference for vertical cross section 3, which is further downstream in 
the street canyon. In this section cooling is found for a larger area compared to the two previous cross 
sections. The cooling is now experienced inside the whole street canyon. The lowest temperatures are 
now found inside the tree volume with a maximum air temperature of 1.6°C cooler compared to the 
current situation. In the lower part of the street canyon at pedestrian level the air temperature is 
decreased by at least 0.6°C. On average the air temperature decrease inside the whole street canyon is 
0.6°C compared to the current situation. 

 

 
Cross section 4 shown in Figure 45 is located at the end of the street canyon. The width of the canyon is 
increased from 25 m for the three previous cross sections to 35 m width. The lowest temperatures, 
approximately 1.6°C cooler compared to the current situation are found inside the tree volume. For the 
remaining part of the canyon the air is cooled down by at least 0.5°C compared to the current situation. 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 44: Air temperature difference new trees/current situation in degrees Celsius for vertical cross section 3 view from 
east 
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Figure 45: Air temperature difference new trees/current situation in degrees Celsius for vertical cross section 4 view from 
east 

In Figure 46, the velocity vector plot is shown for the part of the street canyon until cross section 4. This 
plot indicates that high velocities of 4 m/s can be found for the entrance of the street near the right 
building corner. In the rest of the street canyon the wind speed is about 2 m/s. The wind flow inside the 
street canyon shifts towards the south side of the street canyon after the curve in the street.  
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Figure 46: Horizontal vector plot at 2 m height of the velocity magnitude in the J.P. van Muijlwijkstraat for the new trees 
scenario, the reference situation is shown in Figure 41 
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In Figure 47 the horizontal cross section at 2 m height is shown for the current situation (top) and the 
new trees scenario (bottom). Cooler spots can be found near the vegetation volumes with a difference 
in air temperature compared to the current situation of maximum 2°C. In large parts of the remaining 
street canyon temperature decreases of 1°C are found; these are indicated by the large blue area inside 
the street canyon. For the new trees scenario the average air temperature in the street canyon on 2 m 
height is 35.99°C compared to 36.42°C for the current situation.  
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Figure 47: Air temperature [℃] in street canyon at 2 m height, current situation (top) and new trees scenario (bottom) 
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7.3 Scenario Green Façade 
For this scenario green façades are applied on the building walls that mean that both green façades and 
the current trees are applied in this scenario. The green façade consists of small plants with a LAD of 3.0 
m2/m3. Since the thickness of the total green façade is 0.5 m which consists of plants, soil and 
construction, the actual thickness of the vegetation is set at 0.25 m. Further, the green coverage on the 
façade is set at 50% due to glazing in the wall and to keep a uniform distribution. The cooling potential 
for façade greening can be determined as 190 W/m3 since the validation study showed that for a LAD of 
2.0 m2/m3 the cooling is 500 W/m3. The temperature and velocity plot, shown in Figure 48, indicate air 
temperatures in the street canyon ranging from 34.5 up to 36.5°C. Lower temperatures can be found 
near the east entrance of the street and higher temperatures near building corners in the west part of 
the street canyon. The normalized velocity magnitude in the street canyon is approximately 0.50 in the 
centre of the street and 0.25 near building walls. Furthermore, the amplification factor plot is similar to 
the current situation in this scenario see Figure 35.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48: (above) Air temperature at 2 m height, (below) the amplification factor normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the green façade scenario, for the reference scenario see Figure 35 
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In Figure 51 cross section 1 is shown. The location of the green façade is indicated by the dashed black 
rectangle. In Figure 49 it can be noticed that the air temperature differences compared to the current 
vegetation scenario are small with a maximum of - 0.4°C at the south façade. On the north side of the 
street canyon almost no cooling is found for applying green façades. For this part of the street canyon 
the velocity is higher compared to the south façade. At the south building it can be noticed that the 
impact on lower regions is larger compared to the higher regions of the building wall. The cooling effect 
is limited to a distance of within 3 m from the wall.   

 
Figure 49: Air temperature difference green façade/current situation in degrees Celsius for vertical cross section 1 view from 
east 

Figure 50 shows the temperature difference for vertical cross section 2. Cooling is found for the area 
near the south façade until a distance of approximately 5 m away from the façade. Air temperature 
differences however are at maximum 0.4°C close to the façade and on average 0.2°C for the yellow 
areas. The total area affected is approximately 20% of the street canyon. 

 
 
 

 

 
 

 
Figure 50: Air temperature difference green façade/current situation in degrees Celsius for vertical cross section 2 view from 
east 
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Figure 51 shows the temperature difference for vertical cross section 3. The area with lower 
temperatures due to the cooling of the green façade is larger compared to the cross sections 1 and 2, 
which is now approximately 30%. However, the air temperature decrease is on average 0.2°C for the 
area that is cooled down. Maximum values for cooling are around 0.8°C close to the south façade.  
 

 

 

 

 

 

 

 

 

 

 

 
Figure 51: Air temperature difference green façade/current situation in degrees Celsius for vertical cross section 3 view from 
east 

Cross section 4 is shown in Figure 52, shows some cooling effect due to the green façade. However the 
cooling effect is small on average 0.2°C and at maximum 0.4°C close to the façade compared to the 
current situation. Further, it can be noticed that the cooling is limited to an area of approximately 5 m 
away from the façade.   

 
 
Figure 52: Air temperature difference green façade/current situation in degrees Celsius for vertical cross section 4 view from 
east  
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In Figure 53, the air temperature at 2 m height is shown for the current situation (top) and for the green 
façade scenario (bottom). Differences between the two scenarios are small. Only near the façade 
differences in air temperature can be found. The vertical cross sections in the previous Figures 51-54 
show the differences clearer than the horizontal cross section below. The average air temperature for 
the façade greening scenario on 2 m height is 36.34°C compared to 36.42°C for the current situation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The vector plot for this scenario is not shown since it is similar to that of the current situation shown in 
Figure 39. For the figure of the vector plot of the green façade scenario see Appendix E.  
 
 
 
 

Figure 53: Air temperature [℃] in street canyon at 2 m height, current situation (top) and green façades scenario 
(bottom) 

℃ 

             Wind 

N 

34 35 36 37 38  

Current situation 

Green façade scenario 

             Sun 



58 
 

7.4 Scenario Green Roof 
For this scenario greening is applied on the building roofs. The green roof consists like the green façade 
of small plants with a LAD of 3.0 m2/m3. The thickness of the total green roofs is 0.5 m which consists of 
plants, soil and construction, the actual thickness is set at 0.25 m. This means that the value for LAD has 
to be divided by two. The cooling potential for green roofs can be determined as 375 W/m3. The 
temperature and amplification factor plot, shown in Figure 54, indicate temperatures in the street 
canyon ranging from 34.5 up to 36.5°C. Lower temperatures can be found on the east side and higher 
temperatures near building corners in the west part of the street canyon. Low velocity areas can be 
found near building corners for the warmer areas. Areas with a higher amplification factor are found 
near the east entrance of the street canyon with a maximum of 0.75. In general this amplification factor 
figure is similar to the current situation.  
   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: (above) Air temperature at 2 m height, (below) the velocity normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the green roof scenario, for the reference scenario see Figure 35 
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In Figure 55 the locations of the green roofs are indicated by the black dashed rectangles. It can be 
noticed that the differences compared to the scenario with the current vegetation are hard to identify in 
cross section 1. On the north side of the street canyon no differences are noticed for applying a green 
roof. On the south building it can be noticed that on the top right corner a maximum air temperature 
difference of - 0.1°C is found compared to the current situation.  

 
 

 

 

 

 

 

 

 

 

 

Figure 55: Air temperature difference green roofs/current situation in degrees Celsius for vertical cross section 1 view from 
east 

Figure 56 shows the temperature difference for vertical cross section two, it is indicated that for the 
south building near the roof cooling is at maximum 0.5°C compared to the current situation and on 
average 0.2°C. However, the area affected by cooling is small just 5% of the total street canyon and is 
limited to the area above 7 m height. For the north building no cooling is found this is because the wind 
flow is parallel to the roof, which causes that the cold air cannot enter the street canyon flow.   

 
 
 

 

 

 

 

 

 

 

 
 

 
Figure 56: Air temperature difference green roofs/current situation in degrees Celsius for vertical cross section 2 view from 
east 

25 m 

1
5

 m
 

25 m 

1
5

 m
 

South North 

South North 



60 
 

T
G

ree
n

 R
o

o
f  –

 T
C

u
rren

t Situ
atio

n  

T
G

ree
n

 R
o

o
f  – T

C
u

rren
t Situ

atio
n  

Figure 57 shows the temperature difference for vertical cross section 3. Again cooling is indicated near 
the roof level of the south building. The average cooling provided by the green roof is 0.1°C and at 
maximum 0.5°C. However, although the area affected by cooling is increased to 15% it is still limited to 
the higher part of the street canyon. Also here no cooling is found at the north side of the street canyon 
 
 
 

 

 

 

 

 

 

 

 

 
Figure 57: Air temperature difference green roofs/current situation in degrees Celsius for vertical cross section 3 view from 
east 

Figure 58 shows the temperature difference for cross section 4. The cooling is still observed for the area 
near the roof level of the south building. The average cooling is 0.1°C and at maximum 0.2°C. The total 
area which is cooled down by the green roof is approximately 15% of the street canyon.  

 
Figure 58: Air temperature difference green roofs/current situation in degrees Celsius for vertical cross section 4 view from 
east 

The temperature in a horizontal plane at 2 m above ground is not shown since no air temperature 
difference is noticed at 2 m height compared to the current situation. The vector plot for this scenario is 
not shown since it is similar to the current situation shown in Figure 39. For the figures of both the 
temperature plot and the vector plot of the green roof scenario see Appendix C and E. 
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7.5 Results Summary and Discussion 
In Table 11 the results are summarized for all the scenarios studied. The maximum cooling is given and 
the average cooling inside the street canyon for the vertical cross sections. Furthermore, the average air 
temperature at 2 m height inside the J.P. van Muijlwijkstraat for all scenarios is given. Table 11 shows 
that a scenario with no vegetation results in the highest temperatures. Further, it is shown that green 
roofs only provide a small amount of cooling. Green façades can deliver cooling with a maximum of 
0.8°C however the average cooling is small. The highest cooling is provided by the new trees scenario on 
average 0.6°C and a maximum cooling of 1.6°C compared to the current situation.  
 
Table 11: Summarized results for all scenarios investigated 

 Δ Tmax, cooling (cross section 1-4) Δ Tavg, cooling (cross section 1-4) Tavg,2 m height  

Current situation 0°C 0°C 36.47°C 
No Vegetation + 0.8°C + 0.2°C 36.62°C 
New Trees - 1.6°C - 0.6°C 35.98°C 
Green Façade - 0.8°C - 0.1°C 36.34°C 
Green Roofs - 0.5°C  0°C 36.46°C 

 
  Inside the street canyon, the air temperature at 2 m height, which is the pedestrian level, is analyzed 
for the x-position on line 1 and 2 for all scenarios, as shown in Figure 59. Line 1 is drawn through the 
vegetation and line 2 is placed in the middle of the street canyon. In Figure 60 the results for line 1 are 
shown, the Green Roof scenario is left out since it produced very similar results as the current situation. 
The graphs show that the New Trees scenario provide the most cooling; the maximum difference is 2°C 
with the current situation. Furthermore, it is shown that green façades provide a small amount of 
cooling, here the maximum difference is 0.4°C compared to the current situation. The same is noticed in 
Figure 61. Again the trees provide the most cooling with a maximum of 1°C compared to the current 
situation. Further, this Figure shows that for the middle of the canyon almost no cooling is noticed for 
the green façade compared to the current situation, differences are at maximum 0.1°C. Both figures 
show that in the current situation already cooling is provided by the current trees, the difference with 
the no vegetation scenario is at maximum 0.3°C.  

 

Figure 59:  Indication of the two measurement lines in the J.P. van Muijlwijkstraat 
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Figure 60: Air temperature [°C] inside the street canyon at 2 m height for line 1 for all scenarios 

 

Figure 61: Air temperature [°C] inside the street canyon at 2 m height for line 2 for all scenarios 
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Furthermore, the cooling effect for the West part of the street canyon, between x-position 300 – 375 m, 
in both Figure 60 and 61 is smaller for the New Trees scenario compared to the rest of the street 
canyon. For this part of the street canyon the results are influenced by cross streets and the wider street 
canyon. Also, the trees are located further away from the buildings. Finally, both Figures indicate that 
most cooling is measured for the New Trees scenario in the area for x positions between 450 – 550 m. 
For this part the velocity (amplification factor) is lower caused by the bent in the street. This result in 
that the air stays longer in the vegetation volume and the air is cooled down more compared to air in 
higher velocity regions. This effect is also found in Figure 60 where a large decrease of air temperature is 
found for x-position 600 m.  
 

In the No Vegetation scenario it was shown that already in the current situation cooling is delivered by 
the current trees. The No Vegetation scenario showed increased temperatures inside the street canyon 
compared to the current situation. However, the cooling delivered by the small trees in the current 
situation is limited as indicated in paragraph 6.3.2, which showed that the cooling is on average 0.2°C 
inside the street canyon. Further, the trees near the entrance on the east side resulted in a maximum 
cooling of 0.5°C which indicates that in the current situation already some cooling is provided by the 
tree volume near the east entrance of the street. The results showed that implementing additional trees 
has a higher cooling effect than green façades. With the New Trees scenario the air temperature 
decrease inside the street canyon compared to the current situation is at maximum 2°C and on average 
0.6°C, and is experienced in the whole street canyon. However, to maintain a constant cooling effect, 
trees need to be regularly irrigated to be able to provide the cooling power, since evaporative cooling is 
based on the water supply. Furthermore, the actual cooling effect in a street canyon is likely to be even 
larger since no shading is incorporated in these simulations. Shading will decrease the surface 
temperatures locally on ground and wall surfaces. However, this needs to be studied in further research.   
 
For green façades the air temperature decrease was at maximum 0.8°C and on average 0.1°C compared 
to the current situation, and is limited to the area close to the façade. Alexandri and Jones (2008) 
indicated that for wider street canyons with a H/W ratio of 1.5 the cooling effect by green façades is 
weaker compared to smaller street canyons with a H/W ratio of 1.0. In this study the H/W ratio is close 
to 1.5 resulting in a smaller cooling effect by the green façades, which was shown for the results of the 
vertical cross sections.  
 
Furthermore, for the New Trees scenario it can be noticed that the normalized velocity magnitude is 
lower compared to the current situation. For the New Trees scenario the amplification factor is 0.30 in 
the middle of the street canyon compared to 0.50 for the current situation. This shows that the large 
trees influence the wind flow inside the street canyon. The lower amplification factor can cause an 
increase in temperature as perceived by humans, since a low air velocity is affecting the physical 
equivalent temperature (PET).  Also, a lower wind velocity decreases the ventilation rate of the street 
canyon. However, the effect of a lower velocity on the PET is interesting to study in further research.   
 
For the Green Roof scenario only cooling was found near roof level. No cooling was found at pedestrian 
level for the green roof scenario. The maximum cooling found for the green roof scenario is 0.5°C cooler 
compared to the current situation. This shows that a green roof is not effective in cooling down the air 
at pedestrian level. Alexandri and Jones (2008) already indicated that green roofs have a greater cooling 
effect at roof level. Furthermore, it was found that no cooling was found at the north side of the street 
canyon. This is because the main wind flow is parallel to the street canyon which results in that cooled 
air is not entrained inside the street canyon.  
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Already a single tree row applied on the north side of the street canyon provided cooling in the whole 
street canyon, which was shown for the vertical cross sections in the street. This indicates that air which 
flows through the vegetation volume is cooled down by evaporative cooling and then streams towards 
the other side of the street canyon caused by the small bent of the street. As a result cooling is 
experienced inside the whole street canyon. In research by Sashua Bar et al. (2011) it was also indicated 
and measured that cooling by trees is the most effective measure regarding the cooling effect in a 
courtyard. Furthermore, Srivanit and Hokoa (2013) showed that for adding trees in an outdoor space 
more cooling benefits at the pedestrian level were found compared to green roofs, especially on 
summer days.  
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8 Conclusions and Recommendations 

 
 
The additional trees provide the most cooling inside the street canyon. In the results it was found that a 
single tree row provided cooling inside the street canyon with maximum and average air temperature 
decreases of 1.6°C and 0.6°C compared to the current situation. The maximum cooling of 1.6°C is 
comparable with values of 1.7-2.1°C for cooling found in a study by Alexandri and Jones (2008). This 
substantiates that the results of this study give a good estimate of the cooling provided by vegetative 
measures. For façade greening and green roofs less cooling was found and only close to and within the 
vegetation volume. The results showed that for façade greening the average air temperature inside the 
street canyon was decreased by 0.1°C and at maximum 0.8°C compared to the current situation. Cooling 
is only noticed near the façade greening. Furthermore, green roofs are not effective in cooling down the 
air temperatures at pedestrian level since most of their cooling effect is restricted to the roof level. Here 
the air temperature decrease was at maximum 0.5°C and on average 0.1°C compared to the current 
situation. Finally, already in the current situation some cooling is found for the trees present in the 
street and in front of the street. The air temperature decrease found for the current situation is on 
average 0.2°C and at maximum 0.5°C.  
 
The most effective adaptive measure which can be taken regarding vegetative measures, is 
implementing trees inside the street canyon. The case study showed that implementing a single tree 
row already decreased temperatures inside the whole street canyon. The trees used in this study are 
rather small with a crown height of 6 m and a width of 4 m. Configurations with larger trees are 
imaginable and realistic and provide even more cooling.  A perquisite for this cooling effect by trees is 
that the trees need to be regularly irrigated to be able to provide the cooling power, since evaporative 
cooling is based on the water supply. Other adaptive measures like façade greening and roof greening 
are not effective measures. The cooling effect found was low and hardly noticeable inside the street 
canyon. Furthermore, for green roofs the cooling was only found near roof level and not inside the 
street canyon.   
 
For the size of trees it is important to have a larger tree since cooling is depending on the volume of the 
crown. Further it is important to have species with a high leaf area density (LAD), which means trees 
with high foliage coverage. Typical urban trees that can be found inside street canyons are: Maple tree 
(LAI = 5 m2/m2) (Rauner, 1976) and European Beech (LAI = 8 m2/m2) (Prskawetz and Lexer, 2000). For the 
location of the tree inside the street canyon it is recommended to plant the trees close to the wall since 
here low air velocities prevails. With low velocity the hot air stays longer inside the tree volume and is 
cooled down more compared to higher velocities where air stays shorter in the vegetation volume. 
Further, for pedestrians most cooling is needed on the sides of the street since here are the sidewalks 
where pedestrians can be found.   
 
For the climate proof cities (CPC) program the case study shows that vegetative measures can improve 
the micro climate in a city. By the case study of the J.P. van Muijlwijkstraat, this study shows that 
implementing adaptive measures can reduce air temperatures inside the J.P. van Muijlwijkstraat. The 
street was chosen since it has a high risk for overheating and is located in the vicinity of the city centre. 
Furthermore, the street represents a typical inner city street that is representative for many other 
streets and the width of the street allows to implement vegetative measures. The geometry that is 
roughly east west oriented makes it difficult to generalize all findings but, for trees and green façades 
the cooling is mostly influence by the street canyon flow that is present inside every street canyon and is 
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not influenced by the main wind directions. However, for roof greening a change of the main wind 
direction might influence the results. Now the main flow is parallel but if the wind flow is perpendicular 
to the roof cooled air might possibly get entrained into the street canyon by the canyon vortex. 
 
Finally, the cooling effect presented in this study is likely to be even larger in a real street canyon since in 
this study no shading is incorporated in the computational model, which might influence the results 
locally for surface temperatures. The shading effect might be interested to study in further research. 
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Appendix A: Cooling power  
 

The difference in temperature ΔT is 

 Proportional to the cooling / heating power PC, [PC] = W/m3 = J/sm3 

(the more cooling power, the larger the temperature difference) 

 Proportional to volume V in which cooling / heating takes place, [V] = m3 

 Inversely proportional to the mass flux mf that enters the volume, [mf = ρ U A] = kg/m3 m/s m2 

(A is the area through which the fluid enters the volume, U is fluid velocity) 

 Inversely proportional to the specific heat capacity cp, [cp] = J/kgK 

(the higher the specific heat capacity of a medium, the more energy has to be supplied / extracted in 

order to heat / cool it) 

 

Bringing all together gives: C C

f p p

1 1 1 1
T P V P V

m c UA c
  


 

 

Check units:   3

3

kg KJ s
K m

s m kg J
  

 

Application to our example: C 3

1 1
0.5K P (5m x 5m x 1m)

1.225kg /m 2m/ s (5m x 5m) 1005J/kg K
   

 

PC = -1231.125 W/m3 (as an indication for the magnitude) 

 

Assumptions: crown volume V = 5 x 5 x 1 m3, flow enters this crown volume with velocity U = 2 m/s by 

streaming through an area A = 5 x 5 m2 
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Appendix B: Source file 

 
/*******************************************************************/ 
/* UDF for specifying source terms */ 
/*******************************************************************/ 
 
#include "udf.h" 
 
#define lambda 0.11 
 
real source_tke; 
real A1 = 1;  /*Betap*/ 
real A2 = 5.1;  /*Betad*/ 
real A3 = 0.9;      /*closure constant cepsilon4*/ 
real A4 = 0.9; /*closure constant cepsilon5*/ 
real LAD = 2.00;  /*2.96 LAD grass small plants article Ramirez 2012 */ 
 
 
DEFINE_SOURCE(x_mom_source,c,t,dS,eqn) 
 
{ 
 
real x[ND_ND]; 
real source; 
real U   = C_U(c,t); 
real V   = C_V(c,t); 
real W   = C_W(c,t); 
real VEL = sqrt(C_U(c,t)*C_U(c,t)+C_V(c,t)*C_V(c,t)+C_W(c,t)*C_W(c,t)); 
real k   = C_K(c,t); 
real e   = C_D(c,t); 
real rho = C_R(c,t); 
 
C_CENTROID(x,c,t); 
 
if (x[2]< 4 ) /*to pick the cells in the domain for the application of source terms*/ 
{ 
source = 0; 
dS[eqn] = 0; 
 
} 
 
 
else 
{ 
 
source  = -1*lambda*rho*VEL*U; 
dS[eqn] = -1*lambda*rho*(U*U/VEL + VEL); 
 
} 
return source; 
 
} 
 
 
 DEFINE_SOURCE(y_mom_source,c,t,dS,eqn) 
 
{ 
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real x[ND_ND]; 
real source; 
real U   = C_U(c,t); 
real V   = C_V(c,t); 
real W   = C_W(c,t); 
real VEL = sqrt(C_U(c,t)*C_U(c,t)+C_V(c,t)*C_V(c,t)+C_W(c,t)*C_W(c,t)); 
real k   = C_K(c,t); 
real e   = C_D(c,t); 
real rho = C_R(c,t); 
 
C_CENTROID(x,c,t); 
 
if (x[2]< 4 ) /*to pick the cells in the domain for the application of source terms*/ 
{ 
source = 0; 
dS[eqn] = 0; 
 
} 
 
 
else 
{ 
source  = -1*lambda*rho*VEL*V; 
dS[eqn] = -1*lambda*rho*(V*V/VEL + VEL); 
 
} 
return source; 
 
} 
 
 
DEFINE_SOURCE(z_mom_source,c,t,dS,eqn) 
 
{ 
 
real x[ND_ND]; 
real source; 
real U   = C_U(c,t); 
real V   = C_V(c,t); 
real W   = C_W(c,t); 
real VEL = sqrt(C_U(c,t)*C_U(c,t)+C_V(c,t)*C_V(c,t)+C_W(c,t)*C_W(c,t)); 
real k   = C_K(c,t); 
real e   = C_D(c,t); 
real rho = C_R(c,t); 
 
C_CENTROID(x,c,t); 
 
if (x[2]< 4 ) /*to pick the cells in the domain for the application of source terms*/ 
{ 
source = 0; 
dS[eqn] = 0; 
 
} 
 
 
else 
{ 
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source  = -1*lambda*rho*VEL*W; 
dS[eqn] = -1*lambda*rho*(W*W/VEL + VEL); 
 
} 
return source; 
 
} 
 
DEFINE_SOURCE(tkecrown_source,c,t,dS,eqn) 
 
{ 
 
real x[ND_ND]; 
real source; 
real U   = C_U(c,t); 
real V   = C_V(c,t); 
real W   = C_W(c,t); 
real VEL = sqrt(C_U(c,t)*C_U(c,t)+C_V(c,t)*C_V(c,t)+C_W(c,t)*C_W(c,t)); 
real k   = C_K(c,t); 
real e   = C_D(c,t); 
real rho = C_R(c,t); 
 
C_CENTROID(x,c,t); 
 
if (x[2]< 4 ) /*to pick the cells in the domain for the application of source terms*/ 
{ 
source = 0; 
dS[eqn] = 0; 
 
} 
 
 
else 
{ 
source = lambda*rho*(A1*pow(VEL,3) - A2*VEL*k); 
dS[eqn] = lambda*rho*(- A2*VEL);   /* derivative for tke */ 
 
} 
return source; 
 
} 
 
 
 
DEFINE_SOURCE(eps_source,c,t,dS,eqn) 
 
{ 
 
real x[ND_ND]; 
real source; 
real U   = C_U(c,t); 
real V   = C_V(c,t); 
real W   = C_W(c,t); 
real VEL = sqrt(C_U(c,t)*C_U(c,t)+C_V(c,t)*C_V(c,t)+C_W(c,t)*C_W(c,t)); 
real k   = C_K(c,t); 
real e   = C_D(c,t); 
real rho = C_R(c,t); 
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C_CENTROID(x,c,t); 
 
if (x[2]< 4 ) /*to pick the cells in the domain for the application of source terms*/ 
{ 
source = 0; 
dS[eqn] = 0; 
 
} 
 
 
else 
{ 
source = lambda*rho*(A3*A1*e/k*pow(VEL,3) - A4*A2*VEL*e); 
dS[eqn] = lambda*rho*(A3*A1/k*pow(VEL,3) - A4*A2*VEL);  /* derivative for eps */ 
 
} 
return source; 
 
 
}  
 
 
 
 
#include "udf.h" 
 
DEFINE_SOURCE(cooling,c,t,dS,eqn) 
{ 
real x[ND_ND]; 
real source; 
C_CENTROID(x,c,t); /* store cell center coordinates in vector x : x[0]=x , x[1]=y */ 
 
if (x[2]< 4 ) /*to pick the cells in the domain for the application of source terms*/ 
{ 
source = 0; 
dS[eqn] = 0; 
 
} 
 
 
else 
{ 
source = -140.0; 
dS[eqn] = 0; 
} 
 
return source; 
}  
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Appendix C: Contour plot for each scenario 
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Current situation air temperature at 2 m height and amplification factor (U/Uref) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(top) Air temperature at 2 m height, (bottom) the velocity magnitude normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the current situation   
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Air temperature current situation (top) and No Vegetation scenario (bottom) 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Air temperature [℃] in street canyon at 2 m height for the current situation (top) and the no vegetation scenario (bottom) 
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New trees scenario air temperature at 2 m height and amplification factor (U/Uref) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(top) Air temperature at 2 m height, (bottom) the velocity magnitude normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the new trees scenario 
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Air temperature current situation (top) and New Trees scenario (bottom) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Air temperature [℃] in street canyon at 2 m height for the current situation (top) and the new trees scenario (bottom) 
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Green façade scenario air temperature at 2 m height and amplification factor (U/Uref) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(top) Air temperature at 2 m height, (bottom) the velocity magnitude normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the green façade scenario 
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Air temperature current situation (top) and Green Façade scenario (bottom) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Air temperature [℃] in street canyon at 2 m height for the current situation (top) and the green façade scenario (bottom) 
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Green roofs scenario air temperature at 2 m height and amplification factor (U/Uref) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(top) Air temperature at 2 m height, (bottom) the velocity magnitude normalized by Uref (5.1 m/s) in the J.P. van   
Muijlwijkstraat for the green roof scenario 
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Air temperature current situation (top) and Green roof scenario (bottom) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Air temperature [℃] in street canyon at 2 m height for the current situation (top) and the green roof scenario (bottom) 
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Appendix D: Cross sections all scenarios per page  
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Cross section 2 
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Cross section 3 
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Cross section 4 
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Appendix E: Vector plots 

 

 

 
 

  

Vector plot Current Situation 

Vector plot Green roof scenario 
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Appendix F: Mesh picture 


