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Rapid urbanisation comes with a variety of challenges concerning sustainability 
and quality of living in urban areas.  This rapid urbanisation has an influence on 
the urban microclimate. An example is that of high temperatures in city centres 
compared to the ones in their surrounding rural counterparts, commonly known 
as the urban heat island (UHI) effect. UHI can negatively influence the thermal 
comfort of the inhabitants of cities. The use of vegetation is one measure that can 
be used to mitigate the UHI effect. This study focuses on the use of green facades 
to possibly mitigate the UHI effect and to improve outdoor thermal comfort.  In or-
der to predict the possible cooling effect through green facades, Computational 
Fluid Dynamics (CFD) simulations are performed. 

Vegetation influences the outdoor environment on two aspects: (1) the flow field 
of the air surrounding the vegetation and (2) heat exchange with the surrounding 
air. To incorporate these effects of vegetation in the CFD simulations, a vegeta-
tion model is generated and validation studies are performed to evaluate the 
performance of the model. To represent the effect of vegetation on air flow, sink 
and source terms for momentum, turbulent kinetic energy and turbulent dissipa-
tion rate are implemented. A set of experimental data and simulation data are 
compared using the target parameter air velocity for a case study of a forest 
zone. The air velocity differences between the measured and simulated data are  
found to be ranging from -0.18 to 0.24 m/s. The simulated velocity field was found 
reasonably accurate since the results were within the reported error range.  For 
the effect on heat exchange, evapotransporative equations are used to simulate 
the cooling power caused by the vegetation. Another case study in a courtyard 
in Israel is used to compare air temperatures from both CFD results and experi-
mental data. The average air temperature deviation of the simulation results with 
the measured data is -0.71 0C, for a case with a courtyard with trees. The maxi-
mum air temperature deviation is found -2.15 0C. Results show that agreements 
of both studies are fairly good to consider the implementation of the vegetation 
model reliably for the purposes of this research. 

To evaluate the cooling effect of green facades in urban areas, a case study is 
conducted. The case study consists of a generic urban area with two independ-
ent variables: (1) urban density and (2) vegetation type. Controlled with those 
variables, 6 cases are simulated. Based on the findings from these 6 cases, an 
optimal case focusing on the maximal cooling effect on outdoor temperatures is 
specified and investigated. The optimal case shows a maximum cooling effect of 
-2.8 °C and there is a maximum UTCI temperature reduction of -1.3 °C. 

The study shows that both urban density and vegetation type influence the po-
tential cooling effect green facades can have to mitigate UHI. In general both 
air temperature and UTCI differences are small, causing a limited effect on the 
improvement of the outdoor thermal comfort. Further research on green facades 
can consider green facades as a method to enhance building energy perfor-
mance rather than for the improvement of outdoor thermal comfort. 

Summary



1. Introduction
1.1 Background information
 1.1.1 Urbanisation
Urban populations are rapidly increasing, putting pressure on the global sustain-
ability challenge. As shown in figure 1.1, in 1950 only 29.6% of the global popu-
lation was living in urban environments. Today, this is approximately 55 % of the 
world population and expected to increase even further to 66 percent by 2050 
(United Nations, 2014). Although all regions worldwide are expected to show a 
growth in population, developing regions in Africa and Asia are forecasted to 
show the largest urbanization rate. This means more and more urban agglomer-
ations are situated in the regions where sustainable development challenges are 
the highest. This also means integrated solutions for sustainable urban develop-
ment are needed to maintain and improve the quality of life of the inhabitants, as 
the growth may lead to problems related to energy consumption, environmental 
impact and human health (Gago, et al., 2013).
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1950

2017

2050

Figure 1.1 Charts indicating the share of the total world population living in urban and 
rural areas. Charts show the urbanisation over time and per region of the world (Data 
retrieved from: United Nations, 2014) 
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 1.1.2 Urban microclimates
The urbanization of the world population does not only cause an increase in world-
wide energy consumption (Gago, et al., 2013), but also alters the climate charac-
teristics of urban areas, forming unique urban microclimates (Alexandri & Jones, 
2008). Urban microclimates can cause a potential increase in building energy 
demand, and negatively affect human thermal comfort (Rode, et al., 2014; Peng 
& Jim, 2013). The most prominent features of these urban microclimates are: an 
increase in temperature, a reduction in the daily temperature range, a change 
in wind distribution and a change in precipitation rate (Gago, et al., 2013). The 
phenomenon of high temperatures in city centres compared to the ones in their 
surrounding rural counterparts are commonly known as the urban heat island 
effect (UHI). UHI is caused by a difference in the physical aspects inside urban 
areas compared to rural and natural settings; low reflectivity of short-wave radi-
ation, blockage of outgoing long-wave radiation, high heat capacity of building 
materials, release of anthropogenic heat, blocking of natural ventilation and a 
low evaporation rate due to the lack of vegetation being amongst these causes 
(Oke, 1982; Mirzaei & Haghighat, 2010; Gromke, et al., 2015). Figure 1.2 shows a 
graphical representation of the causes of the UHI effect. 

Besides urbanization, climate change scenarios forecast an increase in both fre-
quency and intensity of heat waves (Kovats & Hajat, 2008). Heat waves cause 
peaks in the air temperatures of cities causing heat stress and heat-related mor-
bidity and mortality (Fischer, et al., 2004; Robine et al., 2008). Besides a nega-
tive effect on outdoor thermal comfort and air pollution, temperature increase 
leads to changes in the energy demands of buildings, often with an additional 
cooling load in the summer (Gago, et al., 2013). All in all, climate change com-
bined with rapid urbanization negatively affects the thermal environment in cit-
ies. This change can cause serious acute and chronic health problems amongst 
city dwellers. Short-term exposure to hot environments can cause fainting, heat 
stroke, heat exhaustion, heat rash, heat cramps or death (NIOSH, 2016). To miti-
gate these effects measures should be taken in urban areas specifically (Koppe, 
et al., 2004). Although UHI occurs in cities worldwide, it forms a specific problem 
to the quality of life in warmer climates (Rosenfeld, et al., 1998; Emmanual & Fer-
nando, 2007; Akbari, 1995), which is the location where urbanization rates are the 
highest.

 1.1.3 Urban morphology
The term urban morphology can be understood as the study of the physical and 
spatial characteristics of the whole urban structure (Gebauer & Samuels, 1981). 
The physical and spatial characteristics of an urban structure have an impact 
on the urban microclimate existent in this urban structure (Wei, et al., 2016). This 
is supported by an early study by Oke (1982) that shows that urban morphology 
influences the magnitude of the UHI. Spatial and physical characteristics influ-
ence the energy balance with various elements, such as the difference in surface 
area that is exposed to energy exchange processes. The urban morphology has 
a strong influence on the spatial distribution of the solar radiation and precipi-
tation input, causes radiative interaction and controls the mean and turbulent 
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 1.1.4 Urban scale adaptation measures
To mitigate the UHI effect, several adaptation measures can be implemented, 
such as increasing the albedo of the urban surfaces, a reduction of the anthropo-
genic heat release or increasing the amount evapotranspiration sources (Mirzaei 
& Haghighat, 2010). Albedo affects the microclimate by reducing the absorbed 
solar radiation at the surfaces (Akbari & Taha, 1992). A decrease of anthropogen-
ic heat release could be established by reducing the number of cars or reduc-
ing the use of air condition systems. However, these measurements have a high 
impact on the inhabitants of a city. Increasing the amount of evapotranspira-
tion sources can be done in several ways, such as adding vegetation and water 
sources such as ponds or water spray systems (Bowler, et al., 2010). This report 
focuses on vegetation as an adaptation measure for mitigating the UHI effect.  

Figure 1.2 Graphical representation of the possible UHI causes (Toparlar, et al., 2015)
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flow structure. A study by Ali-Toudert & Mayer (2006) showed that there are con-
trasting patterns of thermal comfort between shallow and deep urban streets as 
well as between the various orientations studied. Time and period of heat stress 
and spatial distribution of thermal comfort at street level depend strongly on as-
pect ratio and street orientation (Ali-Toudert & Mayer, 2006). The effect of urban 
morphology on heat stress levels is a seasonal one. In summer, a more compact 
canyon shows potential for forming a “cool island” due to shading, overheating is 
mostly a nocturnal phenomenon. In winter, more narrow street canyons provide 
relatively warm conditions, due to more protection from cold winds (Pearlmutter, 
et al., 1999).  On the other hand, Gago et al (2013) specifically state a particular 
influence of high buildings exists as they generate more horizontal reflections on 
the radiation received, which increases the probability that heat will remain clos-
er to the ground. Combined with narrow streets, where air flow is reduced, hot air 
is entrapped in the city increasing the UHI effect even further.



 1.1.5 Vegetative measures and green facades
Vegetation in the urban environment comes in a variety of forms, the most well-
known are: parks and trees, green roofs and green facades. The mitigation effect 
of any vegetation type is based on the same principles: albedo change and 
evapotranspiration. For some types of vegetation, wind speed reduction and 
shading also contribute to microclimatic differences. This research focusses on 
green facades, therefore a short introduction on green facades is provided, and 
the most relevant principles of green facades are discussed in depth.

Green vertical systems involve any way to set plants to the building façade (Wong, 
et al., 2010) from climber plants directly on the façade to more complex “verti-
cal gardens” including soil and irrigation systems. Because there is such a large 
variety of systems a differentiation between two types of systems is made (Pérez, 
et al., 2011): green facades and living walls. Green facades are extensive, more 
traditional forms of double skin green vertical systems. Living walls are intensive 
systems consisting of geotextile felts and/or panels fixed to the wall (Pérez, et al., 
2014). Figure1.3 shows an example of the two different types.  

Figure 1.3 Top: traditional green facade Lleida, Spain (Perez et al, 2014) and bottom: 
living wall on the City Hall of Venlo, the Netherlands
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Evapotranspiration is the process that combines transpiration of water through 
the leaves of the vegetation and evaporation of the intercepted water on the 
leaves (figure 1.4). During evapotranspiration, energy is consumed from the di-
rect solar radiation and increases the latent heat rather than the sensible heat. 
Besides, the leaf cools the surrounding air, causing a decrease of the air temper-
ature in its vicinity (Bowler, et al., 2010). Green façades can influence the air flow 
and turbulence near them.

Figure 1.4 Graphical representation of the process of evapotranspiration of a green 
facade.
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1.2 Problem statement
Although the cooling potential of green facades to mitigate UHI seems promising, 
it can be significantly influenced by several factors. Prior studies showed there is 
a potential for green facades in mitigating the UHI effect but this potential is de-
pendent on aspects such as urban geometry, orientation, type of vegetation and 
amount of vegetation (Alexandri & Jones, 2008; Oke, 1982; Gago, et al., 2013). 

The drawback of most of these studies is that they are based on specific urban 
cases with several uncontrollable variables influencing the results, not giving a 
clear insight into the actual aspects influencing the cooling potential. This study 
focuses on addressing to this problem by presenting a parametric study focusing 
on a generic urban case to investigate the influence of urban morphology and 
type of vegetation on the cooling potential of green facades. This study discusses 
further which options / configurations of green facades are more suitable from an 
urban microclimatic point of view. 

1.3 Research objectives
The main research objective is to explore the effect of different urban geometries 
and vegetation types on the cooling potential of green facades, with Compu-
tational Fluid Dynamics (CFD) simulations. The output of the simulations gives an 
indication of the general conclusions that can be obtained from a parametric 
analysis on green facades. In this way it could support the implementation of 
green facades in the urban environment in a constructive way. To achieve the 
earlier stated research objective, several research questions are defined, starting 
with the main question:

“Concerning the cooling potential of green facades, which urban morphologies 
perform better combined with which type of vegetation?”

The main question is answered in a structured way according to the following the 
sub-questions:

1. What is the current knowledge on the cooling potential of green facades?
Insight on the current knowledge and research on green façades exposes the 
research gaps in the field of UHI mitigation using green facades and emphasizes 
the necessity to explore generic conclusions using a parametric study.
 
2. How can green facades be modelled with CFD? Can this model be validated?
To perform a reliable parametric study on vegetation, it is essential to follow a suit-
able method for the vegetation modelling. This method should also be validated 
using relevant experimental data to be able to conclude with a trustworthy de-
veloped generic case study.
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3. How does urban density influence the cooling potential of green facades?
The first variable of influence checked is the influence of urban density on the 
cooling potential; The urban density can adapted by changing the aspect ra-
tio (H/W), the ratio between the height of the buildings (H) and the width of the 
streets (W). Aspect ratio differs greatly amongst street canyons in cities and is one 
of the most relevant parameters differentiating urban density.

4. Does the type of vegetation have a significant impact on the cooling potential 
in urban areas?
The second variable is the type of vegetation that is applied to the facades. This is 
tested by changing the Leaf Area Index (LAI) of the vegetation applied. Different 
types of vegetation can have a different influence on the urban microclimate 
and should therefore be explored. 

5. Is there an optimal type of vegetation for different levels of urban density?
The last question combines both variables above in order to come to an answer 
to the main question. Is there an optimal performance of cooling power by green 
facades depending on vegetation type and urban density?
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1.4 Methodology
In order to reach the research objective stated above and to answer the re-
search questions, the project is divided into several subtasks in line with the sub-re-
search questions. Figure 1.5 visualises the method used in this research and shows 
the relationship between various research questions. The validation studies and 
the case study are conducted with commercial pre-processing tool Gambit and 
CFD simulation software ANSYS Fluent.

Figure 1.5 Visualisation of the research method
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2. Theory and literature review
In this section prior studies on green facades and on the CFD analysis of urban mi-
croclimate are investigated. In addition, the effect of vegetation on airflow and 
heat transfer is discussed and the basic principles of the vegetation model used 
in this study are explained.
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Earliest forms of green façades can be found back in the ancient societies, par-
ticularly in the Mediterranean region, where backyards of palaces were covered 
with vines (Köhler, 2008). In a later historical period, during the late 19th centu-
ry and early 20th century, more European and North American cities started to 
make more use of vegetated facades and other urban greenery, providing an in-
crease in research related to the topic. However, it was not until the 1980’s that a 
shift in interest took place concerning the topic. Although even the earliest forms 
of vegetated facades, the vines in Mediterranean regions, had a function con-
cerning shading, transpirational cooling and economic value most architectural 
use of vegetated facades was aesthetical (Pérez, et al., 2014). From the 1980’s 
the interest shifted towards more economical and ecological reasons, such as 
energy saving, durability, improvement of urban climates and biodiversity. One 
of the first research that specifically highlighted the importance of green areas 
to improve the urban microclimate is done by Wilmers (1990), pointing out the 
important role of the Leaf Area Index (LAI) on evapotranspiration and changes in 
airflow on the energy balance of a city. 

However, although the interest in green roofs, urban parks, and green facades 
increased towards a more useful perspective concerning sustainability goals, rel-
atively few research focuses on the green facades. This is remarkable as green 
facades are of particular interest as when applied in urban areas. Compared to 
green roofs, green facades can encompass a much more extensive area as the 
extent of façade greening can be approximately double the ground (or roof) 
footprint of buildings (Pérez, et al., 2014).  Additionally most research regarding 
green facades have a strong emphasis on energy savings of the buildings cov-
ered by the vegetation (Pérez & Coma, 2014; Coma, et al., 2014; Coma, et al., 
2017; Wong, et al., 2009; Sheweka & Mohamed, 2012). Only several studies focus 
on the use of green facades to improve the outdoor urban microclimate; these 
articles are discussed below focusing on both quantitative and qualitative as-
pects.

One of the major improvements of the outdoor urban microclimate to mitigate 
urban heat island is the decrease in air temperature. The level of air temperature 
decrease is one of the aspects where a discrepancy in research comes up. Some 
research show very limited air temperature decreases in street canyons; Gromke 
et al. (2015) used CFD as a method to conclude that green facades resulted in 
small changes with mean and maximum reductions of 0.04 °C and 0.3 °C, re-
spectively. Several other studies reported higher reductions where air tempera-
ture reduction near green facades could be 1 – 2 °C (Eumorfopoulou & Kontole-
on, 2009). Another experimental study in Madrid reported maximum values of air 
temperature reductions between 2.5 °C and 2.9 °C in summer. However, in the 
autumn, these air temperature reductions were limited to 1.5 °C (Paschoalino de 
Jesus, et al., 2017). This change in air temperature reduction is concluded by an-
other research which states that it is certain that the hotter and drier the climate, 
the more important the effect of the green facades on the air temperature is 
(Alexandri & Jones, 2008).  This is supported by showing that for a case with green 
facades, air temperature decrease reaches its maximum for 

2.1 Research on green facades
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Riyadh (5.1 °C maximum and 3.4 °C daytime average), a hot and dry climate, 
and its lowest reductions for Moscow (2.6 and 1.7 °C, respectively), a moder-
ate climate. Eumorfopoulou and Kontoleon (2009) indicate that the influence of 
green facades is more critical on very warm days and when incident solar radi-
ation has its maximum intensity. No matter the size of the air temperature reduc-
tion, all studies indicate the effects are caused not only by evapotransporative 
and convective cooling effects but also due shading. A decrease in the surface 
temperature of both the vertical and horizontal planes in the street canyon is a 
relevant contributor to the air temperature reductions (Eumorfopoulou & Kontole-
on, 2009; Alexandri & Jones, 2008).

Another aspect of the cooling effect most studies agreed on is the range of the 
cooling. A significant advantage of green facades is that they can be located 
within the human habitat itself. This is beneficial as, overall; the cooling of the air 
temperature is restricted to the vicinity of the vegetative measures, maximum up 
to a distance of a few meter (Gromke, et al., 2015). Wong et al. (2009) indicate 
that at a distance of 0.15m away from the green façade the ambient temper-
ature is most affected. However, the authors also state that both the intensities 
as well as the ranges are dependent on the type of green façade. While some 
green façade systems do not show hardly any effect on the air temperature, 
others show an effect that can be felt up to 0.60 m away from the green façade. 

On the type of green façade, Alexandri and Jones (2008) report that the vege-
tation itself plays the most important role. Concerning all the cases the authors 
explored, it was observed that the amount and geometry of vegetation are more 
important than the canyon’s orientation or wind direction. When it comes to the 
geometry of the street canyon, the authors concluded that for a wider street 
canyon is, the cooling effect of green facades on the air temperature is less. Also, 
Alexandri and Jones (2008) state that especially for hot and dry climates, green 
facades can improve thermal sensation in street canyons significantly. 

It is noticeable that the quantitative relationship between green facades and 
their cooling effect on the outdoor urban microclimate concerning air tempera-
ture and thermal comfort is a complex one. 
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The construction of a new building changes the microclimate in its vicinity most 
likely because buildings influence the flow field and the thermal balance in its 
vicinity. The wind flow around buildings is composed of a series of complex flow 
behaviors (Blocken & Carmeliet, 2004). Figure 2.1 visualises the effects of a build-
ing block on the wind flow. Depending on the building characteristics, such as 
building height-to-width ratio, different wind flow patterns can be seen. In front 
of the building a stagnation region or point is formed, from this point the flow de-
viates towards all directions with low velocity and high turbulence. The dotted 
lines in Figure 2.1 represent the reattachment zones or lines, where depending 
on the building characteristics the separated flow comes back together. For this 
research the areas close to the walls are of interest as this is the part where the 
green facades are located. The potential cooling effect of the vegetation from 
this point can be carried downstream in the streets (Blocken, et al., 2011; Peterka, 
et al., 1985). 

2.2 CFD analysis of urban wind climate

Figure 2.1 Schematic representation of the mean flow around an isolated sharp-edged 
low-rise building (Blocken, et al., 2011; Peterka, et al., 1985)

Besides each single building in an urban area influencing the flow field, the com-
bination of all the buildings causes a change in the roughness of the natural sur-
face. Wind speed profiles are highly dependent on surface roughness. The region 
where the vertical wind speed profile is shaped by the surface roughness is called 
the atmospheric boundary layer (ABL). The velocity at the ground level is 0 m/s, 
due to friction with the ground surface. The velocity increases over the height re-
sulting in a curved wind profile. Figure 2.2 visualises several representative vertical 
wind speed profiles observed within the ABL.
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Figure 2.2 Vertical wind speed profiles as influenced by the surface roughness adapted 
from (Berlin Environmental Atlas, SD) based on Baumbach (1991)

Hence, for the CFD simulations, representative aerodynamic roughness lengths 
‘z0’(m) can be chosen for the surface based on the Updated Davenport Rough-
ness Classification (Wieringa, 1992). The aerodynamic roughness length depends 
on the upstream surface conditions and takes into account the size, orientation 
and spacing of the obstructions (Wieringa, 1992). Table 2.1 shows the Updated 
Davenport Roughness Classification of surface roughness for various landscape 
formations.

Z0 (m) Classification Landscape description
0.0002 Sea Open sea or lake, tidal flat, snow-covered flat plain, featureless de-

sert, tarmac and concrete, with a free fetch of several kilometres.
0.005 Smooth Featureless land surface without any noticeable obstacles and with 

negligible vegetation.
0.03 Open Level country with low vegetation (e.g. grass) and isolated obstacles 

with separations of at least 50 obstacle heights.
0.10 Roughly open Cultivated area with regular cover of low crops, or moderately open 

country with occasional obstacles.
0.25 Rough Recently-developed “young” landscape with high crops or crops of 

varying height, and scattered obstacles at relative distances of about 
15 obstacle heights.

0.5 Very rough “Old” cultivated landscape with many rather large obstacle groups 
separated by open spaces of about 10 obstacle heights. Also low 
large vegetation with small interspaces.

1.0 Closed Landscape totally and quite regularly covered with similar-size large 
obstacles, with open spaces comparable to the obstacle heights. 

≥2 Chaotic Centers of large towns with mixture of low-rise and high-rise buildings. 
Also irregular large forests with many clearings.

Table 2.1 Updated Davenport roughness classification (Wieringa, 1992)
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2.3 CFD analysis on the effect of vegetation on microclimate
	 2.3.1	 Effect	of	vegetation	on	wind	flow
The way vegetation affects the flow field is explained in several prior studies. 
(Gromke & Blocken, 2013; Wilson & Shaw, 1977). Vegetation leads to more re-
sistance to the momentum causing lower wind velocities. This is due to the mo-
mentum being extracted by the roughness of the surface. Besides there is an in-
crease in turbulence intensity due to the breakdown of mean kinetic energy into 
turbulence kinetic energy. Also larger scale turbulent motions are broken down 
into smaller scale motions. Besides, there is an interaction between the effect of 
vegetation on the flow field and air temperature. 

	 2.3.2	 Modelling	the	effect	of	vegetation	on	the	wind	flow
To account for the effect of vegetation on air flow in CFD simulations, sink and 
source terms are added to the transport equations of momentum, turbulent ki-
netic energy and turbulent dissipation rate (Green, 1992; Sanz, 2003; Gromke & 
Blocken, 2013). These extra terms can be specified as following:

= density of air
= leaf drag coefficient
= leaf area density
= velocity component of direction i
= velocity magnitude
= the coefficient that accounts for the short-circuiting of 
the eddy cascade
= the fraction of mean kinetic energy that is converted 
into wake turbulence kinetic energy
= empirical coefficients
= turbulent kinetic energy
= turbulent dissipation rate

Where,

Where, in the following studies performed, Cd = 0.2, βp = 1.0, βd = 5.1, and Cε4 and 
Cε5 = 0.9.  The leaves, independent of the vegetation type, are of importance for 
both the flow field and the temperature effect. The area of ground that is cov-
ered by leaves is defined by the Leaf Area Index (LAI), while the Leaf Area Density 
(LAD) defines the different layers of leaves over the height. This can be summed 
with the following equation:

 
    
where, hcr is the crown height of the trees (or the thickness of the vegetation lay-
er).
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(2.1)

(2.2)

(2.3)

(2.4)



 2.3.3 Effects of vegetation on heat transfer
The effect of vegetation on heat transfer and thus on air temperatures is based 
on two principles; a change in radiation balance and evapotranspiration (Oke, 
1989). The radiation balance can be explained relatively simple; the vegetation 
blocks the incoming short-wave radiation from the sun, changing the amount 
of heat that can be absorbed by the surroundings of the vegetation. Evapo-
transpiration is a combination of two simultaneous processes: evaporation and 
transpiration, and both release moisture into the air. Evaporation accounts for 
the movement of water to the air from the vegetation caused by for instance 
canopy interception. Transpiration accounts for the movement of water within 
the vegetation and the loss of water as vapour through the stomata in its leaves. 

 2.3.4 Modelling the effect of vegetation on heat transfer
To model the effects of vegetation on heat transfer a volumetric cooling power 
“Pc” (W/m3) is attributed per unit volume vegetation. Some earlier studies on the 
modelling of vegetation assume a constant volumetric cooling power depend-
ing on the leaf area density (Gromke, et al., 2015). However, the volumetric cool-
ing power is dependent on the solar radiation and since the incoming hourly solar 
radiation is a time-dependent variable it can be assumed the volumetric cooling 
power of the vegetation is a time dependent process. According to Toparlar et 
al. (2017) evaporation control equations can be used to calculate the time-de-
pendent volumetric cooling power based on its relationship with air temperature 
and incoming solar radiation.  In total three equations are defined to specify the 
time-dependent volumetric cooling power.

Where,
= equivalent hourly evapotranspiration
= incoming hourly solar radiation per unit area
= latent heat of vaporization
= density of water
= potential evapotranspiration
= air temperature at hour t
= latent heat of vaporization in Wh terms
= leaf area density
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(2.5)

(2.6)

(2.7)



This time-dependent volumetric cooling power is subsequently applied as a neg-
ative energy source during the day time hours.

Besides the influence on the temperature by means of evapotranspiration also ra-
diation plays a role when modelling vegetation. The shading effect can be mod-
elled using a Shading Factor (SF), which depends on the vegetation type. In the 
CFD simulations the shade caused by vegetation can be modelled as following:

Where,
= radiation absorptivity of the shaded region
= radiation absorptivity of the same region without shade
= shading factor
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(2.7)



3. Validation studies
To incorporate the properties of vegetation in the CFD simulations, sink and source 
terms are implemented as defined in the previous section. To check whether 
these terms can sufficiently model the effect of vegetation on air flow and on 
heat transfer, two validation studies are performed. 
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3.1 The effect of vegetation on air flow

 3.1.1 Experimental study
To test the effect of vegetation on air flow, CFD simulations are performed to 
reproduce the experimental study by Amiro (1990). Amiro (1990) conducted 
measurements inside forests consisting of different species and densities in order 
to study the influence of the forests on the canopy air flow. For the validation, the 
measurement data concerning the vertical velocity profile of the study in the 12m 
high black spruce canopy is used. For the purposes of this validation study, the 
measurement results of Amiro (1990) for normalized velocity are compared with 
the simulated results by ANSYS Fluent.

 3.1.2 CFD simulations: settings and parameters
The spruce canopy is modelled as a 100 m x 25 x 12 m (L x W x H) volume, the 
computational domain is extended towards 100 m x 25 m x 240 m (see figure 3.1) 
in order to fulfill the requirement of the blockage ratio to be < 5%. The grid size 
used for the forest is composed of uniform elements with cells with the size of 1 x 1 
x 1 m3.   The inlet and outlet of the computational domain are set to be coupled 
periodic boundaries, as they will ascertain a continuous air flow in the volume. The 
top and lateral sides of the computational domain are modelled as symmetry 
planes. The ground of the computational domain is modelled as a wall with no-slip 
conditions and with an aerodynamic rough-
ness length of a forest, which equals z0 = 0.35 
m (Wieringa, 1992).  In ANSYS Fluent, the aero-
dynamic roughness length is defined in terms 
of the equivalent sand-grain roughness height 
κs, and the appropriate roughness relationship 
between kS and z0 is provided as the following: 
κs =(9.793∙ z0)/Cs (Blocken, et al., 2007). Based 
on this relationship, simulations are performed 
by considering a roughness constant Cs= 7 
and roughness height ks = 0.49 m. 

Simulations are performed with 3D Reynolds 
Averaged Navier-Stokes (RANS) equations, 
combined with the realizable k-ε turbulence 
model (Shih, et al., 1995). The inlet boundary 
conditions are determined by the boundary 
condition specified by Amiro (1990), with U(12) 
= 2.5 m/s, giving a mass flow at the inlet of 60000 
kg/s. The source terms for the air flow are incor-
porated as described in chapter 2.2, and are 
added with the help of user defined functions. 
LAD is incorporated with a value of 0.8333 as 
stated by Amiro (1990). After the canopy air 
flow is developed the velocity is monitored 
at the positions defined as the measurement 
points by Amiro (1990) at 1.8, 4.2, 6.2, 9.2 and 
12.1 m high.

Figure 3.1 Computational domain as 
modelled in this validation study.
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 3.1.3 CFD simulations: results
For the results, the velocity profile is normalized with the resulting velocity from the 
CFD simulations at the top of the canopy U12m-CFD = 2.42 m/s. This value is in line 
with the velocity at 12 m as measured by Amiro (1990), which is U12m – amiro = 2.5 
m/s. Figure 3.3 shows the normalized velocity obtained from the measurements 
and from the CFD simulations. The results of the simulation remain within the error 
margin of the measurements performed by Amiro (1990) since the results are with-
in the black error bars which indicate the standard deviation of the results of the 
measurements performed.
The largest differences can be seen at 6.2 m height (0.62*zref) and 9.2 m height 
(0.92*zref). In terms of percentage differences, the largest difference can be found 
in the lower part of the velocity profile. The smallest absolute difference is 0.02 
m/s at 1.8 m (0.18*zref), the largest absolute difference is 0.24 m/s at 9.2 m height 
(0.92*zref). Table 3.1 shows the absolute velocities of both the measurements and 
the CFD simulations.

Figure 3.3 Vertical velocity profile normalized by velocity measured above the canopy. Error 
bars indicate ± 1 standard deviation (σ)

Figure 3.2 Graphical representation of the measurement points in the domain
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 3.1.4 Discussion and conclusions
Overall the results show a fairly good agreement with the measurement data 
by Amiro (1990). Both absolute and relative variation is small throughout the 
whole flow field and remains within the standard error as reported by Amiro 
(1990). Largest relative differences can be found in the middle part of the can-
opy. This probably is due to the differences in the leaf area density of the for-
est. The model assumes one LAD value for the whole forest canopy, whereas 
in reality spruce forests show a larger LAD in the lower regions, hence the un-
derestimation on the air velocity at 4.2 and 6.2 meters high. At 9.2 meters the 
exact opposite effect is present, where the implementation of the source terms 
overestimates the effect on the air velocity due to a smaller actual LAD than 
the implemented average value. Overall the implemented vegetation terms ac-
cording to equations 1 – 3 are able to model the effects of the vegetation on 
the mean air flow with an adequate agreement with the measurement data.

Table 3.1 Results of the velocity of both measurements and simulation

 21|  MASTER THESIS TU/e

Height (m) Measurement (m/s) Simulation (m/s) Δ	velocity	(m/s) Δ	velocity	%	(-)
1.8 0.13 0.11 0.02 15
4.2 0.12 0.24 -0.12 98
6.2 0.25 0.43 -0.18 72
9.2 1.25 1.01 0.24 19

12.1 2.50 2.42 0.08 3



3.2 The effect of vegetation on heat transfer

 3.2.1 Experimental study
Cooling by means of vegetation is caused by evapotranspiration of the leaves. 
To validate the modelling approach used for the cooling potential of vegetation 
elements, a validation study is performed based on the experimental study by 
Shashua-Bar et al 2009. Shashua-Bar et al. (2009) studied the cooling efficiency of 
six different landscape strategies, amongst them is the cooling efficiency of trees. 
The study was conducted in courtyards situated in the Sde-Boqer campus in the 
arid Negev Highlands region in southern Israel. 

Figure 3.4 Geometry (left) and view (right) of the courtyard with trees (Shashua-Bar, et 
al., 2009)
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Measurements were performed in courtyards with and without trees. A schemat-
ic representation of the courtyard along with a view of the courtyard is shown 
in figure 3.4. The width of the courtyard is 5.5 m with a building height of 3 m this 
results in an H/W ratio of 0.55. Inside the courtyard, three trees are situated. Two 
of them are of the type Prosopis Juliflora, one of them is Tipuana Typu. Both these 
trees have an average LAD of 2.0 m2/m3 (Shashua-Bar, et al., 2009). The crown of 
the trees starts at the height of 2.5 m and the crown is approximately 1 m high.  
Measurement points are located on the vertical axis through the courtyard at 
three different heights. For this study only the measurement results from the centre 
measurement point at height 1.5 m is used. This point is located below the crown 
of the middle tree. Also for the courtyard without the trees, this measurement 
point determines the dry- and wet-bulb temperatures for a period of 45 days 
during July and August 2007.



 3.2.2 CFD Simulations: computational domain and grid
The computational domain generated is a rectangular prism consisting of the sin-
gle building with courtyard in it. The domain satisfies the best practice guidelines 
(Franke et al., 2007) with a distance of the inlet and outlet towards the building 
of interest of 10Hmax. The grid created is discretized with hexahedral cells, with a 
decrease in the number of cells along the height. In this study the area of interest 
is the courtyard. Therefore a finer grid is generated at the courtyard. Along the 
building height there are 12 cells. The cell size increases in dimension from the 
building of interest towards the outer boundaries of the domain. The trees are 
modelled as a fluid zone from 2.5 m to 3.5 m height. Along the one-meter height 
of the crown region, 5 cells are implemented. Figure 3.5 shows a general outline 
of the computational domain, as well as the computational grid used in this study, 
the total number of cells in the domain is 259,624. 

Figure 3.5 (a) The computational domain used for the validation study. (b) A closer view 
of the area of interest in the computational domain. (c) A view of the grid on the building 
and courtyard surfaces, total number of cells is 259,624.
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 3.2.3 CFD simulations: settings and parameters
Because of the unsteady nature and the time-dependency of the case 3D Un-
steady RANS (URANS) equations are solved in combination with the realizable k-ε 
model (Shih, et al., 1995). At the inlet, profiles for the mean wind velocity ‘U’ (m/s), 
turbulent kinetic energy ‘k’ (m2/s2) and turbulence dissipation rate ‘ε’ (m2/s3) are 
specified as the following (Richards & Hoxey, 1993):

Where,

= von Karman constant 
= atmospheric boundary layer friction velocity 
= aerodynamic roughness length 
= height
= empirical constant (=0.09)

Fluid wall interactions are resolved with the standard wall functions (Launder 
& Spalding, 1974) in combination with the sand-grain based roughness modifi-
cation by Cebeci and Bradshaw (1977). For the ANSYS Fluent software used in 
this study the relationship between the aerodynamic roughness length ‘z0’ (m), 
roughness height ‘k

s
’ (m) and the roughness constant ‘Cs’ as specified by Block-

en et al. (2007) is used:

For the z0 = 0.03 m (representing “open” surfaces around the area of the court-
yard), this leads to a ks value of 0.048 m and a Cs value of 6.

Measurement data from a weather station in the proximity of the experiment loca-
tion is imposed at the inlet boundaries. The time-dependent data for air temper-
ature, wind speed and wind direction are provided by Shashua-bar et al. (2009) 
and can be found in Appendix A. The measurements during 7th of July are used 
for the validation of the case without vegetation and the measurements during 
9th of July are used for the case with vegetation. For the radiation, the P1 radiation 
model is used with the solar calculator of ANSYS. The buoyancy is modelled with 
the Boussinesq approximation. 
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(3.1)

(3.2)

(3.3)

(3.4)

κ (-)



Table 3.2 Materials and their characteristics and locations used of the model

Target parameter in this study is the 
air temperature. Measurement data 
and simulation data of the meas-
urement point indicated in figure 3.6 
are compared to evaluate the veg-
etation model. A sensitivity analysis 
of the measurement point showed 
that within the vicinity of the point (< 
Hmax / 10), towards all directions, an 
average hourly deviation of 0.01 ˚C 
is recorded. Results of the sensitivity 
analysis are shown in Appendix B.  

Figure 3.6 The measurement point 
used in the study, located in the cen-
tre of the courtyard at z = 1.5m. 

Material Density 
(kg/m³)

Specific	heat	
(J/kgK)

Thermal conduc-
tivity (W/mK)

Absorptivity 
(-)

Emissivity 
(-)

Applied to Thickness 
(m)

Brick 700 750 0.2 0.4 0.9 Building 
walls and 

roof

0.12

Soil 1150 650 1.5 0.6 0.9 Ground 
inside the 
courtyard

9.5

Outer 
ground

10

Pavement 2000 900 2.0 0.6 0.9 Ground 
inside the 
courtyard

0.5
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The volumetric cooling power of the vegetation zones is manually calculated ac-
cording to the evaporative control equations as discussed in chapter 2.3.4 and is 
imposed at the cells corresponding to the tree crowns. The data for hourly solar 
radiation and volumetric cooling power can be found in Appendix A.  

The materials used in the domain are specified in table 3.2. For the case with veg-
etation, an LAD value of 2.0 m2/m3 is assigned. For the shading, a typical tree with 
a shading factor of 0.8 is considered. The indoor air temperature of the buildings 
is set constant at 24 0C.



 3.2.4 CFD simulations: results
Simulation results are compared with the measurement data in figures 3.7 and 
3.8. Figure 3.7 shows that CFD simulations can repeat the diurnal trend of the 
air temperature throughout the day for a bare courtyard with some overestima-
tion of the temperature in the early morning, and some underestimation in the 
evening hours. Compared to the inlet temperature the air temperature measured 
was on average 0.55 ˚C higher. The difference between the inlet temperature 
and the CFD calculation is on average 0.95 ˚C. Figure 3.8 shows that the CFD sim-
ulations can repeat the diurnal trend of air temperature throughout the day for a 
courtyard with trees. In the morning and late afternoon, some overestimation of 
the air temperature is shown. Compared to the inlet temperature the air temper-
ature measured was on average 0.11 ˚C lower. The air temperature difference 
between the inlet temperature and the CFD calculation is an average increase 
of 0.24 ˚C. Figure 3.9 shows the differences between the measured data and the 
CFD calculations for both the bare courtyard and the courtyard with trees. Table 
3.3 shows the maximum and minimum differences and their time. The average 
and absolute average differences are shown in the table. On average both 
cases show an overestimation of the air temperature.

Figure 3.7 Hourly comparisons between the CFD results, measurement data and me-
teorological inlet for the case without trees in the courtyard at the measurement point 
shown in figure 3.6.
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Figure 3.8 Hourly comparisons between the CFD results, measurement data and mete-
orological inlet for the case with trees in the courtyard at the measurement point shown 
in figure 3.6.

Figure 3.9 Temperature differences between measurements and CFD data for both the 
case with and without trees.

Max ΔT(0C) Time (h) Min ΔT(0C) Time (h) Average Δ (0C)
Bare 2.0 7:00 0.0 12:00 0.8
With vege-
tation

2.2 8:00 0.0 7:00 0.7

Table 3.3 Maximum and average air temperature differences with their time of occur-
rence.
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 3.2.5  Discussion and conclusions
Although in general there is a good agreement between the measured data and 
the CFD results, an overestimation of the air temperature is noticeable. For the 
courtyard with trees this can be due to an underestimation of the cooling power 
in the morning hours and the late afternoon hours. Deviations may occur due to 
simplifications made in both the building geometry as well as in the vegetation 
model. Another large limitation of the study is the acquisition of data at a single 
point, as well as the sole consideration of a single courtyard for a short time peri-
od. Nevertheless, the effect of vegetation on heat transfer can be considered as 
adequate for the purposes of this study. 

3.3 Conclusions of the validation studies

The before performed validation studies showed the methods for implementing 
the effect of vegetation on the air flow and the heat transfer.  Both studies show 
that the proposed methods show a reasonable good agreement between the 
measured data and the CFD results. Both studies performed above are based on 
modelling trees as rectangular vegetation volumes. For the case study performed 
in this study the green facades are modelled as very thin vegetation volumes. 
Therefore, the proposed methods can be considered adequate for the purposes 
of this study.
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4. Case study
This section presents the case study conducted by describing the generic urban 
area considered and the simulations performed along with the computational 
settings and parameters.
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4.1 Case description
 4.1.1 Generic urban area
The case study considers a generic urban area where three different types of 
urban density and three types of vegetation are compared.  The base gener-
ic urban area used consists of square formed urban design with buildings in 
10 x 10 arrays. The buildings are rectangular blocks with smooth surfaces (e.g. no 
windows, balconies, doors, etc.) To keep the amount of vegetation equal in all 
cases, the buildings are all similar in their dimensions: 12 m x 12 m x 9 m (W x L x 
H).  As a base urban density, an urban area with street canyons with an aspect 
ratio of H/W = 1 is chosen. By applying adaptations on the base case urban area, 
different comparable generic urban areas are developed. Figure 4.1 shows a 
top view of the base case generic urban area. It can be seen that the green 
façades are located one building block off-centre on the upstream side of the 
domain to ensure that the cooling effect convected downstream can be clearly 
captured in the simulations. The thickness of the vegetation layer is always set to 
0.25 m. The base case leaf area index (LAI) is set to 6 m²/m², which is an average 
value for the conventional green façades with Hedera Helix (Wolter, et al., 2014). 

 4.1.2 Simulation cases
The base case generic urban area is modified to form comparable simulation 
cases. In total two variables are subject to change in the urban area. First, the 
urban density is modified by changing the height/width (H/W) ratios of all the 
streets. Second, the vegetation type is changed while keeping the urban density 
the same. The change in vegetation type is incorporated in the simulations as 
a change in the LAI. Lastly, an optimal case concerning the cooling potential is 
investigated. 

Figure 4.1 Geometry used for the base urban density, green lines indicate buildings 
with green facades.
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Figure 4.2 Geometries used for the higher (left) and lower (right) urban density cases

Table 4.1 An overview of the cases used in this case study

 31|  MASTER THESIS TU/e

Cases Building 
lenght (m)

Building 
height (m)

Street 
width (m)

Aspect ratio 
(H/W) (-)

LAI 
(m²/m²)

1. Base case 12 9 9 1.00 6
2. Higher urban density 12 9 4.5 2.00 6
3. Lower urban density 12 9 12 0.75 6
4. Vegetation type LAI4 12 9 9 1.00 4
5. Vegetation type LAI8 12 9 9 1.00 8

Figure 4.2 shows the cases with different urban densities. While investigating the ef-
fect of different vegetation types, the urban area is kept the same, but only the LAI 
is changed. Table 4.1 shows all the different scenarios. To explore the differences in 
cooling power, each case (1-5) is compared with a scenario with the same urban 
density but without vegetation. 

N

12m

Wind



4.2 CFD simulations: settings and parameters
 4.2.1   Computational domain and grid
The computational domains generated are rectangular with equal distances of 
the urban area to the inlet and lateral domain boundaries and a larger distance 
to the outlet of the domain. Towards the top of the domain a distance of 10 Hmax 
is applied. This way, the domain satisfies the best practice guidelines developed 
for the CFD simulation of urban flows (Franke, et al., 2007; Tominaga, et al., 2008; 
Blocken, 2015). Figure 4.3 shows the computational domains used in this study.

(a)

(b)
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(c)

Figure 4.3 Computational domains used for the scenarios 1,4,5 (a), 2 (b) and 3 (c). All 
scenarios contain one velocity inlet, a pressure outlet, symmetry planes on the sides 
and the top and a wall boundary on the ground.

The grid generation technique introduced by van Hooff and Blocken (2010) is 
used to produce the 3D grids. The domain is discretized with hexahedral cells, 
with a decrease in the number of cells towards the boundaries of the domain. 
Along the building height, there are 14 cells. More than 10 cells are placed on all 
building edges and between the buildings, acording to the best practice quide-
lines.  The stretching ratio between two successive cells is kept lower than 1.3. The 
vegetation volumes are modelled as fluid zones around the buildings as shown 
above. A single cell is positioned over the width of the vegetation volumes. Figure 
4.4 shows the computational grids used in this study.
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(a)

(b)

(c)

Figure 4.4 Computational grids used for the different cases. (a) 3D view of the base case 
- 2,212,252 cells. (b) 3D view of the high urban density case - 1,805,328 cells. (c) 3D view 
of the low urban density case - 2,498,496 cells.

N

N

N



 4.2.2 Boundary conditions and settings
Because of the transient nature of this study the 3D URANS equations are solved 
with the realizable k-ε turbulence model (Shih et al., 1995). The computational 
domain consists of an inlet on the west of the domain, an outlet on the east, a 
wall boundary specifying the ground and building surfaces and symmetry planes 
for the south, north and top of the domain. Similar to the validation study on the 
effect of vegetation elements on temperature, at the inlet, the logarithmic wind 
speed profiles by Richard and Hoxey (1993) is imposed. In turn, the corresponding 
turbulent kinetic energy (k) and turbulent dissipation rate (ε) at the inlet are calcu-
lated using equations 3.1 to 3.3. The wind speed and the wind direction are kept 
constant for all cases, with 3 m/s at the height of 10 m, with the direction from the 
west. The buoyancy is modelled using the Boussinesq approximation, with an air 
density of 1.225 kg/m3 and a thermal expansion coefficient of 0.0344 K-1. Second 
order discretisation schemes are employed for viscous and convective terms.

The Standard Wall Functions (Launder & Spalding, 1974) together with the sand-
grain based roughness modification are used for modelling flow parameters in 
the near-wall region. The open surfaces around the urban areas are assumed to 
have an aerodynamic roughness length (z0) of 0.03 m. Following the equation 
3.4 stated earlier, for the z0 value of 0.03 m, Cs is determined as 1.46 and ks as 0.2. 
Materials and dimensions of the other surfaces are expressed in tables 4.2 and 4.3.

Table 4.2 Materials and their characteristics used in the study

Table 4.3 Use of the materials in the study

Material Density (kg/m³) Specific	heat	(J/kgK) Thermal conductivity (W/mK)
Soil 1150 650 1.5
Pavement 2000 900 2.0
Brick 2165 900 0.9
Insulation 40 1200 0.04
Limestone 1750 900 1.2

Component Materials Thickness (m) Absorptivity (-) Emissivity (-)
Ground streets Soil 10 0.8 0.9
Groud outer Pavement / soil 0.5 / 9.5 0.6 0.9
Building walls brick / insulation / 

limestone
0.15 / 0.04 / 
0.15

0.66 0.9
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The vegetation volumes are specified as fluid zones where, corresponding with 
their LAD-value, the sink and source terms as used in the validation study on the 
effect on air flow is imposed. The cooling power is calculated separately for each 
orientation using the evapotransporative equations (2.5, 2.6, 2.7) as used in the 
validation study on the effect on heat transfer. The equations are based on the in-
coming solar radiation, and incoming solar radiation for each facade is depend-
ent on the orientation of the façade and the urban density. To account for this 
shading, cooling profiles for each orientation for each urban density are calcu-
lated. The percentage of the total solar radiation per orientation per hour on the 
façade is calculated by using the results of the non-vegetative case using the 
same urban density. Calculated volumetric cooling power per hour per orienta-
tion can be found in Appendix C.
 
The simulations are performed with a time step size of 3600 s (1 hour) for 24 time 
steps. 500 iterations per time step is considered in order to meet the convergence 
criteria to ensure no substantial changes of the flow variables of interest (Franke, 
Hellsten, Schlünzen, & Carissimo, 2007; Tominaga, et al., 2008; Blocken, Janssen, & 
van Hooff, 2012; Menter, et al., 2002).
 
The time-dependent climate data imposed is of a hot, non-cloudy summer day 
(19 July 2006) in Eindhoven, The Netherlands. The weather data for air tempera-
ture and solar radiation is acquired from the Royal Dutch Meteorological Institute 
(KNMI). The air temperature and solar radiation levels can be found in figure 4.5. 
For the radiation model, the P1 radiation model with solar calculator, aligned with 
the correct date and location, is used.

Figure 4.5 Time-dependent input variables used in the case study
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For the evaluation of the cooling effect several target parameters are specified. 
First of all, average hourly air temperature reductions in a bounded section of 
the urban area are explored. More information on the specified bounded area 
is provided in the next section. Horizontal and vertical air temperature reductions 
are evaluated as well as maximum air temperature reductions in the urban area.   

To examine the cooling effect of green facades, it is important to look at the 
influences on the outdoor thermal comfort in the urban environment. For the 
evaluation of outdoor thermal comfort a numerous amount of thermal comfort 
parameters are available such as PMV, PET, and SET*, which mainly have been 
developed as indoor indices (Honjo, 2009). The difficulty in assessing outdoor ther-
mal conditions is that the climatic variables vary more noticeably. One param-
eter that tries to cover these climatic variations is the Universal Thermal Climate 
Index (UTCI). Therefore, in this research UTCI is used to calculate the heat stress 
reduction (Jendritzy, de Dear, & Havenith, 2012; Bröde, Krüger, & Rossi, 2012; Mon-
tazeri, Toparlar, Blocken, & Hensen, 2017). The UTCI is an outdoor thermal comfort 
indicator that reflects the human physiological reaction to the outdoor environ-
ment. It is an equivalent temperature, based on the Fiala multi-node model (Fia-
la, Havenith, Bröde, Kampmann, & Jendritzy, 2012; Fiala, Lomas, & Stohrer, 1999; 
Fiala, Lomas, & Stohrer, 2001) taking into consideration air temperature, humidity, 
wind speed and mean radiant temperature. The UTCI values can be categorized 
into ten levels of thermal stress as indicated in table 4.4 (Bröde et al., 2012).

4.3 Target parameters

UTCI range (°C) Stress category
>46 extreme heat stress
38 - 46 very strong heat stress
32 - 38 strong heat stress
26 - 32 moderate heat stress
9 - 26 no thermal heat stress
0 - 9 slight cold stress
-13 - 0 moderate cold stress
-13 - -27 strong cold stress
-27 - -40 very strong cold stress
< -40 extreme cold stress

Table 4.4 UTCI equivalent temperature categorized in terms of thermal stress

For the calculation of the UTCI temperatures, air temperature and wind velocity 
values are drawn from the output of the CFD simulations. Humidity is based on 
the same meteorological data stated above, provided by the KNMI. Mean ra-
diant temperature is calculated using the software RayMan (Matzarakis et al., 
2010).



5. Results of the case study
The cooling effect of the green facades is investigated in several ways. First, the 
hourly air temperature differences of a bounded part of the urban area in the vi-
cinity of the facades are investigated for both the different vegetation types and 
the different urban densities. Then the cases are compared separately concern-
ing the differences in air temperature and thermal comfort on the horizontal and 
vertical planes. At last, best-performing cases in terms of the cooling effect are 
combined to investigate the effect of an optimal cooling strategy. 
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5.1 Hourly effects

 5.1.1 Hourly effects: urban density
Figure 5.2 shows the hourly averaged air temperature differences (cases 1, 2, 3 vs. 
equivalent no vegetation case) for the different urban densities. Here, for all cas-
es the air temperature differences are small, the average cooling intensity during 
the daytime hours equals  -0.09 ºC, -0.21 ºC, -0.04 ºC for a base, high and low 
urban density, respectively. Maximum cooling intensities can be found at differ-
ent times of the day, but vary between 11:00 (high urban density) and 15:00 (low 
urban density) and are -0.16 ºC, -0.46 ºC, -0.13 ºC, for a base, high and low urban 
density. The results show that with the same type of vegetation, cooling intensities 
are significantly larger in an urban area with a high urban density.

Firstly, the hourly differences in air tempera-
ture of a bounded area in the generic do-
main are investigated. The bounded area is 
chosen in the close vicinity of the implement-
ed green facades. The average air tempera-
ture over the plane as shown in figure 5.1 at 
height z = 1.5 m is gathered for all hours of the 
day. This is to show the diurnal trend due to 
urban density and vegetation type differenc-
es. The cooling effect of the green facades 
is mostly local and a little bit downstream. To 
show the average cooling locally this area of 
interest is chosen at which the air tempera-
ture differences are calculated.  Air temper-
ature differences are acquired by subtract-
ing air temperature data for the case without 
vegetation from each equivalent case  with 
vegetation. 

Figure 5.1 Base case scenario showing 
the area where hourly temperature dif-
ferences (case – no vegetation case) 
are calculated (area within the orange 
box).

Figure 5.2 The difference in average hourly air temperature for the cases with a different 
urban density and similar LAI. Differences are acquired by comparing these cases to the no 
vegetation case with the same urban density.
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 5.1.2 Hourly effects: vegetation type
Figure 5.3 shows the hourly averaged air temperature differences (cases 1, 4, 5 – 
equivalent no vegetation case) for the different vegetation types. For all cases, 
the air temperature differences are small, the average cooling intensity during 
the daytime hours equals  -0.07 ºC, -0.09 ºC, -0.14 ºC for an LAI of 4 m²/m², 6 m²/
m² and  8 m²/m² respectively. Cooling intensities are most noticeable between 
11:00 - 13:00 with maximum temperature differences of -0.12 ºC, -0.16 ºC, -0.23 ºC, 
for an LAI of 4 m²/m², 6 m²/m² and 8 m²/m² respectively. The temperature differ-
ences increase almost linearly with an increase of the leaf area index. It can be 
concluded that the cooling intensity increases with increasing LAI.

Figure 5.3 the difference in average hourly air temperature for the cases with a differ-
ent LAI and a similar urban density (base urban density). Differences are acquired by 
comparing these cases to the no vegetation case with the same urban density.
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5.2 Effect of urban density

In this section, the change of the cooling ef-
fect due to urban density is investigated. Ur-
ban density is altered by changing the H/W 
ratios for all the streets of the base case sce-
nario. All other factors in the cases remain 
constant.  Figure 5.4 shows the three planes 
at which the cooling effect is assessed for 
the base case. For the other urban densities, 
the planes are located at similar locations in 
the corresponding urban areas. The cooling 
effect of the green facades is evaluated by 
investigating the horizontal distribution (red), 
vertical distribution perpendicular to the wind 
direction (purple line), vertical distribution 
parallel to the wind direction (blue line), and 
by investigating the change in thermal com-
fort on average and locally in two street can-
yons using the UTCI parameter, as explained 
in Section 4.3. 

Figure 5.4 Base case scenario show-
ing the areas at which the cooling 
effect of the green facades is eval-
uated.

N

12m

Wind

 5.2.1 Horizontal distribution of the cooling effect
The horizontal distribution of the cooling effect of the green facades is evaluat-
ed for 19 July 2006 at 11:00 in the morning (highest air temperature differences 
according to Figure 5.2) and 15:00 in the afternoon (highest air temperature). 
At 11:00, the inlet temperature is 32.3 °C and at 15:00, the inlet temperature is 
imposed as 35.2 °C. In both scenarios, there is a wind velocity of U(10)= 3 m/s 
approaching from the west. The cooling effect is evaluated at z = 1.5 m (pedes-
trian height). Figures 5.5 and 5.6 show contours of air temperature without veg-
etation and the air temperature differences, which are acquired by subtracting 
the no-vegetation case air temperature data from the cases (1,2 and 3) with 
vegetation with LAI = 6 m²/m², for 11:00 and 15:00, respectively. Table 5.1 shows 
the maximum cooling effects that are gained in the cases with a different urban 
density, at both 11:00 and 15:00.

Table 5.1 Maximum cooling effects for the case described above. The cooling effect is 
calculated by subtracting the values of each case from a no-vegetation case.

 41|  MASTER THESIS TU/e

Maximum cooling effect at time (°C)
Case 11:00 15:00
Basecase -1.1 -1.4
High urban density -2.2 -1.9
Low urban density -1.4 -1.8



Figure 5.5.Horizontal distribution of the cooling effect in the centre of the urban area for 19 July 2006 
at 11:00 at height z =1.5m. (a) Contours of the air temperature and air temperature difference for 
the base case (b) Contours of the air temperature and air temperature difference for the high ur-
ban density case (c) Contours of air temperature and air temperature difference for the low urban 
density case.
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Air temperature 
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Figure 5.6  Horizontal distribution of the cooling effect in the centre of the urban area for 19 July 2006 
at 15:00 at height z =1.5m. (a) Contours of the air temperature and air temperature difference for the 
base urban density (b) Contours of the air temperature and air temperature difference for the high 
urban density case (c) Contours of the air temperature and air temperature difference for the low 
urban density case. 



The figures and the data from Table 5.1 show that a cooling effect is present due 
to the green facades. It is clearly noticeable, for all cases, the cooling effect of 
green facades stays in the vicinity of the walls. When the residence time of air is 
higher due to low wind velocities, more cooling is acquired. However, lower wind 
velocities lead to a local cooling effect since the cooled air cannot be convect-
ed.

The air temperature distributions show that by increasing the urban density the UHI 
increases. This may be due to the decreased air flow, entrapping the hot air in the 
canyons. Looking at the cooling effect of the vegetation, the case with the high 
urban density shows the highest average and maximum cooling effect of the air 
temperature. This is despite the fact that increase of the urban density decreases 
the amount of solar radiation on the walls due to shading. The air temperature 
difference distributions (Figure 5.6 – right column) show the cooling effect for the 
high urban density case is significantly higher than the base urban density case 
and low urban density case. 

In the regions with low air speed (0.2 - 0.4 m/s), such as the streets with a north-
south orientation for high-urban density, the intensity of the cooling effect is in-
creased locally at the expense of the reduced range of the cooling effect. Low 
wind velocity cannot convect the cooling effect of the vegetation downstream. 
In the regions with high wind speed, this effect is reversed with a higher range of 
the cooling effect with a lower intensity of the cooling effect.

For the cases with the highest air temperatures, such as in the case with high urban 
density, an increase of the intensity of the cooling power is noticeable. For a street 
with an air temperature of 36.7 ºC (high urban density, east-west orientation) the 
average air temperature decrease is 0.1 ºC, for a street with an air temperature of 
37.9 ºC (high urban density, north-south orientation) the average air temperature 
decrease is 1.1 ºC.  Also for the other cases; when the air temperature is higher, 
the intensity of the cooling effect appears to be higher as well. This shows at 15:00, 
in this case the air temperature is highest of the day and it is also the moment with 
a relatively high cooling effect. However, the solar radiation and therefore the 
cooling power is already decreasing. The temperature difference at 11:00 for the 
case with a high urban density shows relatively high cooling effects on especially 
the streets adjacent to an east oriented wall. These are streets with a north-south 
orientation (low air velocity + high air temperature) and for this case the position 
of the sun at 11:00 causes few shading effects on both the east and south walls, 
resulting in a potentially high cooling power (see Appendix A, for the cooling 
power calculations). A combination of these effects leads to a maximum cooling 
intensity of -2.2 ºC for the case with high urban density, which is  higher than the 
cooling intensity found in other cases.
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 5.2.2 Vertical distribution of the cooling effect 
the air temperature distribution is shown across the vertical plane, at both 11:00 
and 15:00,. Two vertical palnes are considered: (1) a plane perpendicular to the 
wind direction (Figure 5.4: purple line), (2) a plane parallel to the wind direction 
(figure 5.4: blue line). Figures 5.7 and 5.8 show the air temperature distributions 
acorss the plane parallel to the flow for 11:00 (left) and the air temperature differ-
ences (right), acquired by subtracting the air temperature from the correspond-
ing case with no vegetation.
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Figure 5.7 Vertical distribution of the cooling effect perpendicular to the wind direction 
for 19 July 2006 at 1100. (a) Contours of the air temperature and air temperature differ-
ence for the case with a base urban density, (b) Contours of the air temperature and 
air temperature difference for the case with a high urban density, (c) Contours of the air 
temperature and air temperature difference for the case with a low urban density.
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Similar to the findings of the horizontal distribution of the cooling effect, the cooling 
intensity of the high urban density case appears to be the highest also along the 
vertical axis. For all the cases the largest cooling effects are found within 0.5m from 
the walls. The cooling intensity increases closer to the ground, which is the region 
with the highest air temperature. All cases show a higher cooling intensity in the 
vicinity of the south wall. At 11:00, this wall receives more solar radiation, resulting in 
a higher cooling power from the vegetation (see Appendix A). Due to the incident 
solar radiation, the air temperature in the vicinity of the south wall is warmer, caus-
ing a larger heat exchange to be present, resulting in a higher cooling intensity. 
When the urban density increases there is more shading due to the buildings caus-
ing smaller areas of the street canyon to be exposed to solar radiation, causing 
less warming in that region to occur. For a lower urban density, the air temperature 
distribution is more uniform. The vertical air temperature distribution perpendicular 
to the flow is affected by the change in urban density, with a decreasing urban 
density the cooling effect is able to convect further away from the cooling source.
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Figure 5.8 Vertical distribution of the cooling effect parallel to the wind direction for 19 
July 2006 at 11:00. (a) Contours of the air temperature and air temperature difference for 
the case with a base urban density, (b) Contours of the air temperature and air tempera-
ture difference for the case with a high urban density, (c) Contours of the air temperature 
and air temperature difference for the case with a low urban density.
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Figure 5.8 shows that by decreasing the urban density the flow becomes less ho-
mogeneous. Figure 5.8b shows the case with a high urban density, a case with a 
very symmetric, regular wind flow pattern, resulting in a symmetric air temperature 
difference plot as well. Figure 5.8a shows the base urban density case, where it 
shows the air temperature differences are dependent on the air flow pattern. Fig-
ure 5.8c shows a more exaggerated version of what is happening in the base ur-
ban density case. In general it shows that the case with high urban density has the 
highest cooling effect, also over the height of the domain.
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The same vertical distribution air temperature differences are shown for at 15:00, 
which is the time with the highest air temperature at the inlet. For the afternoon 
time, the high urban density case shows the highest air temperature differences 
due to the green facades (Note again the different scale for this case).This is in 
line with the results obtained at 11:00, except for the case with the high urban 
density. 
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Figure 5.9 Vertical distribution of the cooling effect perpendicular to the wind direction 
for 19 July 2006 at 1500. (a) Contours of the air temperature and air temperature differ-
ence for the case with a base urban density (b) Contours of the air temperature and 
air temperature difference for the case with a high urban density (c) Contours of the air 
temperature and air temperature difference for the case with a low urban density
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The morning (11:00) cooling contour plots as well as the afternoon (15:00) plots 
for the lower urban densities (figures 5.9a and 5.9c) show again is most prominent 
cooling in the lower regions of street and close to the walls, the cooling of the high 
urban density case shows a different contour. The cooling effect is mostl noticea-
ble in the higher regions of the street canyon. Figure 5.10 shows results that are in 
line with the results at 11:00.
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Figure 5.10 Vertical distribution of the cooling effect parallel to the wind direction for 19 
July 2006 at 1500. (a) Contours of the air temperature and air temperature difference for 
the case with a base urban density (b) Contours of the air temperature and air tempera-
ture difference for the case with a high urban density, (c) Contours of the air temperature 
and air temperature difference for the case with a low urban density.
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 5.2.3 Effect on thermal comfort
Regarding the thermal comfort, the aver-
aged UTCI differences are calculated in two 
streets with different orientations, at 11:00 
and 15:00. UTCI differences are acquired sub-
tracting the UTCI for the case with no vege-
tation from the case with vegetation. Figure 
5.11 shows the two streets that are used for 
the calculations. Besides the average UTCI 
changes, for different points at the middle 
of the street UTCI differences are calculated. 
Figure 5.12 shows the data extraction points 
in the streets for all the different urban densi-
ties. Concerning the street orientation the lo-
cation of the measurement point in the street 
does not differ.

Figure 5.11 Base case scenario 
showing the areas at which the 
cooling effect of the green facades 
is evaluated.

N

Wind

Figure 5.12 Scenario showing the meas-
urement points at which the cooling 
effect of the green facades is evaluat-
ed (a) Case with base urban density, 
(b) Case with high urban density, (c) 
Case with low urban density.
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Figures 5.13 and 5.14 show the UTCI difference along lines in the streets (see fig-
ure 5.12 for the measurement points). These figures show that for a street with a 
north-south orientation, the UTCI values are not rather constant throughout the 
street for the scenarios with a base urban density and low urban density.  For the 
east-west orientated street, so the street parallel to the flow, the UTCI differences 
between the different scenarios are small. The impact of the vegetation on the 
UTCI is largest in the vicinity of the wall. For streets with an aspect ratio H/W = 2, the 
orientation is of great importance, probably this is due to the wind velocity that is 
affected in a case with narrow streets.

(a) (b)

Figure 5.13 UTCI temperature differences (case 1, 2 and 3 – no vegetation case) caused 
by different urban densities throughout a street with a north-south orientation for both 
11:00 (a) and 15:00 (b) at z = 1.5 m.
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Street orientation west-east Street orientation north - south
Time Base urban 

density
High urban 
density

Low urban 
density

Base urban 
density

High urban 
density

Low urban 
density

11:00 -0.4 ˚C -0.2 ˚C -0.3 ˚C -0.3 ˚C -1.1 ˚C -0.4 ˚C
15:00 -0.3 ˚C -0.1 ˚C -0.3 ˚C -0.4 ˚C -1.2 ˚C -0.5 ˚C

Table 5.2 Average UTCI changes (case 1, 2 and 3 – no vegetation case) in the street with 
orientation west-east (blue box) and with orientation north -south (orange box) for differ-
ent urban densities.

Table 5.2 shows that when comparing different urban densities there are slight de-
viations between the changes in UTCI. However, in general the changes in UTCI 
are rather small. The only situation that shows a possible improvement of the out-
door thermal comfort is a street in an urban area with a high urban density and in 
the north-south orientation street (bold values in table 5.2). 



Figure 5.14 UTCI temperature differences (case 1,2 and 3 – no vegetation case) caused 
by different urban densities throughout a street with an east-west orientation for both 
11:00 (a) and 15:00 (b) at z = 1.5 m. 

(a) (b)
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5.3 Effect of vegetation type

In this section the effect of vegetation type 
on the cooling capability of green facades is 
investigated. Different vegetation types are 
considered by changing the Leaf Area In-
dex (LAI), while all other factors remain con-
stant.  Figure 5.15 shows the planes at which 
the cooling effect is assessed. The cooling 
effect of the green facades is evaluated by 
investigating the horizontal air temperature 
distribution (red box), vertical air temper-
ature distribution perpendicular in a street 
(purple line), vertical air temperature distri-
bution parallel to a street (blue line), and by 
looking at the change in thermal comfort 
using the UTCI parameter explained before.

 5.3.1 Horizontal distribution of the cooling effect
The distribution of the air temperature and cooling effect of the green facades 
across a horizontal plane is evaluated for 19 July 2006 at 15:00. At this time the 
inlet temperature imposed at the inlet of the domain is 36.3 °C, and wind velocity 
(u) = 3 m/s at z = 10m approaching from the west. The cooling effect is evaluated 
at z = 1.5 m (pedestrian height). The average air temperature in the central urban 
area (red box) is 37.3 °C, meaning that on average an UHI intensity of 1.1 °C can 
be noticed in this area. Figure 5.16 shows contours of the air temperature for the 
case without vegetation (a), and the air temperature differences (b,c,d). Table 
5.3 shows the maximum cooling effects that are gained in the urban areas. 

Figure 5.15 Base case showing the 
areas at which the cooling effect of 
the green facades is evaluated.

For all the vegetation types the cooling effect is more noticeable at places where 
the wind velocity is low, caused by a larger residence time of the air. Concern-
ing the different vegetation types, there is an increase of both the average and 
maximum cooling effect locally with increasing LAI. The contours of the cooling 
effects as well as the location of the cooling remain the same. The wind velocity 
is barely affected by the change in LAI, meaning that the cooling effect remains 
local, even with a higher volumetric cooling power.

Table 5.3 Maximum cooling effects for the case described above

N
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Case Maximum	cooling	effect	(˚C)
LAI 4 -1.1
LAI 6 -1.4
LAI 8 -1.7
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Figure 5.16 Horizontal distribution of the cooling effect in the centre of the urban area for 
19 July 2006 at 1500 at height z =1.5m. (a) Contours of the air temperature for the case 
without vegetation, (b) Contours of the air temperature difference between the case 
without vegetation and the LAI6 case., (c) Contours of the air temperature difference 
between the case without vegetation and the LAI4 case, (d) Contours of the air temper-
ature difference between the case without vegetation and the LAI8 case.
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 5.3.2 Vertical distribution of the cooling effect 
The distribution of the air temperature and cooling effect of the green facades 
across the vertical plane is evaluated at 15:00. The vertical air temperature dis-
tribution is evaluated using two planes: (1) a plane perpendicular to the wind 
direction (Figure 5.15: purple line), (2) a plane parallel to the wind direction (Fig-
ure 5.15: blue line). Figures 5.17 and 5.18 show contours of the air temperature for 
the case without vegetation (a) and air temperature differences (b,c,d) (case 
1,4,5 – no vegetation case) of the street canyon and plane parallel to the flow, 
respectively.

12.5m

10m

12.5m

10m

< -1.0 0 >-0.4-0.6-0.8 -0.2
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Figure 5.17 Vertical distribution of the cooling effect perpendicular to the wind direction 
in the street canyon for 19 July 2006 at 1500. (a) Contours of the air temperature for the 
case without vegetation, (b) Contours of the air temperature difference between the 
case without vegetation and the LAI6 case., (c) Contours of the air temperature differ-
ence between the case without vegetation and the LAI4 case, (d) Contours of the air 
temperature difference between the case without vegetation and the LAI8 case.
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Figure 5.18 Vertical distribution of the cooling effect parallel to the wind direction for 19 
July 2006 at 1500. (a) Contours of the air temperature for the case without vegetation, 
(b) Contours of the air temperature difference between the case without vegetation 
and the LAI6 case., (c) Contours of the air temperature difference between the case 
without vegetation and the LAI4 case, (d) Contours of the air temperature difference 
between the case without vegetation and the LAI8 case.
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 5.3.3 Effect on thermal comfort
For the evaluation of the thermal comfort differences, the same method on av-
eraged UTCI differences, which is the subtraction of UTCI for the case without 
vegetation from the UTCI of the cases with different vegetation types, is used (see 
Figure 5.11). The UTCI difference throughout the streets is investigated based on 
the same measurement points as in prior chapter (see Figure 5.12). 

Both Figure 5.17 and Figure 5.18 confirm that an increase in LAI causes an increase 
in both average and maximum cooling effect. In addition, the distribution of the 
cooling effect remains relatively the same. Figure 5.17, shows that the cooling 
emerges from the facades and the maximum cooling effect remains within the 
vicinity of the wall. Increasing the LAI of the vegetation causes the cooling effect 
to penetrate further towards the middle of the street. The cooling effect is the 
largest in the warmest areas in the street canyon, which happen to be the areas 
with the lowest wind velocities.

Table 5.4 Average UTCI changes (cases 1, 4,5 – no vegetation case) in the street with 
orientation west-east (blue box) and with orientation north - south (orange box) for dif-
ferent types of vegetation.

Table 5.4 shows the UTCI changes for all the cases, for different orientations. It is 
noticeable that outdoor thermal comfort is slightly affected by green facades . 
The UTCI differences that can be found between different types of vegetation 
are following the same trend as the air temperature differences caused by the 
different vegetation types. This is because in the base case urban environment 
there is a very scarce effect of the vegetation on other parameters influencing 
the UTCI (e.g. wind velocity). So, with increasing LAI, a slightly higher effect on the 
outdoor thermal comfort can be gained. However, effects can be considered 
marginal.

Figures 5.19 and 5.20 show how the UTCI changes throughout the street with in-
creasing distance to the walls of the street with north-south orientation, east-west 
orientation and for 11:00 and 15:00, respectively. These figures show that, in line 
with the air temperature difference contours, the highest thermal comfort im-
provement is achieved close to the walls . However, similar to the air temperature 
differences, this improvement is rather limited. The impact of increased LAI on the 
UTCI is in line with the influence of vegetation type on air temperature differences. 
By increasing the LAI an increased temperature decrease of the UTCI is recorded.

Street orientation west-east Street orientation north - south
Time LAI = 6 LAI = 4 LAI = 8 LAI = 6 LAI = 4 LAI = 8

11:00 -0.4 ˚C -0.3 ˚C -0.5 ˚C -0.3 ˚C -0.3 ˚C -0.4 ˚C
15:00 -0.3 ˚C -0.2 ˚C -0.5 ˚C -0.4 ˚C -0.2 ˚C -0.5 ˚C
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(a)

(b)

(b)

Figure 5.19 UTCI differences (case 1,4 and 5 – no vegetation case) caused by different 
vegetation types throughout a street with a north-south orientation for both 11:00 (a) and 
15:00 (b) at z = 1.5 m.

Figure 5.20 UTCI differences (case 1,4 and 5 – no vegetation case) caused by different 
vegetation types throughout a street with an east-west orientation for both 11:00 (a) and 
15:00 (b) at z = 1.5 m. 
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5.4 Optimal case
In this section the possible optimal cooling effect is explored. For this, the best per-
forming cases are combined to explore the possible achievable improvement of 
the urban microclimate with green facades. The effect is evaluated by exploring 
both the horizontal and vertical cooling effect (for planes see Figure 5.4) as well 
as the thermal comfort improvement. The best-performing cases are observed by 
using vegetation with a higher LAI (8) and a high urban density scenario (H/W = 
2). Therefore, the case explored here is the case with a high urban density and a 
vegetation type with LAI = 8.  Also, cooling intensity was highest at 11:00. There-
fore, the optimum case is analysed according to the results at 11:00.

 5.4.1 Horizontal distribution of the cooling effect
The air temperature distribution at the horizontal plane is explored in the same 
manner as in chapters 5.2.1 and 5.3.1. Figure 5.21 shows the horizontal air tem-
perature plot and air temperature difference plot for the case described above. 
The maximum air temperature difference that occurs in the centre of the urban 
area at z = 1.5 m is -2.8 °C.  When comparing Figure 5.21b with Figure 5.5b (right) 
it is not only noticeable that the cooling intensity is increased, but that in the case 
with high LAI the range of the cooling effect also increases, especially parallel to 
the wind direction. Therefore the range of the cooling effect spreads more to the 
downstream region. However significant cooling effects remain restricted to the 
streets adjacent to the vegetation

< -2.0 0 >-0.8-1.2-1.6 -0.4

N

12m

Wind

N

12m

Wind

(a) (b)

Figure 5.21 Horizontal distribution of the cooling effect in the centre of the urban area 
for 19 July 2006 at 1100 at height z =1.5m. (a) Contours of the air temperature for the 
case without vegetation, (b) Contours of the air temperature difference between the 
case without vegetation and the optimal case.

 5.4.2 Vertical distribution of the cooling effect
Figures 5.22 and 5.23 show the vertical distribution in a street canyon perpendic-
ular and parallel to the flow. The cooling intensity has increased compared to 
the case demonstrated in Figure 5.6b and 5.7b, which are the vertical distribution 
plots of the high urban density case with LAI6. The pattern of the flow remains the 
same, although the cooling reaches to higher elevations in the street canyon. 
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Figure 5.23 Vertical distribution of the cooling effect parallel to the wind direction for 19 
July 2006 at 1100. (a) Contours of the air temperature for the case without vegetation, (b) 
Contours of the air temperature difference between the case without vegetation and 
the LAI8 case.

Figure 5.22 Vertical distribution of the cooling effect perpendicular to thewind direction 
in the street canyon for 19 July 2006 at 1100. (a) Contours of the air temperature for the 
case without vegetation, (b) Contours of the air temperature difference between the 
case without vegetation and the LAI8 case.
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 5.4.3 Effect on thermal comfort
For the optimal case, the street with the north-south orientation again shows the 
highest average UTCI difference, which is -1.2 °C. This is slightly higher than the 
previous most effective case (H/W = 2, LAI6), which had an average UTCI dif-
ference of -1 °C. The street with the east-west orientation shows an even larger 
improvement. Whereas the previous case (H/W = 2, LAI6) had a difference of -0.2 
°C, the new (optimum) case shows a difference of -0.5 °C. This is probably be-
cause of the larger penetration of the cooling effect into the streets with the east-
west orientation (see Figure 5.21). Figure 5.24 shows graphs of the UTCI differences 
throughout the street canyon at z = 1.5 m for both the north-south and east-west 
oriented street. These graphs show that there is a slight improvement of the UTCI 
due to the change in LAI. However, in general, the maximum UTCI differences 
remain around -1 °C, which is a marginal improvement. 

Figure 5.24 UTCI temperature differences throughout the street for both the (a) north-
south orientation and (b) east-west orientation at z = 1.5 m. 
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 5.4.4 Conclusion optimal case
To conclude, for the optimal case considered (high urban density and green fa-
cades with LAI of 8), an average temperature change is found to be -1.4 °C, and 
the maximum air temperature difference is found to be -2.8 °C. Concerning the 
thermal comfort, the highest average UTCI difference can be up to -1.2 °C, with 
a maximum UTCI difference of -1.3 °C. 



6. Discussion
The previous chapter presented results on the effect of green facades with dif-
ferent urban densities and different vegetation types. In this section, the focus is 
on the comparison of the results with prior research (chapter 2.1) and providing 
insights on the use of green facades for reducing the UHI intensity. In addition, 
limitations of the present study and future perspectives are discussed. 

Photo: Le Nouvel Towers, Kuala Lumpur - Patrick Blanc
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6.1 Evaluation of the findings 
Previous research showed that the intensity of the cooling effect of green fa-
cades in an urban area can vary significantly ranging from 0.3 °C (Gromke, et al., 
2015) till 5.1 °C (Alexandri & Jones, 2008). Table 6.1 provides an overview of the 
maximum air temperature reductions found in this research.

Table 6.1 A summary of the maximum air temperature differences for the different cases. 

Case Maximum 
cooling effect 
(°C) - 11:00

Maximum 
cooling effect 
(°C) - 15:00

Case Maximum 
cooling effect 
(°C) - 15:00

Base urban density -1.1 -1.4 LAI = 6 -1.4
High urban density -2.2 -1.9 LAI = 4 -1.1
Low urban density -1.4 -1.8 LAI = 8 -1.7

For the base case (with base urban density) the maximum air temperature re-
duction is -1.1 °C in the morning (11:00) and -1.4 °C in the afternoon (15:00). Table 
6.2 provides a comparison with the values found in the literature study. Evidently, 
results of the present study seem to be in line with the air temperature differenc-
es measured by Eumorfopoulou and Kontoleon (2009). Concerning the range 
and pattern of the cooling, expectancies based on previous research are con-
firmed (Gromke, et al., 2015; Wong, et al., 2009): the highest cooling effects are in 
the close vicinity of the green façade. As previous research indicated, the larg-
est cooling effects can be found when the incident solar radiation is the highest 
which is in line with the finding of the present study. 

Study Maximum intensity of the cooling effect (°C)
Alexandri & Jones (2008) Up to -5.1°C
Eumorfopoulou & Kontoleon (2009) -1°C   to  -2 °C
Gromke, et al. (2015) -0.04 °C  to -0.3 °C
Paschoalino de Jesus, et al. (2017) -2.5 °C   to  -2.9 °C
Present study -1.4 °C  to -2.8 °C

Table 6.2 A summary of the range of maximum cooling effects from earlier studies
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The results for the effect of urban density on the cooling effect demonstrate that 
urban density increase results in an increased air temperature reduction. This is in 
line with the conclusion of the research by Alexandri and Jones (2008). However, 
results show that changing the urban density does not cause a linear change 
of the cooling effect. This might indicate that there is an urban density value at 
which changing the urban density will no longer significantly influence the cool-
ing effect.

As Alexandri and Jones (2008) indicated, vegetation type is of significant  impor-
tant. Results of the present study focusing on different vegetation types confirm 



this finding since increasing the LAI of the vegetation showed an almost linear 
increase of the cooling effect. Alexandri and Jones (2008) state that vegetation 
type is the most important factor when it comes to the cooling effect, even above 
street orientation and wind direction. However, results found in this study shows a 
different finding. Especially for the high urban density case, orientation plays a 
significant role in the ability of green facades to reduce air temperatures. This is 
mainly due to the vertical alignment of some streets with respect to the prevailing 
wind direction. This study demonstrates that the position of the streets relative to 
the wind direction plays a greater role in the cooling effect than the vegetation 
type. The position of the street with respect to wind direction cancause changes 
up to -1.0 °C UTCI, whereas vegetation type changes only up to -0.3 °C UTCI. For 
the base case, the maximum air temperature reduction is -1.1 °C in the morning 
(11:00) and -1.4 °C in the afternoon (15:00). Table 6.2 provides a comparison of 
the values found in the literature study. Evidently, results of the present study seem 
to be in line with the air temperature differences measured by Eumorfopoulou 
and Kontoleon (2009). Concerning the range and pattern of the cooling, expec-
tancies based on previous research are confirmed (Gromke, et al., 2015; Wong, 
Kwang Tan, Yok Tan, & Wong, 2009): the highest cooling effects are in the close 
vicinity of the green façade. As previous research indicated, the largest cooling 
effects can be found when the incident solar radiation is the highest; the results 
found by this study are in line with this finding. 

Table 6.3 A summary of the maximum UTCI temperature differences for the different cases.

Street orientation west-east Street orientation north - south
Time LAI = 6 LAI = 4 LAI = 8 LAI = 6 LAI = 4 LAI = 8

11:00 -0.4 ˚C -0.3 ˚C -0.5 ˚C -0.3 ˚C -0.3 ˚C -0.4 ˚C
15:00 -0.3 ˚C -0.2 ˚C -0.5 ˚C -0.4 ˚C -0.2 ˚C -0.5 ˚C

Time Base urban 
density

High urban 
density

Low urban 
density

Base urban 
density

High urban 
density

Low urban 
density

11:00 -0.4 ˚C -0.2 ˚C -0.3 ˚C -0.3 ˚C -1.0 ˚C -0.4 ˚C
15:00 -0.3 ˚C -0.1 ˚C -0.3 ˚C -0.4 ˚C -1.1 ˚C -0.5 ˚C

Table 6.3 shows an overview of the decrease in UTCI temperatures. The table 
demonstrates that despite the calculated air temperature differences, thermal 
comfort in an outdoor urban environment is affected by small margins. The max-
imum UTCI reduction reaches to -1.3 °C in the very specific case of a high urban 
density case with streets with an aspect ratio of H/W = 2 and with green facades 
with an LAI of 8 m²/m². This finding of -1.3 °C is recorded in a street that is in verti-
cal alignment with the prevailing wind direction (i.e. with low wind speeds), which 
means the cooling effect is not convected away from the street.  In the high ur-
ban density case, for the streets parallel to the wind direction, the air temperature 
differences are the largest compared to other cases, but the UTCI differences are 
relatively small. This is most probably caused by the fact that this is the only case 
where the wind velocity is affected by the green facades. This change in wind 
velocity gives an opposite effect on the change in UTCI as the air temperature 
reduction does.
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6.2 Limitations
In this section, the limitations of the study as well as the encountered difficulties of 
this research are discussed. 

The first limitations relate to the modelling of the vegetation. The validation studies 
performed consider trees as the vegetated elements and not green facades. Al-
though it is assumed that the differences between the influence of trees on the air 
flow and temperature are accounted for in the evapotransporative equations, 
discrepancies could still be present due to oversimplification of the evapotrans-
porative effect of leaves. This could result in a slightly different effect on the air 
flow and temperature. Another important thing to note is that in the simulations 
the volumetric cooling powers are based on the condition of an unlimited water 
supply. In reality, this is not the case unless irrigation is continuously applied. An-
other limitation of the calculated cooling powers is that they are reliant on the in-
cident solar radiation and in this research the incident solar radiation is based on 
weather data and calculated accordingly and assumed to be equally distribut-
ed over the walls with the same orientation. In reality, the incident solar radiation 
differs for each part of the walls depending on the shading from other buildings 
and obstacles. It could be interesting to see how an iterative approach can be 
developed to use actual incoming solar radiation for each wall calculated by the 
CFD simulations.

Another limitation is due to the consideration of a single day for the evaluation of 
the cooling effect. Especially when it comes to the UHI effects, cooling during the 
night is of interest and thermal storage could still differ. However, due to compu-
tational resources and computational costs, a shorter timeframe is chosen. More-
over, simulations were only performed for one climatic condition. For different 
climatic conditions different results could occur, as indicated in previous research 
(Alexandri & Jones, 2008). However, this research indicated most promising results 
could be gained for hot and dry conditions, which is the type of climate the re-
sults are based upon. 

Another significant limitation is the negligence of the change in humidity due to 
the vegetation. In the research, mass transfer was not taken into consideration 
while humidity levels have a significant impact on the perceived outdoor thermal 
comfort levels. However, this would require appropriate boundary conditions for 
modelling mass transfer (i.e. humidity) and more knowledge on the implementa-
tion of mass transfer of vegetation within the urban environment. 

In general, input parameters regarding the building typology and data are that 
of a Western European city. Different results could be obtained with different cli-
matic and building types. 

Finally, this study encountered a computational difficulty as well. Computational 
resources can be a challenge when conducting CFD simulations. In this study, sev-
eral URANS simulations are performed for at least 48 simulated hours. To keep the 
computational time for these simulations feasible computational grids are gener-
ated in a very economical way (< 3 million cells). Although guidelines concerning 
these grids were followed to guarantee a sufficient grid and domain quality, re-
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sults may still be subject to slight changes if the grid quality improves even further. 
Since the previous CFD best practice guidelines on urban flow simulations are 
strictly followed, the grid quality is assumed to have sufficient quality to provide 
representative results. 

6.3 Future perspectives
Based on the findings from this study, future research perspectives are suggested 
as following:

 • Results showed that the potential of cooling outdoor air with green 
facades is rather limited, even in an optimal scenario. However green facades 
change the characteristics of the building walls significantly. Therefore, future re-
search on green facades probably can find more potential in bridging the gap 
between urban microclimates and building performance for energy use reduc-
tion. 
 • For the effect of vegetation on the outdoor urban thermal comfort, 
the impact of mass transfer can make a significant difference on the results. For 
future research it is suggested to develop a validated approach to implement 
correct boundary conditions and source terms for mass transfer of vegetation. 

 • If further research on green facades using CFD is to be considered, it 
is suggested to gather experimental data on the cooling of green facades spe-
cifically. This way, a more solid validation study can be performed giving more 
reliable results. One way to obtain experimental data is to conduct controlled 
wind-tunnel tests with representative green façade elements.



7. Conclusions
Photo: One Central Park, Sydney - Simon Wood
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This study focused on the cooling potential of green facades. The study aimed to 
explore how green facades perform better or worse concerning air temperature 
reduction and outdoor urban thermal comfort while considering different urban 
densities. Besides the change in urban density, the type of vegetation was also 
investigated, to come to a conclusion on what could be an optimal case when 
using green facades as a cooling source in the urban environment. 

Previous research showed that green facades could be promising when it comes 
to outdoor air temperature reduction and thermal comfort improvement. Howev-
er, quantitative research on the impact of green facades on the outdoor urban 
climate is very limited. When it comes to the use of CFD in studying urban mi-
croclimates, the topic of mitigation of UHI using evapotransporative sources are 
gaining popularity. This study used CFD simulations to first validate the vegetation 
model to be implemented in CFD simulations, and then to investigate the poten-
tial cooling effect by green facades. 

Vegetation has an influence on the urban microclimate in two ways: (1) it influ-
ences the airflow in its close vicinity and (2) it influences the heat exchange with 
its surroundings. Two validation studies are performed to find a validated method 
of incorporating both aspects into the vegetation model. The effect of vegeta-
tion on the airflow is included by using sink and source terms. The effect of vege-
tation on the air temperature is incorporated by using a volumetric cooling power 
based on the evapotransporative equations. Both these methods are used in a 
case study for the modelling of the green facades in the urban environment. The 
average air temperature deviation of the simulation results with the measured 
data is -0.7 °C, for the courtyard with vegetation. The maximum air temperature 
deviation is found -2.2 °C.

In the case study, 7 cases are examined, all of which are based on a base case 
scenario. First, the effect of urban density is investigated by using (1) the base 
case (streets with H/W = 1), (2) a case with a high urban density (streets with H/W 
= 2) and (3) a case with a low urban density (streets with H/W = 0.75).  The results of 
this study show that the largest maximum and average air temperature reduction 
is gained with the highest urban density, -2.2 °C and -0.2 °C, respectively. Highest 
cooling effects are found in the hours around noun (11:00 – 14:00). Concerning 
thermal comfort, the highest cooling effect is found for streets with a north-south 
orientation, with a maximum UTCI temperature difference of -1.1 °C. For streets 
with an orientation parallel to the air flow the high urban density case in fact 
shows less cooling effect (a maximum UTCI temperature difference of -0.2 °C). In 
this case, the vegetation does influence wind velocity, which gives an opposite 
effect on the UTCI temperature as a decrease in air temperature does.

For the change in vegetation type, three cases are examined as well: (1) the 
base case scenario (LAI = 6 m²/m²), (2) a case with LAI = 4 m²/m² and (3) a case 
with LAI = 8 m²/m². The results show that increasing the LAI causes a higher cooling 
effect. In the base case, vegetation has a very limited effect on the wind velocity, 
so this does not oppose the effect of the air temperature reduction on the UTCI 
temperature reduction. 
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In the last part of this research, an optimum case is defined based on the out-
comes on the effect urban density and vegetation type. The optimum case con-
siders an urban area with a high urban density (H/W = 2) and green facades with 
an LAI = 8 m²/m². Combining these cases resulted in a maximum air temperature 
decrease of -2.8 °C, and a maximum UTCI temperature decrease of -1.3 °C. 

Looking back at the main research question: “concerning the cooling poten-
tial of green facades, which urban morphologies perform better combined with 
which type of vegetation” some main conclusions can be drawn as the following:

• Urban density and vegetation type, as well as wind direction/street orienta-
tion, are important aspects to consider in the implementation of green facades 
as a cooling source in urban environments. For the cooling effect, green facades 
perform better in urban morphologies with a high urban density or locations with 
low levels of wind velocities. 

• Vegetation types with higher LAI are found to provide a higher cooling ef-
fect, which may be beneficial for the purposes of cooling down cities. 

• The effect of green facades on air flow and the effect of green facades on 
the heat exchange can contradict each other on the improvement of outdoor 
thermal comfort. Increasing LAI can further slowdown local wind velocities while 
decreasing the air temperatures and these two effects have contradictory con-
sequences on outdoor thermal comfort levels.

• In general, the use of green facades to improve outdoor thermal comfort 
may not be an efficient one compared to other urban scale adaptation meas-
ures, such as the use of high-albedo materials or urban parks. The effects can be 
noticed in very specific situations and these effects might be very local, only with-
in few meters away from the investigated facades.



8. References
Akbari, H. (1995). Cool construction materials offer energy savings and help re-
duce smog. ASTM Standard news, 32 - 37.

Akbari, H., & Taha, H. (1992). The impact of Trees and white surface on residential 
heating and cooling energy use in four Canadian Cities. Energy 17 (2), 141 - 149.

Alexandri, E., & Jones, P. (2008). Temperature decreases in an urban canyon due 
to green walls and green roofs in diverse climates. Building and Environment 43, 
480 - 493.

Ali-Toudert, F., & Mayer, H. (2006). Numerical study on the effects of aspect ratio 
and orientation of an urban street canyon on outdoor thermal comfort in hot and 
dry climate. Building and environment, 94 - 108.

Amiro, B. (1990). Comparison of turbulence statistics within three boreal forest 
canopies. Boundary-layer Meteorology, 51, 99 - 121.

Baumbach, G. (1991). Luftreinhaltung. Berlin, Heidelberg, New York: Springer Ver-
lag.
Berlin Environmental Atlas. (n.d.). Near Ground Wind Speeds. Retrieved August 
12, 2017, from http://www.stadtentwicklung.berlin.de/umwelt/umweltatlas/
ed403_01.htm

Blocken, B. (2015). Computational fluid dynamics for urban physics: importance, 
scales, possibilities, limitations and ten tips and tricks towards accurate and relia-
ble simulations. Building and Environment, 91, 219 - 245.

Blocken, B., & Carmeliet, J. (2004). Pedestrian Wind Environment around Buildings: 
Literature Review and Practical Examples. Journal of Thermal Envelope and Build-
ing Science, 28(2), 107 - 159.

Blocken, B., & Gualtieri, C. (2012). Ten iterative steps for model development and 
evaluation applied to Computational Fluid Dynamics for Environmental Fluid Me-
chanics . Environmental Modelling & Software, 33, 1 - 22.

Blocken, B., Janssen, W., & van Hooff, T. (2012). CFD simulation for pedestrian wind 
comfort and wind safety in urban areas: General decision framework and case 
study for the Eindhoven University campus . Environmental Modelling & Software, 
30, 15 - 34.

Blocken, B., Stathopoulos, T., & Carmeliet, J. (2007). CFD Simulation of the atmos-
pheric coundary layer wall function problems. Atmospheric Environment, 41(2), 
238 - 252.

Blocken, B., Stathopoulos, T., Carmeliet, J., & Hensen, J. (2011). Application of 
computational fluid dynamics in building performance simulation for the outdoor 
environment: an overview. Journal of Building Performance Simulation, 4(2), 157 
- 184.

  GREENFACADES | 72



Bowler, D., Buyung-Ali, L., Knight, T., & Pullin, A. (2010). Urban greening to cool 
towns and cities: a systematic review of the empirical evidence. Landscape and 
Urban Planning 97, 147 - 155.
Bröde, P., Krüger, E., & Rossi, F. (2012). Predicting urban outdoor thermal comfort 
by the Universal Thermal Climate Index UTCI—a case study in Southern Brazil. In-
ternational Journal of Biometeorology, 56, 471 - 480.

Cebeci, T., & Bradshaw, P. (1977). Momentum Transfer in Boundary Layers. New 
York: Hemisphere Publishing.

Coma, J., Pérez, G., de Gracia, A., S., B., Urrestarazu, M., & Cabeza, L. (2017). 
Vertical greenery systems for energy savings in buildings: A comparative study be-
tween green walls and green facades. Building and Environment 111, 228 - 237.

Coma, J., Pérez, G., Solé, C., Castell, A., & Cabeza, L. (2014). New green facades 
as passive systems for energy savings on buildings. Energy Procedia 57, 1851 - 
1859.

Emmanual, R., & Fernando, H. (2007). Urban heat islands in humid and arid cli-
mates: role of urban form and thermal properties in Colombo, Sri Lanka and Phoe-
nix, USA. Climate Research, 34, 241 - 251.

Eumorfopoulou, E., & Kontoleon, K. (2009). Experimental approach to the con-
tribution of plant-covered walls to the thermal behaviour of building envelopes. 
Building and Environment 44, 1024 - 1038.

Fiala, D., Havenith, G., Bröde, P., Kampmann, B., & Jendritzy, G. (2012). UTCI-Fiala 
multi-node model of human heat transfer and temperature regulation. Interna-
tional Journal of Biometeorology, 56(3), 429 - 441.

Fiala, D., Lomas, K., & Stohrer, M. (1999). A computer model of human thermoreg-
ulation for a wide range of environmental conditions: The passive system. Journal 
of Applied Physiology, 87(5), 1957 - 1972.

Fiala, D., Lomas, K., & Stohrer, M. (2001). Computer prediction of human ther-
moregulatory and temperature responses to a wide range of environmental con-
ditions. International Journal of Biometeorology, 45, 143 - 159.

Fischer, P. H., Brunekreef, B., & Lebret, E. (2004). Air pollution related deaths dur-
ingthe 2003 heat wave in the Netherlands. Atmospheric Environment, 38,1083–
1085.

Franke, J., Hellsten, A., Schlünzen, H., & Carissimo, B. (2007). Best practice guide-
line for the CFD simulation of flows in the urban environment. Cost Action, 732(51).

Gago, E., Roldan, J., Pacheco-Torres, R., & Ordoñez, J. (2013). The city and urban 
heat islands: A review of strategies to mitigate adverse effects. Renewable and 
Sustainable Energy Reviews 25, 749 - 758.

73|  MASTER THESIS TU/e



Gebauer, M., & Samuels, I. (1981). Urban morphology: an introduction. Research 
note, 8.

Gkatsopoulos, P. (2017). A methodology for calculating cooling from vegetation 
evapotranspiration for use in urban space microclimate simulations. Procedia En-
vironmental Sciences, 38, 477 - 484.

Green, S. (1992). Modelling turbulent air flow in a stand of widely-spaced trees. 
PHOENICS Journal Computational Fluid Dynamics and its Applications, 5, 294 - 
312.
Gromke, C., & Blocken, B. (2013). On the relative importance of vegetation terms 
in computational fluid dynamics on flow and Dispersion in the urban environment. 
Proceedings of the 15th International Conference on Harmonisation within At-
mospheric Dispersion Modelling for Regulatory Purposes (HARMO), May 6-9, 2013, 
Madrid, Spain. - S.l. : s.n., 2013.

Gromke, C., Blocken, B., Janssen, W., Merema, B., van Hooff, T., & Timmermans, 
H. (2015). CFD analysis of transpirational cooling by vegetation: Case study for 
specific meteorological conditions during a heat wave in Arnhem, Netherlands. 
Building and Environment 83, 11 - 26.

Hong, B., & Lin, B. (2014). Numerical study on the influence of different patterns 
of the building and green space on micro-scale outdoor thermal comfort and 
indoor natural ventilation. Building simulation, 7, 525 - 536.

Jendritzy, G., de Dear, R., & Havenith, G. (2012). UTCI - Why another thermal index. 
International Journal of Biometeorology, 56, 421 - 428.

Köhler, M. (2008). Green facades -a view back and some visions. Springer US.

Kovats, R., & Hajat, S. (2007). Heat Stress and Public Health: A Critical Review. An-
nual Review of Public Health 29, 41 - 55.

Launder BE, Spalding DB. (1974). The numerical computation of turbulent flows. 
Computer Methods in Applied Mechanics and Engineering, 3, 269-289

Matzarakis, A., Rutz, F., & Mayer, H. (2010). Modelling radiation fluxes in simple and 
complex environments - Basics of the RayMan model. International Journal of Bi-
ometeorology, 54, 131 - 139.

Menter, F., Hemstrom, B., Henrikkson, M., Karlsson, R., Latrobe, A., Martin, A., . 
. . Willemsen, S. (2002). CFD Best Practice Guidelines for CFD Code Validation 
for Reactor-Safety Applications, Report EVOLECORA-D01. Contract No. FIKS-
CT-2001-00154.

Mirzaei, P., & Haghighat, F. (2010). Approaches to study Urban Heat Island - Abili-
ties and limitations. Building and Environment 45, 2192 - 2201.

  GREENFACADES | 74



Montazeri, H., Toparlar, Y., Blocken, B., & Hensen, J. (2017). Simulatins the cooling 
effects of water spray systems in urban landscapes: A computational fluid dy-
namics study in Rotterdam, The Netherlands. Landscape and urban Planning 159, 
85 - 100.

NIOSH. (2016). NIOSH criteris for a recommended standard: occupational expo-
sure to heat and hot enviroments. U.S. Department of Health and Human Servic-
es, Centers for Disease Control and Prevention, National Insitute for Occupational 
Safety and Healt, DHHS (NIOSH).

Oke, T. (1982). The energetic basis of the urban heat island. Quarterly journal of 
the royal meteorological society 108 (455), 1 - 24.

Paschoalino de Jesus, M., Lourenco, J., Arce, R., & Macias, M. (2017). Green 
façades and in situ measurements of outdoor building thermal behaviour. Build-
ing and Environment 119, 11 -19.

Pearlmutter, D., Bitan, A., & Berliner, P. (1999). Microclimatic analysis of “compact” 
urban canyons in an arid zone. Atmospheric Environment 33, 4143 - 4150.
Pérez, G., & Coma, J. M. (2014). Vertical Greenery Systems(VGS) for energy saving 
in buildings: A review. Renewable and Sustainable Energy Reviews 39, 139 -165.

Pérez, G., Coma, J., Sol, S., & Cabeza, L. (2017). Green facade for energy savings 
in buildings: The influences of elaf area index and facade orientation ont he shad-
ow effect. Applied Energy 187, 424 - 437.

Perez, G., Rincón, L., Vila, A., & Cabeza, L. (2011). Green vertical systems for build-
ings as passive systems for energy savings. Applied Energy 88 (12), 4854 - 4859.

Peterka, J., Meroney, R., & Kothari, K. (1985). Wind flow patterns about buildings. 
Journal of Wind Engineering and Industrial Aerodynamics, 21, 21 - 38.

Richards, P., & Hoxey, R. (1993). Appropriate boundary conditions for computa-
tional wind engineering models using the k-ε turbulence model. J. Wind Eng. Ind. 
Aerodyn(46), 145 - 153.

Robine, J.-M., Cheung, S. L. K., Le Roy, S., Van Oyen, H., Griffiths, C., Michel, J.-
P.,et al. (2008). Death toll exceeded 70,000 in Europe during the summer of 2003.
Comptes Rendus Biologies, 331, 171–178.

Rosenfeld, A., Akbari, H., Romm, J., & Pomerantz, H. (1998). ‘Cool communities’: 
strategies of urban heat island mitigation and smog reduction. Energy technolo-
gies, 28, 51 - 62.

Sanz, C. (2003). A note on k-ε modelling of vegetation canopy air-flows. Bounda-
ry-Layer Meteorology, 108(1), 191 - 197.

75|  MASTER THESIS TU/e



Shashua-Bar, L., Pearlmutter, D., & Erell, E. (2009). The cooling efficiency of urban 
landscape strategies in a hot dry climate. Landscape and Urban Planning(92), 
179-186.

Sheweka, S., & Mohamed, N. (2012). Green Facades as a New sustainable Ap-
proach Towards Climate Change. Energy Procedia 18, 507 - 520.

Shih, T., Liou, W., Shabbir, A., & Zhu, J. (1994). A new k-e viscosity model for high 
reynolds number turbulent flow-model development and validation. Computer & 
Fluids, 24(3), 227 - 238.

Tominaga, Y., Mochida, A., Yoshie, R., Karaoka, H., Nozu, T., Yoshikawa, M., & Shi-
rasawa, T. (2008). AIJ guidelines for practical applications of CFD to pedestrian 
wind environment around buildings. J Wind Eng Ind Aerodyn(96), 1749 - 1761.

Toparlar, Y., Blocken, B., Maiheu, B., & van Heijst, G. (2017). The effect of an urban 
park on the microclimate in its vicinity: a case study for Antwerp, Belgium. Interna-
tional Journal of Climatology.

Toparlar, Y., Blocken, B., Vos, P., van Heijst, G., Janssen, W., van Hooff, T., . . . TIm-
mermans, H. (2015). CFD simulation and validation of urban microclimate: A case 
study for Bergpolder Zuid, Rotterdam. Building and Environment, 83, 79 - 90.

United Nations. (2014). World Urbanization Prospects: the 2014 revision, highlights. 
Department of Economic and Social Affairs.

Wei, R., Song, D., Wong, N., & Martin, M. (2016). Impact of Urban Morphology Pa-
rameters on Microclimate. Procedia Engineering 169, 142 - 149.

Wieringa, J. (1992). Updating the Davenport roughness classification. Journal of 
Wind Engineering and Industrial Aerodynamics, 41 - 44, 357 - 368.

Wilmers, F. (1990 - 1991). Effects of Vegetation on Urban Climate and Buildings. 
Energy and Buildings 15, 507 - 514.

Wilson, N., & Shaw, R. (1977). A higher Order Closure Model for Canopy Flow. Jour-
nal of Applied Meteorology, 16, 1197 - 1205.

Wolter, S., Diebel, J., & Schroeder, F. (2009). Development of hydroponic systems 
for urban facade greenery. Acta Horticulturae, 843, 393 - 402.

  GREENFACADES | 76



Appendix A - Measurement data from Shashua-Bar et al. 
(2009)
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Appendix B - Results on the sensitivity analysis concerning 
the measurement point in Shashua-Bar et al. (2009)
For the validation study performed in chapter 3.2 a short sensitivity analysis con-
cerning the measurement point is performed. This sensitivity analysis is performed 
by noting the air temperature differences between the air temperature at the 
measurement point used (see figure AB.1) and the air temperature at 6 measure-
ment points surrounding the measurement points (see figure AB.2). Air temper-
ature differences are taken from 6 points located 30 cm away from the actual 
point (1/10 Hmax of the buildings used in chapter 3.2). The directions can be de-
scribed as: left, right, above, below, back and in front of the measurement point. 
Figure AB.3 and Table AB.1 show the air temperature differences found for all the 
measurement points.

Figure AB.1 measurement point used 
in the sensitivity analysis (from valida-
tion study of chapter 3.2)

Figure AB.2 Measurement points sur-
rounding the measurement point in 
the 6 directions.

Figure AB.3 Air temperature differences 
for the 6 measurement points 
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Table AB.1 Air temperature differences for the 6 measurement points 
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Appendix  C – Volumetric cooling power as calculated 
for different cases
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For the case study performed volumet-
ric cooling powers for the vegetation 
are calculated. For each wall orienta-
tion (north, east, south, west) a different 
cooling power per hours is calculated 
using equations 2.5, 2.6 and 2.7.

Appendix C shows the volumetric cool-
ing power per wall orientation per hour 
for all the cases performed.

Pc - base urban density - LAI6

Pc - high urban density - LAI6 Pc - low urban density - LAI6
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Pc - base urban density - LAI4 Pc - base urban density - LAI8

Pc - Optimal case - high urban density - LAI8


