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7 Outdoor thermal comfort within 
different building blocks

Part B studied indoor thermal comfort and energy efficiency of different building 
blocks. It then, focused on different courtyard buildings and showed the optimum ways 
of courtyard design from an indoor perspective.

Chapter 7 begins a new part of the dissertation on outdoor thermal comfort. This 
chapter is parallel to Chapter 4 in which different building block forms were studied. 
In this chapter, outdoor thermal comfort resulting from different urban forms will be 
investigated. The aim is to explore whether a courtyard is capable to provide a more 
comfortable microclimate in comparison with the other forms. The study is based on 
the simulation of the hottest day in a reference year in the Netherlands. The simulation 
software is validated through a field measurement inside an actual courtyard on the 
campus of Delft University of Technology.
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Abstract
Outdoor thermal comfort in urban spaces is known as an important contributor to 
pedestrians’ health. The urban microclimate is also important more generally through 
its influence on urban air quality and the energy use of buildings. These issues are likely 
to become more acute as increased urbanisation and climate change exacerbate the 
urban heat island effect. Careful urban planning, however, may be able to provide for 
cooler urban environments. Different urban forms provide different microclimates 
with different comfort situations for pedestrians. In this paper, singular East-West and 
North-South, linear East-West and North-South, and a courtyard form were analysed 
for the hottest day so far in the temperate climate of the Netherlands (19th June 2000 
with the maximum 33°C air temperature). ENVI-met was used for simulating outdoor 
air temperature, mean radiant temperature, wind speed and relative humidity whereas 
RayMan was used for converting these data into Physiological Equivalent Temperature 
(PET). The models with different compactness provided different thermal environments. 
The results demonstrate that duration of direct sun and mean radiant temperature, 
which are influenced by urban form, play the most important role in thermal comfort. 
This paper also shows that the courtyard provides the most comfortable microclimate 
in the Netherlands in June compared to the other studied urban forms. The results are 
validated through a field measurement and calibration. 
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§ 7.1 Introduction

Thermal comfort is defined as ‘that condition of mind which expresses satisfaction 
with the thermal environment’ [1]. Since the 1980s, studies of thermal comfort 
in the outdoor environment have grown in number because of increased attention 
for pedestrians in urban canyons, plazas and squares. This led to a great number of 
researches addressing microclimate design parameters based on pedestrians’ thermal 
comfort [2-9]. Thermal comfort in the outdoor environment is mainly related to 
thermo-physiology, i.e. physiology and the heat balance of the human body [10]. This 
field of study connects urban and landscape designers to bio-meteorology (more focus 
on pedestrians) and climatology (more focus on climate). Both bio-meteorologists 
and climatologists had important roles in developing thermal comfort indices such 
as the physiological equivalent temperature (PET) [11] and the universal thermal 
climate index [12]. With regard to different urban forms these indices have been well 
studied for hot arid and humid climates, but to a lesser extent for cooler environments, 
probably because in these climates people spend most of their times indoors. But 
considering climate change and the rise of global temperature makes outdoor thermal 
comfort more urgent [13, 14].

The Netherlands has a temperate climate. Winters are milder than other climates in 
similar latitudes (and usually very cloudy) and summers are cool due to cool ocean 
currents. This country is faced with the effects of rapid climate change such as global 
temperature rise.  Among different efforts, an appropriate urban design can help to 
mitigate heat stress for pedestrians. In this chapter, five basic microclimates formed 
by simple urban forms are subject to analyses from a normal pedestrian’s thermal 
comfort perspective. These analyses were conducted in the context of a representative 
meteorological city in the Netherlands: De Bilt. The aim of the study is to show which 
of the urban forms can provide a more comfortable microclimate on the hottest day of 
a year. Understanding the thermal behaviour of these microclimates allows landscape 
and urban designers to have clear guidelines for planning and design at their proposal. 

§ 7.1.1 Outdoor thermal comfort indices

Howard [15] was the first who suggested to consider the effect of urban form on 
microclimate. In 1914 Hill, Griffith [16] made a big thermometer that indicated the 
influence of mean radiant temperature, air temperature and air velocity. Furthermore, 
Dufton [17] defined the equivalent temperature (Teq) in 1929. This equivalent 
temperature, however, was only in use for a short period because environmental 
variables were not accounted for in the algorithms [18, 19]. In addition, ASHRAE 
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proposed and used the effective temperature (ET) from 1919 till 1967 [20]. In 1971, 
Gagge introduced ET* which was more accurate than ET because it simultaneously 
covered radiation, convection and evaporation. Around the same time, Fanger [21] 
developed theories of human body heat exchange based on PMV (Predicted Mean 
Votes) or PPD (Predicted Percentage Dissatisfied). Later on, this theory became the 
basis for indoor thermal comfort standards such as ISO 7730-1984 and ASHRAE 55-
1992. Tahbaz [22] and Cohen, Potchter [7] have divided thermal indices into cold and 
hot climates:

a Hot climates: Heat Stress Index (HIS) [23], Wet Bulb Globe Temperature (WBGT) 
[24], Discomfort Index (DI) [25], Index of Thermal Stress (ITS) [26], New Effective 
Temperature (ET*) [27], Skin Wettedness [28], Heat Index (HI) [29] and Tropical 
Summer Index (TSI) [30]. 

b Cold climates: Wind Chill Index (WCI) and Wind Chill Equivalent Temperature (WCET) 
[31]. 
As a next step, the need for indices applicable to all climates and seasons led to a 
number of universal indices such as the Standard Effective Temperature (SET) [32], 
Perceived Temperature (PT) [33], Outdoor Standard Effective Temperature (OUT_SET) 
[34], Physiological Equivalent Temperature (PET) [35, 36] and Universal Thermal 
Climate Index (UTCI) [37-39]. 

PET, or the physiological equivalent temperature (expressed by °C), tries to simplify the 
outdoor climate as an index for a lay person. This index is based on the Munich energy 
balance model for individuals (MEMI) [35, 36, 40] which is a thermo-physiological 
heat balance model. Such a model takes into account all basic thermoregulatory 
processes, such as the constriction or dilation of peripheral blood vessels and the 
physiological sweat rate. In detail, such models are based on the following equation:

S = M ± W ± R ± C ± K - E - RES     (1)

Where S is heat storage, M is metabolism, W is external work, R is heat exchange by 
radiation, C is heat exchange by convection, K is heat exchange by conduction, E is 
heat loss by evaporation, and RES is heat exchange by respiration (from latent heat and 
sensible heat).

Actually, PET provides the equivalent temperature of an isothermal reference 
environment with a 12 hPa water vapour pressure (50% at 20°C) and air velocity 
of 0.1 m/s, at which the heat balance of a lay person is maintained with core and 
skin temperature equal to those under the conditions in question. PET uses PMV as 
assessment scale, making it similar to a comfort index [11, 41]. Finally, Matzarakis and 
Amelung [42] showed that PET is an accurate index for the assessment of the effects 
of climate change on human health and well-being. Last but not least, PET has the 
most important variables for human thermal comfort such as airflow, air temperature, 

i



 216 Dwelling on Courtyards 

radiant temperature and humidity. Moreover, the outcomes give a clear indication 
on the comfort temperature because it is still in degrees and therefore logical also for 
people that are no experts in meteorology. In this chapter, PET – which has been tested 
and verified for the climate of North and West Europe [11, 36, 42] – is elaborated and 
used for the calculations of thermal comfort.

PMV PET °C Thermal Perception Grade of physiological stress

-3.5 4

-2.5 8

-1.5 13

-0.5 18

0.5 23

1.5 29

2.5 35

3.5 41

Very cold Extreme cold stress

Cold Strong cold stress

Cool Moderate cold stress

Slightily cool Slight cold stress

Comfortable No thermal stress

Slightly warm Slight heat stress

Warm Moderate heat stress

Hot Strong heat stress

Very hot Extreme heat stress

Table 1  
Ranges of the thermal indexes predicted mean vote (PMV) and physiological equivalent temperature (PET) for 
different grades of thermal perception by human beings and physiological stress on human beings; internal heat 
production: 80 W, heat transfer resistance of the clothing: 0.9 clo [11].

§ 7.1.2 Urban typology study

Studies of the effect of urban form on outdoor microclimate are more recent than 
studies of indoor climate. Olgyay [43] and Oke [2] were the first scholars who discussed 
relationships between architects and urban designers from a climatologic point of view, 
focussing on the interactions between building and microclimate design. Givoni [3] 
deliberates the impacts of urban typologies in different climates. Steemers et al. [44] 
proposed six archetypal generic urban forms for London and compared the incident 
of solar radiation, built potential and daylight admission. Their study was followed 
by Ratti et al. [45] for the city of Marrakech. They concluded that large courtyards 
are environmentally adequate in cold climates, where under certain geometrical 
conditions they can act as sun concentrators and retain their sheltering effect against 
cold winds. Bourbia and Awbi [46] [47] examined the effect of the height-to-width 
ratio (H/W) and the sky view factor (SVF) of a building cluster on the outdoor air and 
surface temperature in the city of El-Oued in Algeria. SVF is the extent of sky observed 
from a point as a proportion of the total possible sky hemisphere. They concluded that 
by controlling the sky view factor and street architecture it is possible to prevent high 
temperatures in urban canyons and that these therefore have an effect on a local scale 
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rather than city scale. A comprehensive study on urban courtyards at a latitude of 26-
34°N was done by Yezioro et al. [48] using the SHADING program. They showed that, 
for cooling purposes, the best direction of a rectangular courtyard was North-South 
(NS, i.e. with the longer facades on East and West), followed by NW-SE, NE-SW, EW 
(in this order). They found that the NS direction had the shortest duration of direct 
sun light in the centre of the courtyard. This finding is in accordance with climates 
(or seasons) in which less sun is desirable. They also investigated summer thermal 
comfort, and showed that, although the air temperature difference between shaded 
and unshaded areas was only 0.5 K, the mean radiant temperature was different up to 
30 K [49].

Okeil [50] developed a built form named the Residential Solar Block (RSB), which was 
later compared with a slab and a pavilion court [51]. The RSB was found to lead to 
an energy-efficient neighbourhood layout for a hot and humid climate. Ali-Toudert 
and Mayer [52, 53] used the microclimate model ENVI-met to simulate the outdoor 
thermal comfort in the hot dry climate of Ghardaia, Algeria. They also studied the effect 
of different orientations of the urban canyon. It was concluded that the air temperature 
slightly decreases (and that the PET improves) when the aspect ratio of building 
height/canyon width (H/W) increases. Johansson [54] conducted measurements in 
Fez, Morocco, and found that a compact urban design with deep canyons is suitable 
for summer; however, in winter a wider canyon is more favourable for passive solar 
heating. Bourbia and Boucheriba [55] did several site measurements in Constantine, 
Algeria. They measured outdoor air and surface temperatures on seven sites with 
varying height-to-width ratios between 1 and 4.8 and sky view factors between 0.076 
and 0.580. They observed that the higher the height-to-width ratio, the lower the 
surface and air temperatures. Consequently, in the hot arid climate, the higher the 
sky view factor, the higher the outdoor air temperature. The role of vegetation and 
appropriate microclimate design in hot and arid climates are also extensively discussed 
by Erell et al. [56, 57] and Taleghani et al. [58, 59].

In the temperate climate of Western Europe, Herrmann and Matzarakis [5] simulated 
urban courtyards with different orientations in Freiburg, Germany. They showed that 
mean radiant temperature (Tmrt) has the highest value for North–South and lowest for 
East–West orientation at midday and during the night. During the night, mean radiant 
temperatures were very similar, but the orientation of the courtyard can affect the 
time of the first increase in Tmrt (due to direct sun) in the morning. Müller and Kuttler 
[60] in a quantification of the thermal effects of several adaptation measures and 
varying meteorological parameters using ENVI-met in an inner-city neighbourhood 
(Oberhausen, Germany) showed that increasing wind speed in summer can reduce 
PET up to 15°C. Thorsson and Lindberg [61] in a simulation study for a high latitude 
city in Sweden (Gothenburg) found out that open areas are warmer than adjacent 
narrow street canyons in summer, but cooler in winter. They also showed that a densely 
built structure mitigates extreme swings in Tmrt and PET, improving outdoor comfort 
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conditions both in summer and in winter. In the Netherlands (52°N on average), few 
studies have addressed PET or other outdoor thermal comfort indices. Among these, 
Taleghani et al. [62, 63] showed the effect of different urban models on indoor energy 
demand. They found out that dwellings in a courtyard layout are more protected 
and need 22% less heating energy in winter rather than a detached free standing 
building. They also showed different orientations and materials have a significant 
effect on outdoor thermal comfort of courtyards [64]. Furthermore, van Esch et al. [65] 
compared urban canyons with street widths of 10, 15, 20 and 25 meters, and E-W and 
N-S directions. They concluded that the E-W canyons do not receive sun on the 21st of 
December, whilst during summer time and in the morning and afternoon, they have 
direct sun. At noon the sun is blocked. On the shortest day, the N-S canyons get some 
sun for a short period (even the narrowest canyon) and are fully exposed to the sun in 
the mornings and afternoons.

§ 7.2 Methodology 

For this chapter, five urban forms were selected to be assessed in terms of thermal 
comfort in the temperate climate of the Netherlands. The urban forms are simplified 
and taken from the study of Ratti and Raydan [45] and existing examples in the Dutch 
urban contexts (Figure 1). As Figure 2 shows, the study aims to investigate thermal 
comfort for a pedestrian in the centre of the urban forms. In this regard, the hottest 
day of the Dutch reference year [66] is considered for simulations with ENVI-met. 
This program simulated the microclimates’ data (e.g. mean radiant temperature, 
air temperature, relative humidity, etc.) and the output was ‘measured’ in points at 
1.40 meter height in the centre of the urban forms. As the next step, these data were 
entered into RayMan [67] to calculate the physiological equivalent temperature (PET) 
based on the sky view factors of the central points. The outdoor thermal comfort of the 
points will be discussed and compared in this chapter. 
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Figure 1  
Singular (left) linear (middle) and courtyard (right) urban forms in the Netherlands.

a) Singular blocks E-W

Input data
(city climate)

Simulations
(microclimates)

Thermal comfort 
in microclimates

RayMan

ENVI-met

PET
SVF

Tmr,
Ta,
RH,
Va,
...

Thermal Comfort

e) Courtyard block

d) Linear blocks N-S

b) Singular blocks N-S

c) Linear blocks E-W

Figure 2  
The research method. The simulations are done for the hottest day so far in the Netherlands, 19th of June 2000.

§ 7.2.1 Models 

The five forms of urban open spaces considered in the study discussed were derived 
from Martin and March [68], Steemers and Baker [44] and Ratti and Raydan [45] 
(Figure 3). The open spaces surround 8 blocks, these blocks are 10 x 10 m2 each with 
a height of 9 m (3 storeys). The receptor (the point considered for thermal comfort) is 
located in the centre of the canyon or courtyard at a height of 1.40 m.  The five urban 
forms are:

a) Singular blocks E-W; and b) Singular blocks N-S; c) Linear blocks E-W; and d) Linear 
blocks N-S: these models are the same as form a and b but now the building blocks are 
connected to each other, forming a set of terraced houses; e) A courtyard block: this 
block again consists of the same 8 modules forming an internal courtyard of 10 m2.
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The material of walls are assumed brick (U value of 0.31 W/m2k). The pavements are 
concrete, and the roofs have the albedo of asphalt.

a) Singular blocks E-W

b) Singular blocks N-S

c) Linear blocks E-W

d) Linear blocks N-S

e) Courtyard block

Figure 3  
Left: the five models and the positions of the reference points (the numbers are in meter); Right: the Sky View 
Factor (SVF) of all the forms, a) and b) 0.605, c) and d) 0.404 and e) 0.194) (calculated and produced by 
RayMan).
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§ 7.2.2 Simulations

For the study presented, 19th of June 2000 as the most  extreme hot day was selected 
to check the potential of the urban forms in providing acceptable outdoor thermal 
comfort in summer. In this regard, the simulations were done by means of the 
following software: 

A ENVI-met 3.1: 

This program is a three-dimensional microclimate model designed to simulate the 
interaction between surfaces, plants and air in an urban environment with a typical 
resolution of 0.5 to 10 meters in space and 10 second in time. In this chapter, the time 
step of 1 hour is used. With this programme, the air temperature (°C), vapour pressure 
(hPa), relative humidity (%), wind velocity (m/s) and mean radiant temperature 
(°C) of the receptors in the centre of models can be calculated [69]. A limitation 
regarding this program is the lack of PET in the outputs. As Figure 3 illustrates, thermal 
comfort information will be gathered in receptor points. Regarding the wind boundry 
conditions, ENVI-met makes the height of the boundry 3 times more than the height of 
the tallest building. Therefore, in the simulation of the five urban forms, the height of 
the boundry is 36 meter.

The ENVI-met model is chosen because it is the most complete model in terms of 
the calculation of human comfort. The generated output contains the four main 
thermal comfort parameters: air temperature, mean radiant temperature (Tmrt), wind 
speed and relative humidity. Another model that calculates outdoor conditions is the 
SOLWEIG model developed by Göteborg University [70]. The SOLWEIG model is a 
radiation model that is very accurate in predicting the Tmrt, but does not provide output 
of the three other thermal comfort parameters. There are also computational fluid 
dynamics (CFD) models like, ANSYS Fluent, which are developed to predict air flow and 
turbulence which are extended with a radiation and heat balance and an evaporation 
module [71]. Modelling with Fluent is very precise and used to test the aerodynamics 
of, for example, vehicles or to calculate flow in indoor spaces. Modelling and calculation 
time take much longer than with ENVI-met, while the obtained accuracy is not 
relevant at street level. The RayMan model, in contrast with CFD modelling, has a very 
short running time. The model is a radiation model and generates the Tmrt like the 
SOLWEIG model, however does not include multiple reflection between buildings. A 
large advantage of the model is the possibility to generate output in common thermal 
comfort indexes like the PET and PMV [67]. 

Other models that are used to simulate thermal comfort conditions are Ecotect, Design 
Builder and Transit. Ecotect is specialised in analysing daylight conditions, Design 
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Builder allows to check energy, carbon, lighting and comfort performance and Transit 
has a strong energy focus. These models are all developed to calculate indoor spaces 
and therefore not suitable for the analyses of thermal comfort at street level.

Figure 4 shows a schematic overview of the ENVI-met model layout. The 3D model in 
ENVI-met is encapsulated within a 1D model that creates the boundary conditions. 
This 1D model simulates the atmospheric processes up to 2500m height. The 3D 
model has grid cells, and the size of cells are based on the resolution in Input File. In 
the vertical direction, the first (lowest) five cells have a vertical extension of Δz=0.2 Δz 
to increase the accuracy of surface processes calculations [72]. 

Figure 4  
(a)- A schematic overview of the ENVI-met model layout. Z shows the height of the main 3D model, H the height 
of the 1D model, and D the depth of the model (soil). (b)  [72].

The model is composed of four main systems: soil, vegetation, atmosphere and 
building. The basic equations from the physical model are related to a) mean air flow, 
b) temperature and humidity, c) turbulance and exchange processes, and d) radiative 
fluxes. The complete model system includes a number of additional moduls such as 
biometeorological or particle dispersion models. Here, mean air flow is described as an 
example:

The basic concept to describe three-dimensional turbulent flow is given by the non-
hydrostatic incompressible NavierStokes equations in the Boussinesq- approximated 
form (2.1 – 2.3):
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c) Linear blocks EeW; and d) Linear blocks NeS: these models are
the same as form a and b but now the building blocks are
connected to each other, forming a set of terraced houses;

e) A courtyard block: this block again consists of the same 8
modules forming an internal courtyard of 10 m2.

The material of walls are assumed brick (U value of 0.31 W/
m2 K). The pavements are concrete, and the roofs have the albedo of
asphalt.

2.2. Simulations

For the study presented, 19th of June 2000 as the most extreme
hot day was selected to check the potential of the urban forms in
providing acceptable outdoor thermal comfort in summer. In this
regard, the simulations were done by means of the following
software:

a) ENVI-met 3.1: this program is a three-dimensional microclimate
model designed to simulate the interaction between surfaces,
plants and air in an urban environment with a typical resolution
of 0.5e10m in space and 10 s in time. In this paper, the time step
of 1 h is used. With this programme, the air temperature (!C),
vapour pressure (hPa), relative humidity (%), wind velocity (m/s)
andmean radiant temperature (!C) of the receptors in the centre
of models can be calculated [69]. A limitation regarding this
program is the lack of PET in the outputs. As Fig. 3 illustrates,
thermal comfort information will be gathered in receptor
points. Regarding the wind boundary conditions, ENVI-met
makes the height of the boundary 3 times more than the
height of the tallest building. Therefore, in the simulation of the
five urban forms, the height of the boundary is 36 m.

The ENVI-met model is chosen because it is the most complete
model in terms of the calculation of human comfort. The generated
output contains the four main thermal comfort parameters: air
temperature, mean radiant temperature (Tmrt), wind speed and
relative humidity. Another model that calculates outdoor condi-
tions is the SOLWEIGmodel developed by Göteborg University [70].
The SOLWEIG model is a radiation model that is very accurate in
predicting the Tmrt, but does not provide output of the three other
thermal comfort parameters. There are also computational fluid
dynamics (CFD) models like, ANSYS Fluent, which are developed to
predict air flowand turbulencewhich are extendedwith a radiation
and heat balance and an evaporation module [71]. Modelling with
Fluent is very precise and used to test the aerodynamics of, for
example, vehicles or to calculate flow in indoor spaces. Modelling
and calculation time take much longer than with ENVI-met, while

the obtained accuracy is not relevant at street level. The RayMan
model, in contrast with CFD modelling, has a very short running
time. The model is a radiation model and generates the Tmrt like the
SOLWEIG model, however does not include multiple reflection
between buildings. A large advantage of the model is the possibility
to generate output in common thermal comfort indexes like the
PET and PMV [67].

Other models that are used to simulate thermal comfort con-
ditions are Ecotect, Design Builder and Transit. Ecotect is speci-
alised in analysing daylight conditions, Design Builder allows to
check energy, carbon, lighting and comfort performance and
Transit has a strong energy focus. Thesemodels are all developed to
calculate indoor spaces and therefore not suitable for the analyses
of thermal comfort at street level.

Fig. 4 shows a schematic overview of the ENVI-met model
layout. The 3D model in ENVI-met is encapsulated within a 1D
model that creates the boundary conditions. This 1D model simu-
lates the atmospheric processes up to 2500m height. The 3Dmodel
has grid cells, and the size of cells are based on the resolution in
Input File. In the vertical direction, the first (lowest) five cells have a
vertical extension of Dz ¼ 0.2 Dz to increase the accuracy of surface
processes calculations [72].

The model is composed of four main systems: soil, vegetation,
atmosphere and building. The basic equations from the physical
model are related to a) mean air flow, b) temperature and humidity,
c) turbulence and exchange processes, and d) radiative fluxes. The
complete model system includes a number of additional models
such as biometeorological or particle dispersion models. Here,
mean air flow is described as an example:

The basic concept to describe three-dimensional turbulent flow
is given by the non-hydrostatic incompressible NavierStokes
equations in the Boussinesq-approximated form (2.1e2.3):

vu
vt

þ ui
vu
vxi

¼ $vp’

vx
þ Km

 
v2u
vx2i

!

þ f
!
v$ vg

"
$ Su (2.1)

vv

vt
þ ui

vv

vxi
¼ $

vp’

vy
þ Km

 
v2v

vx2i

!

$ f
!
u$ ug

"
$ Sv (2.2)

vw
vt

þ ui
vw
vxi

¼ $
vp’

vz
þ Km

 
v2w
vx2i

!

þ g
qðzÞ

qref ðzÞ
$ Sw (2.3)

with ui ¼ (u, v, w), ui ¼ (x, y, z) for i ¼ 1, 2, 3.
As the flow is incompressible in ENVI-met, r does not change for

any fluid parcel, and Dr/Dt ¼ 0. Therefore, the Continuity equation
is reduced to:
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c) Linear blocks EeW; and d) Linear blocks NeS: these models are
the same as form a and b but now the building blocks are
connected to each other, forming a set of terraced houses;

e) A courtyard block: this block again consists of the same 8
modules forming an internal courtyard of 10 m2.

The material of walls are assumed brick (U value of 0.31 W/
m2 K). The pavements are concrete, and the roofs have the albedo of
asphalt.

2.2. Simulations

For the study presented, 19th of June 2000 as the most extreme
hot day was selected to check the potential of the urban forms in
providing acceptable outdoor thermal comfort in summer. In this
regard, the simulations were done by means of the following
software:

a) ENVI-met 3.1: this program is a three-dimensional microclimate
model designed to simulate the interaction between surfaces,
plants and air in an urban environment with a typical resolution
of 0.5e10m in space and 10 s in time. In this paper, the time step
of 1 h is used. With this programme, the air temperature (!C),
vapour pressure (hPa), relative humidity (%), wind velocity (m/s)
andmean radiant temperature (!C) of the receptors in the centre
of models can be calculated [69]. A limitation regarding this
program is the lack of PET in the outputs. As Fig. 3 illustrates,
thermal comfort information will be gathered in receptor
points. Regarding the wind boundary conditions, ENVI-met
makes the height of the boundary 3 times more than the
height of the tallest building. Therefore, in the simulation of the
five urban forms, the height of the boundary is 36 m.

The ENVI-met model is chosen because it is the most complete
model in terms of the calculation of human comfort. The generated
output contains the four main thermal comfort parameters: air
temperature, mean radiant temperature (Tmrt), wind speed and
relative humidity. Another model that calculates outdoor condi-
tions is the SOLWEIGmodel developed by Göteborg University [70].
The SOLWEIG model is a radiation model that is very accurate in
predicting the Tmrt, but does not provide output of the three other
thermal comfort parameters. There are also computational fluid
dynamics (CFD) models like, ANSYS Fluent, which are developed to
predict air flowand turbulencewhich are extendedwith a radiation
and heat balance and an evaporation module [71]. Modelling with
Fluent is very precise and used to test the aerodynamics of, for
example, vehicles or to calculate flow in indoor spaces. Modelling
and calculation time take much longer than with ENVI-met, while

the obtained accuracy is not relevant at street level. The RayMan
model, in contrast with CFD modelling, has a very short running
time. The model is a radiation model and generates the Tmrt like the
SOLWEIG model, however does not include multiple reflection
between buildings. A large advantage of the model is the possibility
to generate output in common thermal comfort indexes like the
PET and PMV [67].

Other models that are used to simulate thermal comfort con-
ditions are Ecotect, Design Builder and Transit. Ecotect is speci-
alised in analysing daylight conditions, Design Builder allows to
check energy, carbon, lighting and comfort performance and
Transit has a strong energy focus. Thesemodels are all developed to
calculate indoor spaces and therefore not suitable for the analyses
of thermal comfort at street level.

Fig. 4 shows a schematic overview of the ENVI-met model
layout. The 3D model in ENVI-met is encapsulated within a 1D
model that creates the boundary conditions. This 1D model simu-
lates the atmospheric processes up to 2500m height. The 3Dmodel
has grid cells, and the size of cells are based on the resolution in
Input File. In the vertical direction, the first (lowest) five cells have a
vertical extension of Dz ¼ 0.2 Dz to increase the accuracy of surface
processes calculations [72].

The model is composed of four main systems: soil, vegetation,
atmosphere and building. The basic equations from the physical
model are related to a) mean air flow, b) temperature and humidity,
c) turbulence and exchange processes, and d) radiative fluxes. The
complete model system includes a number of additional models
such as biometeorological or particle dispersion models. Here,
mean air flow is described as an example:

The basic concept to describe three-dimensional turbulent flow
is given by the non-hydrostatic incompressible NavierStokes
equations in the Boussinesq-approximated form (2.1e2.3):
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with ui ¼ (u, v, w), ui ¼ (x, y, z) for i ¼ 1, 2, 3.
As the flow is incompressible in ENVI-met, r does not change for

any fluid parcel, and Dr/Dt ¼ 0. Therefore, the Continuity equation
is reduced to:
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c) Linear blocks EeW; and d) Linear blocks NeS: these models are
the same as form a and b but now the building blocks are
connected to each other, forming a set of terraced houses;

e) A courtyard block: this block again consists of the same 8
modules forming an internal courtyard of 10 m2.

The material of walls are assumed brick (U value of 0.31 W/
m2 K). The pavements are concrete, and the roofs have the albedo of
asphalt.

2.2. Simulations

For the study presented, 19th of June 2000 as the most extreme
hot day was selected to check the potential of the urban forms in
providing acceptable outdoor thermal comfort in summer. In this
regard, the simulations were done by means of the following
software:

a) ENVI-met 3.1: this program is a three-dimensional microclimate
model designed to simulate the interaction between surfaces,
plants and air in an urban environment with a typical resolution
of 0.5e10m in space and 10 s in time. In this paper, the time step
of 1 h is used. With this programme, the air temperature (!C),
vapour pressure (hPa), relative humidity (%), wind velocity (m/s)
andmean radiant temperature (!C) of the receptors in the centre
of models can be calculated [69]. A limitation regarding this
program is the lack of PET in the outputs. As Fig. 3 illustrates,
thermal comfort information will be gathered in receptor
points. Regarding the wind boundary conditions, ENVI-met
makes the height of the boundary 3 times more than the
height of the tallest building. Therefore, in the simulation of the
five urban forms, the height of the boundary is 36 m.

The ENVI-met model is chosen because it is the most complete
model in terms of the calculation of human comfort. The generated
output contains the four main thermal comfort parameters: air
temperature, mean radiant temperature (Tmrt), wind speed and
relative humidity. Another model that calculates outdoor condi-
tions is the SOLWEIGmodel developed by Göteborg University [70].
The SOLWEIG model is a radiation model that is very accurate in
predicting the Tmrt, but does not provide output of the three other
thermal comfort parameters. There are also computational fluid
dynamics (CFD) models like, ANSYS Fluent, which are developed to
predict air flowand turbulencewhich are extendedwith a radiation
and heat balance and an evaporation module [71]. Modelling with
Fluent is very precise and used to test the aerodynamics of, for
example, vehicles or to calculate flow in indoor spaces. Modelling
and calculation time take much longer than with ENVI-met, while

the obtained accuracy is not relevant at street level. The RayMan
model, in contrast with CFD modelling, has a very short running
time. The model is a radiation model and generates the Tmrt like the
SOLWEIG model, however does not include multiple reflection
between buildings. A large advantage of the model is the possibility
to generate output in common thermal comfort indexes like the
PET and PMV [67].

Other models that are used to simulate thermal comfort con-
ditions are Ecotect, Design Builder and Transit. Ecotect is speci-
alised in analysing daylight conditions, Design Builder allows to
check energy, carbon, lighting and comfort performance and
Transit has a strong energy focus. Thesemodels are all developed to
calculate indoor spaces and therefore not suitable for the analyses
of thermal comfort at street level.

Fig. 4 shows a schematic overview of the ENVI-met model
layout. The 3D model in ENVI-met is encapsulated within a 1D
model that creates the boundary conditions. This 1D model simu-
lates the atmospheric processes up to 2500m height. The 3Dmodel
has grid cells, and the size of cells are based on the resolution in
Input File. In the vertical direction, the first (lowest) five cells have a
vertical extension of Dz ¼ 0.2 Dz to increase the accuracy of surface
processes calculations [72].

The model is composed of four main systems: soil, vegetation,
atmosphere and building. The basic equations from the physical
model are related to a) mean air flow, b) temperature and humidity,
c) turbulence and exchange processes, and d) radiative fluxes. The
complete model system includes a number of additional models
such as biometeorological or particle dispersion models. Here,
mean air flow is described as an example:

The basic concept to describe three-dimensional turbulent flow
is given by the non-hydrostatic incompressible NavierStokes
equations in the Boussinesq-approximated form (2.1e2.3):
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with ui ¼ (u, v, w), ui ¼ (x, y, z) for i ¼ 1, 2, 3.
As the flow is incompressible in ENVI-met, r does not change for

any fluid parcel, and Dr/Dt ¼ 0. Therefore, the Continuity equation
is reduced to:
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with ui= (u, v, w), ui = (x, y, z) for i= 1, 2, 3.

As the flow is incompressible in ENVI-met, 

c) Linear blocks EeW; and d) Linear blocks NeS: these models are
the same as form a and b but now the building blocks are
connected to each other, forming a set of terraced houses;

e) A courtyard block: this block again consists of the same 8
modules forming an internal courtyard of 10 m2.

The material of walls are assumed brick (U value of 0.31 W/
m2 K). The pavements are concrete, and the roofs have the albedo of
asphalt.

2.2. Simulations

For the study presented, 19th of June 2000 as the most extreme
hot day was selected to check the potential of the urban forms in
providing acceptable outdoor thermal comfort in summer. In this
regard, the simulations were done by means of the following
software:

a) ENVI-met 3.1: this program is a three-dimensional microclimate
model designed to simulate the interaction between surfaces,
plants and air in an urban environment with a typical resolution
of 0.5e10m in space and 10 s in time. In this paper, the time step
of 1 h is used. With this programme, the air temperature (!C),
vapour pressure (hPa), relative humidity (%), wind velocity (m/s)
andmean radiant temperature (!C) of the receptors in the centre
of models can be calculated [69]. A limitation regarding this
program is the lack of PET in the outputs. As Fig. 3 illustrates,
thermal comfort information will be gathered in receptor
points. Regarding the wind boundary conditions, ENVI-met
makes the height of the boundary 3 times more than the
height of the tallest building. Therefore, in the simulation of the
five urban forms, the height of the boundary is 36 m.

The ENVI-met model is chosen because it is the most complete
model in terms of the calculation of human comfort. The generated
output contains the four main thermal comfort parameters: air
temperature, mean radiant temperature (Tmrt), wind speed and
relative humidity. Another model that calculates outdoor condi-
tions is the SOLWEIGmodel developed by Göteborg University [70].
The SOLWEIG model is a radiation model that is very accurate in
predicting the Tmrt, but does not provide output of the three other
thermal comfort parameters. There are also computational fluid
dynamics (CFD) models like, ANSYS Fluent, which are developed to
predict air flowand turbulencewhich are extendedwith a radiation
and heat balance and an evaporation module [71]. Modelling with
Fluent is very precise and used to test the aerodynamics of, for
example, vehicles or to calculate flow in indoor spaces. Modelling
and calculation time take much longer than with ENVI-met, while

the obtained accuracy is not relevant at street level. The RayMan
model, in contrast with CFD modelling, has a very short running
time. The model is a radiation model and generates the Tmrt like the
SOLWEIG model, however does not include multiple reflection
between buildings. A large advantage of the model is the possibility
to generate output in common thermal comfort indexes like the
PET and PMV [67].

Other models that are used to simulate thermal comfort con-
ditions are Ecotect, Design Builder and Transit. Ecotect is speci-
alised in analysing daylight conditions, Design Builder allows to
check energy, carbon, lighting and comfort performance and
Transit has a strong energy focus. Thesemodels are all developed to
calculate indoor spaces and therefore not suitable for the analyses
of thermal comfort at street level.

Fig. 4 shows a schematic overview of the ENVI-met model
layout. The 3D model in ENVI-met is encapsulated within a 1D
model that creates the boundary conditions. This 1D model simu-
lates the atmospheric processes up to 2500m height. The 3Dmodel
has grid cells, and the size of cells are based on the resolution in
Input File. In the vertical direction, the first (lowest) five cells have a
vertical extension of Dz ¼ 0.2 Dz to increase the accuracy of surface
processes calculations [72].

The model is composed of four main systems: soil, vegetation,
atmosphere and building. The basic equations from the physical
model are related to a) mean air flow, b) temperature and humidity,
c) turbulence and exchange processes, and d) radiative fluxes. The
complete model system includes a number of additional models
such as biometeorological or particle dispersion models. Here,
mean air flow is described as an example:

The basic concept to describe three-dimensional turbulent flow
is given by the non-hydrostatic incompressible NavierStokes
equations in the Boussinesq-approximated form (2.1e2.3):
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with ui ¼ (u, v, w), ui ¼ (x, y, z) for i ¼ 1, 2, 3.
As the flow is incompressible in ENVI-met, r does not change for

any fluid parcel, and Dr/Dt ¼ 0. Therefore, the Continuity equation
is reduced to:
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 does not change for any fluid parcel, and 

c) Linear blocks EeW; and d) Linear blocks NeS: these models are
the same as form a and b but now the building blocks are
connected to each other, forming a set of terraced houses;

e) A courtyard block: this block again consists of the same 8
modules forming an internal courtyard of 10 m2.

The material of walls are assumed brick (U value of 0.31 W/
m2 K). The pavements are concrete, and the roofs have the albedo of
asphalt.

2.2. Simulations

For the study presented, 19th of June 2000 as the most extreme
hot day was selected to check the potential of the urban forms in
providing acceptable outdoor thermal comfort in summer. In this
regard, the simulations were done by means of the following
software:

a) ENVI-met 3.1: this program is a three-dimensional microclimate
model designed to simulate the interaction between surfaces,
plants and air in an urban environment with a typical resolution
of 0.5e10m in space and 10 s in time. In this paper, the time step
of 1 h is used. With this programme, the air temperature (!C),
vapour pressure (hPa), relative humidity (%), wind velocity (m/s)
andmean radiant temperature (!C) of the receptors in the centre
of models can be calculated [69]. A limitation regarding this
program is the lack of PET in the outputs. As Fig. 3 illustrates,
thermal comfort information will be gathered in receptor
points. Regarding the wind boundary conditions, ENVI-met
makes the height of the boundary 3 times more than the
height of the tallest building. Therefore, in the simulation of the
five urban forms, the height of the boundary is 36 m.

The ENVI-met model is chosen because it is the most complete
model in terms of the calculation of human comfort. The generated
output contains the four main thermal comfort parameters: air
temperature, mean radiant temperature (Tmrt), wind speed and
relative humidity. Another model that calculates outdoor condi-
tions is the SOLWEIGmodel developed by Göteborg University [70].
The SOLWEIG model is a radiation model that is very accurate in
predicting the Tmrt, but does not provide output of the three other
thermal comfort parameters. There are also computational fluid
dynamics (CFD) models like, ANSYS Fluent, which are developed to
predict air flowand turbulencewhich are extendedwith a radiation
and heat balance and an evaporation module [71]. Modelling with
Fluent is very precise and used to test the aerodynamics of, for
example, vehicles or to calculate flow in indoor spaces. Modelling
and calculation time take much longer than with ENVI-met, while

the obtained accuracy is not relevant at street level. The RayMan
model, in contrast with CFD modelling, has a very short running
time. The model is a radiation model and generates the Tmrt like the
SOLWEIG model, however does not include multiple reflection
between buildings. A large advantage of the model is the possibility
to generate output in common thermal comfort indexes like the
PET and PMV [67].

Other models that are used to simulate thermal comfort con-
ditions are Ecotect, Design Builder and Transit. Ecotect is speci-
alised in analysing daylight conditions, Design Builder allows to
check energy, carbon, lighting and comfort performance and
Transit has a strong energy focus. Thesemodels are all developed to
calculate indoor spaces and therefore not suitable for the analyses
of thermal comfort at street level.

Fig. 4 shows a schematic overview of the ENVI-met model
layout. The 3D model in ENVI-met is encapsulated within a 1D
model that creates the boundary conditions. This 1D model simu-
lates the atmospheric processes up to 2500m height. The 3Dmodel
has grid cells, and the size of cells are based on the resolution in
Input File. In the vertical direction, the first (lowest) five cells have a
vertical extension of Dz ¼ 0.2 Dz to increase the accuracy of surface
processes calculations [72].

The model is composed of four main systems: soil, vegetation,
atmosphere and building. The basic equations from the physical
model are related to a) mean air flow, b) temperature and humidity,
c) turbulence and exchange processes, and d) radiative fluxes. The
complete model system includes a number of additional models
such as biometeorological or particle dispersion models. Here,
mean air flow is described as an example:

The basic concept to describe three-dimensional turbulent flow
is given by the non-hydrostatic incompressible NavierStokes
equations in the Boussinesq-approximated form (2.1e2.3):
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with ui ¼ (u, v, w), ui ¼ (x, y, z) for i ¼ 1, 2, 3.
As the flow is incompressible in ENVI-met, r does not change for

any fluid parcel, and Dr/Dt ¼ 0. Therefore, the Continuity equation
is reduced to:
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. Therefore, the Continuity equation is reduced to:

vu
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þ vv
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vz
¼ 0 (3)

where,

f (¼104 sec#1) is the Coriolis parameter,
p0 is the local pressure perturbation, and
q is the potential temperature at level z.

The reference temperature qref should represent average
mesoscale conditions and is provided by a one-dimensional model
running parallel to the main model. Although in this paper vege-
tation is not simulated in themodels, the local source/sink terms Su,
Sv and Sw describe the loss of wind speed due to drag forces at
vegetation elements [73].

Here, mean air flow is described, and the calculations of tem-
perature, humidity, turbulence and exchange processes are exten-
sively explained by Bruse and Fleer [74].

b) RayMan 1.2: this programme considers outdoor conditions and
calculates human thermal comfort. In this research human
comfort was analysed through the calculation of PET. Sky views
are also generated to provide a better understanding of the
relation between the amount of insolation and thermal comfort.
As input for these calculations, personal data (height, weight,
age, sex), clothing (clo) and activity (W) are needed. Tables 2 and
3 give the climate conditions and other input data for the
simulations.

Finally, the two software programmes discussed above were
employed for the calculations of thermal comfort. Firstly, ENVI-met
was used to generate Tmrt, air temperature, wind speed, and relative
humidity of the receptor points. Secondly, the parameters
mentionedwere used in RayMan, in order to calculate the PETs for a
normal pedestrian.

2.3. Weather data

The climate of De Bilt (52 $N, 4 $E), which is representative for
the Netherlands, is known as a temperate climate based on the
classification of Köppen-Geiger [75]. The prevailing wind direction
is SoutheWest. The mean annual dry bulb temperature is 10.5 $C.
Fig. 5 presents the frequency distribution of different comfort
classifications derived from the physiological equivalent tempera-
ture (PET) for the reference Dutch year NEN5060 [66]. According to
this standard, everymonth of the reference year is represented by a
specific year which is considered representative of the period from
1986 until 2005. The calculations of PET are done via RayMan for a
normal 35-year old male person of 1.75 m high and 75 kg, with a
metabolic rate of 80 Watt. An activity level of 80 W arises when a
normal person is walking with 1.2 m/s.

2.4. Validation of ENVI-met

2.4.1. Measurement versus simulation
In this step, one ENVI-met model (the courtyard shape as a

sample) was validated through a comparison between field mea-
surements and simulation results. The measurements were done

Fig. 6. a) The location of Delft as the place of validation, and De Bilt as the repre-
sentative climate for the Netherlands (used in further simulations), b) the weather
station (Vantage Pro2) used for measurement in situ, c) a view from inside the
courtyard.
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p0 is the local pressure perturbation, and
q is the potential temperature at level z.

The reference temperature qref should represent average
mesoscale conditions and is provided by a one-dimensional model
running parallel to the main model. Although in this paper vege-
tation is not simulated in themodels, the local source/sink terms Su,
Sv and Sw describe the loss of wind speed due to drag forces at
vegetation elements [73].

Here, mean air flow is described, and the calculations of tem-
perature, humidity, turbulence and exchange processes are exten-
sively explained by Bruse and Fleer [74].

b) RayMan 1.2: this programme considers outdoor conditions and
calculates human thermal comfort. In this research human
comfort was analysed through the calculation of PET. Sky views
are also generated to provide a better understanding of the
relation between the amount of insolation and thermal comfort.
As input for these calculations, personal data (height, weight,
age, sex), clothing (clo) and activity (W) are needed. Tables 2 and
3 give the climate conditions and other input data for the
simulations.

Finally, the two software programmes discussed above were
employed for the calculations of thermal comfort. Firstly, ENVI-met
was used to generate Tmrt, air temperature, wind speed, and relative
humidity of the receptor points. Secondly, the parameters
mentionedwere used in RayMan, in order to calculate the PETs for a
normal pedestrian.

2.3. Weather data

The climate of De Bilt (52 $N, 4 $E), which is representative for
the Netherlands, is known as a temperate climate based on the
classification of Köppen-Geiger [75]. The prevailing wind direction
is SoutheWest. The mean annual dry bulb temperature is 10.5 $C.
Fig. 5 presents the frequency distribution of different comfort
classifications derived from the physiological equivalent tempera-
ture (PET) for the reference Dutch year NEN5060 [66]. According to
this standard, everymonth of the reference year is represented by a
specific year which is considered representative of the period from
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 should represent average mesoscale conditions and is 
provided by a one-dimensional model running parallel to the main model. Although 
in this chapter vegetation is not simulated in the models, the local source/sink terms 
Su, Sv and Sw describe the loss of wind speed due to drag forces at vegetation elements 
[73]. Here, mean air flow is described, and the calculations of temperaure, humidity, 
turbulance and exchange processes are extensively explained by Bruse and Fleer [74].

B RayMan 1.2

This programme considers outdoor conditions and calculates human thermal comfort. 
In this research human comfort was analysed through the calculation of  PET. Sky 
views are also generated to provide a better understanding of the relation between the 
amount of insolation and thermal comfort. As input for these calculations, personal 
data (height, weight, age, sex), clothing (clo) and activity (W) are needed. Tables 2 and 
3 give the climate conditions and other input data for the simulations.
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Simulation day 19.06.2000

Simulation period 21 hours (04:00-01:00)

Spatial resolution 1m horizontally, 2m vertically

Wind speed 3.5 m/s

Wind direction (N=0, E=90) 187 °

Relative humidity (in 2m) 59 %

Indoor temperature 293 °K (=20 °C)

Heat transmission 0.31 W/m2K (walls), 0.33 W/m2K (roofs)

Albedo 0.1 (walls), 0.05 (roofs)

Table 2  
Conditions used in the simulations with ENVI-met 3.1.

Simulation day 19.06.2000

Cloud coverage 0 Octa

Activity 80 W

Clothing 0.5 clo

Personal data 1.75 m, 75 kg, 35 years, male

Table 3  
Conditions used in the simulations with RayMan 1.2.

Finally, the two software programmes discussed above were employed for the 
calculations of thermal comfort. Firstly, ENVI-met was used to generate Tmrt, air 
temperature, wind speed, and relative humidity of the receptor points. Secondly, 
the parameters mentioned were used in RayMan, in order to calculate the PETs for a 
normal pedestrian.

§ 7.2.3 Weather data

The climate of De Bilt (52°N, 4°E), which is representative for the Netherlands, is 
known as a temperate climate based on the classification of Köppen-Geiger [75]. The 
prevailing wind direction is South-West. The mean annual dry bulb temperature is 10.5 
°C. Figure 5 presents the frequency distribution of different comfort classifications 
derived from the physiological equivalent temperature (PET) for the reference Dutch 
year NEN5060 [66]. According to this standard, every month of the reference year is 
represented by a specific year which is considered representative of the period from 
1986 until 2005. The calculations of PET are done via RayMan for a normal 35-year 
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old male person of 1.75 m high and 75 kg, with a metabolic rate of 80 Watt. An activity 
level of 80 W arises when a normal person is walking with 1.2 m/s.
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Figure 5  
Left, drybulb outdoor temperature and wind speed of De Bilt. Right, Percentage frequency of PET in the climate of De Bilt (in the 
open field and outside an urban form). The comfort ranges, from slightly cool to slightly warm, are highlighted. The comfort range is 
between 18°C and 23°C, and has occurred in 10 per cents of the year.

§ 7.2.4 Validation of ENVI-met 

§ 7.2.4.1 Measurement versus simulation

In this step, one ENVI-met model (the courtyard shape as a sample) was validated 
through a comparison between field measurements and simulation results. The 
measurements were done within a courtyard building on the campus of Delft 
University of Technology, Delft, the Netherlands (Figure 6-a,b). A wireless Vantage 
Pro2 weather station was used to measure drybulb air temperature with an interval of 
5 minutes (Figure 6-c). The sensor of air temperature was protected by a white shield 
to minimise the effect of radiation.  The courtyard environment was measured for 16 
days in September 2013. Two random days, September 22nd and 25th were selected 
for ENVI-met simulation. The weather data for the simulations were taken from a 
weather station located 300 meters from the courtyard. The data from simulations 
and measurements are compared in Figure 7 to show the accuracy of the simulation 
results. To do these simulations, an ENVI-met Area Input File and a Configuration 
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File are needed.The simulation input data are presented in Table 4 (like the Area 
Input File). For the Configuration file, an area of 289*417 m is modeled. The effect 
of the neghibouring environment on the courtyard affects the output data. So, the 
surrounding vegetations, pavements, canals and buildings are also included in the 
model. To have more accurate results, the simulations are done 3 hours before the day 
in question (at 21:00 PM of the last day).

First day Second day

Simulation day 22.09.2013 25.09.2013

Simulation period 28 hours 28 hours

Spatial resolution 3m horizontally, 2m vertically 3m horizontally, 2m vertically

Initial air temperature 15.6°C 14°C

Wind speed 1.0 m/s 1.1 m/s

Wind direction (N=0, E=90) 245° 180°

Relative humidity (in 2m) 94 % 87 %

Indoor temperature 20°C 20°C

Thermal conductance 0.31 W/m2K (walls), 0.33 W/m2K 
(roofs)

0.31 W/m2K (walls), 0.33 W/m2K 
(roofs)

Albedo 0.10 (walls), 0.05 (roofs) 0.10 (walls), 0.05 (roofs)

Table 4  
The conditions used in the validation simulations.

The measured and simulated dry bulb temperatures during 22nd and 25th of 
September are compared in Figure 7 (respectively a and b). On the first day, the 
patterns of air temperature between the measurement and the simulation are more 
or less the same, and, the peak of Ta according to the simulation is 0.5°C higher than 
according to the measurement. On the second day, the peaks of the hottest hour are 
different in number and in time, and, the peak of Ta according to the measurement 
is 1.2°C higher than according to the simulation. The root mean square deviation 
(RMSD) is a frequently used measure of the differences between values predicted by 
a model or an estimator (here the simulations) and the values actually observed (here 
the measurements). The RMSD of the dry bulb temperature between simulation and 
measurement on the first day is 0.7°C, and on the second day is 1.3°C. One of the 
reasons for the disagreement between the results could be the fact that ENVI-met 
does not include sky situation and cloudiness in its input parameters.  Moreover, 
Ali-Toudert and Mayer [53] state that ENVI-met underestimates the temperatures at 
nights because of the missing heat storage in building surfaces. This is visible in Figure 
7-a between 21:00 PM and 7:00 AM, and in Figure 7-b between 15:00 PM and 24:00. 
Figure 7-c shows the scatterplot of measured versus simulated Ta. The correlation 
coefficient between the two sets of data is 0.80.
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a b c

Figure 6  
a) The location of Delft as the place of validation, and De Bilt as the representative climate for the Netherlands (used in further 
simulations), b) the weather station (Vantage Pro2) used for measurement in situ, c) a view from inside the courtyard.

Figure 7  
Comparison of simulation (ENVI-met) results with measurements on September 22nd (a) and September 25th (b). The mentioned 
data are compared in a scatterplot (c). 

§ 7.2.4.2 Computational domain size sensitivity check

To check the accuracy of the ENVI-met models, the courtyard shape (as a sample of 
models in Figure 3) is modelled with two different domain sizes (180*180 m2 and 
90*90 m2). As it is shown in Figure 8-a, a courtyard model with 8 similar blocks in 
its surrounding is modelled in the 180*180 m2 domain size. Then, the same model 
and surface characteristics is simulated also in the 90*90 m2 domain size withought 
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neighbouring blocks (Figure 8-b). The height of the boundries are both 52 m (which is 
four times of the tallest building in the models). If the results of the couryard model in 
the context of these two different domain sizes are identical, further simulations could 
be done with 90*90 m2 (the smaller grid size) to reduce the simulation time. 

For this comparison, the air temperature within the courtyards are compared. The 
simulations are done under the conditions mentioned in Table 2 (with the same 
weather data in Area Input Files). Figures 8-c and 8-d show the air temperature of 
the courtyards (height of 1.6 m) at 16:00 of the simulation day in 180*180 m2 and 
90*90 m2 domain size, respectively. Figure 8-e shows the comparison of the air 
temperature for the two domain sizes, and Figure 8-f shows both results as function 
of each other. Since the air temperatures in the two models do not exactly match, the 
trendline in Figure 8-f is not perfectly 45°. This shows that there is a deviation between 
the two situations (domain sizes). In fact, the root mean square deviation of the two 
situations is 0.32°C. The average root mean square deviations for air temperature in 
the courtyard models are 0.26°C. This shows that further simulations with a 90*90 m2 
domain only, thus withought similar urban blocks, introduces a small but acceptable 
deviation in air temperature.
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Figure 8  
a) the courtyard model 10*10 m2 in 180*180 domain size with similar neighbouring blocks, b) the same courtyard model withought 
neighbours and in 90*90 domain size, c) the air temperature in 180*180 domain size on 19th of June 2000, d) the air temperature 
in 90*90 domain size in the same day e) the air temperatures compared in different domain sizes, f) scatterplot of air temperature 
in 90*90 versus 180*180.
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§ 7.2.4.3 Discussion on reliability of ENVI-met

ENVI-met as a CFD program has been previously validated in different climates and 
countries such as Germany (Freiburg) [74], China (Guangzhou) [76], Singapore 
(Singapore) [77], Japan (Saga) [78], Morroco (Fez) [54] USA (Phoenix) [79], and UAE 
(Dubai) [80]. The programmer of ENVI-met states that because the vertical long-wave 
flux divergence is not taken into account, this could result in a temperature difference 
of 2 to 4 °C between measurement and simulation [81]. In this research, ENVI-met is 
also validated for a case in the Netherlands. The maximum deviation of the simulation 
from  the measurements is 2.5°C at 10:00 AM. Moreover, because ENVI-met does 
not consider cloudiness of sky, simulation of sunny days could be more realistic. In the 
boundry sensitivity check process, making the reference models when they are standing 
alone versus in a larger context with neighbouring blocks, showed small differences 
in air temperature. Therefore, the rest of the simulations in this research are with the 
mentioned knowledge on reliability about ENVI-met as the research tool. 

§ 7.3 Results and discussion

As explained, the five models were simulated for the hottest day in the reference year. 
The duration of insolation on the reference points are depicted in Figure 9. Insolation 
stands for incident solar radiation. As shown in Table 5 summarising the duration of 
insolation, the reference points at the centre of the a), b) and c) models receive solar 
radiation for the longest period, whilst the linear N-S oriented and the courtyard 
receive solar radiation during a much shorter period. Moreover, the sky views from the 
reference points are also illustrated in Figure 9.

Considering the microclimates in these reference points, Figure 10 shows the air 
temperature and wind speed at the hottest time of the reference year for these models. 
Comparing air temperature and wind velocity in these models, the singular models (a 
and b) are simultaneously more exposed to the sun and the wind from the South (187˚). 
Referring to Figure 11, the centre of the models a) and b) have the highest mean radiant 
temperature among the models. Likewise, the linear E-W model has a long duration 
of direct sun. The difference between this model and the singular ones concerning 
solar radiation occurs between 11:00 h and 14:00 h. During this period, the mean 
radiant temperature of the linear E-W model decreases since the direct rays of the sun 
are blocked by the roof edge of the lower linear block reducing solar radiation onto the 
reference point. Furthermore, when the sun rays appear again from behind the obstacle, 
the mean radiant temperature rises to the same temperature as at 11:00 h. 
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In contrast, the linear N-S model (d) shows different behaviour. Before 11:00 h, the 
central point is protected by the surrounding buildings and Tmrt increases with a low 
slope. Between 10:00 h and 14:00 h, it receives direct sun and Tmrt increases very fast. 

Similarly, the courtyard model (e) has the same increase in Tmrt; however, its peak is 
lower than that of the linear N-S model. This is due to the blockage of the sun by the 
south façade of the courtyard. 

Model Insolation start - end Total duration

Singular blocks E-W 06:00 - 18:38 12h:38m

Singular blocks N-S 06:00 - 18:38 12h:38m

Linear blocks E-W 06:24 - 18:14 11h:50m

Linear blocks N-S 10:03 - 14:35 04h:32m

Courtyard block 10:03 - 14:35 04h:32m

Table 5  
The duration of insolation of the reference points in the models on the 19th of June. 
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Figure 9  
Left: insolation of the models; Right: sky views from the reference points (the images are generated by the 
Chronolux plug-in for Sketchup and by RayMan, respectively).
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Figure 10  
Air temperatures (left) and local air velocities (right) at 16:00h on the 19th of June.
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Figure 11  
Mean radiant temperatures (Tmrt) at the reference points.

15

16

17

18

19

20

21

22

23

5:
00

6:
00

7:
00

8:
00

9:
00

10
:0

0

11
:0

0

12
:0

0

13
:0

0

14
:0

0

15
:0

0

16
:0

0

17
:0

0

18
:0

0

19
:0

0

20
:0

0

21
:0

0

22
:0

0

23
:0

0

0:
00

1:
00

A
ir 

Te
m

pe
ra

tu
re

 (°
C

) 

Singular E-W Singular N-S Linear E-W Linear N-S Courtyard

Figure 12  
Air temperatures (Ta) at the reference points.

Comparing the compactness of the models with their microclimate behaviour during 
the day, their average Tmrt is described in Table 6. Tmrt and Tafor the simulated day are 
also depicted in Figures 11 and 12, respectively. Moreover, the standard deviation of 
the Tmrt is also calculated for each model. In this regard, from the singular E-W model to 
the courtyard model, the compactness is decreasing. In parallel, the average Tmrt and its 
standard deviation is also decreasing. This indicates that the average Tmrt is relevant to 
the openness to the sky in the form of a positive correlation. In other words, the greater 
the compactness, the higher the protection from the sun.
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Regarding wind within the microclimates, the average wind speeds are described in 
Table 6. Figure 13 also shows the hourly differences among the models. The prevailing 
wind direction on this day is South-West (187°). Looking at the results and comparing 
the singular, the linear and the courtyard models, the average wind speed reduces from 
singular to courtyard model, respectively. In other words, the more open the form, the 
more exposed it is to wind. Moreover, the orientation of the models plays an important 
role as well. As an illustration, although the singular N-S form is an open form, the 
receptor point in the canyon is protected from the South-West wind by the spread 
cubes. However, as Figure 10 shows, the central point in the canyon is less protected 
from the prevailing wind. This situation is reversed for the linear forms. The E-W form 
blocks the wind, while the N-S form allows the wind to cross the canyon easier. On this 
account, the courtyard has the lowest wind speed (0.2 m/s) and as a result the most 
protected microclimate. 
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Figure 13  
Wind speed at the reference points. 

This chapter evaluates thermal comfort for pedestrians in the outdoor environment 
with five different urban forms. As mentioned in the literature review, physiological 
equivalent temperature (PET) is the most accurate and common index used in Western 
and Northern Europe [11, 42, 82]. Therefore, the PET at the central point of the models 
(for the hottest day in De Bilt) was calculated and illustrated in Figure 14. The results 
of PET are roughly similar to Tmrt, because the mean radiant temperature has a direct 
relationship with thermal comfort [36, 83].
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Singular E-W Singular N-S Linear E-W Linear N-S Courtyard

SVF 0.605 0.605 0.404 0.404 0.194

Average Ta (°C) 19.3 19.2 19.1 18.9 19.0

Average Tmrt (°C) 43.5 45.8 41.6 25.1 22.9

Standard deviation of Tmrt (°C) 28.8 28.3 26.0 21.4 13.5

Average wind (m/s) 2.6 1.7 0.5 2.7 0.2

PET 23.5 26.4 27.2 17 20.8

Comfortable hours * 3 2 4 8 17

Table 6  
Averages of the microclimates properties. *= The sum of slightly cool, comfortable and slightly warm hours. 

The results show that during the reference day, the central points inside the linear N-S 
and courtyard models have the lowest average PET among the models. The courtyard 
has also the smallest standard deviation of Tmrt. In Figure 14, the comfort bandwidths 
are highlighted with a grey rectangle covering 13°C to 29°C of PET (from slightly 
cool to slightly warm). As shown here, the courtyard block provides 17 thermally 
comfortable hours. The second most comfortable model is the linear N-S with only 4.5 
hours of direct sun. The elongation of this model is in accordance with the prevailing 
wind and this provides an average wind speed of 2.7 m/s in the reference point which 
helps to reduce heat stress. The singular models provide 2 or 3 hours of thermal 
comfort. Looking at Figure 11, their mean radiant temperatures increase at 06:00 h, 
remain at the hottest temperature because of the direct sun, and drop down around 
19:00 h.  

Considering Figures 15 (PET in microclimates) and 5 (PET in the city) allows comparing 
PET inside microclimates and city climate (open field). Based on these two graphs very 
cold and cold situations do not occur inside the microclimates, and very hot and hot 
situations do not occur in the city climate. Apparently in the open field (city climate), 
the parameters affecting thermal comfort (such as wind) are leading to a cooler 
environment. To be more precise, a very hot situation only occurs in the linear E-W 
model.
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Figure 14  
PET at the reference points (the comfort range is highlighted with grey).
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Figure 15  
Percentage frequency of PET in accordance with Figure 12 at the reference points.
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§ 7.4 Conclusions

A comparison between the models and their outdoor thermal comfort situations 
can generate clear guidelines for landscape and urban designers who want to create 
thermally comfortable outdoor climates. The three main urban forms studied (singular, 
linear and courtyard), each with a different compactness, provide different situations in 
their microclimate. Among different parameters that affect outdoor thermal comfort, 
mean radiant temperature and wind velocity are influenced more by urban geometry. 

The results of this chapter showed that in the temperate climate of the Netherlands, 
the singular shapes provide a long duration of solar radiation for the outdoor 
environment. This causes the worst comfort situation among the models at the centre 
of the canyon. In contrast, the courtyard provides a more protected microclimate 
which has less solar radiation in summer. Considering the physiological equivalent 
temperature (PET), the courtyard has the most comfortable hours on a summer day. 
Since courtyards are not yet very common in temperate climates, the changing global 
climate, with an expected increase of temperature levels in Western Europe, advocates 
the usage of courtyards in (new or redeveloped) urban settings.

Regarding the different orientations of the models and their effect on outdoor thermal 
comfort, it is difficult to specify the differences between the singular E-W and N-S 
forms because they receive equal amounts of insolation and are equally exposed 
to wind. Nevertheless, the linear E-W and N-S forms are different in their thermal 
behaviour. The centre point at the linear E-W form receives sun for about 12 hours a 
day. In contrast, this point at the linear N-S form receives 4 hours of direct sunlight per 
day. Therefore, in comparison with the E-W orientation this N-S orientation provides a 
cooler microclimate. 

Finally, our recommendation for further research on the courtyard as an optimal urban 
form is to study the effects of different orientations on insolation and different aspect 
ratios (length to width and height to width) on the microclimate. Another parameter 
that plays an important role in the urban microclimate is vegetation. Trees and 
deciduous trees in particular can protect spaces from direct sun in summer and allow 
solar radiation in winter. Vegetation also has a low heat capacity. Referring back to the 
PET which illustrates thermal comfort, it increases in the afternoon. This is because the 
heat stored during the day is released to the air during the afternoon and evening. More 
investigations are needed to show whether green areas with a lower heat capacity (over 
construction materials) can minimise the canyon temperature. 
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Appendix

Mean radiant temperature (Tmrt) is calculated by ENVI-met. This factor sums up all 
short and long wave radiation fluxes (direct and reflected) on a specific point. This 
parameter is calculated with the following equation:
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Tmrt is the mean radiant temperature (K),
GT is the globe temperature (K),
na is the air velocity near the globe (m/s),
d is the emissivity of the globe which normally is assumed 0.95,
D is the diameter of the globe (m) which typically is 0.15 m, and
Ta is the air temperature (K).

ENVI-met, the software tool used for this paper, divides the
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used by ENVI-met for calculating Tmrt is Ali-Toudert and Mayer
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winter. Vegetation also has a low heat capacity. Referring back to
the PET which illustrates thermal comfort, it increases in the af-
ternoon. This is because the heat stored during the day is released
to the air during the afternoon and evening.More investigations are
needed to show whether green areas with a lower heat capacity
(over construction materials) can minimise the canyon
temperature.
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Toudert and Mayer [53]:

vegetation. Trees and deciduous trees in particular can protect
spaces from direct sun in summer and allow solar radiation in
winter. Vegetation also has a low heat capacity. Referring back to
the PET which illustrates thermal comfort, it increases in the af-
ternoon. This is because the heat stored during the day is released
to the air during the afternoon and evening.More investigations are
needed to show whether green areas with a lower heat capacity
(over construction materials) can minimise the canyon
temperature.
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 is the diffuse and diffusely reflected short wave radiation (W),
Fi is the angle weighting factor,
I is the direct solar radiation (W),
fp is the surface projection factor,
ak is the absorption coefficient of the irradiated body surface for
short wave radiation,
3p is the emissivity of the human body, and
s is the StefaneBoltzmann constant (5.67$10!8 W/m2 K4).

Finally, Tmrt in ENVI-met is calculated for each grid point (z) via:

Tmrt ¼
!
1
s

"
EtðzÞ þ

ak
3p
ðDtðzÞ þ ItðzÞÞ

#$0:25
(6)
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