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� We quantified the relationship
between urban forms and thermal
comfort.

� Our CFD and thermal comfort models
were validated by measurements.

� Our coupled model produced
comparable Tmrt and sensible PET
relative to other studies.

� Predicted PETs at noon were more
than 10 �C relative to the morning
within buildings.

� Modifications of building lengths and
porosity were keys to reduce heat
stresses.
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Urban compact buildings impose large frictional drag on boundary-layer air flow and create stagnant air
within the building environment. It results in exacerbating the street-level outdoor thermal comfort
(OTC). It is common to perform in-situ measurements of the OTC in different urban forms and to study
their relationship. However, it is impossible to do so from a planning perspective because of the absence
of physical planned urban forms. Our objective was to quantify the thermal environment and OTC in dif-
ferent planned complex urban forms by well-validated numerical models. We coupled a computational
fluid dynamics (CFD) model to an OTC (Rayman) model to study the OTC. The j–x SST turbulent model
was adopted for the CFD simulations, with accuracy of the turbulent model validated by wind tunnel
measurements. The highest calculated air temperature within the street canyon of a planned bulky urban
form could reach more than 5 �C higher than the surrounding environment. Within the tested urban
forms, our coupled model predicted mean radiant temperature comparable with measurements in the
literature. The model also produced sensible street-level physiologically equivalent temperatures
(PETs) when comparing with those listed in the human thermal sensation categories. In the morning,
the predicted PETs within all the urban forms were lower than that in open areas, which indicated that
the shading of buildings effectively reduced the PET increase due to solar irradiance. At noon, increases in
PETs by more than 10 �C relative to the morning situation indicated that when the buildings acted as heat
sources after insolation absorption, increase in the air temperature at the street intersection and in the
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street canyon made an important contribution to the receiver PETs. The reduction in building lengths and
increase in the low-level porosity were the most effective ways to reduce the heat stress at the
pedestrian-level.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction
The study of the relationship between the urban heat island
(UHI) and outdoor thermal comfort (OTC) is important (see e.g.
Rose, 2010; Steeneveld et al., 2011; van Hove et al., 2015;
Hiemstra et al., 2017) but the UHI and OTC are often implicitly
linked (van Hove et al., 2015). The UHI effect causes urban areas
to have higher air temperatures than those in rural surroundings
[on average 5 �C higher for Asian and Australian cities
(Santamouris, 2015)], and thus worsens the OTC in urban areas.
Two major factors that determine the OTC are the wind speed
and air temperature (van Hove et al., 2015; Morabito et al., 2014;
Guéritée and Tipton, 2015; Hiemstra et al., 2017; Yang et al.,
2017), while building morphology has significant impacts on these
factors.

Firstly the relationship between building morphology and wind
was discussed. With computational fluid dynamics (CFD) models,
we investigated the relationship between building porosity and
urban ventilation in search of better building forms (Yuan and
Ng, 2012) and dispersion potential in a complex urban form (Chu
et al., 2005). Asfour (2010) found that a group of buildings with a
central opening space in between offered better wind exposure
and containment using a CFD model. Based on the wind measure-
ments and building information, Yang et al. (2013) reported that an
increase in the sky view factor (SVF) by 10% could increase the
wind velocity ratio (WVR) by 7–8% in a high-rise built environ-
ment, where the WVR was the ratio of wind velocity at the pedes-
trian level to that of the unobstructed wind.

The building morphology also has major effects on the thermal
environment. A study in Italy using a building height of 14 m con-
cluded that a higher building density (53 versus 32 buildings in the
same area) led to an increase in the air temperature by 1 �C (Perini
and Magliocco, 2014). Allegrini et al. (2015) studied the air temper-
ature distribution over different building morphologies (simple
cubical buildings arrangements) through a CFD model – Open-
FOAM, and found higher air temperatures inside the building
arrays of up to 2.5 �C relative to the surrounding for all cases. A lin-
ear relationship was also revealed between the average air temper-
ature and a quantity which measured the distance the wind could
flow freely until hitting a building wall. Based on an OTC model -
ENVI-met model, positive linear relationships were established
between the SVF and the mean radiant temperature
(Tmrt; r2 = 0.57) and the air temperature (r2 = 0.41) at mid-day in
Toronto, Canada as a consequence of strong exposure to insolation
(Wang et al., 2016). This implied that tall buildings reduced the SVF
by increasing the amount of shading at the street-level and thus
leading to cooling there. The same model predicted differences in
the physiologically equivalent temperature (PET) between
deep and shallow canyons of more than 20 �C in Singapore
(Yang et al., 2015).

In real-life situations, it is common to perform in-situ measure-
ments of street-level OTC in different urban forms and to study
their relationship. However, in-situ measurements are impossible
from a planning perspective because of the absence of physical
planned urban forms. Furthermore, prediction of wind and air tem-
perature within areas of complex urban forms is not offered by
common available OTC models. To resolve the issues, the objec-
tives of the present study were therefore to use well-validated
numerical models to (1) quantify the thermal environment in dif-
ferent existing and planned complex urban forms, and (2) investi-
gate the relationship between the OTC and urban forms of a high-
density city. The current study focused on the thermal environ-
ment and OTC while the study by Yuan and Ng (2012) focused
on the wind environment only.

2. Method

2.1. Urban forms being studied

Five representative urban forms in Mong Kok, Hong Kong
(22.33�N, 114.16�E) were selected to test the effects of different
building morphologies on the OTC at pedestrian level. The urban
forms (Cases 1, 2, 5, 6a and 7) with significantly different morpho-
logical designs were detailed and illustrated in Yuan and Ng
(2012), which represented the present and future urban forms in
Hong Kong. The site areas for different cases were the same
(200 m � 100 m). Briefly, Case 1 was the present urban form of
Mong Kok with a mean population density of 130,000 per km2

(MK, 2019), where the heights of buildings and podiums were on
average 60 m and 15 m, respectively. The site was not fully occu-
pied. Podiums are multiple storeys of concrete structures with
mixed-use of retail, restaurant, commercial and parking. Case 2
was the future urban form of Mong Kok with the building heights
increased to 90 m on average, and the site was fully occupied. Case
5 (building height = 123 m; future urban form) included building
setbacks and separation of long buildings. A stepped podium and
building void were included in Case 6a (building height = 123 m;
future urban form). Air passages were applied to high and wide
buildings in Case 7 (building height = 110 m; future urban form)
by introducing porosity at building towers and podiums. It was
also the major difference in building design between Case 7 and
Case 2. However, the porosity was not arranged near the pedes-
trian level for Case 7. The designs for Cases 5, 6a and 7 were to mit-
igate the negative wall effects caused by the alignment of long and
tall buildings. The building volumes for these cases were similar to
that in Case 2. We also added a new case ‘‘Open-space”, for which
no building, no tree, no grass and no other landscape features were
included, for comparison with the cases described above.

2.2. Setup of CFD model

Numerical air flow and heat transfer simulations for the above
cases were performed by a computational fluid dynamics (CFD)
model – FLUENT v15.0. The model setup, details and evaluation
for wind were described in detail in Yuan and Ng (2012) and sum-
marized in Table 1. Each case consisted of an array (6 � 10) of
buildings and two rows of surrounding randomized buildings
(Fig. 1). The same regular street grid was applied to all cases with
the width of street canyons set as 20 m. Only the calculated wind
and temperature data at the innermost area (Fig. 1) were used as
model inputs for the RayMan model as discussed in the following.
The buildings in the outer area were included to reproduce ade-
quate turbulence kinetic energy in urban areas, which was difficult
to achieve under the inlet boundary condition. The computational
domain dimensions were 3200 m � 3000 m � 450 m (W � L � H).
The grid point numbers, which were case-dependent, were 5.0 –



Table 1
The CFD model settings.

Computational domain L � W � H; 3000 m � 3200 m � 450 m
Grid expansion ratio <1.3
Grid resolution <1/10 of building height
Blockage ratio <5%
Grid type Structural grid
Total number of grids 5.0–6.8 million, case-dependent
Inlet boundary condition See text
Outlet boundary condition Pressure outlet with zero gauge pressure
Near wall treatment No wall function
Convergence criteria <1e�5

Fig. 1. Computational domain and grids. The location of assessment points,
building array and randomized block were also presented. Urban form for Case 1
was illustrated as an example.
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6.8 million. Finer meshes were arranged in the areas close to the
ground with an expansion rate of 1.2. The worst-case scenario
was chosen when the prevailing wind was significantly blocked
by the buildings (see wind direction shown in Fig. 1). All simula-
tions were performed using the FLUENT model with the j–x
shear-stress transport (SST) turbulence model (Fluent, 2006;
Yuan and Ng, 2012). The j–x SST turbulence model is a combina-
tion of the standard j–x model and j–e model. The j–x SST tur-
bulence model uses the standard j–x model for the simulation in
the inner part of the near-wall region and gradually changes to the
j–e model for the simulation in the outer part (Fluent, 2006;
Menter et al., 2003). Two scenarios, namely, ‘‘no-heat” and
‘‘with-heat”, were introduced and simulated for each Case. For
the ‘‘no-heat” scenario, neutral turbulence flows were simulated
by the Reynolds-averaged Navier-Stokes (RANS) equations with
the j–x SST turbulence model. The simulations and associated
model validation were the same as that described in Yuan and
Ng (2012). The ‘‘with-heat” scenario simulated convective turbu-
lence flows with the mentioned RANS j–x SST model, by applying
the energy equation to determine the temperature and utilizing
the Boussinesq approximation – treating the density change as a
function of temperature variation in the momentum equation.
The model validation was based on wind tunnel experiments
(Uehara et al., 2000) with details discussed in Section 3.1.
2.2.1. Boundary conditions
The boundary condition for the inlet wind speed profile was set

as:
Uz=Umet ¼ Z=Zmetð Þa ð1Þ

where Uz and Umet (11 ms�1) were mean wind speeds at height Z
and reference height Zmet (450 m), respectively, and a was set to
0.35. Umet was the site-specific annual wind speed at 450 m above
ground obtained from the fifth-generation NCAR/PSU meso-scale
model (MM5). The outlet wind profile was set to be the same as
the inlet wind profile. For the ‘‘with-heat” scenario, to simplify
the case the building and ground surface temperature was set to
be 15 �C higher than the ground-level air temperature to test the
effect of convection, similar approach as adopted in the study of
Flaherty et al. (2007). Berdahl and Bretz (1997) reported that,
depending on the color and type of material, the surface tempera-
ture could be higher than the air temperature by 5–50 �C. In real
urban environment, the building rooftops have the highest surface
temperature, while the building walls and ground have a spatially
varying temperature depending on the sun angle, shading and sur-
face type (Flaherty et al., 2007). Nevertheless, the temperature dif-
ference for the ‘‘with-heat” scenario was within the range of other
studies (Nakamura and Oke, 1988; Louka et al., 2001; Flaherty
et al., 2007). The inlet air temperature was set to be 28.1 �C for both
‘‘no-heat” and ‘‘with-heat” scenarios, which was the 5-year average
value measured in the studied area.
2.3. Setup of RayMan model

The RayMan model (version 1.2) was adopted to calculate the
mean radiant temperature (Tmrt) and PET (Mayer and Höppe,
1987) – as an OTC index. The model description was detailed by
Matzarakis et al. (2007, 2010) and Lee and Mayer (2016). The
model was previously employed and extensively evaluated for
OTC studies, including those in urban built environments
(Matzarakis et al., 2007; Andrade and Alcoforado, 2008; Lin et al.,
2010; Hwang et al., 2011; Chen et al., 2014; Lee and Mayer,
2016; Wai et al., 2017). The model was further validated in our
study. The building forms for different cases were input to the
model to calculate the SVF and to take the building shading effects
into account. For each case in the ‘‘no-heat” scenario, the five-year
average of air temperature (28.1 �C) measured at a meteorological
station near Mong Kok was input into the RayMan model. The CFD
model simulated the wind speed without heating of ground, and
building surfaces as described in Section 2.2 were also input into
the RayMan model. For the same case in the ‘‘with-heat” scenario,
the CFD model simulated the wind speed and temperature with
heating of ground, and building surfaces described in Section 2.2
were input into the RayMan model. The pedestrian-level (1.1 m
above ground) PETs at the street intersection (point B) and in the
street canyon (points A and C) within the two buildings (Fig. 1)
for each case were calculated, after obtaining the mentioned wind
and air temperature calculated from the CFDmodel at these points.
The average values at points A and C were adopted for the case of
the street canyon. The ‘‘no-heat” and ‘‘with-heat” scenarios repre-
sented situations at 7:00 am and noon, respectively. The PET values
at these time points were calculated under clear-sky condition at
summer solstice. The global radiation was calculated by the model.
A person clad with clothing (0.9 clo; a measure of clothing insula-
tion: 1 clo = 0.155 Km2W�1) and having light sedentary activity
(80 W) was taken, as a reference human body taken in the PET cal-
culation (Mayer and Höppe, 1987) and as model defaults. The
human thermal sensation categories reported from a study in Tai-
wan (23.8�N, 120.9�E; Lin and Matzarakis, 2008) were employed
for the current study (Table 2). This represented the best informa-
tion on PET categories available in the literature which was rele-
vant to our study and their study area is ‘‘the closest” to ours
with similar latitudes.



Table 2
Human thermal sensation categories for Hong Kong.

Thermal sensation PET for Hong Kong1 (�C)
Very cold <14
Cold 14 to 18
Cool 18 to 22
Slightly cool 22 to 26
Neutral 26 to 30
Slightly warm 30 to 34
Warm 34 to 38
Hot 38 to 42
Very hot >42

1 Lin and Matzarakis (2008).
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3. Model validation

3.1. Validation of CFD model for ‘‘with-heat” scenario

The validation of the ‘‘no-heat” scenario was described in detail
in Yuan and Ng (2012), while the validation of the ‘‘with-heat” sce-
nario was discussed as follows. A CFD model was set up with a
computational domain of 1500 � 6000 � 1000 mm (W � L � H)
consisting of an array of 7 � 14 blocks with space in between, to
represent simple-shaped building blocks and city streets (Supple-
mentary Information Fig. S1). The unit used in this sub-section
was millimeter because of the small size of the domain. The blocks
had dimensions of 100 � 100 � 100 mm, which were separated at
100 and 50 mm from each other in the L and W directions, respec-
tively. Fig. S1 also shows the distances (in H, where H is the height
of block) between the arrays and various domain boundaries, as
well as the sampling location (at the center of the street canyon)
where the temperature profile was taken for validation. The sam-
pling location was selected to be the same as that for wind tunnel
Fig. 2. Locations of four different built environments (Sites a – d; description of the Sit
validation.
measurements (Uehara et al., 2000). The boundary conditions at
the two sides and the top of the domain were set as ‘‘symmetry”.
No-slip condition was set at the top and side facets of the domain
containing the buildings and street canyons. Ten layers were con-
sidered for the first 30 mm from the ground with an expansion rate
of 1.2, which resulted in a total of about 2 � 106 computational
cells. The model validation compared the results between the wind
tunnel experiment and our CFD simulations with the temperature
setting and Rb (bulk Richardson number) shown in Table 2 of the
work by Uehara et al. (2000). The conditions of Rb = 0.79 (stable),
0.11 and –0.21 (unstable) were used. The inlet wind speed (Ua)
was set to 1.5 ms�1, the same as that for the wind tunnel experi-
ment. Figs. S2 a-c (Figs. S2 d-f) shows good agreement, in particular
when z < H, between simulated and measured vertical profiles of
non-dimensional normalized temperature (horizontal wind) for
different Rb values.

3.2. Validation of RayMan model

The simulated Tmrt values were compared with the measured
values for four different sites during summertime. The measured
Tmrt values were obtained by integral radiation measurements in
real urban environments (Sofia et al., 2007; Lai et al., 2017). The
experimental setup of net radiometers was shown in Fig. S3 and
detailed in Lai et al. (2017). On the other hand, the simulated Tmrt

values were obtained by modelling the urban environments using
the RayMan model. The simulated and measured Tmrt values were
compared for four different built environments as shown in Fig. 2
and Table 3. A strong correlation was found between the simulated
and measured Tmrt values (r2 = 0.85; N = 73), and the ratio between
the simulated Tmrt to measured Tmrt values was found to be 1.16,
demonstrating that the RayMan model was an appropriate tool
for the simulation of Tmrt in urban built environments.
es referred to Table 3) for mean radiant temperature (�C) measurement for model
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4. Results and discussion

4.1. Calculated air temperature for different cases for ‘‘with-heat”
scenario

Fig. 3 shows the calculated pedestrian-level air temperatures
for the ‘‘with-heat” scenario. In general, the air temperatures for
Cases 1 and 2 were similar (31 – 35 �C). Despite the higher build-
ings for Case 2, Case 1 had larger surface areas on the inner sides
for each building block. The similar surface areas (as heat sources)
for the two cases thus explained the similarity in the temperatures.
Relative to Cases 1 and 2, a temperature with 1 �C higher was
obtained for Cases 5 and 6a, which was attributed to the higher
buildings for the latter cases and thus larger surface areas as heat
sources. Since building widths were reduced (comparing with
Cases 1 and 2) and gaps between buildings were introduced for
Cases 5 and 6a, better air ventilation was achieved at the gaps
along with the wind direction. Thus the air temperatures at the
gaps along with the wind direction had lower air temperatures.
However, the gaps which were perpendicular to the wind direction
had higher air temperatures because of the less efficient of air ven-
tilation in these gaps. The building height for Case 7 was similar to
those for Cases 5 and 6a. However, a stagnant condition was cre-
ated for Case 7 due to the building design in such a way that heat
was trapped in the street canyon at pedestrian level between the
building blocks, when compared to the well-ventilated environ-
ments for Cases 5 and 6a. It was noted that poor wind ventilation
was reported at the pedestrian level for Case 7 (Yuan and Ng, 2012)
and indicated that the porosity design at building towers and podi-
ums did not improve the pedestrian-level wind environment.
Table 3
Description of Tmrt measurements.

Site Description Duration Date

a Common area surrounded by
three public residential buildings

11:00–16:00 May 29

b A Courtyard bound by short public
residential buildings

11:00–16:00 Aug 7

c A Courtyard near student hostels
within a university campus

15:00–17:00 Sept 15

d A Courtyard enclosed by a C-shaped
student hostel within a university campus

15:00–18:00 Sept 25

Fig. 3. Calculated pedestrian-level air temperatures for a)
When comparing the situations for Case 7 and Case 2, Case 7
was found to have more building surfaces (as heat sources) due
to the porosity design and building height (31 m higher than Case
2). These resulted in the highest air temperature within the street
canyon with temperatures 2 – 3 �C higher than the temperatures
obtained from other studied cases. Allegrini et al. (2015) simulated
the air temperatures over different building morphologies (simple
cubical buildings arrangements). They found that the temperatures
in poorly ventilated areas inside the building arrays were up to 2 �C
higher than those in well ventilated areas. It was emphasized,
however, a direct comparison of the results between their study
and our study was difficult since the former adopted different
building arrangements and dimensions (10 m height and up to
70 m building width).
4.2. Comparison of calculated street-level Tmrt and PETs for different
urban forms

We compared our Tmrt results (Table 4) with a study in Taiwan
(Lin et al., 2010). The latter study was performed at sites with sim-
ilar latitudes to ours and reported the diurnal variations of Tmrt . In
the study, the measured Tmrt at Location A (Sky View Factors –
SVF = 0.129) was ~30 �C in the morning and rose to ~50 �C at noon
in summer. While at Location F, the measured Tmrt (SVF = 0.808)
was ~45 �C in the morning and rose to ~60 �C at noon in summer.
These results were basically comparable with our predicted Tmrt at
in Table 4. For instance, our predicted Tmrt at open-space were
42.5 �C (in the morning) and 58.8 �C (at noon) which were compa-
rable to the results at Location F mentioned above. Our predicted
Tmrt for different Cases (SVF from 0.062 to 0.215) ranged from
34.8 �C to 35.4 �C which were comparable to 30 �C measured at
Location A in the morning. Locations C and D for the Taiwan study
had ground cover with grass and Location B was shaded with tall
trees and thus these Locations were not selected for comparison,
since the grass and tree effects (e.g. for cooling) were not consid-
ered in our study.

Table 4 also shows the calculated PETs at the street intersection
and in the street canyon for different urban forms (or Cases) under
the ‘‘no-heat” and ‘‘with-heat” scenarios. The case of ‘‘Open-space”
was also added in the Table for a comparison of PET between an
open space and a built environment. The calculated PETs produced
sensible results when comparing with those listed in the human
Case 1, b) Case 2, c) Case 5, d) Case 6a, and e) Case 7.



Table 4
Calculated Tmrt (�C) and PET (�C) in different built environments under the ‘‘No-heat”
and ‘‘With-heat” scenarios.

Street intersectiony Street canyony

‘‘No-heat” scenario
Case 1 35.4, 30.3 35.0, 31.6
Case 2 35.1, 31.1 34.8, 32.3
Case 5 34.7, 27.3 34.7, 27.3
Case 6a 34.8, 28.0 34.8, 28.3
Case 7 34.6, 27.6 34.8, 31.9
Open-space 42.5, 32.7 42.5, 32.7

‘‘With-heat” scenario
Case 1 60.8, 45.6 61.7, 47.5
Case 2 58.0, 42.6 62.0, 48.2
Case 5 54.7, 38.2 56.5, 41.4
Case 6a 54.7, 38.2 55.6, 39.8
Case 7 55.9, 40.5 64.1, 50.6
Open-space 58.8, 39.4 58.8, 39.4

y 1st and 2nd column data were Tmrt and PET respectively.
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thermal sensation categories (Table 2). For instance, during the
summer, a receiver ‘‘felt” neutral or slightly warm in the morning
(i.e., under the ‘‘no-heat” scenario), while the receiver ‘‘felt” hot or
very hot at noon (i.e., under the ‘‘with-heat” scenario).

Under the ‘‘no-heat” scenario, the highest PETwas calculated for
the ‘‘Open-space” situation. The results indicated that when the
buildings did not act as heat sources, the shading effects of the
buildings effectively reduced the PET increase due to solar irradi-
ance, despite the counter effects of wind blocking. For other cases,
the receiver at the street intersection had similar PETs as those in
the street canyon, except Case 7. The relatively large differences
in PET for Case 7 between the street intersection and the street can-
yon were due to the relatively large reduction in the wind speed in
the street canyon. The low wind speeds at the pedestrian level of
the street canyon were due to the higher buildings and the solid
structure near the receiver, although building porosity was
included at some distances away from the receiver. The small
increases in PETs in the street canyon were attributed to the com-
bined effects of wind speed reduction and solar shading. Except for
the ‘‘Open-space” situation, higher PETs were obtained for Case 1
and Case 2 due to the low wind availability within the long-
building environment.

Under the ‘‘with-heat” scenario, increases in PETs by more than
10 �C relative to the ‘‘no-heat” scenario were found in most of the
cases, except the ‘‘Open-space” situation. The PET differences
obtained at the street intersection and in the street canyon became
larger (from 1 to 10 �C). There were 3 (4) out of 5 cases where the
calculated PETs were higher than the ‘‘Open-space” situation at the
street intersection (in the street canyon). The results indicated that
when the buildings acted as heat sources after insolation absorp-
tion, the increases in the air temperature at the street intersection
and in the street canyon made an important contribution to the
receiver PET despite the reduced effect of solar radiation on PET
due to building shading. The differences (~10 �C) in the calculated
PET at the street intersection and in the street canyon were the lar-
gest for Case 7, similar to the ‘‘no-heat” scenario. It was attributed
to the resulted high temperature which was in turn due to the
reduced wind speed in the street canyon. The PET differences for
Cases 1 and 2 were still large due to the ‘‘long building” designs,
especially for Case 2. It was noted that the building heights in Case
2 were 1.5 times as those in Case 1, which facilitated the heat accu-
mulation within the street canyon. Due to the larger wind avail-
ability within the buildings to reduce the heat accumulation,
Cases 5 and 6 gave lower PETs. The lower PETs for these cases rel-
ative to the ‘‘Open-space” situation were attributed to the shading
effect for the former. To sum up, reduction of building lengths and
increase in the low-level porosity were the most effective ways to
reduce heat stresses at the pedestrian-level, mainly because of the
production of well-ventilated environment by the two measures. It
was consistent qualitatively with other studies. For instance,
Amirtham et al. (2015) reported that PET was 5 �C lower at noon
in a well ventilated environment (aspect ratio: < 1) relative to a
poorly ventilated environment (aspect ratio: 3.1) in an urban area
of India. In the current study, only the relationship between the
OTC and urban forms was our focus. However, urban green infras-
tructure such as trees, grass covers, ponds and other water bodies
which had important mitigating effects on the heat stress
(Lindberg and Grimmond, 2011; Ballout et al., 2015; Lindberg
et al., 2016; Lai et al., 2019) was not included. The effects of such
infrastructure are obviously important for further study on the
topic.

5. Concluding remarks

We coupled a CFD model to an OTC model to study the relation-
ship between air flows, air temperature, building morphologies
and outdoor human thermal comfort. The models were first vali-
dated by experimental data and measurements. The predicted Tmrt

and PETs respectively for different Cases and open-space were
compared with the relevant measurements available in the litera-
ture and those listed in the human thermal sensation categories.
The street-level PETswithin different urban forms were then inves-
tigated and rationalized. Recommendations were made to reduce
the PETs in terms of better building design - reduction of building
lengths and increase in the low-level porosity were the most effec-
tive ways to reduce heat stresses at the pedestrian-level. However,
such recommendations are likely to be applicable for tropical and
sub-tropical areas (e.g. cities in southern China and Singapore)
where heat stress is a major health issue. The effects of urban green
infrastructure are suggested to be included for further study on the
topic.
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