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In high-density megacities, air pollution has a higher impact on public health than cities of lower
population density. Apart from higher pollution emissions due to human activities in densely populated
street canyons, stagnated air flow due to closely packed tall buildings means lower dispersion potential.
The coupled result leads to frequent reports of high air pollution indexes at street-side stations in Hong
Kong. High-density urban morphologies need to be carefully designed to lessen the ill effects of high
density urban living. This study addresses the knowledge-gap between planning and design principles
and air pollution dispersion potentials in high density cities. The air ventilation assessment for projects in
high-density Hong Kong is advanced to include air pollutant dispersion issues. The methods in this study
are CFD simulation and parametric study. The SST keumodel is adopted after balancing the accuracy and
computational cost in the comparative study. Urban-scale parametric studies are conducted to clarify the
effects of urban permeability and building geometries on air pollution dispersion, for both the outdoor
pedestrian environment and the indoor environment in the roadside buildings. Given the finite land
resources in high-density cities and the numerous planning and design restrictions for development
projects, the effectiveness of mitigation strategies is evaluated to optimize the benefits. A real urban case
study is finally conducted to demonstrate that the suggested design principles from the parametric study
are feasible in the practical high density urban design.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background

People living in high-density cities suffer from both short and
long term exposure to ambient air pollution. This causes severe
health problems [1e3]. The risk of air pollution is relatively low to
individual health but is considerably higher to public health [3].
Understanding the problem from the urban and city scale is
therefore paramount.

Emissions from motor vehicles contribute to air pollution in
urban areas, particularly at street canyon levels. The European
Environment Agency (EEA) [2] has reported seven types of pol-
lutants that people are exposed to, namely, particulate matter (PM),
ozone (O3), nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon
All rights reserved.
monoxide (CO), heavy metals, as well as benzene (C6H6), and
benzopyrene (BaP). All of these pollutants are primarily or
secondarily related to road traffic (fossil fuel combustion). The
World Health Organization (WHO) [1] has therefore explicitly
recommended the concentration limits for various air pollutants
such as O3 and NO2.

To decrease traffic pollution, an improved vehicle emission
control program has been implemented in Hong Kong by the Hong
Kong SAR Government. Nonetheless, the roadside concentration of
NO2 continues to increase [4]. Similar findings are also being re-
ported in Europe by EEA [2]. High hourly, daily, and annual average
concentrations of NO2 have been recorded at the road-side stations
in the Central, Causeway Bay, and Mong Kok areas in Hong Kong.
Air pollution far exceeds the limits recommended by the WHO [4].
The three areas are high-density metropolitan areas and traffic
hotspots. As shown in Fig. 1, vehicles crowd the streets of high-
density urban areas in Hong Kong. The reported higher concen-
tration of NO2 is the result of the larger NO2 percentage in total
traffic emissions [2,5] and of poorer urban air ventilation in high-

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:yach@cuhk.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2013.10.008&domain=pdf
www.sciencedirect.com/science/journal/03601323
http://www.elsevier.com/locate/buildenv
http://dx.doi.org/10.1016/j.buildenv.2013.10.008
http://dx.doi.org/10.1016/j.buildenv.2013.10.008
http://dx.doi.org/10.1016/j.buildenv.2013.10.008


Fig. 1. Vehicle fleets in the deep street canyons of Mong Kok and Wan Chai in Hong Kong; high concentration of NO2 is frequently measured at the roadside stations in the areas.
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density urban areas [6,7]. The bulky building blocks, compacted
urban volumes and very limited open spaces seriously block the
pollutant dispersion in these deep street canyons [8,9]. Therefore,
apart from having control measures to decrease vehicle emissions,
understanding pollutant dispersion as related to the urban plan-
ning and design mechanism is necessary in order to guide policy-
makers, planners, and architects in making better evidence-based
decisions.

1.2. Literature review

Several studies on urban climate in the past decades have
focused on air quality in the street canyons [10]. In some studies,
the “car-chasing” experiment and tunnel testing have been con-
ducted [11,12] to determine the real-world traffic emission factors
of particles and gaseous pollutants, and to evaluate the chemical
compositions of emissions from different vehicles. These studies
provided important information for evaluating the effects of
different pollutants on public health, and to assist in drawing up
guidelines for policymakers to implement transportation control
measures. These studies are also important references as the input
boundary conditions for pollutant dispersion modeling.

Computational fluid dynamics (CFD) studies in different scales
have been conducted by researchers to identify the dispersion
phenomenon in street canyons. Pollutant dispersion has been
investigated in idealized street canyons with a point or line emis-
sion source with [13,14] or without chemical reaction [9,15e18].
Researches on isothermal and non-isothermal street canyons, in
which the effects of convective and turbulent mass fluxes on
dispersion were studied, have been reported [19,20]. These studies
have provided important information on pollutant dispersion pat-
terns, as well as on the relationship among wind velocities, tur-
bulence intensities, and pollutant dispersion. By cross-comparing
the modeling results with wind tunnel experiment data, these
studies have also evaluated the performances of their dispersion
and turbulence models.

Urban microclimate and air quality can be seen both as the
consequence and as the prerequisite of urban planning and design
activities. Therefore, the reciprocal relationship between them re-
quires research on the environmental sensitivity of urban planning
and design, in order to positively address their negative conse-
quences on urban air quality. Mirzaei and Haghighat [21] provided
a systematic approach to quantify the outside environment in the
street canyon. Huang et al. [20] studied an actual urban case of mid-
density layouts. Hang et al. [8] conducted a study on the effects of
varying building heights on street level air pollutant dispersion and
Eefents et al. [22] reported the effects of canyon indicators such as
Sky View Factor (SVF) on the concentration of NO and NOx. Buc-
colieri et al. [23] clarified the influence of the building packing
density on the pollutant concentration. Richmond-Bryant [24]
related the fluid properties and canyon geometries, such as the
Reynolds number and canyon height, with air pollutant retention
by field measurement data at Manhattan and Oklahoma. However,
the direct understandings for design strategies behind a decrease in
pollutant concentration through urban morphological mecha-
nisms, particularly for high-density cities, remains little known.
Further parametric studies are needed to extend the study findings
for practical design applications. Bridging the knowledge gap be-
tween high-density urban design and air pollutant dispersion
mechanisms in the urban street canyons is necessary to provide
guidance for planners, designers and policymakers.

1.3. Objectives

The Severe Acute Respiratory Syndrome (SARS) episode in 2003
triggered the Air Ventilation Assessment (AVA) study in Hong Kong.
Since 2006, AVA has been implemented as a prerequisite for urban
development and old-district redevelopment [25]. Major govern-
ment projects have been required to conduct an AVA by following
the Technical Circular No. 1/06 guideline. Furthermore, the “Sus-
tainable Building Design (SBD) Guidelines (APP-152)” have also
been drawn up by the Hong Kong Government. These allow ar-
chitects to evaluate the effects of their proposed buildings on the
surrounding wind environments, and to enhance urban environ-
mental design by prescriptively applying three user-friendly stra-
tegies: building setback, building separation, and greenery [26].

This study builds on the previous work [27] by conducting
parametric studies to statistically evaluate and further develop the
efficacy of the AVA TC-1/06 guidelines and the SBD’s APP-152
guidelines with regard to air pollutant dispersion. The study aims
to provide important and sufficiently accurate insights at the
beginning stage of the design practice. These insights are helpful to
avoid the mistakes that cannot be easily corrected at the late stages
of the design practice. The results of this study are intended to
facilitate a paradigm shift from the typical experience-based ways
of designing and planning to a more scientific, evidence-based
process of decision making, which is necessary to cope with the
needs of designing high density cities [28].

This studyfirstlyevaluates theperformance of both theReynolds-
averaged NaviereStokes (RANS) and Large Eddy Simulation (LES)
models in modeling species transport through a validation study so
as to identify the optimalmodelingmethod for the parametric study.
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Secondly, a series of parametric studies is conducted to understand
the relationship among building geometry, urban permeability, and
air pollutant dispersion. These studies evaluate the effects of future
urban developments, based on the current planning trend, on air
pollutant dispersion in the street canyons. The knowledge of the
efficacy of variousmitigation strategies for better air quality at urban
areas is provided. Given the finite land resources in high-density
cities and the numerous planning and design restrictions for devel-
opment projects, the evaluation of the effectiveness of mitigation
strategies is needed to optimize the benefits. To avoid reducing the
land use efficiency, the plot ratio in all of the cross-comparison sce-
narios are same.

2. Modeling method

The modeling method of this study is CFD simulation. This has
already been used not only as an environmental research tool, but
also as a design tool for urban planners and designers [29]. ANSYS
Fluent CFD Software Package (version 14.0) was used for this study.

2.1. Eulerian method for species transport modeling

This study used the Eulerian method to investigate the effi-
ciency of different design strategies on air pollutant dispersion. The
Eulerian and the Lagrangian methods are widely used to model air
pollutant dispersion [15,30,31]. Compared with the Lagrangian
method, which considers the species as a discrete phase, the
Eulerian method considers species as a continuous phase and is
solved based on a control volume, which is similar in form to that
for the fluid phase [30,31]. Therefore, the Eulerian method is more
convenient for calculating the air pollutant concentration, which
was the index this study used to evaluate air pollutant dispersion.
Another reason for choosing the Eulerian method was that it has
lower computational demands than the Lagrangian method, which
needs to track more than several million particles in the large
computational domain for outdoor environment simulation. The
Eulerian method has been validated by researchers comparing the
simulated data with wind tunnel experiment results [15,30].

In this study, ANSYS Fluent was used to solve the unsteady
convection-diffusion equation to predict the mass fraction of spe-
cies Yi [32]:
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Where Di,m and DT,i are the mass diffusion coefficient for species i
and the thermal diffusion coefficient, respectively, sct is the tur-
bulent Schmidt number (the default value 0.7 is used in this study),
and mt is the turbulent viscosity.

2.2. Optional turbulence model: a validation study

The wind tunnel data provided by Niigata Institute of Technol-
ogy [16] was used to validate the above mentioned air pollutant
dispersion modeling method. The effects of the different turbu-
lence models on air pollutant dispersion were also investigated in
this validation study, in which the standard and realizable keε

model, Reynolds stress model (RSM), shear-stress transport (SST)
keu model, and LES were included.

The model configurations were set to match those in the wind
tunnel experiment, as shown in Fig. 2. The H/W and H/L aspect
ratios were set to 1.0 and 0.5, respectively, where H is the building
height, W is the width of the street, and L is the length of the
canopy. All modeling settings followed the Architectural Institute of
Japan (AIJ) guideline [33], such as domain size (X � Y � Z:
600m� 200m� 100m), grid type (structural grid), grid resolution
(grid number: 3million, and the grid size at street canyonwas set at
less than 1/10 of building length), grid size ratio (maximum grid
size ratio was set at 1.3). More than three grid layers were used
under the test line, and the convergence criteria for turbulence and
species were E�05 in the RANS model and E�04 in the LES
modeling. The input wind directionwas perpendicular to the street
canyon. Input wind velocity (Ux) and turbulence kinetic energy
(TKE) profiles plotted in Fig. 2 were set by a user-defined function.
The surface roughness factor (a) was set at 0.21. The modeling
settings were summarized at Table 1.

The calculation is steady in the RANS study and is unsteady in
the LES study. The time step in LES was set constant, Dt ¼ 0.001 s,
and the solution variables were time-averaged until the flow
became statistically steady, which was identified bymonitoring the
instantaneous values of variables at several points in the street
canyon. The sampling time (t) was approximately 180 s. The Sma-
gorinskyeLilly model provided by ANSYS Fluent 14.0, where
Cs ¼ 0.12 as recommended by Tominaga and Mochida [34], was
used in the LES modeling.

As shown in Fig. 2, the point source was arranged at the
middle of the street canyon. Ethylene (C4H4) was used as the
tracer gas and was released from the point source in the model
with a wind velocity Ws (Ws/Ub ¼ 0.12, Ub was the input wind
velocity at the building height, 3.8 m/s). The tracer concentration
was set at 1000 ppm, duplicating the setting in the wind tunnel
experiment.

The simulation results of the different turbulent models were
collected at three test lines in Fig. 2 and cross-compared in Fig. 3. As
reported by Tominaga [16], because of the reproduction of the
instantaneous fluctuation of the concentration, the emission con-
centration can be more accurately modeled by a LES model than by
a RANS model, particularly at the windward area in the street
canyon. However, the computational cost of the LES model is
several times higher than that of the RANS model.

On the other hand, the performance of the RANS models
provided by ANSYS Fluent 14.0 was significantly better than the
ones reported by Tominaga [16]. The simulation results were
closer to the experiment data particularly at the bottom line (X/
H ¼ 0.1, X is the height of the test line). However, all RANS
models overestimated the concentrations at the middle and top
lines (X/H ¼ 0.5 and 1, respectively), particularly at the windward
side of the street canyon. Among the models, the SST keu model
(the red dash line) performed best in terms of air pollutant
modeling at the windward side. The special near-wall region (the
shear layer) treatment by the standard keu model [32,35] was
considered helpful for estimating the air pollutant concentration
near surface regions. Balancing the computational cost and ac-
curacy, for this study, the SST keu model was selected as the
preferred turbulence model to simulate the air pollutant
dispersion of the cases in the parametric study. Furthermore, the
SST keu model was considered to be a good tool for modeling air
pollutant dispersion in the design process, for which it offers
acceptable accuracy and computational cost.



Fig. 2. Model configurations, Input conditions (Ux and TKE), and horizontal test lines in the street canyon; X1, X2, and X3 are the heights of the test lines.
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3. Methodology

3.1. Parametric study

Compared with other methods used in studies that focused on
real urban morphologies [36e38], obtaining generic information
for deriving guidelines is easier by using parametric studies. By
cross-comparing the sensitivity of species dispersion to the
parameter changes in various testing scenarios, the critical
design elements can be efficiently identified. For example, the
results of the parametric study of the wing wall for room
ventilation by Givoni [39] were implemented by the Hong Kong
government [40]. For results of parametric studies to be relevant,
scenarios should resemble the reality [40]. An urban-scale model
is therefore used in this study to obtain realistic parametric
simulation results. As shown in Fig. 4, the parametric geometric
models were established based on the actual urban conditions in
Mong Kok (a high density downtown area in Hong Kong) using a
regular street grid. This model should realistically resemble air
Table 1
Simulation modeling settings.

Computational
domain

X � Y � Z: 600 m � 200 m � 100 m

Blockage ratio <5%
Grid expansion

ratio
Less than 1.3

Grid resolution Grid size less than 1/10 of building length at
the street canyon (Fig. 2)
Grid number: 3 million

Grid type Structural grid (Fig. 2)
Prismatic layer More than three grid layers under the test line
Inflow

boundary
condition

Input wind velocity (Ux) and turbulence kinetic energy
(TKE) profiles reproduced by a user-defined function,
based on the measurement at the wind tunnel
experiment (Fig. 2)

Outflow
boundary

Zero gradient condition

Near wall
treatment

Enhanced wall functions in keε models and Reynolds
stress model
No wall functions in SST keu and LES model

Solving
algorithms

QUICK for momentum, TKE, and other convection terms

Relaxation
factors

Default values in ANSYS Fluent 14.0

Convergence
criteria

Below E�05 in RANS model
Below E�04 in LES model
flows and air pollutant dispersion status in the actual street
canyons. Unlike several earlier parametric studies in which only
one or two generic buildings or building arrays were included
[7,9,15e17,41,42], the effects of the urban context were included
in this study.

As shown in Fig. 5, eight geometric cases were designed to
create their corresponding parametric models, establishing a
total of eight simulations with different building geometries and
urban permeability. Their details were tabulated in Table 2. Cases
1 and 2 represented the current and future urban conditions
respectively. Cases 3 to 8 were established based on the sus-
tainable building design (SBD-APP-152) guidelines [26]. In Cases
3 to 5, three design strategies e building setback (Strategy A),
building separation (Strategy B), and stepped podium void
(Strategy C) e were implemented respectively. Building poros-
ities were included in Case 6 (Special Strategy). For Cases 7,
building setback was combined with building separation. For
Case 8, stepped podium void was combined with building
separation.

Plot ratios of Cases 3 to 8 were set to be same to that of Case 2.
This normalized their development potential. For example, the loss
of floor area caused by incorporating mitigation strategies was
compensated by increasing the building height in Cases 3 to 8.

Given the different building geometries, the corresponding ur-
ban permeability of the eight cases were different, as shown in
Table 2. The permeability of buildings (P) [26] and site area ratio
(lp), which respectively represent the vertical and horizontal
permeability, were calculated. High values of P and lp indicate low
permeability.
3.2. Modeling settings in the parametric study

A total of eight testing scenarios were simulated by both the
Eulerian species transportation model and the SST keu turbulence
model to evaluate the species dispersion in street canyons. As
shown in Fig. 6, the computational domain size was
3.9 km � 4 km � 0.55 km (X � Y � Z). Other simulation settings
were similar with the validation study in Section 2.2.

To set the input wind velocity profile particularly for the Mong
Kok area bymeans of the log law, the site-specific annual wind data
(Umet ¼ 11 m/s) at a 450 m height (dmet) were obtained from the
fifth-generation NCAR/PSU meso-scale model (MM5) [43] and,
given the high urban density of Hong Kong, the surface roughness
factor (a) was set at 0.35.



Fig. 3. Cross-comparisons of time-averaged concentrations <c> at the street canyon between the wind tunnel experiment and different turbulent models: a) <c> at the bottom
line (X3/H ¼ 0.1); b) <c> at the middle line (X2/H ¼ 0.5); c) <c> at the top line (X1/H ¼ 1.0). Error bars are the standard deviations of the measurements in the wind tunnel
experiments.
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NO2 was selected as the emission gas as its concentration is
still increasing in the metropolitan areas in Hong Kong. A
line pollutant source (X � Y: 1300 m � 10 m) was set at the
bottom of the street canyon in the middle of a building gap to
represent the major road with heavy traffic volume at Mong Kok,
as shown in Fig. 6. A reference emission NO2 concentration
(<c0> ¼ 1000 ppm) was used. The input wind velocity ratio at
the emission source followed the value used in the wind tunnel
experiment [16], Ws/Ub ¼ 0.12.

Chemical reactions between NOx and ozone (O3) [44] were
not factored in this study as it aimed to determine how NO2
could be dispersed and transported by air flow in street canyons
with different geometric parameters. The study was therefore
limited to the city spatial scale, which is the space of the street
canyons.
4. Result analysis and discussion

This study used the normalized concentration (c) as the index to
analyze the effects of different urban permeability and building
geometries on air pollutant dispersion in the street canyon. This
was given by:

c ¼< c > =< c0 > (3)

Where <c> is the modeling result of the time-averaged concen-
tration of NO2 and <c0> is the reference emission concentration,
the norm of <c>. Given the definition of c, the threshold value of c
was set to 1.0. When the value of c is less than 1.0, air pollutants
start to disperse and do not concentrate in the street canyon.



Fig. 4. Real urban area located at Mong Kok and its corresponding parametric model.

Fig. 5. Eight testing scenarios.
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In addition to the analysis of contours of the normalized con-
centration, statistical studies were also conducted to evaluate the
implied importance of design strategies for high-density urban
areas, and to cast further light, if any, on the sustainable building
design guidelines [26]. Furthermore, the discussion section was
provided to further clarify the reasons of the observed dispersion
phenomenon in scenarios with different urban permeability and
building geometries.

4.1. Cross-comparison based on normalized concentration contours

The contours of the normalized concentration on the horizontal
planes (2 m above the ground) and vertical planes of the eight cases
were respectively shown in Figs. 7 and 8. This was to give an
intuitive grasp of the sensitivity of air pollutant dispersion with
respect to the changes in building geometries and urban
permeability.
Table 2
Eight testing scenarios in which air flows and species transportation were simulated.

Testing scenario Case Building geometry

Parameter Str

1 Case 1 Current urban form /
2 Case 2 Future urban form /
3 Case 3 Building setback Sin
4 Case 4 Building separation Sin
5 Case 5 Stepped podium void Sin
6 Case 6 Building porosity Sin
7 Case 7 Building separation þ Building setback Mu
8 Case 8 Building separation þ stepped Podium void Mu

Note: H: Building height; P: Permeability of buildings (P ¼ Sum of projected building a
permeability (the calculation method was provided in Section ).
As shown in Fig. 7a, it was evident that the values of c in street
canyons with emission sources were high in Case 1, the current
case. Most values of pedestrian-level normalized concentration in
streets with emission sources were larger than the threshold value
(1.0), indicating that air pollutant was not dispersed but was
concentrated at the pedestrian height levels. The vertical distri-
butions shown in Fig. 8 indicated that the condition may worsen in
the future, Case 2. The values of c in Case 2 were larger than 1.5 at
the entire podium layer (0 me15 m).

On the other hand, mitigation strategies in Cases 3 to 8 can, in
various degrees, lead to better air pollutant dispersion, as shown in
Fig. 7b and c. On the whole, even though Cases 3 to 8 had higher
plot ratios than Case 1, and had the same plot ratio as Case 2
(Table 2), they had less stagnant areas. It should be noticed that the
dispersion paths were significantly different. In Cases 4 to 8, most of
the emitted air pollutant was diluted by the horizontal airflows
through the permeable building as shown in Fig. 8. Thus, only a
Land use efficiency Urban permeability

ategy style H (m) Plot ratio P lP li

60 8.9 0.9 0.7 0.9
95 14 0.9 0.8 0.9

gle 105 14 0.9 0.5 0.7
gle 137 14 0.7 0.6 0.5
gle 109 14 0.8 0.6 0.7
gle 133 14 0.7 0.8 0.7
ltiple 146 14 0.7 0.4 0.3
ltiple 150 14 0.6 0.4 0.4

reas/area of the assessment zone [26]); lP: Site coverage ratio [45]; li: Integrated



Fig. 6. Modeling configurations in the parametric study. The surrounding random
blocks represent the surrounding urban surface roughness.
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small amount was diffused away from the top of canyon. By
contrast, the air pollutant was mainly diffused from the top of
canyon in Case 3.
4.2. Statistically weighted cross-comparison

A statistical analysis was conducted for the evaluation of the
importance of various design strategies on the air pollutant
dispersion. The data collected at the horizontal test line of the
pedestrian area was for the outdoor air pollutant concentration
evaluation. The data collected at the vertical test line in the center
of the building gapwas to evaluate the effect of building geometries
on the indoor air quality in the roadside buildings, because the
vertical distribution of the normalized concentration. It is evident
that the differences among cases were larger than the reported
uncertainty shown in the validation study results, meaning that the
differences are significant.

As shown in Fig. 9, the data of the normalized concentrations
(2 m above the ground) collected at the horizontal line at the
pedestrian area were plotted together. In Fig. 9a, the normalized
concentration in Case 1were plotted using a red solid line as a base-
line case to cross compare the cases with single mitigation strate-
gies (Cases 3e6). The threshold value of the normalized concen-
trationwas also highlighted. Case 3 can disperse the air pollutant at
the streets parallel with the input wind direction, but cannot
disperse the air pollutants in the target street canyon, only
decreasing c about 0.1e0.2. The performances of Cases 4 to 6 were
significantly better than that of Case 3. Most values of c were less
than 1.0 in Case 4. The stepped podium void in Case 5 did not
promote air pollutant dispersion as much as in Case 4. Most values
of c in Case 5 were slightly above the threshold value. But an
approximately 0.4 decrease of c was still observed. The perfor-
mance of Case 6 was better than Case 5 and similar to Case 4, as
most values of c were less than 1.0.

The multiple design strategies in Cases 7 and 8 were compared
with Case 4 in Fig. 9b to clarify the efficiency of combining single
strategies. The performance of Case 7 was similar to Case 8, and
fractionally better than Case 4 (about 0.1 of c values). The values of c
for the entire street were less than 1.0 in both Case 7 and 8.

The vertical distributions of the normalized concentration at the
center of the building gap (vertical test line) were plotted in Fig. 10.
Results indicated that the values of c were larger than 1.0 below
30 m and 60 m respectively in Cases 1 and 2. It indicated that a
deterioration in indoor air quality could occur in the roadside
buildings at both height ranges due to outside traffic air pollutants,
particularly for the residential building inwhich natural ventilation
is typically adopted.

As shown in Fig. 10, the building setback in Case 3 did not
mitigate this negative impact effectively. However the other design
strategies successfully decreased pollutant concentrations. High
concentration was only observed at 0 me10 m height. With these
design strategies, roadside buildings can enjoy natural ventilation
and will not suffer from outside traffic air pollutants. This result is
particularly important for urban design with residential land use.

4.3. Discussion of the cross-comparison results

The above analysis clarified that, in general, the effects of
building geometry on pollutant dispersion in street canyons are
similar to the effects on pedestrian-level natural ventilation (which
underlie the AVA guidelines). However, a significant difference
should be emphasized: air pollutant dispersion significantly de-
pends on the permeability of the entire street canyon layer. Inter-
estingly, the incorporation of building porosity in Case 6, which had
previously been shown as a poor mitigation strategy for improving
the performance of pedestrian-level air ventilation [27], can
effectively improve air pollutant dispersion both horizontally and
vertically.

To further describe air pollutant dispersion in the street canyon
and explain the cross-comparison results, the vertical distribution
of the normalized concentration ðcÞ, turbulent intensity (I), and
wind speed (U) at the vertical test line in the center of the building
gap were plotted in Fig. 11.

The analysis indicated that turbulent diffusion played a major
role in pollutant dispersion in cases with low permeability (Cases
1e3: P¼ 0.9), and the pollutant dispersion significantly depends on
convection effects in high permeability cases (Cases 4 to 6: P¼ 0.7e
0.8). In Cases 1 to 3, the value of c in the street canyon displayed
almost constant decreases with height. Regression analysis indi-
cated that the vertical distribution of c in the low permeability
cases (Case 1e3) significantly depended on the turbulent intensity
(I) (R2 ¼ 0.87), but no relationship between the normalized con-
centration and turbulent intensity (R2 ¼ 0.11) was observed in high
permeability cases (Case 4e6), as shown in Fig. 12.

In cases with higher permeability, building separation, stepped
podium void, and building porosity all increased the effect of con-
vection on pollutant dispersion. The normalized concentration did
not depend on turbulent intensity, as shown in Fig. 12, and did not
constantly decrease with height. As shown in Fig. 11, the normal-
ized concentration rapidly decreased until the height of building
permeability and then slowly developed to an asymptotic value. In
Cases 5 and 6, even though wind speed and turbulence intensity
largely decreased above the height of the building permeability, the
normalized concentration remained at a low level because the
building permeability let clean air flow horizontally into the street
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canyon, diluting and transporting air pollutant out of the street
canyon. The building permeability in Case 4 was achieved by
building separations that range from the ground level to the top of
the building. Therefore, the strategy in Case 4 was better than in
other cases. The building porosity in Case 6 provided more building
permeability than Case 5, so that the pollutant dispersion in Case 6
was better than Case 5.

Based on the above analysis, it was considered that, to lower air
pollutant concentrations, strategies to promote convection effects,
such as building porosity, separation and podium void, may be
more efficient than the strategies for larger turbulent diffusion such
as building setback. This finding is also explained the cross-
comparison results in Sections 4.1 and 4.2.

Furthermore, further examining the eight contours of the
normalized concentration on the pedestrian level Fig. 7 indicated
that, in high-density cities, the direction of dispersion of
pedestrian-level air pollutants depends on both input wind direc-
tion and the urban permeability. In Cases 1e3 (P ¼ 0.9) with low
Fig. 7. a): Contours of c at the pedestrian level (2 m above the ground) in Cases 1 and 2. (b)
mitigation strategies. (c): Contours of c at the pedestrian level (2 m above the ground) in C
permeability, pedestrian-level air flow was reversed, contrary to
the input wind direction, so that air pollutant were transported
upwind of the pollutant source. In contrast, in Cases 4e8 with high
urban permeability (0.6 � P � 0.8), air pollutants were mainly
dispersed downwind of the pollutant source. Therefore, unlike the
understandings for low density cities, it is not dependable to esti-
mate the direction of pollutant dispersion at the pedestrian-level in
high-density cities solely based on the prevailing wind direction.
For a reliable estimation, the urban permeability also needed to be
taken into consideration.

4.4. Effects of urban permeability

This study also conducted a linear regression analysis to statis-
tically weight the effects of P and lp on the spatially averaged
pollutant concentration. The results were plotted together in
Fig. 13. It was clear that the spatially-averaged normalized con-
centration depends on the permeability of buildings (P) more than
: Contours of c at the pedestrian level (2 m above the ground) in Cases 3e6 with single
ases 7 and 8 with multi mitigation strategies.



Fig. 8. Contours of c at the vertical planes in total eight cases.
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on the site coverage ratio (lp), as R2 for P is 0.78 larger than R2 (0.47)
for lp.

Furthermore, to better predict spatially-averaged c in urban
areas, the integrated permeability li was calculated based on
Counihan’s roughness model [45] for estimating urban perme-
ability as follows:

li ¼ P$ðC1lP þ C2Þ (4)

The coefficients C1 (1.4352) and C2 (0.0463) [45] were for the
contribution of lp, considering that lp, as the horizontal perme-
ability, is less important than P, as the vertical permeability. The
values of li in all eight cases were given in Table 2.
As shown in Fig. 13, a strong relationship between li and
spatially averaged c (R2 ¼ 0.83) indicated that li is a good urban
permeability index to estimate traffic air pollutant dispersion. This
understanding provided a possibility for mapping traffic air
pollutant concentrations in urban areas with traffic volume data by
using GIS technology.
5. Urban implementation based on the real case study

A real case study at Mong Kok was conducted to demonstrate
that the suggested design principles and understandings were



Fig. 9. (a): Cross comparison of the horizontal distributions of normalized concentration ðcÞ in Cases 1e6. (b): Cross comparison of the horizontal distributions of the normalized
concentration ðcÞ in Cases 4, 7, and 8.
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feasible in real urban design practice. As shown in Fig. 14, based on
the current urban morphology (Case 1), an urban design (Case 2)
was produced to improve the air quality at this high-density urban
area. Based on the characteristic of different buildings, different
mitigation design strategies were employed in every street block.
To avoid reducing the land use efficiency, the plot ratio in these two
cases were same. The site coverage ratios (lp) in Case 1 and 2 were
respectively 0.51 and 0.42. The averaged building permeability (P)
of the total area was estimated at 0e60 m above the ground and
was 0.7 in Case 1 and 0.5 in Case 2.

For comparison purpose, a CFD simulation study was conducted
to model air flows and traffic air pollutant dispersion in the above
two cases. The simulations were constructed in accordance with
the methodology in the parametric study. The comparing results in
Fig. 10. Cross comparison of the vertical distributions of normalized concentration ðcÞ
in Cases 1e8.
Fig. 14 demonstrated that the wind permeability in the entire area
significantly increased in Case 2. Therefore, Case 2 significantly
increased the local dispersion. The normalized concentration data
was collected at the target street, and cross-compared in Fig.15. It is
clear that the probability of high concentration (c > 1.0) in Case 2
was far much less than the one in Case 1. This result demonstrated
the effectiveness of the suggested mitigation measures outlined in
this study.

Based on the understanding in Section 4.4, the urban perme-
ability li was also calculated, which was 0.48 in Case 1 and 0.27 in
Case 2. Similarly, the spatially averaged normalized concentration
ðcÞ decreased from 0.79 in Case 1 to 0.59 in Case 2. These results
coincided well with the linear relationship shown in Fig. 13 and
validated that the understanding of urban permeability presented
in Section 4.4 is feasible in the practical urban design.

6. Conclusion

In this study, a CFD parametric approach was taken to investi-
gate the impact of urban permeability and building geometries on
air pollutant dispersion in the high-density urban areas. The anal-
ysis and discussion of the results of this study revealed the
following scientific understandings for the decision-making in
high-density urban planning and design activities:

1) The SST keu model can simulate the species transport in a street
canyon with high accuracy and can be considered as a good
design tool in urban planning and architecture design for air
pollutant problems, due to the low computational cost. The per-
formances of various modeling methods (LES and RANS) that are
provided by ANSYS Fluent were investigated by cross-comparing
with wind tunnel experiment results. Although LES is clearly
more accurate than the RANS, the accuracy of the RANS model is
sufficient to test the effects of planning and design activities on
air pollutant concentration. Among the RANS models, the SST ke

u model had the best performance because of the special near-
wall region treatment using the standard keu model.



Fig. 11. Vertical profiles of normalized concentration ðcÞ, turbulent intensity (I), and wind speed (U) in Cases 1e6. Building heights (H) in six cases are given.
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Fig. 12. Regression analysis of the relationship between turbulent intensity and normalized concentration in the street canyon at different cases with low and high permeability.
(Significant level: 95%).
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2) The simulation results validated that mitigation strategies for
the air pollutant dispersion are necessary in the planning and
design of high-density urban areas. In current urban conditions,
traffic air pollutants are seriously concentrated in the deep
street canyon. If current planning and design activities do not
change, these conditions will worsen with future urban devel-
opment. Given the negative effects of air pollution on public
health and that of the high population density in Hong Kong,
mitigation strategies are necessary to alleviate this impact.

3) The impacts of various urban planning and design strategies to
improve air quality in both street canyons for pedestrian and
inside adjacent buildings were quantitatively investigated and
cross-compared in parametric studies. Policy makers can
determine what needs to be changed by having a better un-
derstanding of how to select appropriatemitigation strategies in
particular planning and design cases to mitigate the negative
effects of air pollutant on the surrounding environments. Stra-
tegies recommended in this study can be applied into both the
new project design and the urban redevelopment. The advan-
tage of this kind of building-scale strategies is that they allow
the urban redevelopment to be done step by step, one building
by one building. It is more practical than the redevelopment
done in one time.
Fig. 13. Linear relationships between pedestrian level air pollutant concen
This study noted that the air pollutant dispersion in high-density
cities can occur if strategies which promote convection effects,
such as building separation, porosity, and stepped podium void, are
implemented and could be more efficient than strategies for larger
turbulence diffusion, such as building setback. Unlike what the AVA
understanding indicates, pedestrian-level pollutant concentration
depends on the permeability of the entire street canyon. Although a
high building porosity off ground level cannot increase the wind
speed at pedestrian level, it can decrease pedestrian-level air
pollutant concentrations. In the design and planning process,
appropriate strategies need to be chosen based on the particular
concerns in different projects.

4) Simulation results indicated that both the prevailing wind di-
rection and urban permeability are important to estimate the
direction of pedestrian level pollutant dispersion in high-density
cities. Low urban permeability in high-density urban areas could
reverse air flow near the ground, allowing air pollutants to
disperse into the windward area of the pollutant sources.

5) By integrating the horizontal and vertical permeability based on
Counihan’s surface roughness model, a new permeability index
li was introduced to estimate the spatially averaged c at the
pedestrian area. The efficiency of this index was validated by a
tration and permeability indexes, P, lp, and li. (Significant level: 95%).



Fig. 14. Case study of urban redevelopment at Mong Kok and simulation results. Case 1: the current urban area of Mong Kok; Case 2: the urban morphology of Mong Kok with
mitigation strategies. The mitigation strategies in Case 2 can significantly increase the wind permeability and decrease the traffic air pollutant concentration.
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linear regression analysis. This result provided a possibility for
mapping air quality in the urban areas with traffic volume data
by using GIS technology.
7. Limitations and future study

It is considered that the convection is effective when pollutant
sources are limited to areas and not uniformly presented in all
streets, with the assumption that the concentration in neighboring
street is lower than in the street with heavy traffic-related pollutant
source. Therefore, modeling reactive pollutants is expected to be
Fig. 15. Distribution of the normalized concentrations in Case 1 and Case 2. The
probability of high concentration (c > 1.0) in Case 2 is far much less than the one in
Case 1.
included in future studies to extend the research to larger spatial
and time scales to clarify the potential negative effects of diluted
pollutant on the neighboring areas. Accordingly, fieldmeasurement
or wind tunnel studies are necessary to validate the chemical re-
action modeling. On the other hand, this study is the first stage of
research on a planning and design guideline for urban air quality.
Further parametric and real urban studies are necessary to deter-
mine threshold values of various design parameters and clarify the
relationship between urban permeability and air pollutant
dispersion.
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