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Abstract: The high-rise and high-density housing development in nearby industry relocations is a
general urban sprawl phenomenon in fast-growing cities in Southern China. Aside from the low price,
the improved air quality in the suburban area is always a reason for home buyers, but the consistent
monitoring of air quality and knowledge about how to plan housing estates are lacking. This paper
investigates the relationship between the housing morphology and the air quality in three housing
estates in Shenzhen. This research utilizes on-site monitoring equipment to examine negative air ions
(NAIs) and fine particulate matter (PM2.5) and the Computational Fluid Dynamics (CFD) simulation
to examine the air flow. This study reveals the effect of the urban form on the concentration of NAIs
and PM2.5 in spatial variation. A correlation study between the configuration variables of the urban
form and the CFD air flow pattern helps to identify the key variables influencing the air quality.
This study concludes that in housing estates with good air quality of surroundings, the building
density has no remarkable effect. However, the footprint of buildings, the layout of podiums, the
roughness length of the building, the distance between buildings, the open space aspect ratio and the
mean building height may have a remarkable impact on the air flow and quality. These findings may
encourage high-density housing development and provide planning guidance for the configuration
of housing forms in Southern China and subtropical climate regions around the world.
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1. Introduction

Urbanization leads to the deterioration of urban air quality. In low- and middle-income
countries, 97% of cities with over 100,000 residents are exposed to an air pollution level
exceeding the World Health Organization (WHO) Air Quality Guidelines [1]. The decline
in air quality is associated with human health and contributes to cardiovascular and
respiratory diseases, such as heart disease, lung cancer, and asthma [1]. According to
the World Health Organization [2], air pollution diseases are related to approximately
6.5 million deaths, accounting for 11% of the total annual death in 2012. The emission from
automobiles is the major source of urban air pollutants [3]. High-density urban forms will
further influence the physics of pollutant behaviour in the urban canopy layer, which may
block pollutant dispersion and result in poor air quality [4–6].

Urbanization has significantly shifted the landscape surfaces and thus urban climate
including wind conditions in Shenzhen. Shenzhen has been regarded as the most rapidly
urbanized city in China. Statistics data in 2017 showed that Shenzhen has a population of
20 million resided on an area of 975.5 km2 allowed for construction. It is a mega-city with
very high density population in China. The air quality and wind environments could be
important criteria in the selection of living area and location of housing development in
such a high-density and high-rise city with crowded vehicle traffic. COVID-19 has aroused
public demands for a healthy living environment with a good air quality and ventilation.
Thus, this study focused on the effects of urban morphology on air quality and ventilation
around and within high-rise and high-density residential sites in Shenzhen.
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1.1. Studies on PM2.5 in the Urban Residential Scale Are Needed

PM2.5 is widely acknowledged as a crucial risk factor to human health and is linked
to about 3.1 million deaths worldwide in 2010 and 962,900 premature mortality in 2017
in China [7,8]. PM2.5 refers to particles with aerodynamic diameter of less than 2.5 µm
and includes ultrafine particles with a diameter less than 0.1 µm [8]. As inhalable particles,
PM2.5 can cause respiratory and cardiovascular system diseases and all types of cancers
due to short- and long-term exposure [8]. In 2016, more than half of the urban dwellers
worldwide are exposed to outdoor air pollution levels at least 2.5 times above the value
prescribed in the WHO Air Quality Guidelines for fine particulate matter (PM2.5) [1].
PM2.5 is often a representative indicator of air pollution because it has more influence
than other pollutants [1]. The PM emitted in urban areas often comes from anthropogenic
sources, such as road traffic and fuel combustion from industry [9,10].

A recent study in United States and Italy has found that COVID-19 can stay in aerosol
for more than 3 h and disperse in long distances through the particles in the air [11,12].

Many studies have investigated the influence of the built environment on the air
quality at two major scales: regional or city-wide scale. Most studies are conventionally
focused on air pollution estimation in a large regional or city-wide scale to look at the
determinants of the urban land use planning and the landscape pattern on the tempo-spatial
distribution of air pollution [13]. The land use regression (LUR) model, a multivariate
linear regression, is a commonly adopted modelling approach in Asia, Europe, and North
America to predict the concentration of air pollutants at certain areas without a large size of
detailed pollutant emission data [14–17]. In these macroscale or mesoscale studies, the most
input land use planning predictive variables are urban land use-related characteristics,
population density, building density, road length, traffic load, and landscape patterns to
determine their effects on the tempo-spatial variation of the air pollutant concentration in
a city-wide or regional range [18–20]. However, source data is often obtained in a lower
spatial resolution to predict the air pollution on a larger scale of city than measurement data
is, and thus cannot be applied to investigate the physical characteristics of air pollutants in
local dispersion environments (i.e., urban morphology building complex).

Recently, increasing studies have considered the dispersion and the concentration of
air pollutants in the street canyon at the local scale. These studies declared that physical
characteristics of urban form and building complex are significant determinants to the
air pollutant intraurban dispersion and deposition [4,21,22]. Some studies incorporated
urban morphological metrics and three-dimensional building parameters, such as building
areas, street width, aspect ratio, sky view factor, volumetric density in a small buffer radius,
and conventional land-use planning variables obtained from a large buffer radius, into LUR
models to improve its predictive accuracy and efficacy [23–25]. Eeftens et al. [24] have
investigated the combined effects of the urban morphological and building geometrical
parameters at the local scale together with the basic land use development parameters at
the district scale on NO2 and NOX concentrations through the upgraded predictive LUR
model. However, such a “hybrid approach” of the LUR model correlating data of the
local morphological parameters and data of city-scaled land use development is difficult to
detail the individual effects of urban forms, street morphology, and building configuration
on the local-scaled pollutant distribution at a spatial resolution of several hundred meters.

Many studies have applied Computational Fluid Dynamics (CFD) simulation or wind
tunnels to identify the effects of urban forms or street morphology on the air pollutant
dispersion in an idealized model [21,26–30]. Yuan et al. [31] has performed CFD simulations
of an abstracted and idealized urban model and found that the improvement in the urban
permeability through morphological strategies, such as building porosity, separation,
and stepped podium void, can substantially promote the air pollutant dispersion in the
street canyon rather than the change in the site coverage ratio and its related morphological
strategies, such as building setback. However, only a few of numerical investigations
have focused on the relationship between urban morphology and air pollutants in a
realistic urban model due to difficulties in the full evaluation of complex actual urban
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settings [32–34]. Shen et al. [35] investigated the air pollutant flow pattern under various
street morphologies in six different street canyons worldwide by using the slice method to
generalize the features of actual street morphology and assess the flow patterns by using
actual street block models in CFD. The numerical simulation and the wind tunnel can
explore the pollutant dispersion-related parameters on the basis of the mechanism of wind
ventilation in the urban canyons, but fewer studies combined the simulation results with
measured air pollutant concentration in real-world urban settings.

This study is conducted to explore the correlation between local-scale morphological
parameters and air pollutant concentration at real urban sites with a high spatial resolution
through a combination of on-site measurements and CFD simulations. This paper inves-
tigates the effects of three-dimensional urban morphological and building configuration
factors and ventilation performance on the air quality at a local scale-built environment.

1.2. Studies of NAIs in the Urban Residential Scale Are Needed

Air quality is not limited to the concerns of pollution. Improving the air quality also
means enhance the concentration of good micro substance in the air. From the discovery
in 1889, negative air ions (NAIs) have long been studied across many research fields,
such as medicine, biology, mechanical engineering. Many effective benefits of NAIs have
been found in the field of biomedicine and human health, such as respiratory disease
prevention and recovery [36], immune system enhancement [37], nerve hormone alteration,
and fatigue alleviation [38]. Moreover, some studies on air quality have explored the
effects of NAIs on the air quality improvement, such as dust aerosol massive and particle
absorption [39], smoke reduction [40], and bacterial cleansing [41]. COVID-19 has aroused
public demands for an improvement of immunity, especially of the elderly. NAIs exist
as a common component in the air which can be an indicator of air quality. Its formation
mechanism, named air ionization, indicates that, when sufficient energies transfer an
outer electron from oxygen, nitrogen, or water molecules, this free electron is absorbed
by another molecule and obtains a negative charge. The sufficient force for air ionization
can be derived from natural substances, such as cosmic radiation, the minute shearing of
water droplets, lightening, radioactive components of soil, and ultraviolet rays, and from
anthropogenic activity, such as high-voltage discharge and hot surfaces. Higher NAI
concentration also distribute around waterfalls, watercourses, and lakes.

Meteorological factors and morphology especially urbanized and landscaped areas
can heavily affect the movement and the concentration of NAIs. Many scholars have
studied the correlation amongst air temperature, relative humidity, wind speed, and ra-
diation on the NAI concentration across different climate zones. However, a consistent
result cannot be reached. Some studies have found a significantly negative correlation
between the air temperature and the NAI concentration [42], whereas some studies show
contradictory results [20,43,44]. Other studies such as Wang et al. [45] have presented a
curvilinear relationship between the air temperature and NAI concentration in the equation.
A similar controversy is observed in the correlation of seasonal and diurnal variations with
NAIs. Some studies suggest that winter and summer have the highest and lowest NAI
concentrations, respectively [46–48]. Given the unstable nature of NAIs [49], their existence
in natural conditions fluctuate remarkably along temporal and seasonal scales.

As for the influence of morphology on the NAI concentration, the effects of the anthro-
pogenic urban expansion on the concentration of NAIs have been studied in regional and
city scale forests or local scale parks. Wang et al. [45] found that local morphology such as
vegetated area, water bodies, traffics, and residential regions can influence NAI concen-
tration. However, although previous studies have investigated the correlation amongst
air pollutants, meteorological conditions, and urban forms at a macroscale for a city or a
regional district, research on NAIs at a microscale for urbanized local neighbourhoods is
still lacking. Therefore, this paper aims to study the effects of urban environments on the
spatial distribution of NAIs and determine the key environmental characteristics on NAI
concentration at a local scale.
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1.3. Relationship amongst Urban Morphology, Wind Pattern, and Air Pollutant Dispersion

The urban morphology and the building geometry play a crucial role in the pedestrian-
level natural ventilation and the air pollutant dispersion in the urban canopy layer [50,51].
According to Yuan et al. [31], Shen et al. [52], Yang et al. [53] and Li et al. [54], the building
geometry has similar effects on the pollutant dispersion and the wind performance at the
pedestrian level in the street canyon. Hassan et al. [55] performed a transient 3D CFD
simulation to predict the PM10 concentration in a real urban scenario and proposed four
alternative scenarios with morphological indicators, such as absolute rugosity, occlusivity
factor, plot area ratio, and volume area ratio, under two types of air inflow conditions.
Results show that the air pollutant dispersion can be promoted by the alternative ur-
ban form and morphological indicators, thereby improving the outdoor and indoor air
qualities. Moreover, the pedestrian-level pollutant concentration is determined by urban
morphological and wind dynamical parameters [28,29,56].

Wind flows are important for the urban outdoor air quality because the air fluid can re-
move and dilute pollutants in the atmosphere [3,57]. The aerodynamic effect dominates the
dispersion behaviours of air pollutants, especially PM. The urban bulk building complex
can influence the urban ventilation from horizontal and vertical directions and change the
turbulent diffusion. Hence, the outdoor vehicle and household pollutant dispersion and
dilution are altered at the local scale and remarkably impact the indoor air quality [58–64].
Thus, urban morphological parameters, building configurations, and individual shapes
are related to various types of dispersion patterns and flow regimes in the urban canopy
layer [65,66]. The air velocity magnitude and the turbulent diffusion, which can be re-
markably affected by the urban morphology, are fundamental and basic indicators of the
natural ventilation performance. Shen et al. [35] performed CFD simulations of six streets
around the world and found that the morphological characteristics such as aspect ratio,
street width, street continuity ratio, lateral openings, and intersections had significant
effects on the air flows and pollutant dispersion, indicated by net escape velocity, turbu-
lent diffusion, the pollutant transport rate of mean flows, and the age of air. Edussuriya
et al. [66] conducted field measurements of air quality to investigate the correlation between
urban morphological parameters such as plan area density, occlusivity, aspect ratio, and air
pollutant (i.e., NOx, PM, CO, and ozone) distribution. The study identified the dominant
morphological parameters of PM and NOx. Peng et al. [67] assessed the ventilation of
four typical residential building forms along two representative street orientation under
three wind directions in Nanjing, China by means of CFD simulations, and found that
North-South oriented street with buildings perpendicular to the street showed improved
venation for all wind directions, where as East-West orientation street with buildings
parallel to the street presented the worst ventilation. Qin et al. [50] investigated the ven-
tilation performance of 9 types of idealized and representative residential forms at both
street and tower-level in the high-rise and high-density area of Hong Kong under four
wind directions through CFD simulation technique. The typical residential forms and
site division morphology were extracted based on the regulatory and social-economic
characteristics. It is found that site and tower morphology has a strong correlation with
ventilation. Extra-large sites with a centralized tower scenario created the best ventilation
environment for both street and tower-level.

Given that evidence and studies demonstrating the correlation between urban mor-
phology and NAI concentration in urban-built environments are lacking, this study consid-
ers the relationship amongst urban morphology, outdoor ventilation, and PM2.5 dispersion
at the pedestrian level and a wind performance comparison between test points inside
and outside residential sites. Wind directions remarkably affect the air quality of the
internal areas of real estates and are monitored on site to understand the air quality in
the surroundings of the area of interest. The relationship between urban morphological
variables and airflow patterns inside and outside real estate sites obtained by the CFD
simulation is further examined. The mean wind velocity and the normalized velocity
magnitude are used as ventilation performance indicators in this study. Under a good
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external air quality environment, the air ventilation performance inside residential sites is
assumed to substantially influence the internal household air pollutant dispersion and the
flow exchange process between outside and inside areas of residential sites.

2. Research Methodology

Three steps of evaluation methods, i.e., on-site measurement of air quality, configu-
ration variables of residential form, and CFD simulation, were applied. The upwind air
quality monitoring ensures that the effect of air flow into the housing estate, which has
positive and negative effects on the air flow, is healthy. The CFD simulates the actual air
flow pattern. A correlation study between configuration variables and the CFD air flow
pattern helps in the identification of key variables. The key variables are significant in
guiding the housing planning and design in similar circumstances.

2.1. Case Selection

The Pingshan District located in the northeast of Shenzhen is a fast-growing coastal
city adjoining Hong Kong in Southern China and is a high-density metropolis with a
permanent resident population of over 13 million and a total land area of 1997.4 km2.
Shenzhen has a subtropical monsoon climate characterized by a hot and humid summer
and mild winter. Based on records from 1981 to 2010, the annual average air temperature
is 23.0 °C, and the yearly mean relative humidity is 74%. The annual precipitation is
1935.8 mm. The yearly prevailing wind direction is northeast, and the summer prevailing
wind is southwest. The Pingshan district located in Eastern Shenzhen is close to Huizhou
Daya Bay Petrochemical City in the east, Dapeng Peninsula in the south, Yantian Port in
the west, and Longgang Central City in the north (Figure 1). Pingshan has a population
of over 46,300 and a total land area of 166 km2, 30 km2 of which is developable [68].
As a suburban living and industrial district, Pingshan has large green areas and country
parks. However, given the explosive urban expansion and increasing building density, high-
density urban formation has become increasingly common. Moreover, recent developments
in the high-technology industry and the large construction industry have started to stir up
environmental concerns in the district.

Figure 1. Location of the Pingshan district in Shenzhen.

This study has selected three residential sites, i.e., Site 1-BH, Site 2-SY, and Site 3-DC,
in the same municipal district with varied morphologies (Figure 2). The site selection
intends to include typical variations in the residential area in morphological features and
building configurations, such as building height, building density, layout, and greenery.
All sites are influenced by similar pollution sources, i.e., adjacent to similar road types
and traffic load, except Site 1-BH has a light industry complex nearby. The sites should
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have different plot ratios in density, layouts, and building configurations. This study has
tried to keep the consistency of census data, topological features, and traffic components
in selected sites. Thus, the selected sites are all real estates because they have similar
properties regarding population density, flat terrain, and homogeneous function, which
are comparable.

Figure 2. Location of three selected residential sites in Pingshan, Shenzhen: Site 1-BH, Site 2-SY,
and Site 3-DC.

This study has defined two types of physical boundaries as study regimes for spatial
unit analysis. The large study regime has a 500 m radius for the investigation of impacts
exerted by intermediate surrounding environments, which contain the whole selected
residential site (Figure 3). The highlighted area is the selected real estate site serving as a
microenvironment for the core area investigation. Microenvironments are defined as a mi-
croscale area with similar morphological characteristics and quasi-homogeneous pollutant
concentrations without distinctly varied influence of different surroundings in the study
area [25]. Three sampling points are sparsely distributed around each microenvironment
of three different suburban residential settings: located on roadsides, pedestrian areas,
and landscaped areas for mobile monitoring.

Figure 3. Selected three sites with different morphological characteristics (left to right): (a) Site 1-BH.
(b) Site 2-SY. (c) Site 3-DC.

2.2. Air Quality Monitoring

The studied NAIs, PM2.5, and meteorological factors were measured at nine sampling
points representing different microenvironments that were evenly distributed around three
real estate sites by using two mobile monitoring devices with direct current (DC) power
(Figure 4). The sampling points were located in the southwest of the selected sites, directly
facing the clean and fresh upwind of prevailing southwestern wind from sea in the summer.
One monitoring campaign lasting 10 consecutive weekdays was conducted in June 2020
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during calm weather, under low wind speed conditions without rain. Three sampling
points at each real estate were situated in three types of open space: a roadside under the
tree, pedestrian areas around residential sites, and areas adjacent to a park.

Summer was chosen for field monitoring, as it is dominated by natural ventilation
and residents’ outdoor activities. Summer is also the season with the highest humidity
and the lowest air flow in the region, except during typhoons. Monitoring in the summer
also avoids seasonal variation in NAI concentration and PM2.5 concentration due to
meteorology. A one-round measurement of nine sampling points was controlled in 3 h,
and each time and each sampling point were monitored for 10 min to minimize the
diurnal variation in NAIs and PM2.5 concentration induced by the vehicular emission rate
and meteorology. The three monitoring periods per day from morning to evening were
9:00–12:00, 14:00–17:00, and 19:00–22:00. Given that a high resolution of spatial and daily
temporal data is desirable for local-scale investigation, all nine points were monitored for a
total of 5 h in 10 weekdays.

PM2.5 and NAIs were monitored using the portable device WST-10C Air Ion Tester
(Beijing Woston Inc., Beijing, China), which has a measuring range of negative air oxygen
ions of 0–5 × 106 ions/cm3 and a PM2.5 measuring range between 0 and 999 µg/m3. This
device has an accuracy of ±5% and 1-min time resolution at air temperature of −30 °C
to 80 °C and relative humidity of 1% to 99%. This device can work for 8 h after fully
charging, which is sufficient for a day of monitoring. Meteorological variables, including
air temperature, relative humidity, wind speed, and wind direction, were measured using
the Kestrel 4500 Weather Meter (Nielsen-Kellerman Inc., Boothwyn, Pennsylvania, USA),
which has an accuracy of 0.5 °C for ambient temperature, 3.0% for relative humidity, and 3%
for wind speed with a time resolution of 1 s. The weather meter has a data storage memory
of 2900 data. The air ion tester and the meteorology meter were installed on a tripod at a
height of 1.5 m above the ground, the average height at which people breathe. These pieces
of equipment require a 2 min warming up time for accurate readings. All instruments were
calibrated and synchronized before the monitoring campaign to obtain accurate data.

Figure 4. Three sampling points around each site (left to right): (a) Site 1-BH with P1–3. (b) Site 2-SY
with P4–6. (c) Site 3-DC with P7–96.

2.3. Building Configuration Variables

The whole set of selected urban morphological parameters can be classified into four
groups in accordance with their nature, i.e., land utilized and building density, urban
friction, urban permeability, and the basic 3D parameter group. All urban morphological
parameters were assessed for the whole site. The morphological parameters for the three
sites were quantified on the basis of high-resolution GPS digital maps.

2.3.1. Land Utilized and Building Density

• Plan area density (λp)
λp provides a 2D understanding of the relationship between the provision for build-
ings and open spaces and can quantify the land utilized intensity and the urban solid
ratio of an area at the ground level. λp reflects the population concentration and the
spacing of building and open spaces for air movement in an urban fabric. Given that
the building bulk is considered an obstacle to the wind flow, increasing λp often leads
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to a rise in the pollutant concentration [69]. λp is calculated using the total footprint
area of building volumes to the total site area.

λp = ∑(Abldg f ootprint/Asite). (1)

• Compactness factor (C f )
C f is a ratio between the total area of the building vertical surface exposed to the
outdoor and the total building volumes in the area (standard enveloped surface area
per unit volume). High values are due to the remarkable height and increased wall
surfaces exposed outdoors. The large vertical surface areas of buildings subject to
friction with urban wind retards the air movement and reduces the horizontal and
the vertical dispersions of air pollutants [70]. Thus, usually, a high volume or several
small volumes with similar surface areas benefits air pollutant dispersion.

C f = ∑(Abldgenvelope/Vbldg). (2)

• Frontal area density (λ f )
λ f is the ratio between the vertical surface area that perpendicularly faces winds and
the total site area. The incident wind angle (θ) should be considered. Grimmond
and Oke [65] and many other researchers called it a “frontal area index”. It measures
the effects of vertical frictional envelopes of high-rise built volumes on drag and
turbulence. A larger frontal area density means a larger surface friction retarding air
flows and pollutant dispersion under an urban canopy layer. The calculation formulae
are shown below.

λ f =
∑ Abldg f ront

Asite
,

Abldg f ront = (Lx sin θ + Ly cos θ) ∗ Hbldg.
(3)

• Rugosity
Rugosity, which considers the mean height of urban buildings, denotes the building
density through the standardized volume per area (m3 per m2) [71,72]. As it has been
proved that there is an association between a higher building density and a lower
mean air velocity as well as a higher air pollutant concentration, rugosity is applied to
understand the profile of wind patterns in urban canyons [71,73]. The factor implies
the number of volume obstacles that are potentially the obstacles for wind movements.
Accordingly, the true height of each building is used to calculate rugosity. Podiums
and towers are calculated separately.

Rugosity = ∑(Abldg ∗ Hbldg/Asite). (4)

2.3.2. Urban Friction

• Urban roughness length (Z0)
Roughness length (Z0) was proposed by Oke [4] to measure the urban friction caused
by urban volumes, explaining the influence of surface roughness on wind field. Geo-
metrical methods are widely applied to derive the Z0 via considering the synthetic
effects of building height, width, volume, and density. Based on the study of Edus-
suriya et al. [73], the urban roughness length has a positive relationship with air
pollutants. Its formulae, applied from McDonald et al. [74], is shown below:

Z0/(meanH) = (1− Zd/ZH) ∗ exp[−0.5β ∗ CD/κ2 ∗ (1− Zd/ZH) ∗ λ f
(−0.5)

],

Zd/ZH = 1 + αλp ∗ (λp − 1),
(5)

where ZH is equal to the mean H, and λ f represents the frontal area density. CD
reflects a drag coefficient value at 1.2, and κ denotes the “von Karman’s constant set at
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0.4 for a dense area [74], whose formulae is (1 + St. dev. of building height/mean H)
× 4. β is taken as 1, a correctional factor. This result multiplies the mean H deriving
the Z0. Zd is the zero-plane displacement height. α is a constant coefficient at 4.43,
while λp is the plan area density.

2.3.3. Permeability Parameters

• Open space aspect ratio
The aspect ratio in this study indicates the ratio between the mean building height
and the mean width of the continuous open space between buildings. According to
Oke’s study [4], the geometrical properties of urban canyons can remarkably influence
the airflow pattern and the air pollutant concentration in the continuous open space.
Three air flow regimes, i.e., skimming flow, wake interference flow, and isolated
roughness flow, are characterized. A high aspect ratio is generally associated with
heavy air pollutant concentration. Under the conditions of the same aspect ratio,
different building height variations between two sides of open spaces can cause
different effects on the air pollutant concentration. However, the cases in this study
do not have a significant building height variation between open spaces. Thus, only
the mean building height of open spaces is considered to eliminate the heterogeneity
of slightly diversified fabrics.

OpenSpaceAspectRatio = MeanH/MeanW. (6)

• Distance between buildings
The distance between buildings is calculated using the mean actual distance between
rows of buildings. Usually, a higher distance between buildings means a lower
compactness, a higher ventilation velocity, and a lower pollutant concentration. Here,
two directional distances from south to north and from west to east between buildings
are calculated, and results are averaged to obtain the mean distance between buildings
for each site.

DistanceBetweenBldgs = ∑ Distanceo f Bldgs
TotalRowso f Bldgs

. (7)

2.3.4. Basic 3D Morphological Parameters

• Mean built volume
The mean built volume is the total volume of buildings divided by the total number
of buildings in the study area and denotes the built volume impact on the wind effect.

MeanBldgVolume =
∑ VBldgs

Numbero f Bldgs
. (8)

• Mean building height
This study has applied the plan area method to calculate the mean building height
of the study area. The weighting factor of each building is the ratio of the floor
area of each building and the total floor area of the study area. The total sum of
each actual building height times to the weighting factor is divided by the number
of buildings to obtain the weighted mean building height. A high mean building
height indicates improved pollutant dispersion. The weighted mean building height
is defined as follows.

MeanH = ∑(
FloorAreao f EachBldg

TotalFloorsAreao f StudyArea
∗

ActualHeighto f EachBldg
Numbero f Bldgs

).
(9)

• Standard deviation of the building height
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The standard deviation of the actual building height in the study area considers the
height variation between buildings, and the calculation method is applied. Usu-
ally, the more heterogeneous building heights may lead to more air flows and less
skimming flows in the wind regime, which may improve air movements and air
quality [75]. The formulae is given below:

StandardDeviation =

√
∑n

i=1(xi − x)2

(n− 1)
, (10)

where xi is the value of the height of the ith individual building, x is the mean building
height, and n is the total number of the data in the data set.

• Plot ratio
The plot ratio implies the population concentration at a site, as well as the building
and open spaces spacing for air movement in an urban tissue. It also reflects the
number of stories and areas that can be built on a specified plot. The plot ratio is
derived from the ratio of the gross floor area of a building to its net site area.

MeanPlotRatio = GrossFloorArea/SiteArea (11)

2.4. Air Velocity Simulation
2.4.1. Meteorological Data

This study has investigated the ventilation performance and the air pollutant dis-
persion in June 2020. Thus, the wind data for the simulation input were taken from the
Shenzhen Urban Meteorological Monitoring Report of June 2020 and downloaded from
the Meteorological Bureau of Shenzhen Municipality [76]. The monthly prevailing wind
direction was South–South–West, and the average wind speed was 2.3 m/s in June 2020
(Figure 5). According to the Shenzhen Climate Bulletin 2020, the monthly average wind
speed was similar to the annual average wind speed at about 2.0 m/s, in 2020 [77].

Figure 5. Wind rose graph of Shenzhen in June 2020.

2.4.2. CFD Settings and Parameters

This study used the steady-state incompressible isothermal CFD calculation to investi-
gate the diversity of air flow patterns at the pedestrian level inside the three residential
sites (Figure 6). Butterfly (version 0.0.05), which is a plugin of Grasshopper built on the
Open Field Operation and Manipulation (OpenFOAM), was used to run CFD simulations.
OpenFOAM, an open-source platform, has a robust and powerful CFD engine for advanced
simulation and widely used turbulence models, such as the RANS standard κ–ε and LES
models. Butterfly uses the CFD engine of OpenFOAM and allowed the geometry built in
Rhinoceros 7.0 (commercial NURBS modelling software) to be transported to OpenFOAM
for CFD simulations.
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Figure 6. A total of 21 test points distributed in three sites (left to right): (a) Site 1-BH with P1–3 and
P10–12. (b) Site 2-SY with P4–6 and P14–16. (c) Site 3-DC with P7–9 and P16–21.

Several previous studies with accurate CFD simulation practices in the built environ-
ment by using OpenFOAM were used as guidelines of simulation setting to ensure the
accuracy and the quality of the outcome [63,78,79]. The difference in this study is that
geometric models were built in Rhinoceros 7.0, and whole domain settings were conducted
in Butterfly (Figure 7). The core simulation process was performed using the CFD code
in OpenFOAM. The steady-state incompressible isothermal calculation was chosen for
wind pattern prediction. The 3D steady RNG κ–ε turbulence model for incompressible
and isothermal flow was solved for the wind flow regime following recommendations of
previous studies [80,81]. Given the limited computational resources, this study chose to
fulfill the minimum requirement of the domain and the mesh creation for accurate results.
The top boundary and three lateral boundaries of the domain were placed at about 5 Hmax,
whereas the pressure outlet boundary had a 15 Hmax extension of the domain for the flow
redevelopment. Hexahedral meshes were used to create high-density cell boxes around
the study area with a high-quality mesh refinement of the area of interest and multiple
grading schemes between two consecutive cells.

The inlet profile of the mean vertical wind speed (U) of the boundary layer was given
by a logarithmic law, which was fitted to the measured input profile at a height of 10 m.
The aerodynamic Z0 of a typical urban area was set to 2.0, representing a landscape of
mixed high- and low-rise buildings with open areas between buildings. At the inbound
area, the wind profile was calculated using the following equation:

U(z) = U(zre f ) ln (z + z0)/z0,

where U(z) is the wind velocity (m/s) at height z, U(zre f ) is the measured fluid velocity
at the height of 10 m (i.e., 2.3 m/s), and zre f is the reference height. Calculations were
performed in the verified OpenFOAM CFD engine [82]. The convergence was achieved
when the residual reached 10−4. Fluid velocities were plotted at the height of 1.5 m of the
pedestrian level in the street and on the podium. The normalized wind velocity magnitude
was determined by the ratio of fluid velocities and the U(zre f ) found in the Pingshan’s
annual meteorological file of 2020. The simulated wind direction was south-southwest
(SSW, 22.5°), the monthly prevailing wind direction of Shenzhen in June 2020 (Figure 5).

Figure 7. Model configuration of three sites (left to right): (a) Site 1-BH. (b) Site 2-SY. (c) Site Site
3-DC.
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This study aimed to investigate the influence of urban morphological parameters
and the urban form on the wind pattern and the air pollutant concentration in residen-
tial areas under a microclimate during summer in Pingshan, Shenzhen. Three research
methods—on-site measurements, computational simulations of wind patterns, and urban
morphological parameter analysis—were applied. The on-site mobile monitoring was
adopted for the cross-sectional analysis of short-term NAI concentration, PM2.5 concentra-
tion, and meteorological conditions at sampling points in three cases because it enables
urban traverse and has large spatial coverage for sparsely distributed sites within the
limitation of inadequate instruments. Several urban morphological indicators are proposed
to generalize the urban density, urban friction, the permeability of buildings (including
λp, C f , λ f , and rugosity as density indicators, Z0 for urban friction, open space aspect
ratio, and the distance between buildings for the permeability of buildings), and other
basic 3D morphological parameters (such as mean built volume, mean building height,
and standard deviation of the building height). The CFD simulation of ventilation in built
environments was conducted in Butterfly (version 0.0.05), a plugin of Grasshopper, which
was connected to OpenFOAM through the blue CFD-Core.

3. Results and Discussion

The actual PM2.5, NAIs, and the air velocity magnitude of test points surrounding the
selected real estate cases were measured onsite. Each three monitoring points were located
in the southwest of the three residential cases and in the clean and fresh upstream area.
The measured air quality and velocity results of these surrounding test points as an initial
context of air quality and ventilation outside the selected sites impact the ventilation and
air quality inside the selected cases. The ventilation performance and air quality of test
points distributed inside the selected sites were simulated in CFD modelling. A comparison
between the results of the surrounding test points and the internal test points indicates
the effects of residential morphology on the variation of ventilation performance and air
quality. It is assumed that, if the actual air quality in the upstream of the estates is good,
improved air flow and good air quality can be observed inside the estates. The residential
morphological variable study further revealed the morphological characteristics of the
three residential sites and their effects on the air flow pattern obtained from the computer
modelling. The correlations between building configuration variables and the airflow
pattern inside the selected estate cases were further analyzed based on the results of
CFD modelling.

3.1. Actual Air Quality Monitored
3.1.1. NAI Concentration Analysis

The upper limit of the average NAI concentration of the three residential areas is
not equal and lies between 841 and 1275 n/cm3 (Figure 8). This shows that, in the urban
environment in the west of the three estates, the difference in the NAI concentration is
not distinguishable. The NAI concentration in the evening is higher than that in the
morning and lowest in the afternoon (Figure 9). This finding is consistent with the previous
paper [83].

The NAI concentration of urban spaces that are away from main roads is higher than
that close to urban main roads. The NAI concentration level of Site 2 located in the district
center is the highest. The lowest NAI concentration is at Point 8 in Site 3. The mean NAI
concentrations of Site 1 and 3 are similar (Figure 8). This result may be because Site 1 is
adjacent to main urban roads, and Site 3 is close to highways in the district fringe. This
finding is consistent with that of Wang et al. [45], who showed that urban arterial roads
affect the NAI concentration. The highest NAI concentration is at Point 4 in Site 2 (Figure 9),
reflecting that the NAI concentration near the river water body is higher than that in other
urban environments that are not near water bodies [45].
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Figure 8. Mean NAI concentrations of nine points in three real estates (Site 1-BH with P1–3, Site 2-SY
with P4–6, and Site 3-DC with P7–9) during the whole campaign.

Figure 9. NAI concentrations of nine points in three real estates (Site 1-BH with P1–3, Site 2-SY with
P4–6, and Site 3-DC with P7–9) during the morning, afternoon, and evening.

According to the national evaluation standard of the NAI concentration class (Table 1),
the NAI concentration of three residential sites in Pingshan all belong to the upper-
middle class.

Table 1. National standards of NAIs for forest and country parks.

Class Concentration of NAIs (n/cm3) Notes

I n ≥ 3000 Excellent
II 1200 ≤ n < 3000
III 500 ≤ n < 1200
IV 300 ≤ n < 500 ↓
V 100 ≤ n < 300
VI <100 Bad

Notes. Cited from “Specification on observation on NAI concentration (LY/T 2586—2016) for forest and coun-
try parks”.

3.1.2. PM2.5 Concentration Analysis

The overall PM2.5 concentration of the built environment in Pingshan District is
very low. The PM2.5 concentrations of the three residential areas range between 4.91
and 10.16 µg/m3 (Figure 10), which is lower than that of the national standard (Table 2).
According to the “Ambient Air Quality Standard”, the 24 h average PM2.5 concentration
values of the three settlements within five days are all lower than the prescribed 24 h
average concentration Level 1 limit (15 µg/m3) and meet the requirements of nature
reserves, scenic spots, and other areas that need special protection. At a concentration of
15 µg/m3 as the boundary, Points 1 and 2 exceed 15 µg/m3 only once, and Point 3 exceeds
15 µg/m3 only twice (Figure 11). Most of the remaining times and sampling points are
below the limit. These results indicate improved air quality. Moreover, all the measurement
values are lower than the annually averaged PM2.5 concentration in Shenzhen as a whole.
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According to Zhang et al. [84], the 24 h average PM2.5 concentration of 11 sites covering the
entire Shenzhen city in 2013 is 39.6 µg/m3, which is twice the national secondary standard
and higher than the Pingshan overall PM2.5 concentration.

Figure 10. Mean PM2.5 concentrations of nine points in three real estates (Site 1-BH with P1–3, Site
2-SY with P4–6, and Site 3-DC with P7–9) during the whole campaign.

Figure 11. PM2.5 concentrations of nine points in three real estates (Site 1-BH with P1–3, Site 2-SY
with P4–6, and Site 3-DC with P7–9) during the morning, afternoon, and evening .

The daily change in the PM2.5 concentration is not much different, and the concentra-
tions of all measurement points in the morning, afternoon, and evening are close.

The PM2.5 concentration of the site is greatly affected by the main road. Point 1 is close
to the main traffic road and has a relatively high PM2.5 concentration, indicating that the
PM2.5 concentration is markedly affected by the main road. The PM2.5 concentrations at
Point 2 near the farmland and Point 4 close to the river green area are the lowest, indicating
that green areas help reduce the PM2.5 concentration.

Table 2. National standards of PM2.5 limitation.

Air Pollutant Parameters Average Duration
Limits of Concentration

Unit
Class 1 Class 2

PM2.5 24 h average 35 75 µg/m3

Annual average 15 35
Notes. Cited from “Ambient air quality standards [GB 3095—2012]”.

3.2. Configuration, Modeled Air Velocity, and Air Quality
3.2.1. Validation Results

The results of the CFD simulation were compared with the field measurement data to
validate the CFD models by means of R version 3.5.3. The field measurement result of each
test point was the average of five days of on-site wind speed data from morning to evening.
The CFD data of each site was the calculated result of the last iteration. Based on the statistic
results of CFD simulation and field measurement data, the standard deviations of the two
group data were 0.50 and 0.49, respectively. The significance p value of Independent
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Samples T Test was 0.78 larger than 0.05. Both results indicated no difference existed
between the two group data. Figure 12 also presents the comparison between the CFD
results (denoted in red dots) and the field wind speed distributions (denoted in blue dots)
at different points in three sites to validate the accuracy of the predictive ability of the
CFD models. Except for Points 3 and 7, which have large differences at 1.24 and 1.15 m/s,
respectively, the measurement points have standard deviations of the mean wind speed
ranging from 0.22 to 0.79 m/s. This is because Point 3 in the CFD model is close to the inlet
of the input wind and faces the wind direction without any obstacle compared with the real
situation. The wind speed at Point 3 is larger than that in the real situation, with shielding
trees and changing wind directions. Point 7 is located at the outlet of the model and
the leeward turbulence zone of the site with a low simulation result in CFD calculation.
However, the surrounding river, which is not included in the CFD model, and the unstable
wind direction may cause a large deviation of wind speed in the real case compared with
the simulation result. The total pattern of the air velocity magnitude distribution of most
test points are consistent between the CFD simulation data and field measurement results.

Figure 12. Comparison of air velocity patterns between field measurements and CFD simulations.

3.2.2. Background Ventilation Performance and Air Quality

This research uses the mean pedestrian-level air velocity (U) and normalized air
velocity magnitude (U∗), which is defined as the mean local air velocity divided by the
inlet air velocity at the reference height, as indicators for the pedestrian-level natural
ventilation performance. According to Tables 3 and 4, the best U and U∗ of the outside
surroundings is, respectively, 1.75 and 0.76 m/s at Site 2-SY, which corresponds to the
lowest mean PM2.5 concentration of 5.16 µg/m3 at Site 2. The background surroundings of
Site 3-DC has the lowest mean air velocity at 0.76 m/s and normalized air velocity at 0.33, at
the meanwhile its mean PM2.5 concentration ranks second among the sites. Although Site
1-BH has the highest mean surrounding PM2.5 concentration amongst the three sites,
its wind velocity and normalized velocity magnitude rank between the two other sites.
Although Site 1-BH has a relatively higher mean wind speed and normalized velocity
magnitude, its air quality is still lower than those of the other two cases. This is because
Site 1-BH is a construction site in progress, with a higher concentration of dusts during
measurements. It is noted that Site 2-SY has the best natural ventilation and air quality
environment surrounding the site, while Site 3-DC has the poorest air ventilation, and Site
1-BH has the worst air quality. However, the PM2.5 concentration of these three sites are all
much lower than the recommended concentration values listed in the national standards,
indicating that the background air quality of all three site surroundings is excellent. No
significant correlation between NAI concentration and air flows was found in the study.

Table 3. On-site PM2.5 monitoring of the test points outside and inside the three sites.

Site 1-BH Site 2-SY Site 3-DC

Average PM2.5 concentration (µg/m3) 7.92 5.16 5.74
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Table 4. Comparison of the mean pedestrian-level air velocity (U) and the normalized velocity
magnitude (U∗) of the surrounding and internal test points at the three sites.

Site 1-BH Site 2-SY Site 3-DC

U of surrounding test points 1.08 1.75 0.76
U of internal test points 1.79 0.72 1.67
U∗ of surrounding test points 0.47 0.76 0.33
U∗ of internal test points 0.78 0.31 0.72

3.2.3. Comparisons of U and U∗ within Three Sites as Well as between the Surrounding
and Internal Test Points of Each Site

Based on the above analysis, it is confirmed that the pedestrian-level air quality
of the background surroundings of the three residential sites is excellent, which means
the big context air quality is good enough for internal ventilation inside the residential
sites. However, the comparison of the natural ventilation performance shows a reverse
situation between the surrounding test points outside and internal test points inside the
three residential sites (Table 4). In contrast to the best natural ventilation observed at
the surrounding area of Site 2-SY, the internal circulation area of Site 2-SY has the lowest
mean velocity at 0.72 m/s and normalized velocity magnitude at 0.31 among the three
sites, and the value decreases by 59% compared against that of surrounding points outside
the site (Figure 13b), indicating a worse air quality inside the residential site. By contrast,
the highest mean air velocity and normalized velocity magnitude at 1.79 m/s and 0.78 was
found at the internal test points on the large and flat podium top of Site 1-BH, which is
increased by 65% compared with its outside surroundings values, ranking second among
the three sites (Figure 13a). Site 3-DC shows the largest improvement in the mean velocity
ratio from the surrounding to the internal test points, which show an increase of 118%,
from 0.33 to 0.72 (Figure 13c), implying a better internal air quality at the site. According
to the comparison of the internal mean velocity ratio among the three sites, Site 1-BH
shows the best internal natural ventilation performance within the sites, while Site 2-SY
shows the worst. Site 3-DC shows the greatest improvement in air flow performance from
the background surrounding environment to the internal circulation environment. Both
Site 1-BH and Site 3-DC show similar high wind performance inside the site. Based on
the internal ventilation performance of the three sites, it can be inferred that the internal
air quality of Site 1-BH and Site 3-DC is better than that of Site 2-SY (Figure 13). The
big deviation of air performance between outside and inside environments of three sites
reveals the air performance can be greatly altered by the urban morphology and building
configuration of built environments.

3.2.4. Air Flow Pattern Determination

To quantify the pedestrian-level ventilation of circulation areas within the selected
sites, Figure 13 displays the spatially distributed air velocity surrounding and within the
three residential sites for the SSW prevailing wind direction. While Figure 13a shows a
wind field at 1.5 m above the podium roof top, the other two figures both present air fields
at 1.5 m above the ground floor. The average ventilation of Site 1-BH is the best (Figure 13a)
due to the flow pattern similar to the external wake interference regime formed by the tower
configuration and wind direction, which is consistent with the results of Shen et al. [52].
This is because the distance between towers along and perpendicular to the oblique wind
direction is larger than the external and internal wakes of air flows, which means that the
neighboring towers do not interfere with each other’s flow regime. The wind velocity is
amplified at the corners of the building windward face and forms a horseshoe-shaped
vortex, while a leeward cavity with a weak recirculating flow is formed behind the building.
This implies that air pollutants will be dispersed along the horseshoe-shaped vortex area.
Figure 13b illustrates the worst air flow field at the pedestrian level. As the internal
circulating area is almost enclosed by the podiums around the site, few openings allow
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wind flows to travel into the site at the pedestrian level. Meanwhile, the internal wake
region behind the tall towers formulated a weak and stagnant air recirculation, occupying
half of the area in the site. Thus, the total wind ventilation performance and air quality
at the pedestrian level inside Site 2-SY was poor. The ventilation performance at Site
3-DC shown in Figure 13c is almost as good as that at Site 1-BH, although the air flow
patterns and mechanisms of the two sites are different. The configuration consisting of
rows of low-, medium-, and high-rise buildings in Site 3-DC shapes several continuous
alley canyons served as wind corridors generating different types of flow patterns, such as
a skimming flow regime, whereby both external and internal wakes disappear. Figure 13c
displays that the wind speed parallel to the windward side of the rear row of buildings is
higher than that at the leeward side of the front row of the buildings. This is because the
building separations at both alley sides are not large enough for enough flows entering
the canyon, which means air pollutants may accumulate at the leeward side of the front
row of the buildings. The wind velocity is high at the upstream area of the canyons and
attenuates gradually after entering the canyons. The flow pattern around the surrounding
high-rise buildings at the northern and western sites has an external wake interference
regime with a horseshoe-shaped vortex at the windward corner of buildings and a large
cavity of recirculation flows behind the buildings. Pollutants may transport through the
external horseshoe-shaped vortex region to the outside, but can be trapped in the internal
cavity area mostly outside Site 3.

Figure 13. Contour map of the mean air velocities of three sites based on CFD simulation (left to
right): (a) Site 1-BH. (b) Site 2-SY. (c) Site 3-DC.

3.2.5. Urban Morphology Effects on Ventilation

On the basis of the above analysis, the urban morphology can strongly influence the
spatial variation and flow patterns of the micro-scale wind environment, and the air flow



Sustainability 2021, 13, 4281 18 of 24

of the wind environment can further greatly affect air pollutant dispersion. Before the
quantitatively analysis of urban morphological parameters, the morphological layout of
each residential site also needs to be qualitatively identified (Figure 13). The configuration
of Site 1-BH consists of sparsely distributed high-rise towers surrounding three large and
wind-permeable open spaces. All the high-rise towers stand on the bulk podiums at the
lower storeys as a large pedestal. Site 2-SY is composed of two columns of parallel and elon-
gated high-rise buildings with height variations. A circle of podiums connects each towers
bounding the site. Site 3-DC has a staggered layout with a mixture of high-rise towers,
mid-rise buildings, and low-rise villas arranged in several parallel rows. It is also necessary
to investigate which urban morphological and configuration parameters have dominant
effects on the air flow regime and pollutant dispersion. Thus, a number of morphological
variables were selected to quantitatively extract the configuration characteristics of the
three residential sites. The correlation between the spatial variation of ventilation inside
the three residential sites and the urban morphological variable was then explored. Table 5
summarizes the calculated urban morphological and building configuration parameters
and the mean normalized air velocity magnitude of the three residential sites.

Table 5. U∗ of internal test points and morphological variables of the three sites.

Site 1-BH Site 2-BH Site 3-BH

U∗ of internal test points 0.78 0.31 0.72
Plan area density (λp) 0.18 0.54 0.32
Compactness factor (C f ) 0.29 0.16 0.21
Frontal area density (λ f ) 1.48 0.78 0.84
Rugosity 22.30 17.88 11.68
Roughness length (Z0) 12.02 2.24 3.45
Open space aspect ratio 1.74 1.73 1.41
Distance between buildings 55.2 55.6 22.2
Mean building height 148.3 80.2 90.4
Mean built volume 71,633.2 77,112.0 12,483.6
Standard deviation of building height 3.4 42.2 26.2
Plot ratio 7.0 5.5 3.3

As mentioned in the methodology section, the morphological variables are classi-
fied into four groups, namely land utilized and building density, urban friction, urban
permeability, and the basic three-dimensional parameter group. The plan area density
from the land utilized and building density parameter group, the roughness length from
the urban friction parameter group, and all parameters from the urban permeability pa-
rameter group are considered to have a high correlation with the mean pedestrian-level
normalized air velocity magnitude, whereas the other variables of the land utilized and
building density and the basic three-dimensional parameter group have a weak expla-
nation ability with respect to the aerodynamic effects in this study. Amongst all land
utilized and building density variables, only λp has a strong negative influence on the
wind velocity performance, which represents the land utilized intensity. Site 1-BH has the
smallest λp (0.18), which corresponds to the highest U∗, whereas Site 2-SY has the highest
λp (0.54) with the lowest U∗ (0.31). A high λp indicates that large building footprints
obstruct the urban wind flow, which reduces the ventilation ability and decreases the air
pollutant dispersion, as confirmed by previous studies [28,53,85]. This may be explained by
a lower pressure difference between the windward and leeward sides of buildings. Thus,
sparsely distributed high-rise towers on a large site or podium can provide a better natural
ventilation and air quality environment.

The urban and vertical building density (e.g., C f , λ f , and rugosity) denotes no signifi-
cant correlation with wind pattern and flow regimes. C f , considering exterior surface areas
to the building volume ratio, λ f , denoting that the density of surface faces the wind direc-
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tion, and rugosity, reflecting building density through the “standardized volume per area”,
show no significant relationship with the variation in the normalized velocity magnitude.

The urban friction parameter, such as Z0, which is positively related to wind flow
patterns and the air pollutant dispersion should be considered. This result is consistent
with the study of Edussuriya et al. [66]. In this study, amongst the three sites, Site 1-BH has
the highest Z0 at 12.02, with the highest U∗ at 0.78, whereas Site 2-SY has the lowest Z0
(2.24), with the lowest U∗ at 4.18. It is reasonable to conclude that buildings with a higher
urban friction can more strongly hinder the air flows.

Urban permeability can considerably change the air pollutant behaviour within a
canopy layer. Thus, the morphological parameters that can alter the urban permeability
of building complexes are the main consideration in the urban morphology analysis. The
distance between buildings shows that Site 1-BH and Site 2-SY have close mean values (55.2
and 55.6 m, respectively), which shows relatively wide voids amongst buildings. However,
the pedestrian level on the podium roof top of Site 1 is open to the external atmosphere,
whereas the pedestrian level inside Site 2 is almost surrounded by external podiums. Thus,
although these sites share a similar mean distance between buildings, Site 1 has a higher
wind velocity than Site 2. Site 3-DC has a relatively lower distance between buildings at
22.2 m, but the rows of corridors inside the site oblique to the prevailing wind direction
can direct wind flows into the site. The open space aspect ratio study shows that the open
space aspect ratio of Site 1-BH at 1.74 is close to the one of Site 2-SY at 1.73, followed by
the lowest open space ratio of Site 3-DC at 1.41, indicating the shallowest open space in
Site 3. Although the open space aspect ratios between Site 1-BH and Site 2-SY are similar,
the ventilation effects of the twos sites are totally different. Site 1-BH has the highest U∗
and ventilation effect, whereas Site 2-SY has the worst. This is because the enclosure degree
of Site 2-SY is much higher than that of Site 1-BH, with its encircled high-density bulk
podiums trapping air flows inside the site. This means that the enclosure degree of the site
is the precondition of the ventilation; then, a lower open space aspect ratio of a site can
provide better wind ventilation as Site 3-DC does. This result is in line with the study of
Yang et al. [53].

Basic 3D urban fabric parameters, such as mean building height, mean building
volume, mean standard deviation of building height, and plot ratio, were also investigated
in this study. It was found that the mean building height has a positive relationship with
natural ventilation at the pedestrian level. Table 5 shows that Site 1-BH consists of the
highest towers (mean height = 148.3 m), whereas Site 2-SY has the lowest mean building
height at 80.2 m. Site 3-DC shows a mixture of high-rise towers, mid-rise buildings,
and low-rise villa typology, whose mean building height is 90.4 m. A high mean building
height may contribute to a higher normalized air velocity inside the residential site, as Site
1-BH generally has the best U∗, compared with Sites 2 and 3. This result is also consistent
with the study of Yang et al. [53]. The mean building volume may have no significant
correlation with the wind flow dispersion. Amongst the three sites, Site 2-SY has the largest
average volume of 77 112.0 m3 with the worst mean normalized air velocity among three
sites, followed by Site 1-BH (71 633.2 m3) with a good ventilation performance. The mean
building volume of Site 3-DC (12 483.6 m3) is lower than those of other 2 sites but still with
better ventilation effects. Contrary to findings in some previous studies [86–88], there is
not much evidence in this study showing that the standard deviation of the actual building
height is correlated with wind flow patterns. A similar result was also found in the plot
ratio: no significant relationship with air velocity was found.

4. Conclusions

For the purpose of providing healthier and more sustainable urban residential environ-
ments, especially during the COVID-19 period, it is essential to have a better understanding
of air quality conditions and outdoor ventilation, as well as their relationship with urban
morphology and the building configuration of residential sites. The context air quality
and wind environments of three residential cases representing typical morphological types
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in Pingshan, Shenzhen, were investigated by means of onsite monitoring. To identify
air pollutants dispersion and ventilation performance inside the residential sites, three
realistic residential models were built for simulations, and their ventilation environments
were calculated through CFD simulations. Based on the analysis of urban morphological
variables that correlated with ventilation performance,the most influential factors of mor-
phological variables on the local-scale flow patterns and velocity at the pedestrian level
can be identified.

The site monitoring research shows that the NAI concentration class of residential
areas in Pingshan District is in the upper-middle grade and is defined by the high national
standard as “very suitable”, having a “higher concentration and fresher air”. The overall
PM2.5 concentration of the built environment in Pingshan District is low. The average
24 h PM2.5 concentration in most areas is far lower than the national standard-specified
24 h average concentration Level 1 limit of 15 µg/m3, indicating that the air quality in the
summer is good in the southwest direction.

The morphological patterns of high density and mixed-use estates play an important
role in air quality. Analysis of the morphological variables and air flow indicators showed
the strong influence of building forms on the local ventilation performance and air pollutant
dispersion at the pedestrian level. The air quality which has a distinct spatial heterogeneity
shows the wind speed can be a main determinant of air quality in the city. When the wind
speed is greater than 2 m/s [89], the air pollutants would not be substantially stuck in
the summer. The following findings may be helpful in the future housing development
in suburban areas in Shenzhen, South China, and subtropical climate regions around
the world.

Firstly, this study indicates that the land utilized or the building density has lower
effects on local-scale ventilation. Urban compactness, λ f , and rugosity showed no signifi-
cant correlation with wind patterns and air velocity, indicating that a high-density housing
development is not an obstacle to improving wind flows and air quality. Only λp has
a negative influential effects on wind velocity, suggesting a lower λp leading to better
ventilation. The ventilation performance of a small-footprint building is higher than that of
a large-footprint building.

Secondly, urban friction parameters such as roughness length (Z0) have a strong im-
pact on air flows, showing that surface roughness has a positive influence on wind regimes.

Thirdly, distance between buildings and open space aspect ratio have strong impacts
on air flow but in different patterns. The precondition of a lower open space aspect ratio and
a larger distance between buildings benefiting and improving air movements and pollutant
dispersion is a lower enclosure degree of the space at the pedestrian level. The estates
surrounded by the external podiums tended to have lower air flows. Parallel low-rise
buildings, such as row housing, with wind corridors opening toward the prevailing wind
direction can direct the wind flows into the site. Towers standing on the bulk podium
without an enclosed solid envelope at the pedestrian level also allow wind flows freely
crossing through inside and lead to a higher air quality.

Finally, a high mean building height may contribute to improved air flow patterns
inside the residential sites. The mean building volume may have a weak correlation with
ventilation, as a larger individual building not necessarily lead to worse aerodynamic
effects. The standard deviation of the actual building height and the plot ratio may have
not much effect on wind flow patterns in this study.

However, this study has not conducted with a control trial or with abstracted and
idealized models to compare the effect of each morphological variable on ventilation while
keeping other factors and variables constant. Moreover, computer resources need to be
upgraded to guarantee more robust and accurate computational modelling and simulation
results. Overall, the outcomes of this paper can lead to suggestions for developing urban
design guidelines in high-rise, high-density, subtropical areas and provide criteria for
scheme planning and selection by urban planners, architects, developers, and decision-
makers in the future.
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