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H I G H L I G H T S

• Daily CO exposure and intake fraction
are used to assess vehicular exposure.

• The impacts of urban open space and
‘lift-up’ building design are quantified.

• As θ = 30° and 45°, open space induces
more CO exposure reduction than 0°
and 15°.

• More exposure reduction occurs if the
1st or 2nd floor of buildings is elevated.
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Sustainable urban design is an effective way to improve urban ventilation and reduce vehicular pollutant exposure
to urban residents. This paper investigated the impacts of urban open space and ‘lift-up’ building design on vehicular
CO (carbonmonoxide) exposure in typical three-dimensional (3D) urban canopy layer (UCL)models under neutral
atmospheric conditions. The building intake fraction (IF) represents the fraction of total vehicular pollutant emis-
sions inhaled by residents when they stay at home. The building daily CO exposure (Et) means the extent of
human beings' contact with CO within one day indoor at home. Computational fluid dynamics (CFD) simulations
integrating with these two concepts were performed to solve turbulent flow and assess vehicular CO exposure to
urban residents. CFD technique with the standard k-εmodel was successfully validated by wind tunnel data.
The initial numerical UCL model consists of 5-row and 5-column (5 × 5) cubic buildings (building height H =
street width W = 30 m) with four approaching wind directions (θ = 0°, 15°, 30°, 45°). In Group I, one of the
25 buildingmodels is removed to attain urban open space settings. In Group II, thefirst floor (Lift-up1), or second
floor (Lift-up2), or third floor (Lift-up3) of all buildings is elevated respectively to createwind pathways through
buildings. Compared to the initial case, urban open space can slightly or significantly reduce pollutant exposure
for urban residents. As θ=30° and 45°, open space settings aremore effective to reduce pollutant exposure than
θ=0° and 15°.The pollutant dilution near or surrounding open space and in its adjacent downstream regions is
usually enhanced. Lift-up1 and Lift-up2 experience much greater pollutant exposure reduction in all wind
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directions than Lift-up3 and open space. Although further investigations are still required to provide practical
guidelines, this study is one of the first attempts for reducing urban pollutant exposure by improving urban
design.

© 2018 Published by Elsevier B.V.

1. Introduction

Urban canopy layer (UCL) is defined as atmospheric layer from the
ground to the building rooftops where most urban residents work and
live in. Air pollution within UCL is one of the most important urban en-
vironmental problems due to the increase of vehicular pollutant emis-
sions in cities and the ongoing urbanization worldwide (Fenger, 1999;
Chan andYao, 2008). Serious street air pollution induced by traffic emis-
sions can result into high pollutant exposure to urban residents staying
indoor and outdoor (Chen et al., 2012; Ji and Zhao, 2015; Hang et al.,
2017). In addition to reducing exhausted and non-exhausted vehicular
pollutant emissions, improving urban ventilation and pollutant dilution
capacity through sustainable urban design may help reducing human
exposure originated from outdoor vehicular pollutants (e.g. Bady et al.,
2008; Gu et al., 2011; Ng and Chau, 2014; Hang et al., 2015; Blocken
et al., 2016; He et al., 2017).

The flow and pollutant dispersion in UCLmodels are commonly cat-
egorized into three length scales, i.e. street-scale (~100 m),
neighborhood-scale (~1 km) and city-scale (~10 km) (Britter and
Hanna, 2003). In the last three decades, urban airflow and pollutant dis-
persion from street-scale to neighborhood-scale have been widely in-
vestigated by carrying out computational fluid dynamic (CFD)
simulations, outdoor field measurement and controlled laboratory ex-
periments, as reviewed by the literature (e.g. Britter and Hanna, 2003;
Fernando et al., 2010; Di Sabatino et al., 2013; Blocken, 2015; Srebric
et al., 2015; Meroney, 2016; Zhong et al., 2016). However, city-scale
(~10 km) CFD simulations usually include tens of thousands of buildings
and require high computational costs with billions of grids (Ashie and
Kono, 2011), which are still rare so far. Meteorological conditions and
urban architectural parameters are key parameters to influence the
flow and pollutant dispersion (e.g. Ng, 2009; Hang and Li, 2011;
Gallagher, 2016; Santiago et al., 2017). The most important urban pa-
rameters have been considered as street aspect ratios (e.g. Li et al.,
2006; Li et al., 2009; He et al., 2017) and building packing densities
(Chang and Meroney, 2003; Buccolieri et al., 2010; Hang and Li, 2011;
Ramponi et al., 2015), building height variations (Gu et al., 2011; Hang
et al., 2012), overall urban form and ambient wind directions (Bady
et al., 2008; Lin et al., 2014; Hang et al., 2015), urban tree planting
(Buccolieri et al., 2011; Gromke and Blocken, 2015), atmospheric stabil-
ities and air-wall temperature difference induced by solar shading
(Yang and Li, 2011; Cai, 2012; Liu et al., 2013; Li et al., 2015; Yang and
Li, 2015; Li et al., 2016; Lin et al., 2016; Fan et al., 2017).

In addition, urban open space can be used as recreational purpose
such as park, swimming pool etc. which can act as a kind of ventilation
corridors (e.g. Chen et al., 2015). ‘Lift-up’ building design is one of fre-
quently used architectural designs in subtropical/tropical cities in
southeastern Asia, which can form more favorable and thermally com-
fortable space on hot summer's days while create wind pathways un-
derneath elevated buildings (e.g. Liu et al., 2017). In recent years,
increasing concerns are being paid on the impacts of urban open
space and ‘lift-up’ building design on the flow, ventilation and urban
thermal environment (e.g. Hang and Li, 2011; Chen et al., 2015; Liu
et al., 2017; Tse et al., 2017; Du et al., 2017). However, few researches
have quantified their impacts on reducing urban vehicular pollutant ex-
posure so far.

Recently, intake fraction (IF) and daily pollutant exposure (Et) have
been adopted to quantify human exposure to urban air pollutants. Ve-
hicular IF represents the ratio of pollutant inhaled to the total pollutant
emitted by vehicles. An intake fraction of 1 ppm (part permillion or 10−

6) means inhalation of 1 g of air pollutants by an exposed population if
one ton of pollutants are released. For example, street-scale IFs were
evaluated as 371 ppm in a street of central Athens Greece
(Habilomatis and Chaloulakou, 2015) and 3000 ppm in a typical street
canyon in midtown Manhattan (Zhou and Levy, 2008). Daily pollutant
exposure represents the extent of a person contact with pollutants
within one day. This concept has been used to assess the influence of
urban morphologies on human exposure in street canyon models as
case studies (Ng and Chau, 2014; He et al., 2017). Recently, Hang et al.
(2017) applied both intake fraction and daily pollutant exposure to
quantify human exposure in street canyons with and without viaduct
settings.

Furthermore, people spend N90% of their time indoor. The adverse
impacts of vehicle pollutant emissions on residents in near-road build-
ings arouse special concern. Themajor pollutant exposure to urban res-
idents occurs when outdoor pollutants penetrate into buildings via
doors/windows, ventilation systems and building cracks and cause in-
door exposure to outdoor origins (Chen et al., 2012; Ng and Chau,
2014; Ji and Zhao, 2015; Hang et al., 2017; He et al., 2017). Thus this
paper adopts both building intake fraction (IF) and buildingdaily pollut-
ant exposure (Et) into CFD simulations to assess pollutant exposure for
urban residents staying at home assuming that 3D UCL models are res-
idential type (i.e. consists of residential buildings only). In particular, the
effects of urban open space and ‘lift-up’ building design on building IF
and Et will be evaluated.

The structure of this paper is described as follows: Section 2 de-
scribes the concepts of building IF, Et and Velocity Ratio (VR). Section 3
presents the setups of numerical models and the CFD validation case.
Section 4 shows the validation results by wind tunnel data. Section 5
gives results and discussions. Conclusions are provided in Section 6.

2. Pollutant exposure indexes and Velocity Ratio

2.1. Building intake fraction (IF)

Intake fraction has been widely used in the determination of the
fraction of total pollutant emissions that is inhaled by a person or pop-
ulation. For instance, Nazaroff (2008) reported that indoor IF originated
from indoor pollutant sources ranges from 2000–20,000 ppm. Hang
et al. (2017) reported that street-scale (~100 m) vehicular IF in 2D ide-
alized street canyons (H/W = 0.5–1) ranges from 230 to 913 ppm, and
He et al. (2017) further found that IF can reach 105–106 in 2D extremely
deep street canyons (H/W= 5–6).

Vehicular IF is defined in Eq. (1) (Luo et al., 2010; Hang et al., 2017):

IF ¼
XN
i

XM
j

Pi � Bri; j � Δti; j � C j=m ð1Þ

whereN is the total number of population groups (N=3),M is the total
number of micro-environments (M = 4), Pi is the number of people in
the ith population group, Brij is the average rate of volumetric breathing
(m3/s) for individuals in the ith population group staying in the micro-
environment j, Δtij is the time people from ith population group staying
in the micro-environment j, Cj is the pollutant concentration in the
micro-environment j (kg/m3). m is the total vehicular mass emission
over the time period (kg).

In this paper, the total population is classified into three subgroups
(N = 3): Elders (N60), Adults (18–60) and Children (b18). The
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