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Abstract

Urban street canyons formed by high-rise buildings restrict the dispersion of vehicle emissions,
which pose severe health risks to the public by aggravating roadside air quality. However, this issue is
often overlooked in city planning. This paper reviews the mechanisms controlling vehicle emission
dispersion in urban street canyons and the strategies for managing roadside air pollution. Studies have
shown that air pollution hotspots are not all attributed to heavy traffic and proper urban design can
mitigate air pollution. The key factors include traffic conditions, canyon geometry, weather conditions
and chemical reactions. Two categories of mitigation strategies are identified, namely traffic
interventions and city planning. Popular traffic interventions for street canyons include low emission
zones and congestion charges which can moderately improve roadside air quality. In comparison, city
planning in terms of building geometry can significantly promote pollutant dispersion in street canyons.
General design guidelines, such as lower canyon aspect ratio, alignment between streets and prevailing
winds, non-uniform building heights and ground-level building porosity, may be encompassed in new
development. Concurrently, in-street barriers are widely applicable to rectify the poor roadside air
quality in existing street canyons. They are broadly classified into porous (e.g. trees and hedges) and
solid (e.g. kerbside parked cars, noise fences and viaducts) barriers that utilize their aerodynamic
advantages to ease roadside air pollution. Post-evaluations are needed to review these strategies by real-

world field experiments and more detailed modelling in the practical perspective.
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Highlights

. Key influences are canyon geometry, traffic and weather conditions, and chemical reactions.
. Traffic interventions in street canyons lead to moderate improvement of roadside air quality.
. Well-designed canyon geometry significantly enhances dispersion of emissions.

. Combining solid and porous in-street barriers is more effective than individual use.

) Traffic control and in-street barriers are more implementable than canyon geometry design.
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1. Introduction

Many countries, especially developing countries, are becoming urbanised rapidly. The global urban
population has increased by 4.6 times from 751 million (30% of world population) in 1950 to 4.2 billion
(55%) in 2018, and the number is projected to reach 6.4 billion (68%) in 2050 (United Nations, 2019).
Urbanisation is important to economic growth, poverty reduction and human development. However,
the rapid growth of cities has significantly challenged the United Nations Sustainable Development
Goals (Fuso Nerini et al., 2019). One of the main hurdles is urban air pollution which is a top public
health risk worldwide. The World Health Organization (WHO, 2020) reported that over 80% of the
people living in cities that had air quality monitoring systems were breathing polluted air exceeding the
WHO limits. Each year, 4.2 million deaths worldwide are attributed to ambient air pollution (WHO,
2021).

Various sources, such as road transport, industry and household, contribute to urban air pollution.
Among them, vehicle emissions are often found to be the major contributors (Anenberg et al., 2017;
Huang et al., 2020c; Karagulian et al., 2015). Urban streets are important communal spaces for outdoor
activities. Street-canyon air pollution thus poses adverse health impacts on the public such as pedestrians,
drivers and residents in naturally ventilated buildings (Ai and Mak, 2015). Anenberg et al. (2019)
estimated that vehicle emissions had caused approximately 385,000 premature deaths and US$ 1 trillion
in health damages globally in 2015. To combat air pollution, the WHO issued guidelines for the four
criteria air pollutants, i.e. particulate matter (PM), nitrogen dioxide (NOz), ozone (O3) and sulphur
dioxide (SO2). Many cities have established air quality monitoring networks to assess their compliance
with the guidelines (Lai et al., 2013; The Lancet, 2006). Existing networks are mostly concerned with
ambient air pollutants. However, roadside pollutant concentrations are usually much higher than their
ambient counterparts because of the proximity to emission sources (Huang et al., 2020a). The rapid
growth of urban population not only increases traffic and emissions, but also propels the development
of medium to high density housing an inevitable solution for many cities, especially around transport
hubs and shopping centres. High-rise and dense buildings form deep street canyons which restrict
pollutant dispersion and thus further worsen the roadside air pollution problem. It was reported that
street-level pollutant concentrations in an urban street canyon were much higher than those in a wide
and open street, although the traffic was much lighter in the urban street (Rakowska et al., 2014).
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Fig. 1. Flow regimes with different aspect ratios (AR) (Li et al., 2006): (a) isolated roughness flow
(AR <0.3), (b) wake interference flow (0.3 < AR < 0.7), (c) skimming flow (AR >0.7), and (d) a typical

newly-developed deep street canyon on Sydney Broadway, Australia that restricts emission dispersion
and puts the public and vehicle emissions in close proximity.

s

The debates on city planning are usually concerned with infrastructure capacity, housing
affordability, and sunlight access for neighbouring buildings and public parks. However, an often-
overlooked factor is the effect of high-rise buildings on vehicle emission dispersion and roadside air
quality. Street-level air pollution hotspots are not necessarily all associated with heavy traffic (Beckwith
et al., 2019; Miskell et al., 2015; Rakowska et al., 2014; Shi et al., 2016), and poor city planning can
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also play an important role. The ventilation and pollutant removal in a street canyon depend on many
factors, such as street canyon features, weather conditions, traffic conditions, and green infrastructure.
Among them, street canyon designs are of the utmost importance which are under the direct control of
urban planners. A crucial parameter is the aspect ratio (AR) of building height (H) to street width (W).
Three distinct flow regimes exist in street canyons, namely isolated roughness flow regime (AR<0.3),
wake interference flow regime (0.3<AR<0.7) and skimming flow regime (AR>0.7) (Fig. 1) (Li et al.,
2006; Vardoulakis et al., 2003). Air ventilation and pollutants removal are weakened with the increase
of AR. Particularly, in the skimming flow regime (Fig. 1c), a stable recirculation is formed inside the
canyon so the street flow is decoupled from the ambient flow. It in turn tremendously reduces ventilation,
resulting in poor street-level air quality. Street canyons with AR > 0.7 are not rare in our cities (Fig. 1d).
For instance, two six-storey buildings (~24 m high) form an AR > 0.7 street canyon on a typical six-lane
road (~27 m wide, assuming 3.5 m per lane plus 6 m pavement). Many cities are relaxing their building
height limits to accommodate the rapidly increasing urban population (Sculthorpe, 2016; Taylor, 2019).
The implication of this trend to pollutant dispersion in street canyons needs to be addressed.

The development of high-rise buildings would also alter the thermal balance in street canyons
compared with neighbouring rural areas, leading to an urban heat island (UHI) effect which is an
important issue for urban planning and has been the subject of numerous studies. The UHI effect can
significantly increase building energy consumption, worsen thermal comfort and increase heat-related
mortality (Lai et al., 2019; Li et al., 2019a; Parker, 2021; Santamouris, 2020). UHI and urban air
pollution (also called as urban pollution island (UPI)) are two closely related problems (Ulpiani, 2021).
Accordingly, some of the mitigation strategies reviewed in this study can also be applied to address the
UHI problem, such as street canyon design that promotes air ventilation, traffic reduction measures,
planting trees, and green roofs and walls (Chew and Norford, 2019; Hien, 2016; Koch et al., 2020; Lai
et al., 2019). Nevertheless, UHI is beyond the scope of this study and the readers are referred to the
many recent studies on this topic for further details, e.g. Jamei et al. (2020); Santamouris (2020); Ulpiani
(2021); Wang et al. (2021).

The dispersion of vehicle emissions in urban street canyons is not a new topic and has been widely
studied over the past decades. A number of review studies have focused on specific aspects of emission
dispersion, such as monitoring and modelling techniques (Vardoulakis et al., 2003), computational fluid
dynamics (CFD) (Li et al., 2006), air pollution at street intersections (Tiwary et al., 2011), flow
structures (Yazid et al., 2014), chemistry-dynamics coupling (Zhong et al., 2016), and modelling of
street-level traffic emissions (Forehead and Huynh, 2018). A thorough understanding of emission
dispersion is crucial for better city planning and air quality management. However, there is a lack of
critical evaluation of how to implement these findings for mitigating air pollution in urban street
canyons. Recently, increasing studies have been carried out to explore the mitigation of roadside air
pollution. Therefore, this review aims to systematically evaluate the effectiveness of different strategies
in reducing roadside air pollution. This paper is organised as follows. Firstly, all the factors that influence
vehicle emission dispersion and roadside air quality are discussed. Secondly, various potential strategies
for mitigating roadside air pollution are compared, including traffic management, canyon geometry
design and in-street barriers. Finally, the challenges and future perspectives are elaborated. The findings
from this review are expected to help policy makers and urban planners to effectively plan and manage
city development and to safeguard a high standard of air quality in our cities.

2. Vehicle emission production and dispersion in urban street canyons

The roadside air quality in street canyons is determined by many factors, such as traffic composition
and conditions, canyon geometry, weather conditions and chemical reactions. A thorough understanding
of the impacts of each of these factors is critical for air pollution exposure assessment and mitigation.
This section discusses and compares their effects on vehicle emission dispersion and roadside air quality.
The implications for potential mitigation strategies and their feasibility are also discussed.



2.1. Traffic conditions

Vehicle exhaust is the dominant contributor of air pollutants in a street canyon environment. A
larger traffic volume generally produces more emissions and thus results in higher pollution levels for a
given street canyon. However, vehicles are emitting at different rates and some vehicles may have a
disproportionally higher contribution to the total emissions. The fleet composition and driving conditions
play important roles in vehicle emissions.

For fleet composition, it was estimated that diesel heavy-duty vehicles (HDVs) on average emitted
40%-60% of nitrogen oxides (NOy) and PM emissions and 70%-90% black carbon emissions on
highways, in spite of their small percentage (<5%) of the global on-road vehicle population (Posada et
al., 2015). The estimates could vary greatly between countries and regions. Therefore, many
experimental studies reported higher pollutant concentrations for roads with higher volumes of diesel
vehicles (Hatzopoulou et al., 2013; Huong Giang and Kim Oanh, 2014; Rakowska et al., 2014; Targino
et al., 2016). Further, a small fraction of dirty vehicles could produce significantly higher emissions than
the rest, such as those with outdated emission standards (Bishop and Haugen, 2018), high mileage
(Bishop et al., 2016), or malfunctions in the engine emission control systems (Huang et al., 2019a; Organ
etal., 2020).

Driving conditions can influence the roadside air quality via two ways, namely emission rate and
vehicle-induced turbulence. Vehicles under heavy loads produce more emissions, and thus elevated air
pollutants have been reported on road sections with uphill slope (Kean et al., 2003; Targino et al., 2016),
acceleration after traffic lights or bus stops (Beckwith et al., 2019; Xing et al., 2019), and frequent
acceleration and deceleration in stop-start driving in congested traffic (Choudhary and Gokhale, 2016;
Dirks et al., 2016; Forehead and Huynh, 2018; Huang et al., 2018a). Vehicle-induced turbulence is an
important factor in roadside air quality assessment due to the close proximity between the emission
sources and receptors (comparable to vehicle size). Comparing with idling vehicles, moving vehicles
induce turbulent wakes which greatly enhance emission dispersion, leading to reduced emission levels
in street canyons (Beckwith et al., 2019; Thaker and Gokhale, 2016; Wang et al., 2019b). In addition,
one-way traffic is more favourable for emission dispersion than two-way traffic due to the so-called
piston effect (Jicha et al., 2000; Kastner-Klein et al., 2001; Yazid et al., 2014). It should be noted that
moving vehicles would cause high non-exhaust PMio emissions due to abrasion and resuspension
processes (Beddows and Harrison, 2021; Gehrig et al., 2010; Thouron et al., 2018; Weinbruch et al.,
2014), which are unavoidable as vehicles have to move to pass through a street canyon. Reducing
numbers of heavy vehicles and better road pavement can help reduce these non-exhaust emissions
(Gehrig et al., 2010; Timmers and Achten, 2016).

2.2. Canyon geometry

Street canyons create semi-enclosed spaces which are bounded by the ground at the bottom and
buildings on both sides, hence vehicle emissions can only be removed via the open roof (Li et al., 2006).
This greatly constrains pollutant removal via natural ventilation and causes elevated air pollutant
concentrations compared with wide and open streets. The most important parameter of a street canyon
is the AR (= H/W, Fig. 1). In general, deeper canyons (i.e. larger H/W) weaken ventilation and pollutant
removal. In particular, the airflows inside a street canyon are decoupled from the ambient ones when
H/W is larger than 0.7, forming a stable air recirculation. This is referred as skimming flow regime and
often causes high roadside pollutant concentrations. The ground-level airflows of a street canyon will
come to a calm condition when H/W is further increased to be over 4 (He et al., 2019; Ng, 2009).

The ratio of building length to street width (L/W) is another key parameter that affects pollutant
removal from a street canyon. The dispersion process can be simplified to a two-dimensional problem
when L/W is very large. In the real world, however, urban areas are split into blocks with finite L/W.
Under this circumstance, road intersections become important places for air exchange and emission re-
distribution among street canyons. These processes are complicated by the ambient wind, building
heights, building symmetry and atmospheric stability (Tiwary et al., 2011).
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In addition, real-world street canyons vary in heights (symmetric/asymmetric) and roof shapes
(flat/triangular/slant). These features affect the wind-induced turbulence inside the street canyons and
consequently the air quality. Llaguno-Munitxa and Bou-Zeid (2018) compared the canyon ventilation
rates of five different building geometries, including flat roof, pitched roof, round roof, terraced building
and building with balconies. They found that the air exchange rate was very sensitive to the building
geometry: with the round roof and building with balconies having the best and worst ventilation,
respectively. Regarding building asymmetry, it was reported that highly symmetric or highly asymmetric
street canyons could lower pollutant concentrations at pedestrian level (Fu et al., 2017).

Finally, the presence of in-street barriers such as trees, viaducts, noise barriers and kerbside parked
cars also modifies the street canyon geometry. Unlike H/W, L/W and building configurations that
determine the overall flow fields, in-street barriers only affect the airflows in the bottom of a street
canyon. Nonetheless, local dilution is important to the air quality in pedestrian breathing zones.

2.3. Weather conditions

Weather conditions include various meteorological parameters such as wind speed and direction,
temperature, humidity and sunlight. Among them, wind speed and direction are of the primary
importance in influencing emission dispersion in street canyons. Higher wind speeds generally promote
wind-induced turbulence and remove vehicle emissions more quickly, leading to better roadside air
quality.

Regarding wind direction, winds parallel to the street axis are favourable for emission removal.
However, parallel winds generate limited vertical flows so a potential issue is the accumulation of
emissions in the downwind region for long street canyons (Soulhac et al., 2008; Soulhac and Salizzoni,
2010; Vardoulakis et al., 2002). Winds perpendicular to the street axis, on the other hand, are
unfavourable for emission dispersion and cause heterogeneous emission distribution due to the building
roof induced vortices, which are analogous to lid-driven cavity flows (AbdelMigid et al., 2017; Sousa
et al., 2016). Such flow patterns usually lead to higher pollutant concentrations reside on the leeward
side of street canyons with unity H/W (Berkowicz et al., 1996; Chan et al., 2002; Tsai and Chen, 2004;
Vardoulakis et al., 2002; Xie et al., 2003). However, an opposite scenario may be observed with different
building configurations (He et al., 2017; Xia and Leung, 2001; Yang et al., 2020).
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(a) Shallow street canyon (H/'W<4) (b) Deep street canyon (H/W>4)

Fig. 2. Schematics of the formation of single vortex (a) and double vortices (b) induced by the
building roofs in shallow and deep urban street canyons, respectively. The double vortices occur in full
scale street canyons when H/W ratio changes from 4 to 5 (He et al., 2017).

This is because the number of vortices depends on the H/W (Fig. 2). For shallow street canyons
(e.g. H/W < 4), only one vortex is induced which carries vehicle emissions from the windward to leeward
side (He et al., 2017). As the H/W increases (e.g. H/W = 5) (He et al., 2017), two counter-rotating
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vortices are layered vertically, switching the higher pollutant concentrations to the windward side. More
vortices may be formed in deeper canyons. Multiple vortices are observed in wind tunnel tests of small-
scale canyons at a much smaller H/W ratio (e.g. H/W = 2) than full-scale canyons (He et al., 2017; Xie
etal., 2006; Yazid et al., 2014), which implies the necessity of real-world experiments. In addition, other
factors such as roof shapes (e.g. slanted roofs) and in-street barriers (e.g. viaduct) may induce multiple
vortices (Ding et al., 2019; Huang et al., 2016). It should be noted that the secondary vortex is much
weaker than the primary one, causing adverse conditions for emission dispersion. This also makes the
vehicle-induced turbulence dominant in emission dispersion, which explains why experiments in a deep
street canyon (H/W = 5.7) reported negligible difference in pollutant concentrations between the leeward
and windward sides, regardless of wind direction (Murena et al., 2008). Counterintuitively, oblique
winds rather than parallel or perpendicular winds may generate both the best and worst conditions for
pollutant removal, as a small change in wind direction can significantly change the in-street airflows and
pollutant distribution (Boddy et al., 2005; Hargreaves and Baker, 1997; Kim and Baik, 2004; Miao et
al., 2020; Scaperdas and Colvile, 1999; Tomlin et al., 2009).

Sunlight has significant effect on roadside air quality. It heats up the building facades and ground
surfaces. This thermal effect generates buoyancy that drives the airflows and emission dispersion in
street canyons (Chen et al., 2020; Wang et al., 2011; Zhao et al., 2020). Other weather parameters such
as ambient temperature and humidity have relatively insignificant effects on emission dispersion, and
have been rarely investigated. These weather conditions can have significant effects on emission
production in street canyons. Hot and cold weather increase energy consumption in buildings and
vehicles due to increased use of air conditioning, leading to higher emissions (Ulpiani, 2021). Hot
weather also contributes to higher Os formation through photochemical reactions (Mika et al., 2018;
Pascal et al., 2021).

2.4. Chemical reactions

Chemical reactions do not change the airflows but can significantly influence the pollutant
compositions in street canyons (Stiizik et al., 2016). The short length scales of street canyons imply that
only fast reactions play an important role. Most vehicle emissions, such as carbon monoxide (CO),
carbon dioxide (CO2) and hydrocarbon (HC) can be considered inert. However, NOx reacts quickly with
Os in the time scale of tens of seconds and thus should be considered chemically reactive in roadside air
quality assessment (Vardoulakis et al., 2003). A simplified NOx-Os chemistry can be described as the
dissociation of NO> in the presence of sunlight and the formation of NO> through NO titration (Zhang
et al., 2020a; Zhong et al., 2016). Oz is not directly emitted from vehicles but a secondary pollutant from
photochemical reactions with Oz precursors (i.e. NOx and volatile organic compound (VOC)) in the
troposphere (Cao and Yin, 2020; Wang et al., 2019a; Zhang et al., 2019a). NOx emissions are dominated
by diesel vehicles and are mostly in the form of NO (Anenberg et al., 2017; Gentner and Xiong, 2017;
Grange et al., 2017), which usually causes lower Oz but higher NO2 concentrations at roadside than in
the ambient (Bright et al., 2013; Huang et al., 2020a). The NOx-Os3 reactions in a street canyon can be
influenced by all the factors discussed above, including weather conditions (mainly wind, temperature
and sunlight) (Kang et al., 2008; Kwak and Baik, 2014), traffic conditions (the source of NOx and VOC)
(Park et al., 2015) and canyon geometry (e.g. aspect ratios that affect sunlight access and in-street
airflows) (Grawe et al., 2007; Park et al., 2015; Tong and Leung, 2012; Zhang et al., 2020a).
Furthermore, vegetation could have significant impacts on reactive pollutants. Vegetation can reduce air
pollution via deposition of PM emissions on leaf surfaces and absorption of gaseous emissions (e.g. O3
and NOy) through leaf stomata (Abhijith et al., 2017; Eisenman et al., 2019; Han et al., 2020; Janhall,
2015; Sicard et al., 2018). On the other hand, vegetation would produce biogenic VOC and pollen
emissions (Calfapietra et al., 2013; Eisenman et al., 2019). Both the emission reduction and production
capabilities depend strongly on vegetation species, as well as environmental conditions. Therefore,
traffic interventions especially on diesel vehicles and urban planning such as careful choice of trees and
green walls are the key to control reactive pollutants in urban street canyons.



2.5. Comparison between influencing factors and implications for air pollution control

Table 1 summarises the key influencing factors for the dispersion of vehicle emissions in street
canyons and proposes potential strategies for controlling roadside air pollution. As motor vehicles are
the dominant sources of air pollutants in urban environment, traffic interventions are the most effective
strategy to improve the roadside air quality, such as low emission zones and congestion charges. These
measures are under the full control of city planners and policy makers and are widely applicable for both
existing and future street canyons. Proper design of street canyon geometry can greatly improve emission
dispersion and thus avoid the creation of pollution hotspots. Overall features of street canyons such as
building height, street width, roof shape and symmetric/asymmetric canyon can only be changed with
new development. However, control of in-street barriers such as trees, noise barriers and kerbside parked
cars applies to both existing and future street canyons. Although weather conditions are beyond the
control of city planners, there may exist specific weather patterns for a given region, such as a prevailing
wind direction. Urban design such as the orientation of thoroughfares and the configuration of building
heights can be adapted to these patterns to maximise pollutant removal. Regarding chemical reactions,
traffic interventions can effectively reduce NOx and VOC emissions which are the precursors of Oz and
PM emissions. Further, reactive pollutants can be reduced by city planning such as careful choices of
tree species, hedges and green infrastructure which can filter and absorb air pollutants in street canyons
(Kessler, 2013; Tomson et al., 2021).

Table 1. Factors influencing roadside emission levels and implications for mitigation strategies.

Factors Parameters considered Potential mitigation strategies Feasibility

Traffic Traffic volume, fleet Traffic interventions such as low  Wide

conditions composition, driving emission zones and congestion applicability
conditions. charging schemes.

Canyon Aspect ratio, building Urban planning such as building Moderate

geometry symmetry, roof shape, in- height, roof shape, design of in- applicability
street barriers. street barriers, etc.

Weather Wind speed and direction, Urban planning can be adapted to  Limited

conditions sunlight, temperature, weather conditions such as street  applicability
humidity. orientation.

Chemical Traffic conditions, canyon  Traffic interventions and urban Wide

reactions geometry, weather planning such as trees and green applicability
conditions. walls.

3. Strategies for controlling roadside air pollution

This section discusses the effectiveness of various mitigation strategies for controlling roadside air
pollution in street canyons. Two major strategies are identified, namely traffic interventions and urban
planning. The first is pollution source control while the second is enhancing pollutant removal from
street canyons.

3.1. Traffic interventions
3.1.1. New vehicle technologies and regulations

Advanced vehicle technologies (e.g. electric vehicles (EVs) and cleaner engines) and stringent
emission regulations (e.g. Euro 6) are widely adopted to alleviate the traffic-related air pollution problem.
Among them, EVs are often considered the most effective solution. Zheng et al. (2020) estimated the
well-to-wheel emissions of EVs and gasoline passenger vehicles in China. They found that EVs had 98%
lower VOC and 34% lower NOy, but comparable or slightly higher primary PM2s and SO> than gasoline
vehicles. Ke et al. (2017) predicted that a moderate EV penetration scenario (i.e. 20% private passenger
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vehicles and 80% commercial passenger vehicles electrified) could reduce average PM2 s concentrations
by 0.4-1.1 pg/m? in the Yangtze River Delta region in China in 2030. Higher EV penetration ratios could
synergistically deliver greater air quality, climate and health benefits (Liang et al., 2019). It should be
noted that clean power generation is critical for realising the air quality benefits of EVs. Yu and Stuart
(2017) investigated the effects of urban planning strategies and EV adoption on air quality in Florida,
USA. It was found that a compact urban growth scenario had lower NOx but higher butadiene and
benzene exposures than a sprawl growth within the Hillsborough County. With a complete EV fleet, the
compact scenario mitigated the in-county increases for butadiene and benzene exposures but resulted in
higher NOx exposures due to increased demand on power plants.

In spite of the benefits, EVs face several challenges (e.g. price, range anxiety and charging
infrastructure) and only account for a small share of global car sales (e.g. 2.6% in 2019) (IEA, 2020).
Currently, conventional vehicles powered by internal combustion engines still dominate the market and
will co-exist with EVs for many years to come (Kalghatgi, 2018; Reitz et al., 2020). Therefore, cleaner
engine technologies driven by increasingly stringent regulations are of equal importance for reducing
transport-related air pollution, such as exhaust after-treatment technologies, advanced combustion
concepts, and cleaner and renewable fuels. Comparing with Euro 1 standard, the CO, HC and NOx
emission limits in Euro 6 standard are >80% lower for diesel passenger cars and >60% lower for gasoline
passenger cars (Huang et al., 2018c; The Automobile Association, 2021), which have led to significant
reductions of on-road vehicle emissions. Bishop and Haugen (2018) conducted a long-term emission
measurement campaign (1989-2016) for light-duty vehicles (mostly gasoline vehicles) in Chicago, USA
using on-road remote sensing technology. The results showed large emission reductions and remarkable
improvements in emission control durability, with an order of magnitude reduction for CO and over a
factor of 20 for HC since 1989, and 79% reduction for NO since 1997. In comparison, diesel vehicles
were often observed with a slower emission reduction pace and even with increases at some Euro stages
(Carslaw et al., 2011; Huang et al., 2018b; 2018d; Pujadas et al., 2017), indicating that emission
reduction technologies and regulations were less effective for diesel vehicles under real-world conditions.

3.1.2. Emission control on in-use vehicles

Although new emission reduction technologies and regulations can substantially reduce traffic
emissions in the long term (e.g. 80% reduction of NOx emissions by 2040 (Matthias et al., 2020)), the
benefits of these strategies can usually be seen only after years of implementation. Controlling the
emissions from the large stock of in-use vehicles can bring immediate benefits to urban air quality and
has attracted great attention in recent years (Wagner and Rutherford, 2013; Yang et al., 2015). There are
many ways to reduce in-use vehicle emissions, such as utilization of drop-in fuels like GTL or HVO
(Parravicini et al., 2021), changing the modal split (Vierth et al., 2018), retiring older vehicles (Lavee et
al., 2014; Zhou et al., 2019), high-emitters screening (Organ et al., 2019), odd-even driving restrictions
(Mishraet al., 2019; Xie et al., 2017) and engine retrofits (Giechaskiel et al., 2018). These programs are
usually implemented at a city or national scale and aim to reduce the vehicle emissions inventory. Higher
emission standards and controlling emissions from other sources such as power plants usually bring
larger impacts on future air quality at a city or national scale. In this review, we focus on traffic
interventions that target at street canyon scales.

Roadside air pollution and human exposure exhibit large spatial variations. Streets having intensive
human activity (e.g. city centres) usually come with heavy traffic and deep street canyons, and thus more
serious air pollution. As discussed in Section 2.1, some vehicles may emit significantly more pollutants
than others. Therefore, low emission zones (LEZS) are created to restrict the access of high-emitting
vehicles to designated streets or city centres. Although over 250 LEZs have been setup worldwide (with
over 200 in Europe) (Holman et al., 2015; Tartakovsky et al., 2020), there is a lack of studies on their
effect on air pollution control. Table 2 summarises the LEZs that have been assessed using air quality
monitoring data. Since diesel vehicles are the main sources of air pollutants in particular PM and NOx,
most LEZs restricted the access of outdated HDVs while some LEZs restrict all vehicles older than a
specific emission standard, such as in Germany (Fensterer et al., 2014) and Portugal (Ferreira et al.,
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2015). PM and NOx are generally reduced in LEZs, although there are mixed results on the extent of
reduction (Table 2). This is expected as LEZs vary greatly in the covered area, enforced time and
restricted vehicles. In addition, different evaluation methods were adopted. The improvement tabulated
in Table 2 should be interpreted with caution because usually multiple vehicle emission control
programs are implemented simultaneously (Huang et al., 2020a), and it is difficult to isolate the effects
of individual programs. Moreover, the seasonal variations could mask the actual effect of an LEZ in a
short-term evaluation (Brimblecombe and Ning, 2015; Huang et al., 2020d; Shen et al., 2021).

Table 2. Methods and effectiveness of selected low emission zones.

Location (year Covered area, enforced time  Emission reduction (studied period) Reference
introduced) and restricted vehicles
London, UK Greater London; All times; PM reduced by 2.5%-3.1% in LEZ vs 1% Ellison et al.
(2008) Mainly Euro 0-111 HDVs outside LEZ, but no NOy reduction (2013)
(introduced in 4 phases) (2001-2011)
NO; reduced by 0.97-1.35 ug/m?, but no  Mudway et
PMjio or PM2;s reduction (2006-2014) al. (2019)
Germany City area; All times; >3.5tand  PMjyo reduced by 13.0% at traffic site vs  Fensterer et
(2008) Euro 0-2 vehicles (introduced in 4.5% at background site in Munich al. (2014)
3 phases) (2006-2010)
NOx reduced by 4% in 17 cities enact Morfeld et
LEZs (2005-2009) al. (2014)
PMjo reduced by 4%-8% in 44 cities Gehrsitz
enact LEZs (2005-2012) (2017)
Netherlands City centre; All times; Euro 0-11 Insignificant reductions observed in five  Boogaard et
(2009) and some Euro Ill HDVs cities enact LEZs (2008-2010) al. (2012)
(introduced in 2 phases) PMjo reduced by 5.8%, NOy reduced by  Panteliadis
5.9% in Amsterdam (2007-2010) et al. (2014)
Lisbon, City centre; 7:00-21:00 PMjo reduced by 23%, NO; reduced by  Ferreira et
Portugal (2011) weekdays; Euro 0-1 vehicles 12% (2001-2013) al. (2015)
(introduced in 2 phases)
Hong Kong, 3 busy corridors in city centre;  NO; reduced by 19% at roadside sites vs Huang et al.
China (2015) All times; Euro O-111 franchised 8% at background sites (2014-2016) (2020a)
buses
Haifa, Israel Residential areas; All times; NOx reduced by 12.9%, black carbon Tartakovsky
(2018) Euro 0-3/111 diesel vehicles and reduced by 10.6% (2018-2019) et al. (2020)

Euro 0-3 taxis (introduced in 2
phases)

Roadside air pollution and human exposure also show large temporal variations. Pedestrian and
traffic activities usually peak simultaneously in rush hours that also involve congestions. Congested
traffic not only reduces productivity, but also worsens air pollution. The problems are more apparent in
street canyons because of the intensive vehicle emissions and weakened vehicle-induced turbulence.
Congestion charging schemes (CCSs) are developed to reduce the traffic and air pollution, which have
been implemented in some cities such as London, Stockholm and Singapore. So far, very few studies
have evaluated the effects of CCSs on air pollution. London introduced a CCS in its central area in 2003,
which was initially a single charge of £5 between 7:00-18:30 on weekdays (Beevers and Carslaw, 2005)
and has now been raised to £15 between 7:00-22:00 every day except Christmas Day (Transport for
London, 2020). Using detailed traffic data and emission model, Beevers and Carslaw (2005) reported
that total NOx and PM1o reduced by 12.0% and 11.9%, respectively in the CCS zone due to increased
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vehicle speed and reduced vehicle number, both of which had the same importance. Dispersion
modelling also demonstrated moderate reductions in NO2 and PMyo concentrations in the CCS zone
(Tonne et al., 2008). Meanwhile, air quality monitoring data was also used to evaluate the London CCS.
Atkinson et al. (2009) observed reductions in NO, CO and PMzg concentrations but increases in NO-
and O3 concentrations in the CCS zone during 2001-2005. However, they did not attribute these changes
to the CCS because there were other traffic interventions being implemented concurrently. Lately, using
the other 20 largest UK cities as the control groups, it was shown that the London CCS reduced CO, NO
and PMyo substantially but increased NO> sharply (Green et al., 2020). A seven-month “Stockholm Trial”
of congestions tax was carried out to reduce congestion and air pollution in the inner city of Stockholm,
Sweden. Dispersion modelling showed up to 12% and 7% reductions in annual NOx and PMzo
concentrations, respectively in the most densely trafficked streets if the CCS was permanent (Johansson
et al., 2009). The effectiveness of CCS on emission reduction is mainly affected by the charging rate,
method and zone size (Wu et al., 2017). Coria et al. (2015) further suggested that CCS should be
optimised in a response to emission dispersion capacities due to seasonal changes in meteorological
conditions.

3.2. Urban planning

The severity of roadside air pollution is not necessarily all due to heavy traffic, and street canyon
features also play important roles. Air pollution typically soars in urban settings that prioritize road
transport over pedestrians and that allow uncontrolled sprawl of large, grey, unbroken blocs of asphalt
and concrete (Neira, 2018). Careful urban design can help mitigate air pollution noticeably (Zhang and
Gu, 2013). The WHO suggests that health and wellbeing must be the top priority in city planning (Neira,
2018). Urban design that aims to improve air quality can be classified into two strategies, namely design
of overall canyon geometry and design of in-street barriers. The first strategy influences the overall
airflows inside street canyons which can significantly affect emission dispersion and roadside air quality.
However, it is limited to new development. The second strategy mainly influences the airflows in lower
canyon region. It has broad applicability to both existing and future street canyons.

3.2.1. Design of overall canyon geometry

For planning future street canyons, the most important factor is the design of the overall canyon
geometry parameters, including the aspect ratio, street/building orientation, building height
configuration and roof shape. These factors significantly affect the wind-induced turbulence inside the
street canyons, and consequently the air ventilation and pollutant removal. They are key parameters for
avoiding air pollution hotspots but are often overlooked in city planning. Generally, lower aspect ratios,
streets in parallel to the prevailing wind direction, and buildings with shorter sides in parallel to the
boulevard are favourable for dispersion and are recommended for urban designers (Kurppa et al., 2018;
Zhang et al., 2019b). However, aspect ratios are often constrained by the land shortage and rapid
population growth which make medium to high density housing development an inevitable solution in
many cities. Under this circumstance, other parameters become important in urban design.

Optimising building height configurations enhances emission dispersion in street canyons. Previous
studies have revealed that street canyons with non-uniform heights better favoured dispersion than those
with uniform heights (Gu et al., 2011; Kurppa et al., 2018; Nosek et al., 2018; Zhang et al., 2020b).
Particularly, step-up canyons (i.e. upwind buildings lower than downwind buildings) had better roadside
air quality than step-down canyons (Assimakopoulos et al., 2003; Nosek et al., 2018). In addition, Gu
et al. (2011) found that separating step-up and step-down notches in non-uniform street canyons was
better for pollutant dispersion than adjoining step-up and step-down notches.

Proper roof shape helps reduce air pollution by enhancing ventilation (Xie et al., 2005). So far, most
studies are concerned with flat roofs and only a few have considered other roof shapes. Fig. 3 shows the
effect of roof shape on the induced in-street airflows. Huang et al. (2015); (2016) contrasted the airflows
and dispersion for five roof shapes, including vaulted, trapezoidal, slanted, and upward/downward
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wedged roofs. For canyons with the same roof shape on both sides, downward wedged roof (Fig. 3e) led
to the best pollutant removal, while trapezoidal (Fig 3b), slanted (Fig 3c) and especially upward wedged
(Fig. 3d) roofs were unfavourable for pollutants dispersion due to the formation of double vortices. For
canyons with different upstream roof shapes but flat downstream roof, upward wedged and vaulted roofs
resulted in the highest and lowest pollution levels, respectively (Huang et al., 2015). Takano and Moonen
(2013) studied the effect of slope of slanted roof on pollutant dispersion. It was found that a single vortex
was formed regardless of wind direction when roof slope was less than 18°. Steeper slopes could either
extend this vortex or break it into two vortices depending on wind direction. Pollutant levels decreased
with the increase of roof slope in the single vortex case. Therefore, slightly upward slanted roofs had
higher vortex airflow rates and similar average air quality than the widely-studied flat roofs. However,
double vortices caused elevated street-level air pollution.
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(a) Vaulted roof (b) Trapezoidal roof (c) Slanted roof
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(d) Upward wedged roof (e) Downward wedged roof

Fig. 3. In-street airflow structures induced by different roof shapes (Huang et al., 2016).

Apart from the above common influencing parameters, other design features of the overall canyon
geometry have been explored to improve roadside air quality as well. Yuan et al. (2014) investigated the
effect of various building geometries on pollutants dispersion in high-density urban areas. It was found
that strategies promoting convection effects such as building separation, porosity and stepped podium
void were more effective in pollutant removal than strategies promoting turbulence diffusion such as
building setback. Building porosity, especially at the ground level, enhances ventilation and thermal
comfort for pedestrians. Chew and Norford (2018); (2019) reported that building void decks could
enhance pedestrian-level wind speeds by over twofold than that without void decks, and the benefit was
more noticeable with the increase of void deck height. Zhang et al. (2019b) found that elevated building
design (a concept similar to void decks) could create a wind pathway for ventilation through the elevated
space, which could reduce pollutant exposure by 2-5 orders, especially for street canyons with high
aspect ratios. Moreover, first-floor elevation was more effective in pollutant exposure reduction than
second-floor elevation (Zhang et al., 2019b).

3.2.2.Design of in-street barriers

For existing street canyons, the most feasible design improvements are in-street barriers, such as
trees, kerbside parked cars, noise barriers and viaducts. Their presence alters airflows in the lower
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canyon region and thus affects roadside air quality. The core design principle of in-street barriers is to
minimise the emission transport from tailpipes to roadside breathing zones in the condition of minimal
impact on ventilation. Table 3 compares the effects of various in-street barriers on emission dispersion
and summarises the key design factors and guidelines for better air quality.

Urban vegetation such as trees, hedges and green infrastructure is essential to urban environments
and has attracted significant attention in air quality control in recent years. Urban vegetation is usually
believed to be good for urban environments because it can improve urban aesthetics, reduce traffic noise
(Ow and Ghosh, 2017), absorb/deposit pollutants (Han et al., 2020; Sicard et al., 2018; Tiwari et al.,
2019) and enhance thermal comfort (Lee et al., 2020). However, urban vegetation, especially dense trees
with big crowns, may restrain airflows and pollutant removal in street canyons (Vos et al., 2013). Urban
vegetation mainly affects dispersion in two ways, namely deposition/absorption and aerodynamic
effects. The aerodynamic effect of trees is more significant than the deposition effect, especially under
low wind speed conditions (Jeanjean et al., 2017; Vos et al., 2013). Many studies have observed reduced
airflows and increased pollutant concentrations in street canyons with trees compared with those without
trees (Abhijith et al., 2017; Amorim et al., 2013; Gromke and Blocken, 2015; Gromke and Ruck, 2007;
Moradpour et al., 2017; Santiago et al., 2019; Vranckx et al., 2015; Wang et al., 2020; Yang et al.,
2020). Urban vegetation can also act as porous barriers to improve air quality in built environments
(Gallagher et al., 2015). Therefore, careful choice of vegetation, in particular with regard to planting
density, crown size, leaf area density and height, is crucial for air quality control in urban street canyons.

Table 3. Effects of in-street barriers on emission dispersion and the key design factors and general
guidelines for better urban air quality.

In-street Effects on emission  Key design factors  General design guidelines
barriers dispersion
Vegetation Porous barriers: Planting density, tree  High-level vegetation deteriorates air quality
aerodynamic and height, crown size, while low-level vegetation improves air
deposition effects leaf area density quality (Abhijith et al., 2017)
Kerbside Solid barriers: Parking angles, Parallel parking is more effective than
parked cars  aerodynamic effects  occupancy rates, car  perpendicular and 45° parking in improving air
shapes quality (Gallagher et al., 2011)
Noise barriers Solid barriers: Wind speed, barrier ~ Noise barriers reduce near-road pollution for
aerodynamic effects  height, canyon both highways and street canyons, with the
features penalty of elevated on-road pollution (Hagler
etal., 2011; Hang et al., 2017)
Viaducts Solid barriers: Viaduct height, traffic Diverting more traffic to viaducts and using
aerodynamic effects  re-distribution, aspect noise barriers on viaducts are beneficial for
ratio, roof shape roadside air quality (Hang et al., 2017)

Generally, high-level vegetation (i.e. trees) degrades air quality while low-level vegetation (i.e.
hedges) improves air quality in street canyons (Abhijith et al., 2017). To minimise the negative effect
on air ventilation, Gromke and Ruck (2007) recommended that 1) tree crowns should not occupy large
canyon volumes, 2) sufficient free space should be reserved between crowns and adjacent building walls,
and 3) trees should be lower than building roof. To control vehicle particle emissions, Janhéll (2015)
recommended that vegetation should be 1) low and close to road surfaces to maximise emission dilution
with clean air from aloft, 2) close to emission sources to enhance deposition, and 3) vegetation barriers
should be high and porous enough to let the air through. Tong et al. (2016) investigated the effects of
six conceptual designs of vegetation barriers on roadside air quality. Two viable designs were
recommended, including 1) wide vegetation barriers with high leaf area densities and 2) vegetation-solid
combined barriers. Other factors such as canyon geometry and weather conditions should also be
considered in vegetation design. For example, Moradpour et al. (2017) found that denser trees did not
always worsen air quality and aspect ratio also played an important role, indicating that urban geometry
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should be considered in tree planting. The impact of trees on air quality is more significant for shallow
canyons. Yang et al. (2020) reported that, compared with tree-free cases, trees increased personal
pollution exposure by 46%, 26%-46%, 16%-50%, 9%-23% for canyons with aspect ratios of 0.5, 1, 3
and 5, respectively. While trees worsened air quality under perpendicular and oblique winds, it was
found that the presence of trees was beneficial for air quality under parallel winds (Amorim et al., 2013;
Jeanjean et al., 2017). Li et al. (2016) reported that the optimal height of roadside vegetation barriers
depended on the aspect ratio but was largely insensitive to the speeds of perpendicular winds. Gromke
et al. (2016) found that continuous hedges could improve air quality in street canyons under
perpendicular winds, and one central hedgerow arrangement reduced pollutant concentrations more than
two sidewise hedgerows. However, sidewise discontinuous hedgerows generally worsened air quality.
Recent urban greening interventions tend to move beyond tree-based and density-controlled solutions.
Green walls, screens and roofs are becoming more popular with municipalities and might alleviate some
of the negative effects of tree-based solutions (Tomson et al., 2021). This green infrastructure can
effectively capture pollutants from nearby emission sources via pollutant deposition to leaf surfaces,
while with minimal effect of canyon airflows.

Other in-street barriers such as kerbside parked cars, viaducts and noise barriers can also be used as
solid barriers to improve roadside air quality in urban street canyons (Gallagher et al., 2015). Unlike
vegetation barriers whose effects come from aerodynamics and deposition, these solid barriers affect the
air quality in street canyons merely via the aerodynamic effect.

Kerbside parked cars are commonly seen in urban street canyons and are presented as non-stationary
barriers. Gallagher et al. (2011; 2013; 2019) have conducted a series of studies to investigate the impacts
of various factors of parked cars on footpath air quality, including parking angles, occupancy rates, wind
directions and car body shapes. They found that parallel parking could reduce pollutant concentrations
over footpaths (i.e. zones where pedestrians breathe) by up to 35%-49% and 33% under perpendicular
and parallel winds, respectively when comparing with the no-parking case (Gallagher et al., 2011). In
comparison, perpendicular and 45° parking was less effective in pollution control, which could even
increase pollutant concentrations in some cases (Gallagher et al., 2011). The reduction increased steadily
with the increase of parking occupancy rate under perpendicular winds, but was only evident when
occupancy rate was over 45% under parallel winds (Gallagher et al., 2011). In addition, car shapes had
significant effect on footpath pollutant concentrations and decay rates, which demonstrated the
importance of geometry details in CFD modelling and pollution control (Gallagher and Lago, 2019).
Parked cars can also be used with others in-street barriers to achieve better air quality control. Gallagher
et al. (2013) investigated the effect of parked cars and/or low boundary walls on footpath pollutant
exposure in an urban street canyon. They found that the car-wall combined barrier showed the biggest
improvements in footpath air quality. When compared individually, parallel parking provided
comprehensive pollutant reductions on the whole footpath under all wind conditions, and thus was a
more suitable passive control method than low boundary walls. Abhijith and Gokhale (2015)
investigated the effect of trees and/or parked cars on pedestrian pollutant exposure. They found that,
when combined with parked cars, trees with high porosity crown and low-stand density could greatly
reduce roadside air pollution.

Noise barriers are widely constructed at roadside to remediate traffic noise nuisance. A number of
field experiments were conducted to investigate their effects on the air quality on highways. It was found
that the pollutant concentrations behind noise barriers could be up to 50% lower than that of road sections
without noise barriers (Baldauf et al., 2008; Baldauf et al., 2016; Hagler et al., 2012; Lee et al., 2018;
Ning et al., 2010). The reductions were more noticeable under low wind conditions (Lee et al., 2018)
and within 50 m from the barriers (Baldauf et al., 2016). In addition, combining noise barriers with
vegetation could have larger pollutant reductions than using them individually (Lee et al., 2018;
Ranasinghe et al., 2019). CFD simulations were also performed to evaluate the effect of key parameters
of noise barriers on roadside air quality. Hagler et al. (2011) found that noise barriers with heights of 3-
18 m exhibited the maximum pollutant reductions by 15%-61% at 20 m from the road when comparing
with the barrier-free case, while the penalty was an increase of on-road pollution by a factor of 1.1-2.3.
Enayati Ahangar et al. (2017) reported that dual barriers on both sides of a highway had larger downwind
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pollutant reductions than a single barrier. Moreover, the barrier effect diminished beyond 10 barrier
heights from the highway. It should be noted that highways are usually built in open spaces so the effects
of noise barriers on emission dispersion are determined by the ambient winds directly. For confined
spaces in urban street canyons, the barrier effects are determined by the canyon-induced airflows so the
canyon features also play an important role. In urban street canyons, noise barriers are usually built on
viaducts to reduce the noise nuisance on the neighbouring buildings. Analogously, using noise barriers
increased the pollutant concentrations on the viaducts, but sheltered the nearby buildings from pollutant
exposure (Hang et al., 2017; He et al., 2017). Hao et al. (2019) found that noise barriers on viaducts
could reduce the integral pollutant concentrations in pedestrian breathing zones for symmetric street
canyons. The barrier effect was smaller for step-up canyons, and increasing windward building height
hindered pollutant dispersion. For step-down canyons, Hi/H>=1.2 (ratio of upwind to downwind building
heights) had the lowest integral concentrations while Hi/H>,=2 had extremely high integral
concentrations.

Viaducts are built to improve the traffic efficiency in busy urban areas. Their presence in urban
street canyons influences roadside air quality via 1) re-distributing emission sources by diverting some
vehicles from ground streets to viaducts and 2) altering emission dispersion process. The key factors of
viaducts that impact roadside air quality include viaduct height, traffic re-distribution, canyon aspect
ratio, and roof shape. Compared with viaduct-free canyons, pollutant exposure in street canyons with
viaducts was reduced if all ground emissions were diverted to viaducts, but was increased by 3-6 times
if emissions were from both the grounds and viaducts (Hang et al., 2017; He et al., 2017). The increase
was more significant for high aspect ratio canyons (He et al., 2017). In addition, the presence of a viaduct
could reverse the initial viaduct-free airflows when the viaduct height was about 0.7-1.0 of the building
height. Such reversed flows increased air pollution in canyons with flat roofs, but significantly reduced
air pollution in canyons with triangle roofs (Ding et al., 2019).

4.  Challenges and future perspectives

Urban street canyons pose a major challenge for assessing air pollution caused by the traffic through
them due to the limited understanding of the dynamics and chemistry of the complex dispersion process.
Pollutant dispersion in street canyons has been extensively investigated for decades. So far, however,
little research has been done to quantify vehicle emission dispersion based on real-world measurements
and accurate numerical modelling. There are major knowledge gaps in the experiments, numerical
modelling and the development of roadside air pollution control measures, as described below.

Experimental studies: The majority of existing experimental studies used small-scale models in
wind tunnels to measure pollutant dispersion, and there is a lack of studies in real-world street canyons.
Despite the apparent advantages of wind tunnel testing (e.g. controlled conditions, repeatable results,
and well-established measurement techniques), the results of wind tunnel experiments cannot fully
replicate the real-world conditions due to the complex processes involved such as turbulence and
chemical reactions. Experiments in real-world street canyons need to characterise the emissions on both
the source and receptor sides. However, real-world experiments face several major challenges: lack of a
suitable tracer gas, long response time of gas analysers, characterisation of emission sources and
receptors, and dynamic environmental conditions. Conventional tracer gas sulphur hexafluoride (SFs) is
unsuitable for real street canyons because of its high cost, long response time (~tens of seconds), high
warming potential (>23,000 times of CO. (Li et al., 2019b)) and much heavier density (6.17 kg/m?3) than
air (1.23 kg/m®) and vehicle emissions (e.g. 1.98 kg/m® for CO;). In addition, previous experiments
usually used a line or point emission source to simulate tailpipe emissions which ignored the dynamics
of vehicles. However, neglecting the vehicle-induced turbulence could introduce significant errors to
roadside air quality assessment because the pollutant sources and receptors are close to each other in a
street canyon. To account for the vehicle-induced dynamics, characterisation of the tailpipe emissions
under real driving conditions is needed.

Traditionally, vehicle emissions were measured in laboratory by engine or chassis dynamometers.
Real driving emissions (RDE) have attracted great attention in recent years after the discovery of the
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Volkswagen scandal in 2015 (Schiermeier, 2015). It involved defeat devices installed on VVolkswagen
light-duty diesel vehicles that aimed to pass certification tests in the laboratory but emitted tens of times
higher NOx in real-world driving (Li et al., 2018; Oldenkamp et al., 2016; Schiermeier, 2015; Tanaka et
al., 2018). The excess diesel RDE (totalling 4.6 million tons from on-road diesel vehicles of 11 major
automotive markets) have caused serious air pollution and health problems, resulting in about 38,000
premature deaths globally in 2015 (Anenberg et al., 2017). To address this problem, the portable
emission measurement system (PEMS) technique has been developed according to the recent Euro 6d
standards (Sep 2019), which realises RDE measurements (Huang et al., 2019b; O'Driscoll et al., 2016).

On the receptor side, existing roadside air quality assessments usually only measured pollutant
concentrations at limited locations (Li et al., 2016; Wong et al., 2019), posing challenges for data
interpretation due to the high variabilities in space and time (Rakowska et al., 2014; Targino et al., 2016;
Wadlow et al., 2019). The recent development of low-cost air quality sensors makes high spatial
resolution measurements (e.g. a sensors network) possible (Forehead et al., 2020; Morawska et al., 2018;
Popoola et al., 2018). The combination of PEMS and low-cost air sensors will provide a full picture
from emission sources to receptors and generate comprehensive and novel datasets for dispersion
analysis and model validation. This novel concept has not been reported in the literature to date.

Numerical simulations: Pollutant dispersion models can be categorised into three groups:
operational (or Gaussian), CFD (or Eulerian) and Lagrangian models (Bahlali et al., 2019; Li et al., 2006;
Trini Castelli et al., 2018). Operational models are mostly Gaussian-based empirical or semi-empirical
equations, such as CALINE4 and CPBM. Operational models are very useful tools for routine air quality
monitoring and assessment at a relatively low cost. While the major shortcomings of operational models
are: 1) they can only provide very limited information; 2) they are inapplicable to different street
configurations that have not yet been parameterised; and 3) they are accurate for far-field applications
but unsuitable for roadside air quality assessment because the rapid pollutant mixing in vehicle wakes is
overlooked. With the rapid increase of computer power, CFD modelling is becoming more popular now.
CFD is a powerful and economical tool that can provide detailed and visualised information about
turbulent mixing and dispersion. CFD simulates the turbulence field by solving a set of partial
differential equations for continuity, momentum (i.e. Navier-Stokes equations), energy and
thermodynamic variables (Elger et al., 2012). Based on the resolved turbulence scales, there are mainly
two CFD approaches for street canyon investigations, namely the Reynolds-Averaged Navier-Stokes
(RANS) and Large Eddy Simulation (LES) approaches (Huang et al., 2020b; Trini Castelli et al., 2018).
RANS simulates all the flow structures using a Reynolds stress equation model (e.g. k-¢ and k-w two-
equation models), while LES models the sub-grid scale flow structures but explicitly resolves the larger
flow structures. LES is more sophisticated and accurate than RANS, while the drawback is its much
higher computational cost. Both RANS and LES approaches are widely adopted for pollutant dispersion
modelling in street canyons. Lagrangian particle dispersion models (also called as Lagrangian stochastic
models) are developed as a compromise between the lower computational cost of operational models
and the higher accuracy of CFD models (Trini Castelli et al., 2018; Wang et al., 2018). Lagrangian
models calculate and follow the trajectories of particles in a turbulent flow, and then deduce the
concentration field over computational domain based on particle positions (Bahlali et al., 2019; Bellasio
etal., 2017; Gomez et al., 2021; Jiaet al., 2021). Models have also been developed at system levels (e.g.
a city or nation) (Alam et al., 2018; Johansson et al., 2009; Moldanova et al., 2015; Romero et al., 2020;
Wu et al., 2017), which can help identify emission sources in urban areas and assist policy making and
assessment.

The majority of the studies reviewed in Sections 2 and 3 adopted CFD to investigate vehicle
emission dispersion in urban street canyons and its control. However, they were based on highly
simplified models, and mostly adopted static computational meshes and assumed line or band emission
sources on road surface at constant emission rates. As a result, the effect of vehicle-induced turbulence
was not accounted for. However, wakes behind vehicles promote the recirculation and mixing of
pollutants, leading to a prolonged retention at pedestrian level. Therefore, ignoring vehicle-induced
turbulence would lead to errors in roadside air quality assessment. In addition, due to the lack of real-
world experiments, these CFD models have rarely been validated directly against experimental data.
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Control measures: Roadside air quality strongly depends on the synergies between the traffic
conditions, meteorological conditions, street canyon features and the presence of in-street barriers
(Amorim et al., 2013). Roadside air quality in existing street canyons may be improved by implementing
some potential emission control measures, such as small trees, hedges, noise barriers and low emission
zones. Urban design, such as building height, roof shape and street direction, is also an important factor
for roadside air quality management. To date, there is a lack of systematic investigations and generic
guidelines of control measures and urban planning for improving roadside air quality, which are of great
importance to policy makers and urban planners. As reviewed in Sections 2 and 3, the air quality in street
canyons is affected by many factors. Aristodemou et al. (2018) demonstrated that even simply changing
the height of a single building could create zones with stagnant air and pollution hotspots that did not
exist previously. Therefore, carefully assessing the effect of building design on emission dispersion is
an important step for maintaining a sustainable and liveable urban environment. Moreover, appropriate
strategies need to consider the specific circumstance of individual projects (Yuan et al., 2014).

5. Conclusions

Urban streets are important places for social and commercial outdoor activities. However, roadside
air pollution poses a serious health threat to the public due to the close proximity to vehicle emissions.
Meanwhile, many cities are relaxing building height limits to accommodate the rapidly growing urban
population, leading to taller and denser buildings around people. These deep street canyons restrict air
ventilation and pollutant removal, which further worsens roadside air pollution but yet are often
overlooked in city planning. This paper critically reviews the mechanisms controlling vehicle emission
dispersion in urban street canyons and the strategies to mitigate roadside air pollution. The major
findings are summarised as follows:

1)  Studies have shown that roadside air pollution hotspots are not necessarily all associated with
heavy traffic and that proper urban design can help mitigate air pollution noticeably. The key
factors that influence roadside air quality are traffic conditions, canyon geometry, weather
conditions and chemical reactions. Two groups of mitigation strategies are identified, namely
traffic interventions and urban planning.

2)  Popular traffic interventions at a street canyon scale include imposing low emission zones and
congestion charges which have demonstrated moderate improvements in roadside air quality.
More studies are needed to quantify their improvements observed from air quality monitoring
stations, as multiple emission control programs are usually implemented simultaneously.

3)  Regarding urban planning, the design of overall canyon geometry can significantly improve the
emission dispersion process and roadside air quality, while the major limitation of this strategy is
that it is only applicable to future street canyons. General design guidelines for overall canyon
geometry include lower aspect ratios, streets in parallel to the prevailing wind direction, non-
uniform building heights, and high building porosity at the ground level.

4)  For existing street canyons, the design of in-street barriers is a widely applicable strategy for
improving the roadside air quality. In-street barriers can be classified into porous (e.g. trees and
hedges) and solid (e.g. kerbside parked cars, noise barriers and viaducts) barriers. Both types of
barriers have the potential to improve roadside air quality by preventing the transport of pollutants
from vehicle tailpipes to roadside breathing zones.

5)  Current studies on urban street canyons mostly adopted small-scale experiments in wind tunnels
or highly simplified CFD models without validation by real-world experimental data. We
recommend future studies to confirm the effectiveness of these strategies on improving roadside
air quality by real-world experiments and more sophisticated CFD modelling.
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