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vidual LEZ

o Negative effects of GI can turn into
positive if traffic emissions are reduced.
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ABSTRACT

Urban air pollution is one of the most important environmental problems for human health and several strategies
have been developed for its mitigation. The objective of this study is to assess the impact of single and combined
mitigation measures on concentrations of air pollutants emitted by traffic at pedestrian level in the same urban
environment. The effectiveness of different scenarios of green infrastructure (GI), the implementation of pho-
tocatalytic materials and traffic low emission zones (LEZ) are investigated, as well as several combinations of LEZ
and GI. A wide set of scenarios is simulated through Computational Fluid Dynamics (CFD) modelling for two
different wind directions (perpendicular (0°) and 45° wind directions). Wind flow for the BASE scenario without
any measure implemented was previously evaluated using wind-tunnel measurements. Air pollutant concen-
trations for this scenario are compared with the results obtained from the different mitigation scenarios.
Reduction of traffic emissions through LEZ is found to be the most effective single measure to improve local air
quality. However, GI enhances the effects of LEZ, which makes the combination of LEZ + GI a very effective
measure. The effectiveness of this combination depends on the GI layout, the intensity of emission reduction in
the LEZ and the traffic diversion in streets surrounding the LEZ. These findings, in line with previous literature,
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suggest that the implementation of GI may increase air pollutant concentrations at pedestrian level for some
cases. However, this study highlights that this negative effect on air quality can turn into positive when used in
combination with reductions of local traffic emissions.

1. Introduction

High levels of air pollutants such as nitrogen oxides (NOx) and
particulate matter (e.g., PM2.5, PM10) are usually found in urban en-
vironments. Due to the fact that most of the people live in cities, a great
part of population is exposed to atmospheric pollutant concentrations
above the air quality standards (EEA, 2020). Hence, urban air pollution
is one of the most important problems for human health (WHO, 2018).
Different local measures for improving urban air quality are being
implemented in most cities. Among these measures, the most common
are:

- Emission reduction measures such as Low Emission Zones (LEZ)
(Boogaard et al., 2012; Holman et al., 2015; Huang et al., 2021;
Santiago et al., 2022a), where traffic is restricted or banned in some
urban areas decreasing local emissions of air pollutants. The re-
strictions of LEZs established in cities affects different vehicle types,
and, consequently, the range of emission reductions is wide
depending on LEZ restrictions. Information regarding LEZ estab-
lished in European cities can be found in the website portal (http
s://urbanaccessregulations.eu) developed with the support of the
European Commission. In this study, a wide range of LEZ scenarios is
investigated;

photocatalytic materials, a technology for air purification that in-
corporates compounds such as titanium dioxide, which are activated
in the presence of solar radiation and allow the elimination of air
pollutants such as NOx (Fernandez-Pampillon et al., 2021; Sanchez
et al, 2021). Therefore, these materials mainly affect NOx
concentrations;

green Infrastructure (GI). GI composed by trees and hedgerows is one
of the most used passive control systems for air pollution in street
canyons, although optimum GI design is currently unclear (Gallagher
et al., 2015; Li et al., 2021; Tomson et al., 2021; Buccolieri et al.,
2022).

The interactions between atmosphere and buildings induce complex
wind flow and reduced ventilation in the streets producing high levels
and strong gradients of air pollutant concentrations released from traffic
(Borge et al., 2016; Santiago et al., 2017a). Hence, studies (experimental
campaigns or numerical simulations) at high spatial resolution are
necessary to determine the distribution of air pollutant concentrations in
urban environments. Therefore, air quality, population exposure to at-
mospheric pollution and the impact of mitigation or abatement mea-
sures are difficult to assess in the cities (Vardoulakis et al., 2011;
Santiago et al., 2013; Di Sabatino et al., 2013; Gromke and Blocken,
2015; Kracht et al., 2018; Santiago et al., 2020; Santiago et al., 2021;
Santiago et al., 2022b; Santiago et al., 2022c). Regarding LEZs, Holman
et al. (2015) reviewed their efficacy to improve urban air quality in
several European cities. Some evidence of the reduction of long-term
average PM10 and NO, was found, although separating the direct ef-
fects of a LEZ from the effects of other policy measures, the economy,
and the normal renewal of the vehicle fleet was not easy. Therefore,
theoretical studies considering different scenarios of LEZ are useful to
understand their effectiveness. Concerning photocatalytic materials,
Fernandez-Pampillon et al. (2021) and Sanchez et al. (2021) showed
that robust experimental campaigns and numerical simulations at high
spatial resolution are needed to demonstrate the efficiency of photo-
catalytic materials at real scale. Further, assessing the impacts of GI is
more complex than other measures due to the different effects of vege-
tation on air quality. These effects can be summarized as follows

(Abhijith et al., 2017; Buccolieri et al., 2018a):

- aerodynamic effects are due to the variation of wind flow induced by
the presence of vegetation. Vegetation is a porous obstacle that
modifies the wind flow. These variations of the wind flow (e.g.
changing of recirculation areas, reduction of the wind speed, etc....)
change the air pollutant dispersion regardless pollutants are gaseous
or particulate. The simplest parameterization of the aerodynamic
effects of vegetation is through roughness. However, at microscale,
the vegetation should be explicitly solved as a porous obstacle using
sink/source terms in the momentum and turbulence equations (see
Section 2.2);
deposition on leaves and absorption through stomata. A fraction of
atmospheric pollutants is removed from the air via deposition on
leaves and absorption through stomata. Vegetation increases both
the surface roughness (slowing air flow and enhancing deposition
and absorption pollutant removal processes) and increases the area
of surface that air pollutants come into contact with (acting as bio-
logical filters, enhanced by surface properties). Vegetation absorbs
gaseous pollutants such as NOx, mainly by uptake via leaf stomata or
surface, and accumulate airborne particulates by interception,
impaction or sedimentation more effectively than other urban sur-
faces (Escobedo and Nowak, 2009; Janhall, 2015; Buccolieri et al.,
2018a, 2018b). Hence, absorption and deposition effects are
different for gaseous and particulate pollutants. Deposition effects
are modelled in CFD simulations through a deposition velocity which
depends on the type of pollutant and plant species. For particulate
pollutants, deposition is higher than for gaseous ones, but many
discrepancies between deposition velocity values are found in the
literature (Buccolieri et al., 2018b);

- biogenic emissions. Trees emit biogenic volatile organic compounds
(VOCs) as a reaction to stress in their environment. In addition,
pollen is also released by trees depending on several environmental
factors, including local meteorological conditions.

In the streets, estimating the net effect of GI on air quality is more
difficult. Deposition effects always improve air quality, while aero-
dynamic effects can be positive or negative. Most studies have found
that the contribution of aerodynamic effects on air pollutant concen-
trations in the streets is higher than the deposition contribution (Vos
et al., 2013; Vranckx et al., 2015; Jeanjean et al., 2017a; Santiago et al.,
2017b; Santiago et al., 2017c; Santiago et al., 2019a). This fact means
that the impact of modification of wind flow due to the presence of trees
on air quality in the streets is more important than the air pollutant
concentration removal via deposition on leaves. However, both effects
can have major impacts depending on the conditions (meteorological
conditions, urban morphology and vegetation characteristics) (Jeanjean
et al., 2017a; Santiago et al., 2017c; Xue and Li, 2017; Buccolieri et al.,
2018b; Santiago et al., 2022d). In the streets, trees act as obstacles to the
wind and usually diminish the turbulent exchange of mass and mo-
mentum between the air above the canopy and within the street
depending on shape and configuration (Abhijith et al., 2017). Therefore,
in general, aerodynamic effects of street trees tend to reduce the po-
tential ventilation of the street, and, consequently, airborne concentra-
tions of particulate and gaseous pollutants increase at pedestrian levels
(Vos et al., 2013; Vranckx et al., 2015; Gromke and Blocken, 2015;
Abhijith et al., 2017; Jeanjean et al., 2017a; Kumar et al., 2019; Tomson
et al., 2021; Santiago et al., 2022d). However, a few studies (Amorim
et al., 2013; Abhijith et al., 2017; Jeanjean et al., 2017a; Rafael et al.,
2018; Santiago et al., 2022d) have found improvements in air quality
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under certain conditions. Jeanjean et al. (2017a) found decreases of NOx
and PM2.5 concentrations for wind parallel to the study street. Simi-
larly, Amorim et al. (2013) found a reduction in air pollutant concen-
tration under parallel winds. This issue has not yet been well studied and
few investigations have analyzed the relative contribution of each effect
towards the net impact of GI (Buccolieri et al., 2018a, 2018b). The net
impact of GI may increase or decrease air pollutant concentrations at the
pedestrian level depending on several factors (e.g., green infrastructure
layout, urban morphology, typical meteorological conditions, vegeta-
tion characteristics, etc.) (Tomson et al., 2021). However, the
complexity of urban meteorology at street level and the limited available
studies make it difficult to provide holistic recommendations (Tomson
etal., 2021). A general recommendation for improving urban air quality
is to implement the right GI configurations in the right streets (Bucco-
lieri et al., 2018a, 2018b). However, it is difficult to determine the
appropriate GI in each case depending on several factors such as type of
streets, building morphology, type of trees, predominant meteorology,
and location of pollutant sources.

On the other hand, GI provides additional environmental benefits
such as micro-climate regulation, noise reduction or rainwater drainage
(Salmond et al., 2016; Livesley et al., 2016; Santamouris et al., 2018),
and other benefits such as aesthetic, recreational, psycho-logical or
improving perceived mental health (Roy et al., 2012; Haaland and van
Den Bosch, 2015; Van den Berg et al., 2015). However, several disser-
vices are also associated with urban vegetation such as emission of
biogenic volatile compounds and pollen or the cost of maintenance,
irrigation, etc. (Roy et al., 2012). GI design should be addressed to
obtain a trade-off solution between different ecosystem services and
disservices provided (Santiago et al., 2022d). Therefore, to take
advantage of all of these benefits, the impact of GI scenarios that could
potentially provide adverse effects on air quality should be identified to
be modified or discarded.

In this context, the first research question is to determine what is the
effectiveness of each single measure (LEZ, GI and photocatalytic mate-
rials) under the same conditions. In addition, due to the numerous
ecosystem services provided by urban vegetation, the second research
question that arise is to estimate whether the impact of GI scenarios can
be improved by combining GI with other air pollution mitigation mea-
sures. Recent results from Santiago et al. (2022d) indicate that street
trees can act as a barrier for the air pollutants emitted outside the zone
with GI. This fact suggests that GI implementation in combination with
traffic-emission reductions in the same area may enhance the benefits on
air quality.

Therefore, the main objective of this paper is to assess the impact of
different local air pollution mitigation measures on traffic-related air
pollutant concentrations at pedestrian level in the same urban envi-
ronment. Several individual mitigation measures such as LEZ, GI and
photocatalytic materials, and also, multiple combinations of GI config-
urations with LEZs are investigated. The starting hypotheses are:

- Concentrations of air pollutants emitted by traffic such as NOx,
PM10, PM2.5 or Black Carbon can be estimated at pedestrian level.

- The effects of each single measure on these concentrations are
different and spatially heterogeneous at pedestrian level.

- The impacts of different GI configurations would be positive or
negative, but negative effects would be improved combining GI with
LEZ.

For this purpose, several novel aspects are addressed in this study:

a wide set of scenarios, including several configurations for each
measure, is investigated by means of computational fluid dynamic
(CFD) simulations. On the other hand, few studies (Jeanjean et al.,
2017b) evaluated the impact of different measures for the same
urban configuration. In this paper, all the scenarios are assessed for
the same urban environment. This approach allows the evaluation of
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the effectiveness of each measure by comparing it with a reference
case without additional measures (BASE case);

not only the area with the implemented measures is simulated, but
also the surrounding streets, allowing to evaluate the effects of
measures not only on air pollutants emitted in the study area with the
implemented measures but also on air pollutants emitted outside.
The present study is focused on air pollutants emitted by traffic. NOx,
as the sum of NO and NO,, emitted by traffic is investigated in this
study. NO and NO2 are highly reactive and dependent on O3 con-
centrations in the streets. However, NO+NO, (NOx) can be consid-
ered as non-reactive pollutant at microscale (Sanchez et al., 2016).
Regarding particulate matter (PM), PM directly emitted by traffic is
investigated in the present study. Secondary production of PM due to
chemical reactions is not considered. However, these assumptions
are reasonable for the simulation domain considered as shown in
previous studies where NOx, PM10, PM2.5 or Black Carbon were
successfully considered as non-reactive in CFD simulations (Sanchez
et al., 2017; Santiago et al., 2020; Jeanjean et al., 2017a; Santiago
et al., 2019b);

the effects of combining GI configurations with LEZs are also
investigated.

In Section 2, the study urban area, CFD model and the air pollution
mitigation strategies simulated are described. The results on the impact
of LEZ, photocatalytic materials and GI are shown in Sections 3.1, 3.2
and 3.3, respectively. The effects of the combination of several GI con-
figurations with LEZs are studied in Section 3.4. The discussion and
conclusions are finally presented in Section 4.

2. Materials and methods

2.1. Description of urban geometry and local air pollution mitigation
measures

An idealized urban-like environment composed by an array of 7 x 7
buildings is used for this study (Fig. 1). This domain covers not only the
area where the measures are implemented but also the surrounding
streets. Building height is 35 m and the aspect ratio defined as the ratio
between the building height and the width of the streets is 1. This is a
typical value of street canyons in real cities (e.g. Soulhac and Salizzoni,
2010; Chatzidimitriou and Yannas, 2017; Murena and Toscano, 2023).

&

[

, Neighborhood |,

Fig. 1. Array of buildings within the simulation domain. The orange rectangle
is the neighborhood area where measures are implemented (study area). Red
indicates the emission areas. Arrows indicate the two wind di-
rections simulated.
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The packing density, defined as the ratio of the plan-built area occupied
by buildings to the total study area, is 0.25. This value is within the
range of planar area indexes that typically occur in urban areas (Grim-
mond and Oke, 1999). This urban geometry has been used in previous
studies (Santiago et al., 2022c; Santiago et al., 2022d).

The investigated local air pollution mitigation measures are imple-
mented in the central area of the study zone (Neighborhood from now
on, see the orange square in Fig. 1). This allows investigating the effects
of the different measures on concentration of air pollutants emitted in
and outside Neighborhood (where measures are implemented). In
addition, these effects are analyzed not only in Neighborhood but also in
the surrounding streets (see the black square in Fig. 1). In the present
paper, air pollutants emitted by traffic such as NOx (NO+NOy), PM10,
PM2.5 and Black Carbon are investigated. These pollutants are consid-
ered as non-reactive, assumption that is reasonable for the simulation
domain considered as shown in previous studies (Sanchez et al., 2017;
Santiago et al., 2020; Jeanjean et al., 2017a; Santiago et al., 2019b). As
mentioned above, the mitigation measures investigated are: the use of
photocatalytic materials, the implementation of LEZ with different
characteristics, GI planting and the combination of GI planting with LEZ.

- Photocatalytic materials. These materials under solar radiation reduce
air concentration of NOx. They mainly remove NO from air, how-
ever, for simplicity, in this study their effects are modelled through a
constant deposition velocity of NOx to quantify the pollutant flux
that is removed from air. A value of 0.005 m s~! is selected
(Fernandez-Pampillon et al., 2021; Sanchez et al., 2021; Palacios
et al., 2015). Two scenarios are simulated: in Photocat G scenario, the
implementation is only on the ground in the sidewalks of Neigh-
borhood. In Photocat GWR scenario, photocatalytic materials are
implemented on the ground in the sidewalks of Neighborhood and on
walls and roof of the central building (yellow in Fig. 2). Note that
CFD simulations with a similar set-up to model photocatalytic ma-
terials (Sanchez et al., 2021; Pulvirenti et al., 2020) were able to
reproduce field experimental observations).

Low emission zones (LEZ). Traffic emissions for the different air pol-
lutants (NOx, PM10, PM2.5, Black Carbon) are reduced in the inner
streets of the Neighborhood (blue in Fig. 3). In reality, when a traffic
restriction is imposed in a certain zone (e.g. Low Emission Zones),
part of the traffic is diverted around it. However, another part of the
traffic does not pass close to this area due to several reasons such as
people taking very different routes or changing to use public

(a) TIHET

(b)
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I —
Surrounding streets

Fig. 3. Layout of LEZ scenarios. Blue indicates the emission reductions in the
LEZ and purple the emissions in the streets surrounding the LEZ (which may be
increased for some scenarios).

transport. Hence, for some of the scenarios, traffic emissions are
increased in the surrounding streets (purple in Fig. 3) to consider the
potential traffic diversion. The restrictions of LEZs established in
cities are different. Hence, in this study, a wide range of LEZ sce-
narios is investigated to estimate the potential effects of LEZ with
degrees of restrictions and traffic diversion. Five LEZ scenarios
(Table 1) are investigated considering two emission reduction factors
for LEZ (0.2 and 0.8 times BASE emissions) and three emissions
factors for surrounding streets (1, 1.2 and 1.8 times BASE emissions).

- Green infrastructure (GI). Different types of GI composed by different
combinations of street trees and hedgerows in the sidewalks and in
the middle of the avenues (median strip) were implemented in the
central area of the neighborhood. These configurations included

Fig. 2. Layout of the area where the photocatalytic materials are implemented (in yellow) (Photocat GWR scenario). (a) plan view, (b) details of the central building.

Red indicates the traffic emissions.
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Table 1
Description of LEZ scenarios.

Scenario LEZ emissions Emissions for streets that
surround LEZ
SmomniiEzio  Bmisons 1.0« BASE Bisons
Comomiizziz  Beions 1.2« BASE Bnisions
amomdizis  pwons  18®BASEBmisions
omomiiEzio  misons 1.0« BASE Bnisons
LE.SZ;iguIdLEZ_I.Z g‘;:i:siB(;:sSE 1.2 « BASE Emissions

trees and hedgerows located in different configurations, different
heights of trees and scenarios with and without green walls and
green roofs. The total number of scenarios was 19 and a detailed
study of the impact of these GI scenarios on traffic-related air
pollutant concentrations were done by Santiago et al. (2022d),
while, in this paper, the results corresponding to these scenarios are
summarized focusing on two scenarios with different characteristics,
which are also combined with LEZ measures. These two scenarios
(Fig. 4) are:
o VEG (VEG_1 scenario in Santiago et al. (2022d)), considering 15 m-
height trees in the sidewalks and hedgerows in the median strip.
0 VEG TreesMedian (VEG_3 scenario in Santiago et al. (2022d)),
considering 15 m-height trees in the sidewalks and in the median
strip, as well as hedgerows in the median strip.

The crown is defined considering some real limitations of
planting trees in streets (distance from facades, distance between
trunks, no invasion of the road, etc.). The horizontal size of the
crown is set to 6 m, and covering a vertical distance from 4 m-
height to the tree height. The separation between trunks is set to 6
m and the distance between the crown and the building walls is set
to 0.5 m. The hedgerows are 1.5 m-height and 2 m-width. The leaf
area density (LAD) considered for trees is 0.5 m? m~2 (value within
the range of LAD of typical urban trees (Abhijith et al., 2017;
Buccolieri et al., 2018a)) and 4 m? m™3 for hedgerows (Abhijith
et al., 2017; Santiago et al., 2019b). In addition, GI scenarios with
three different deposition velocities (0, 0.01 and 0.05 m s_l) are
simulated to investigate the relative contribution of aerodynamic
and deposition effects. Deposition velocities depend on the type of
pollutant and plant species. The values usually employed in CFD
simulations ranges from 0.002 to 0.05 m s~1 (Buccolieri et al.,
2018a, 2018b). The purpose of this study is not to model specific
species of trees, hedgerows and green walls/roofs, and typical
values of deposition velocities (0, 0.01 and 0.05 m s’l) are used. It

Fig. 4. (a) VEG scenario (Top: side view; Bottom: top view). (b) VEG -
TreesMedian scenario (Top panel: side view; Bottom panel: top view).
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could be a typical specie in the city such as Platanus x Acerifolia.
The modelling of the vegetation effects is described in the Section
2.2,

- Combinations of LEZ and GI. Both GI scenarios (VEG and VEG -
TreesMedian) are implanted in the LEZ scenarios previously
described. 10 scenarios are simulated (2 GI x 5 LEZ). In addition, for
each scenario, three distinct deposition velocities (0, 0.01 and 0.05
m s~1) are also investigated.

2.2. CFD modelling set-up

All scenarios are simulated through CFD modelling for two wind
directions (0° and 45°, Fig. 1). CFD modelling is based on Reynolds-
averaged Navier-Stokes (RANS) equations with Realizable k-¢ turbulent
closure, where k is the turbulent kinetic energy and ¢ is its dissipation
rate. The equations are solved with the software STAR-CCM+ version
15.04.010 from Siemens. This study is focused on traffic-related air
pollutants and only traffic emissions, located along the streets, are
considered. Two roads of 3 lanes are modelled in each street (red in
Fig. 1). Air pollutants emitted by traffic considered non-reactive, such as
NOx, PM10, PM2.5 and Black Carbon, are studied, and transport equa-
tions of passive scalars are used to simulate its dispersion. Aerodynamic
effects for these pollutants are similar, however, the deposition velocity
due to the presence of vegetation is different, and in particular is greater
for particulate matter (PM10, PM2.5, Black Carbon) than for NOx. In
this study, three different deposition velocities (0, 0.01 and 0.05 m sH
are simulated. The aerodynamic effects of vegetation are modelled
through sink/source terms in the momentum (S,) and turbulence
equations (S, S¢) and the dry deposition through a mass sink (Sg) in the
air pollutant transport equations (Buccolieri et al., 2018a, 2018b). These
terms are defined as:

Su; = — pLADc,Uu;, (€8]

Sy = pLADc,y (,U* — B,Uk), 2

S, = pLAD, (c JEULC/;’UE) 3
e = p. Ca s4/pk e5Pd )

where p is the air density, c4 the sectional drag coefficient for vegetation
(0.2), U the wind speed, and u; the velocity component in direction i. f,
is the fraction of mean kinetic energy converted into turbulent kinetic
energy, 4 the dimensionless coefficient for the short-circuiting of tur-
bulent cascade and C.4 and C.; model constants. 4, C.4 and C,.5 are
based on analytical expressions of Sanz (2003) with f, = 1 (Krayenhoff
et al., 2015; Santiago et al., 2017a, 2017b, 2022d).

Sd = —LAD Vdepc(x7y7 Z)» (4)

where Vg, is deposition velocity and C(x,y,z) is the concentration of air
pollutant at vegetation location (x,y,z). It is noteworthy that all of these
terms are proportional to LAD. Deposition velocity mainly depends on
the type of air pollutant and vegetation specie. Many discrepancies of its
value have been found in the literature, specifically in urban environ-
ments (Buccolieri et al., 2018a, 2018b). and, in this study, three
different deposition velocities (0, 0.01 and 0.05 m s’l) within the range
of published values are used. It is assumed that the results for deposition
velocity of 0.01 m s~ ! are for NOx and 0.05 m s~ for PM10, PM2.5 and
Black Carbon, although, considering the discrepancies in the literature
(Buccolieri et al., 2018a, 2018b), the values of deposition velocity for
each studied pollutant could range from 0.01 to 0.05 m s~ *. The value of
0 m s~ ! means that there is no deposition. This approach allows inves-
tigating the relative contribution of aerodynamic and deposition effects
to the net effect of GI on air quality.

Numerical domain is built taking into account the best practice
guidelines of COST Action 732 for CFD simulations (Franke et al., 2007;



J.L. Santiago et al.

Di Sabatino et al., 2011). The height of the domain is defined as 11 times
the height of the buildings and the distance between the lateral domain
boundaries and the obstacles is set as 15 times the height of the build-
ings. An irregular polyhedral mesh with hexahedral cells close to
ground, emissions and obstacle was used to discretize the numerical
domain. A spatial resolution of 2.5 m inside the array of buildings is
considered with refinements of 0.5 m close to obstacles and emissions.
The total number of cells is 11.5 x 10°. A grid sensitivity test is carried
out using three grids with different spatial resolution. The coarse, me-
dium and fine grids present refinements of 0.75, 0.5 and 0.25 m close to
obstacles and a total number of cells of 8.3 x 10%,11.5 x 10° and 30.7 x
108, respectively. BASE scenario for a wind direction of 0° is simulated.
Streamwise velocity, vertical velocity and turbulent kinetic energy ob-
tained for the three grids are compared. Results are similar being
selected the medium grid as a good compromise between accuracy and
computational cost. Neutral profiles of wind speed, turbulent kinetic
energy and ¢ are imposed at inlet boundaries (Egs. (5)-(7)) (Richards
and Hoxey, 1993). For air pollutant concentration, a value of zero is
imposed at these boundaries since only local traffic emissions are taken
into account. Building surfaces are considered as smooth walls and
ground as a wall with a roughness of z9p = 0.03 m. At the top of the
domain, symmetry conditions are imposed (zero normal velocity and
zero gradients of all variables).

%)
(6)
u
€= m7 )

where ux is the friction velocity and « is von Karman’s constant (0.4).
These profiles are widely used in CFD simulation over urban environ-
ments (Buccolieri et al., 2011; Santiago et al., 2017a, 2017c). Friction
velocity is set to us = 0.22 m s}, so inlet wind speed at 10 mis 3.2 m s},
which is similar to the inlet wind speed used in other studies over real
urban environment (Santiago et al., 2017c; Sanchez et al., 2017; Rivas
et al., 2019). More details about CFD modelling set-up and the grid
sensitivity test can be found in Santiago et al. (2022d).

Model evaluation was performed in Santiago et al. (2022d) and, in
the present paper, a summary of the previous results is presented. Wind
flow around the buildings was evaluated for the BASE scenario
comparing vertical profiles of modelled streamwise velocity (U), vertical
velocity (W) and turbulent kinetic energy (k) at several locations with
wind-tunnel data. A good agreement was found. In addition, statistical
metrics (NMSE, FB, FAC2 and R) were computed for U, W and k. Cor-
relation (R) was high (> 0.85 for U, W and k) and NMSE was 0.04, 0.11
and 0.19 for U, W and k, respectively and FB was 0.13, 0.04 and 0.36 for
U, W and k, respectively and FAC2 for k was 0.83. Therefore, NMSE and
FB were low, except FB for k. This statistical analysis revealed a suitable
model performance with only a slight underestimation of turbulent ki-
netic energy due to some discrepancies between model set-up and wind-
tunnel configuration. Experimental data for the same GI scenarios
studied were not available, therefore vegetation modelling could not be
evaluated using these scenarios. However, the same vegetation model
was previously validated in several studies (Krayenhoff et al., 2015;
Santiago et al., 2017b, 2017c, 2019b), applied to both simplified and
real urban environments. In addition, previous studies in real environ-
ments with urban GI (Santiago et al., 2013, 2017a, 2020; Sanchez et al.,
2017) appropriately modelled air pollutant concentrations (NOx, NO3,
PMj) using the same vegetation modelling approach.

The impacts of air pollution mitigation measures are assessed by
comparing concentrations for each measure with the BASE scenario. The
modelled concentration is normalized as follows:

Science of the Total Environment 924 (2024) 171441

C(x,y,z)u=
Cnorm (x7y7 Z) = (L) (8)
Q7
where Q is the emission rate of traffic-related air pollutant in kg m2s 1.

Air pollutant concentrations at pedestrian level (3 m-height) is used for
analysis due to the study focuses on population exposure. At this height,
the spatial variability of air pollutant concentrations in the streets and
the spatially-averaged concentrations in several horizontal sections are
investigated. The spatially-averaged concentrations are computed over
horizontal sections covering:

- the whole area where the measures are implanted (Neighborhood);
- sidewalks and crosswalk of the neighborhood (Sidewalks);
- only the sidewalks around the central building (Building);

In addition, for LEZ scenarios, the spatially-averaged concentrations
are also averaged for:

- the area that surrounds the neighborhood (Surrounding);
- the total area that covers Neighborhood and Surrounding (Neighbor-
hood + Surrounding).

3. Results and discussion

In this section, firstly, the effects of each single measure on air
pollutant concentrations at pedestrian level are investigated to compare
their effectiveness. The effects of photocatalytic materials, LEZ and GI
are discussed in Sections 3.1, 3.2 and 3.3, respectively. Then, the effects
of combining GI and LEZ are assessed to estimate the air quality im-
provements provided by this combination (Section 3.4). The criterion of
effectiveness is based on the comparison between the spatially-averaged
concentrations at pedestrian level over different areas (Building, Side-
walks and Neighborhood) for each scenario and the results for the BASE
case. In addition, maps of concentration at pedestrian level are also
analyzed due to the fact that the effects of each measure is very het-
erogeneous at pedestrian level.

3.1. Effects of photocatalytic materials on pedestrian level concentrations

Firstly, it is noteworthy that photocatalytic materials, activated by
UV solar radiation, react with nitrogen oxides (NOx), sulfur oxides (SOx)
and organic substances present in the atmosphere, also in the form of
atmospheric particulate matter (PM), producing inert particles that
adhere to the wall with the photocatalytic materials (Pulvirenti et al.,
2020). Photocatalytic coatings are mainly used for the reduction of NOx
due to the NO photocatalytic absorption. In this paper, for simplicity, the
photocatalytic effects on NOx are modelled through a NOx deposition
velocity and the effects on particulate matter concentrations are
assumed negligible.. The spatially-averaged concentrations at pedes-
trian level for Photocat G and Photocat GWR scenarios are computed
over different areas (Building, Sidewalks and Neighborhood) for both wind
directions, and the variation of these values with respect to the BASE
scenarios are showed in Table 2. Higher concentration reductions are
found close to the central building (Building) and for the 45° wind di-
rection, although reductions are small (lower than 4 %) for all scenarios.
This fact is due to the reduction of concentrations is limited to nearby
areas to surfaces where photocatalytic materials are implemented. This
agrees with previous studies (Fernandez-Pampillon et al., 2021; Sanchez
et al., 2021). In Fernandez-Pampillon et al. (2021), focused on field
experiments in a real urban environment, no significant improvement in
air quality was found near the road where a photocatalytic material was
applied. Furthermore, Sanchez et al. (2021) estimated reductions below
2 % of NO; concentrations from numerical simulations for a real urban
scenario considering the photocatalytic area applied to an entire
neighborhood. Pulvirenti et al. (2020) obtained higher efficiency for NO
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Table 2
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Single measures scenarios: variations of the spatially-averaged concentrations compared with BASE scenarios over different areas (Building, Sidewalks, Neighborhood,
Surrounding and Neighborhood + Surrounding) at pedestrian level for 0° and 45° wind directions (in %). The two values indicate the best and the worst effectiveness of
each measure. Photocat includes Photocat G and Photocat GWR scenarios; LEZ_0.2 includes LEZ_ 0.2 + SurroundLEZ_1.0, LEZ_0.2 + SurroundLEZ_1.2, and LEZ 0.2 +
SurroundLEZ_1.8 scenarios; and LEZ_0.8 includes LEZ_0.8 + SurroundLEZ_1.0 and LEZ_0.8 + SurroundLEZ_1.2.

Building Sidewalks Neighborhood Surrounding Neighborhood + Surrounding
Photocat —-3.8% -21% -1.9% - -
-1.9% -1.5% -1.2%
LEZ 0.2 —61 % —41 % —41 % -7 % —-17 %
—-52 % -14 % -14 % 15 % 4%
LEZ 0.8 -15% -10 % -10 % 2% -5%
-13% -4 % -3% 4% 1%
VEG —4 % 3% -4 % - -
(NO Deposition) 6 % 8% 7 %
VEG -11 % -2% -9 % - -
(Vdep = 0.01 ms™Y) -3% 1% 1%
VEG -27 % -16 % -21 % - -
(Vdep = 0.05ms™ 1) —26 % -15% —12%
VEG TreesMedian 6 % 12 % 4 % - -
(NO Deposition) 36 % 23 % 25 %
VEG_ TreesMedian -3% 5% —2% - -
(Vdep = 0.01 ms™1) 18 % 13 % 16 %
VEG_TreesMedian —24 % -13% -18% - -
(Vdep = 0.05ms™ ) —20 % 9% -5%

up to 40-50 % but limited to a volume close to the coated walls.

3.2. Effects of LEZ on pedestrian level concentrations

The spatially-averaged concentrations at pedestrian level for each
LEZ scenario are computed over Building, Sidewalks, Neighborhood, Sur-
rounding and Neighborhood + Surrounding for both wind directions. Dif-
ferences with the BASE scenarios are shown in Tables 2 and Appendix B.
However, the effects are spatially heterogeneous and maps of Cyorm at 3
m-height for the LEZ scenarios are shown in Fig. 5.

In these scenarios, the effectiveness of LEZ is determined by two
main factors: the intensity of LEZ restriction and the intensity of traffic
diversion. For the most restricted LEZ without traffic diversion (LEZ_ 0.2
+ SurroundLEZ_1.0), the reduction of traffic-related air pollutant con-
centrations at pedestrian level is the highest obtained for the single
measures investigated with 59 % and 61 % for 0° and 45° wind direc-
tion, respectively. Only in the scenarios with strong traffic diversion and
0° wind direction, the spatially-averaged concentrations including the
neighborhood and surrounding streets increase slightly (4 % and 1 % for
LEZ 0.2 + SurroundLEZ_1.8 and LEZ_ 0.8 + SurroundLEZ_1.2, respec-
tively). It means that the increase in air pollutant concentration in sur-
rounding areas is slightly higher than the decrease in the LEZ (Fig. 5).
However, for most scenarios and conditions, this single measure is very
effective in reducing air pollution levels. The variation of spatially-
averaged concentrations at pedestrian level compared with the BASE
scenario ranges from —61 % to —13 % for Building area, from —41 % to
—4 % for Sidewalks area, from —41 % to —3 % for Neighborhood area,
from —7 % to 15 % for Surrounding area and from —21 % to O for
Neighborhood + Surrounding area.

To investigate the effects on the spatial distribution of air pollutant
concentrations, firstly it is analyzed the concentration maps for the BASE
case and the processes involved in the dispersion. The interaction of
atmosphere with urban obstacles induces complex wind flow patterns in
the street which drives the pollutant dispersion. For 0° case, the wind
flow is orthogonal to the street canyons in Y-direction and there is a
vertical clockwise vortex in the middle of the canyon (not shown here).
This is in agreement with the skimming flow regime defined by Oke
(1988) for street canyons with aspect ratio H/W = 1. The center of the
vortex is displaced to the center of the street canyon due to, in this case,
the street canyon is not two-dimensional. A similar vortex shape was
also found by Brown et al. (2001) in wind-tunnel experiments and Lien
and Yee (2004) and Santiago et al. (2007) in modelling studies. At
pedestrian level, this vortex induces higher concentrations at the

leeward wall of buildings than at the windward wall (Fig. 5). Similar
pollutant distributions were found in other studies (Santiago et al.,
2007; Angelidis et al., 2012; Martilli et al., 2015). In the bottom part of
the streets (e.g., at pedestrian level), a flow out of the canyon laterally
and towards the leeward wall is produced by the divergence close to the
ground of the downward wind flow at the windward face of the building.
This flow pattern produces the highest pollutant concentration outside
the canyon (i.e. in the streets parallel to the inlet wind direction)
(Santiago et al., 2007). For 45°, the pollutant distribution at pedestrian
level is different. Maximum concentrations are found close to both
leeward facades of buildings. This fact is due to the horizontal vortices
around the buildings. A similar wind flow pattern was found in previous
studies (Claus et al., 2012; Coceal et al., 2014). The pollutants accu-
mulate in the wakes produced by the buildings in both leeward facades.
For LEZ scenarios, the pollutant emissions change, but the wind flow is
not modified in comparison with the BASE case. Hence, the shape of the
distribution of air pollutant concentrations is similar to the BASE case
for the same wind direction, but with different concentration levels.
Concentrations are notably reduced in the Neighborhood, but increase in
the surrounding streets when the traffic diversion is strong.

3.3. Effects of GI on pedestrian level concentrations

Santiago et al. (2022d) investigated the impact of 19 GI scenarios on
traffic-related air pollutant concentrations in this idealized urban envi-
ronment. In general, the main effects of GI are:

- Reducing the street ventilation in the area where GI is implemented,
and consequently inducing an increase in concentration.

- Acting as a barrier for air pollutants emitted outside this area.

- Removing air pollutant from air by means of dry deposition.

It is assumed that the results for deposition velocity of 0.01 m s™! are
for NOx and 0.05 m s~ for PM10, PM2.5, and Black Carbon, although,
considering the discrepancies in the literature, the values of deposition
velocity for each studied pollutant could range from 0.01 to 0.05 m s~ L.
In the present paper, the results corresponding to one scenario with trees
in the median street (VEG TreesMedian) and other with trees in the
sidewalks (VEG) are analyzed in detail. Both scenarios are also combined
with LEZ scenarios in Section 3.4. The variation of spatially-averaged
concentrations at pedestrian level for both GI scenarios compared to
the BASE case is computed over Building, Sidewalks and Neighborhood for
both wind directions (Table 2 and Appendix B). In addition, maps of
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LEZ_0.2+SurroundLEZ_1.0 LEZ_0.2+SurroundLEZ_1.2

LEZ_0.8+SurroundLEZ_1.0
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LEZ_0.8+SurroundLEZ_1.2

(h)

LEZ_0.8+SurroundLEZ_1.2

(k)

Fig. 5. LEZ scenarios: maps of Cnorm at 3 m-height for both wind directions. For 0° wind direction: (a) LEZ_0.2 + SurroundLEZ_1.0 scenario; (b) LEZ_ 0.2 + Sur-
roundLEZ_1.2 scenario; (¢) LEZ_0.2 + SurroundLEZ_1.8 scenario; (d) LEZ_0.8 + SurroundLEZ_1.0 scenario; (e¢) LEZ_0.8 + SurroundLEZ_1.2 scenario; (f) BASE sce-
narijo. For 45° wind direction: (g) LEZ_0.2 + SurroundLEZ_1.0 scenario; (h) LEZ_0.2 + SurroundLEZ 1.2 scenario; (i) LEZ 0.2 + SurroundLEZ_1.8 scenario; (j) LEZ_0.8
+ SurroundLEZ_1.0 scenario; (k) LEZ_0.8 + SurroundLEZ_1.2 scenario; (1) BASE scenario.
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Chorm at 3 m-height for the GI scenarios investigated (Fig. 6) are esti-
mated in order to study the spatial variability.

For these scenarios, the wind flow, and, consequently, the air
pollutant dispersion, are modified in comparison with the BASE case. In
Fig. 6, it is also observed that the effects of GI are spatially heteroge-
neous. Even in cases with spatially-averaged concentrations lower than
that obtained for the BASE scenarios, there are zones where the con-
centrations increase with respect to the BASE case. For 0° wind direc-
tion, trees in the median strip (VEG_TreesMedian scenario) weaken the
ventilation in the streets where maximum concentrations are found in
the BASE case. This fact induces an important increase in concentra-
tions, in particular, in these streets parallel to the wind direction (Fig. 6).
It is observed that close to the median strip the ventilation is reduced
accumulating air pollutant there. In this area, air pollutant concentra-
tions are larger than those obtained for the BASE scenarios, even for the
cases with Vge = 0.05 m s~ where the spatially-averaged concentra-
tions decreases. This fact induces that the spatially-averaged concen-
trations over Building, Sidewalks and Neighborhood increase 36 %, 23 %
and 25 % respectively for NO deposition scenarios and increase 18 %,
13 % and 16 % respectively for Vg = 0.01 m s~ scenarios (Table 2 and

NO DEPOSITION

(b)

(8) (h)

(1) (k) (1)
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Appendix B). For VEG scenario, the reduction of street ventilation due to
aerodynamic effects is smaller than for VEG TreesMedian scenario.
Hence, for Vg = 0.01 m s! the increase of spatially-averaged con-
centrations over Building, Sidewalks and Neighborhood is negligible. For
the 45° wind direction, the aerodynamic effects are less relevant than for
0° wind direction. This is due to wind flow and air pollutant dispersion
within the streets for this inlet wind directions. The reduction of street
ventilation by the trees in the median strip is not so large than for 0°.
VEG scenarios (trees only in the sidewalks) are more effective for air
pollutant concentration reductions (Table 2 and Appendix B). This is due
to trees in the sidewalks seem to be act as a barrier for the air pollutant
emitted outside the central area reducing air pollutant concentration in
the central area of the domain. In addition, the horizontal vortices
around the buildings where the pollutants were accumulated close to
leeward facade for the BASE case, are modified by the presence of trees
in the sidewalks, and hence, the concentrations are reduced, in partic-
ular when deposition is considered. Considering the highest deposition
case, the spatially-averaged concentrations decrease for both scenarios
(Table 2 and Appendix B). In general, the reductions compared with the
BASE case are lower than for most of LEZ scenarios although much

Vdep = 0.05 m/s

VEG

norm

VEG_TreesMedian

VEG

VEG_TreesMedian

O = N

Fig. 6. GI scenarios: maps of Cyom at 3 m-height. (a) VEG scenario without deposition for 0° wind direction. (b) Same as (a) but with Vg, = 0.01 m s1. (¢) Same as
(a) but with Vgg, = 0.05m s~ L. (d) VEG TreesMedian scenario without deposition for 0° wind direction. (e) Same as (d) but with Vg, = 0.01 m s~ L. (f) Same as (d) but
with Vgep = 0.05m sL. (g) VEG scenario without deposition for 45° wind direction. (h) Same as (g) but with V4, = 0.01 m s~L. (i) Same as (g) but with Vgg, = 0.05m
s7L. (j) VEG._TreesMedian scenario without deposition for 45° wind direction. (k) Same as (j) but with Viep = 0.01 m s~ (1) Same as (j) but with Viep = 0.05m s7L
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higher than for photocatalytic materials scenarios. The maximum
reduction of spatially-averaged concentrations is obtained for VEG sce-
nario with Vgg = 0.5 m s71 (26 %, 15 % and 12 % over Building, Side-
walks and Neighborhood for 0° wind direction and 27 %, 16 % and 21 %
over Building, Sidewalks and Neighborhood for 45° wind direction). In
general, the aerodynamic effects of street trees tend to increase air
pollutant concentrations at pedestrian level. This is in agreement with
previous studies (e.g., Vos et al.,, 2013; Gromke and Blocken, 2015;
Jeanjean et al., 2017a; Kumar et al., 2019; Tomson et al., 2021) that
found this increase of concentration in particular for streets with low
aspect ratio like the streets of this study with H/W = 1.

3.4. Effects of combined measures (LEZ + GI) on pedestrian level
concentrations

The following scenarios combine traffic emission reductions (LEZ
scenarios) with the implementation of GI in the central part of the
domain. Therefore, ten scenarios are investigated combining LEZ and GI
and for each GI three different deposition velocities are also considered.
Simulations for each deposition velocity correspond to results for
different conditions. It is difficult to determine the correspondence be-
tween deposition velocity, plant species, and pollutants due to the dis-
crepancies between deposition velocities found in the literature
(Buccolieri et al., 2018a, 2018b). In this study, three different deposition
velocities (0, 0.01, and 0.05 m s~ 1) are simulated to provide results
within a realistic range of conditions. As previously commented, it is
assumed that the results for deposition velocity of 0.01 m s~! are for NOx
and 0.05 m s~ ! for PM10, PM2.5, and Black Carbon, although, consid-
ering the discrepancies in the literature, the values of deposition velocity
for each studied pollutant could range from 0.01 to 0.05 m s *. For each
combined measure, the spatially-averaged concentrations at pedestrian
level are computed over Building, Sidewalks, Neighborhood, Surrounding
and Neighborhood + Surrounding for both wind directions, and the de-
viations from the BASE scenario are shown in Table 3 and Appendix B.

For the most restricted LEZ without traffic diversion (LEZ 02 +

Table 3
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SurroundLEZ_1.0), the implementation of both GI scenarios with the
largest deposition velocity provides the highest reduction of concen-
trations (Table 3 and Appendix B). For LEZ 02 + SurroundLEZ_1.0 sce-
nario (Table 2 and Appendix B), for 0° wind direction, the reductions of
spatially-averaged concentrations are 59 % over Building area, 39 % over
Sidewalks, 39 % over Neighborhood and 17 % over Neighborhood + Sur-
rounding area. And for 45° wind direction, the reductions are 61 % over
Building area, 41 % over Sidewalks, 41 % over Neighborhood and 21 %
over Neighborhood + Surrounding area. These reductions produced by
LEZ_ 02 + SurroundLEZ_1.0 enhanced when GI for the largest deposition
velocity is implemented. For 0° wind direction, the reduction of
spatially-averaged concentrations for VEG (VEG_TreesMedian) scenario
with Vg = 0.05m s~ are 73 % (75 %) over Building area, 48 % (46 %)
over Sidewalks, 46 % (44 %) over Neighborhood and 22 % (21 %) over
Neighborhood + Surrounding area. And for 45° wind direction, these re-
ductions reach 75 % (76 %) over Building area, 51 % (51 %) over Side-
walks, 53 % (53 %). For LEZ_02 + SurroundLEZ_1.0 + GI scenarios with
Viep =0.01 m s’l, the reductions are similar with (Table 3 and Appendix
B) and without GI (Tables 2 and Appendix B). This fact is relevant since
the other vegetation ecosystem services can be used without considering
the potential air quality problems as long as traffic emissions in the area
are reduced. The intensity of the traffic diversion in the streets that
surround the LEZ affects air pollutant concentrations (Table 3 and Ap-
pendix B). However, only for the scenarios with strong traffic diversion
and low deposition conditions, the spatially-averaged concentrations
including the neighborhood and the streets that surround the LEZ in-
crease respect to BASE scenario. Similar conclusions can be extracted
from LEZ 0.8 + GI scenarios (Table 3), with the exception that the re-
ductions are more moderate due to the lower restrictions of LEZ. It is
noteworthy to analyze in depth the results for VEG TreesMedian sce-
nario. For 0° wind direction, trees in the median strip weaken the street
ventilation inducing an increase of concentrations respect to BASE sce-
nario for this single measure when deposition is low (Vggp = 0.01 m sh
(e.g., increase of 18 % over Building and 16 % over Neighborhood, Table 2
and Appendix B). However, when this vegetation configuration is

LEZ + GI scenarios: variations of the spatially-averaged concentrations compared with BASE scenarios over different areas (Building, Sidewalks, Neighborhood, Sur-
rounding and Neighborhood + Surrounding) at pedestrian level for 0° and 45° wind directions (in %). The two values indicate the best and the worst effectiveness of each
measure. LEZ 0.2 includes LEZ_0.2 + SurroundLEZ_1.0, LEZ_0.2 + SurroundLEZ_1.2, and LEZ 0.2 + SurroundLEZ_1.8 scenarios; and LEZ 0.8 includes LEZ 0.8 + Sur-

roundLEZ_1.0 and LEZ_0.8 + SurroundLEZ_1.2.

Building Sidewalks Neighborhood Surrounding Neighborhood + Surrounding

LEZ 0.2 + —65 % —40 % —43 % —4 % —20 %
VEG (NO Deposition) —50 % -7 % -8 % 16 % 5%

LEZ 0.2+ —68 % —-43 % —46 % 5% —-21%
VEG —55 % -12% -12% 13 % 3%
(Vdep = 0.01 ms™)

LEZ 0.2+ -75 % -51 % -53 % -6 % —-25%
VEG —68 % —25% —22% 12 % —2%
(Vdep = 0.05ms™)

LEZ_ 0.2+ VEG_TreesMedian (NO Deposition) —63 % -37% —40 % -1% —-17 %

—45 % 1% 1% 16 % 9%

LEZ_ 0.2+ VEG_TreesMedian (Vdep = 0.01 m s —67 % —41% —44 % 2% -19%

—54 % —6 % -5% 19 % 6 %
LEZ_0.2+ VEG._TreesMedian (Vdep = 0.05 m s™%) -76 % -51 % -53 % -6 % —-24 %
—-72% —22% -19% 16 % -1%
LEZ 0.8+ -19% -8 % —-14 % -1% -5%
VEG (NO Deposition) -8% 4% 3% 6 % 3%
LEZ 0.8+ —-25% -13% -18 % 2% -7 %
VEG —-16 % —2% —2% 5% 1%
(Vdep = 0.01 ms™1)
LEZ 0.8+ -39 % —-25% —-29 % -4 % -13 %
VEG -37% -18 % -15% 2% -6 %
(Vdep = 0.05m )
LEZ 0.8+ VEG_TreesMedian (NO Deposition) —-12% 0% -7 % 4% 0%
16 % 17 % 19 % 9% 9%
LEZ_0.8+ VEG_TreesMedian (Vdep = 0.01 m s’l) —19% -7 % —13% 3% —4 %
0% 8% 10 % 8% 5%
LEZ_0.8+ VEG_TreesMedian (Vdep = 0.05 m s~ 1) —-37% —23% —27 % —5% -11%
-33% -13% -8 % 4% -4 %

10
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combined with a reduction of traffic emissions in the same area,
spatially-averaged concentrations are reduced in the case of enough
emission reductions and low traffic diversion (e.g., LEZ 0.2 +
SurroundLEZ_1.0+ VEG_TreesMedian (decrease of 60 % over Building and
33 % over Neighborhood) and LEZ 0.2 + SurroundLEZ 1.2+ VEG -
TreesMedian (decrease of 58 % over Building and 26 % over Neighbor-
hood) scenarios, Table 3 and Appendix B).

The concentration variations are also spatially very heterogeneous.
Figs. 7 and 8 show the maps of Chorm at 3 m-height for LEZ 0.2 +
VEG_TreesMedian and LEZ_0.8 + VEG_TreesMedian for 0° wind direction.
The maps for the other scenarios and wind directions are shown in
Appendix A. For all scenarios, in cases with traffic diversion, concen-
trations increase respect to the BASE scenario in the streets that sur-
round the LEZ. Larger the intensity of traffic diversion larger the
concentrations increase. Within LEZ, the traffic emission reductions
induce concentration reductions (larger traffic restrictions larger con-
centration reductions). The effects of GI are more complex since the
wind flow is modified as explained in previous section. In the zone

NO DEPOSITION Vdep = 0.01 m/s

(h)
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where vegetation is implanted, ventilation of these streets is reduced.
For example, for VEG TreesMedian scenarios and 0° wind direction,
ventilation is reduced in the street parallel to the wind direction
(Figs. 6d-6f, 7 and 8) and concentrations increases respect to the BASE
case (Fig. 5f). However, the concentration increase due to this effect is
balanced by emission reductions of LEZ. The effects of strong traffic
restrictions (LEZ_ 0.2 scenarios) are more important than the impact of
the street ventilation reduction induced by trees in the median strip
(Fig. 7). However, for LEZ 08 scenarios (Fig. 8), the reduction of emis-
sions is not enough to obtain a decrease of total concentrations respect to
the BASE scenario. In general, for all scenarios and conditions, traffic
emission reductions reduce the negative effects of vegetation (ventila-
tion reduction) on air pollutant concentrations. For VEG scenarios (trees
only in the sidewalks) (Appendix A), the conclusions are similar but the
reduction of concentrations are more important. In addition, deposition
and barrier effects for air pollutant emitted outside the center of the
domain helps to improve air quality inside the neighborhood being the
combination of a very restrictive LEZ and GI (for this urban

Vdep = 0.05m/s

LEZ_0.2+Sur.LEZ_1.0+
VEG_TreesMedian

LEZ_0.2+Sur.LEZ_1.2+
VEG_TreesMedian

LEZ_0.2+Sur.LEZ_1.8+
VEG_TreesMedian

Fig. 7. LEZ_ 0.2 scenarios with GI (VEG_TreesMedian): maps of Corm at 3 m-height. (a) LEZ 0.2 + SurroundLEZ_1.0 + VEG_TreesMedian scenario without deposition for
0° wind direction. (b) Same as (a) but with Ve, = 0.01 m s~ L. (¢) Same as (a) but with Viep = 0.05m s1. (d) LEZ 0.2 + SurroundLEZ 1.2 + VEG TreesMedian scenario
without deposition for 0° wind direction. (e) Same as (d) but with V4, = 0.01 m s~L. () Same as (d) but with Viep = 0.05 m s L (g) LEZ 0.2 + SurroundLEZ 1.8 +
VEG_TreesMedian scenario without deposition for 0° wind direction. (h) Same as (g) but with Vg, = 0.01 m s~ (i) Same as (g) but with Viep = 0.05 m s7L
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Vdep = 0.05m/s
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VEG_TreesMedian
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Fig. 8. LEZ 0.8 scenarios with GI (VEG_TreesMedian): maps of Corm at 3 m-height. (a) LEZ 0.8 + SurroundLEZ_1.0 + VEG_TreesMedian scenario without deposition for
0° wind direction. (b) Same as (a) but with Ve, = 0.01 m s~ L. (¢) Same as (a) but with Viep = 0.05m s1. (d) LEZ 0.8 + SurroundLEZ 1.2 + VEG TreesMedian scenario
without deposition for 0° wind direction. (e) Same as (d) but with Vg, = 0.01 m s~L. () Same as (d) but with Viep = 0.05 m s L

configurations with trees only in the sidewalks) better than any single
measure, in particular for large deposition scenarios.

4. Summary and conclusions

The present paper investigates the impact of different local air
pollution mitigation measures on traffic-related air pollutant concen-
trations at pedestrian level in the same urban-like environment. Several
individual mitigation measures such as LEZ, GI and photocatalytic ma-
terials are studied. In addition, the effectiveness of combining GI and
LEZ is also investigated. For real scenarios, emission reductions corre-
sponding to a LEZ is difficult to estimate depending on the traffic re-
strictions. For this reason, in this study, a range of concentration
reductions within the LEZ and increases of concentration in the streets
surrounding the LEZ are considered. In this way, a range of concentra-
tion reductions at pedestrian level induced by LEZ is shown. In addition,
this paper does not aim to model specific species of vegetation (trees,
hedgerows, etc....) and for this reason, several values of typical depo-
sition velocity are also considered. Deposition velocity depends on type
of air pollutant and characteristics and conditions of plant species. In
this way, the contribution of deposition and aerodynamic effects of GI on
air quality is investigated for several cases. Typical values of LAD are
also studied. More details can be found in Santiago et al. (2022d). For an
appropriate plant selection, the cost-benefits of each plant species and
the suitability of each one to the environmental conditions of the
intended planting location should be taken into account (Barwise and
Kumar, 2020).

Main conclusions obtained can be summarized as follows:

12

e Photocatalytic materials provide small concentration reductions (<
4 %) in this urban environment, and consequently, the use of these
materials seems to be a non-effective measure.

LEZ is found to be the most effective individual measure investi-

gated. Concentration reductions depend on the intensity of LEZ re-

strictions and traffic diversion around LEZ. Concentration reductions
are spatially heterogeneous and, in the cases with strong traffic
diversion, concentrations increase with respect to the base scenario
in some areas. This issue indicates the importance of an appropriate
design of LEZ to be effective for improving air quality. On one hand,
traffic emissions should be reduced as much as possible within the

LEZ, but on the other, traffic restrictions should be accompanied by

measures aimed at preventing the traffic diversion, which could in-

crease the air pollutant emission around LEZ.

o The effectiveness of a GI strongly depends on the configuration of its
vegetation elements and it is very heterogeneous at pedestrian level.
Current results, which agree with previous studies (Abhijith et al.,
2017; Buccolieri et al.,, 2018a), show that GI alone cannot be
considered as a general air quality mitigation measure within streets.
In general, the aerodynamics effects of street trees tend to increase
air pollutant concentrations at pedestrian level, in particular for
streets with low aspect ratio like the streets of this study with H/W =
1. However, the present study shows that appropriate configurations
of trees and hedgerow in the streets, and including air pollutant
deposition, can provide significant improvements on air pollutant
concentrations at pedestrian level. Uncertainty about the effect of the
GI can rise from uncertainties about the real deposition velocities.
Additionally, these results are for trees being clearly lower than the
building. Surely, further studies considering other width/height ratio
street canyon and different height of trees must be done in the future
to elucidate whether these conclusions could be generalized. In
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addition, alternative configurations of GI considering the variation of
other parameters such as separation between trees, shapes of crown
or LAD could be considered in future studies to optimize the impact
of GIs.

The effectiveness of GI in reducing pedestrian level concentrations is
enhanced by combining GI and LEZ. The effectiveness strongly de-
pends on GI layout including the characteristics of vegetation ele-
ments, the intensity of emission reduction and the traffic diversion in
streets that surround LEZ. For more restricted LEZ avoiding traffic
diversion, concentration reductions are found at pedestrian level,
even for most unfavorable GI configurations (when GI is implanted
alone). This point is important as, in addition to the effects of
vegetation on urban air quality, the set of benefits on city dweller is
much broader (microclimate regulation, reducing noise, enhancing
biodiversity, making urban environment more pleasant, psycholog-
ical values, etc....). Therefore, benefits in different aspects are pro-
vided by urban vegetation and their design should be addressed as a
trade-off of services and disservices provided. In this way, current
results present how the emission reductions through a LEZ can pre-
vent the possible negative effects of any GI configuration due to the
reduction of street ventilation on air quality, and any GI can be
implemented for providing other ecosystem services avoiding those
problems implemented a LEZ at the same time.

Current results can be extrapolated to scenarios with similar building
morphologies (high-rise buildings separated by avenues with an aspect
ratio of one and a planar building packing density of 0.25). For more
complex urban areas, wind flow and air pollutant dispersion are also
more complex and particular studies should be addressed in future in-
vestigations. Considering the discrepancies in the literature (Buccolieri
et al., 2018a, 2018b), the values of deposition velocity for each studied
pollutant could range from 0.01 to 0.05 m s-1.

The limitations of this study must be considered for generalizing the
present results for urban planning and policy decisions. The first limi-
tation is the assumption that pollutants are considered as non-reactive
pollutants emitted by traffic. This assumption is reasonable for the
simulation domain considered, but they must be taken into account for
successful policy planning. The second limitation is the correspondence
between deposition velocity, plant species, and pollutants. The dis-
crepancies between deposition velocities found in the literature (Buc-
colieri et al., 2018a, 2018b) make it difficult to determine this
correspondence and consequently, the use of the simulation results by
policymakers. In the present study, three different deposition velocities
(0, 0.01, and 0.05 m s-1) within the range of published values are
simulated to provide results within a realistic range of conditions. For
the use of the present study results by policymakers, they must estimate
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the most appropriate deposition velocity for the pollutant and the spe-
cies that is intended to be implemented. Specific studies on this should
be carried out previously. This paper can help to take one more step
towards the understanding of the effects of these measures to improve
air quality. For urban planning and policy decisions, the main conclu-
sions of this paper is that the designs of GI and LEZ are crucial for
improving air quality at pedestrian level and the combination of both
measures is recommended. To improve air quality, GI should be
designed to avoid the reduction of street ventilation. However, the
implementation of GI within a LEZ prevents the possible negative effects
on air quality of the reduction of street ventilation if the intensity of
traffic restrictions is large enough, and GI can be implemented for
providing other ecosystem services (e.g., microclimate regulation).
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Appendix A

Maps of Cporm at 3 m-height for all LEZ + GI scenarios for 0° and 45° wind directions (with the exception of LEZ 0.2 + VEG_TreesMedian and
LEZ 0.8 + VEG_TreesMedian for 0° wind direction, that are already presented in Section 3.4) are shown in this Appendix

NO DEPOSITION Vdep = 0.01 m/s Vdep = 0.05m/s

LEZ_0.2+Sur.LEZ_1.0+
VEG

C

norm

I 5
4
LEZ_0.2+Sur.LEZ_1.2+

VEG

N

o =

LEZ_0.2+Sur.LEZ_1.8+
VEG

Fig. Al. LEZ 0.2 scenarios with GI (VEG): maps of Cpom at 3 m-height. (a) LEZ 0.2 + SurroundLEZ_1.0 + VEG scenario without deposition for 0° wind direction. (b)
Same as (a) but with Ve = 0.01 m s~L. (¢) Same as (a) but with Viep = 0.05 m sL (@ LEZ 0.2 + SurroundLEZ_1.2 + VEG scenario without deposition for 0° wind
direction. (e) Same as (d) but with Ve, = 0.01 m s L (f) Same as (d) but with Vje, = 0.05 m s7L (8) LEZ_0.2 + SurroundLEZ_1.8 + VEG scenario without deposition for
0° wind direction. (h) Same as (g) but with Vg, = 0.01 m s~ L. (i) Same as (g) but with Vgg = 0.05 m s L
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NO DEPOSITION Vdep =0.01 m/s Vdep = 0.05 m/s

LEZ_0.2+Sur.LEZ_1.0+
VEG_TreesMedian

¢

norm

l 5

4

LEZ_0.2+Sur.LEZ_1.2+
VEG_TreesMedian

o= N W

» LEZ_0.2+Sur.LEZ_1.8+
VEG_TreesMedian

(8) (h) (i)

Fig. A2. LEZ 0.2 scenarios with GI (VEG_TreesMedian): maps of Cpom at 3 m-height. (a) LEZ 0.2 + SurroundLEZ_1.0 + VEG_TreesMedian scenario without deposition
for 45° wind direction. (b) Same as (a) but with Vg = 0.01 m sL (c) Same as (a) but with Vg = 0.05 m s7L. (d) LEZ.0.2 + SurroundLEZ 1.2 + VEG.TreesMedian
scenario without deposition for 45° wind direction. (e) Same as (d) but with Vg, = 0.01 m s~L. (f) Same as (d) but with Vg = 0.05 m sL (g) LEZ 0.2 + Sur-
roumiLEZ_I .8 + VEG_TreesMedian scenario without deposition for 45° wind direction. (h) Same as (g) but with V4, = 0.01 m s~ (i) Same as (g) but with Vgg = 0.05
ms .

15



J.L. Santiago et al. Science of the Total Environment 924 (2024) 171441

NO DEPOSITION Vdep =0.01 m/s Vdep = 0.05m/s

LEZ_0.2+Sur.LEZ_1.0+
VEG

C

norm

5
oy

W LEZ 0.2+SurlEz 1.2+

VEG
2
1
0
LEZ_0.2+Sur.LEZ_1.8+
VEG

(8) (h) (i)
Fig. A3. LEZ 0.2 scenarios with GI (VEG): maps of Cyorm at 3 m-height. (a) LEZ_ 0.2 + SurroundLEZ_1.0 + VEG scenario without deposition for 45° wind direction. (b)
Same as (a) but with Vge = 0.01 m s~ L. (¢) Same as (a) but with Viep = 0.05 m s~1. (d) LEZ 0.2 + SurroundLEZ 1.2 + VEG scenario without deposition for 45° wind

direction. (e) Same as (d) but with Vg, = 0.01 m s L (f) Same as (d) but with Vg, = 0.05 m s () LEZ_0.2 + SurroundLEZ_1.8 + VEG scenario without deposition for
45° wind direction. (h) Same as (g) but with Vg4 = 0.01 m s~ (i) Same as (g) but with Vge = 0.05 m s
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NO DEPOSITION Vdep = 0.01 m/s Vdep = 0.05m/s

LEZ_0.8+Sur.LEZ_1.0+
VEG

LEZ_0.8+Sur.LEZ_1.2+
VEG

Fig. A4. LEZ 0.8 scenarios with GI (VEG): maps of Cpom at 3 m-height. (a) LEZ 0.8 + SurroundLEZ_1.0 + VEG scenario without deposition for 0° wind direction. (b)
Same as (a) but with Vge = 0.01 m s~ L. (¢) Same as (a) but with Viep = 0.05 m s L. (d) LEZ 0.8 + SurroundLEZ 1.2 + VEG scenario without deposition for 0° wind
direction. (e) Same as (d) but with Vg, = 0.01 m sl (f) Same as (d) but with Vge = 0.05 m s L
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NO DEPOSITION Vdep = 0.01 m/s Vdep = 0.05 m/s

LEZ_0.8+Sur.LEZ_1.0+
VEG_TreesMedian

(d)

Fig. A5. LEZ 0.8 scenarios with GI (VEG_TreesMedian): maps of Cpem at 3 m-height. (a) LEZ 0.8 + SurroundLEZ_1.0 + VEG_TreesMedian scenario without deposition
for 45° wind direction. (b) Same as (a) but with Vgg = 0.01 m s~ L. (¢) Same as (a) but with Viep = 0.05 m s~L. (d) LEZ 0.8 + SurroundLEZ 1.2 + VEG.TreesMedian
scenario without deposition for 45° wind direction. (e) Same as (d) but with Vgg = 0.01 m s~L. () Same as (d) but with Viep = 0.05 m s~L
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NO DEPOSITION Vdep = 0.01 m/s Vdep = 0.05 m/s

o= N

LEZ_0.8+Sur.lEZ_1.2+
VEG

(d)

Fig. A6. LEZ 0.8 scenarios with GI (VEG): maps of Cporm at 3 m-height. (a) LEZ 0.8 + SurroundLEZ_1.0 + VEG scenario without deposition for 45° wind direction. (b)
Same as (a) but with Vg = 0.01 m s L (c) Same as (a) but with Vg = 0.05 m sL (d) LEZ 0.8 + SurroundLEZ_1.2 + VEG scenario without deposition for 45° wind
direction. (e) Same as (d) but with V4, = 0.01 m s~L. (f) Same as (d) but with Viep = 0.05 m s

Appendix B

Tables with the variations of the spatially-averaged concentrations in comparison with BASE scenarios over different areas (Building, Sidewalks,
Neighborhood, Surrounding and Neighborhood + Surrounding) at pedestrian level for both wind directions (in %)

Table B1

LEZ scenarios: variations of the spatially-averaged concentrations in comparison with BASE scenarios over different areas (Building, Sidewalks, Neighborhood, Sur-
rounding and Neighborhood + Surrounding) at pedestrian level for 0° wind direction (in %). Green for concentration reductions higher than 15 %; Light green for
concentration reductions between 5 % and 15 %; White for variation of concentrations between 5 % and -5 %; Light red for increases of concentrations between 5 %
and 15 %; Red for increases of concentrations higher than 15 %.

Building | Sidewalks | Neighborhood | Surrounding | Neighborhood
+ Surrounding

LEZ 0.2
+SurroundLEZ_1.0
LEZ_ 0.2
+SurroundLEZ_1.2
LEZ_ 0.2
+SurroundLEZ_1.8
LEZ 0.8
+SurroundLEZ_1.0
LEZ 0.8
+SurroundLEZ_1.2
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Table B2

LEZ scenarios: variations of the spatially-averaged concentrations in comparison with BASE scenarios over different areas (Building, Sidewalks, Neighborhood, Sur-
rounding and Neighborhood + Surrounding) at pedestrian level for 45° wind direction (in %). Green for concentration reductions higher than 15 %; Light green for
concentration reductions between 5 % and 15 %; White for variation of concentrations between 5 % and — 5 %; Light red for increases of concentrations between 5 %

and 15 %; Red for increases of concentrations higher than 15 %.

Science of the Total Environment 924 (2024) 171441

Building

LEZ 0.2
+SurroundLEZ_1.0
LEZ_0.2
+SurroundLEZ_1.2
LEZ 0.2
+SurroundLEZ_1.8

Sidewalks

-19%

Neighborhood | Surrounding

-19%

Neighborhood
+ Surrounding

-1%

LEZ 0.8 -15%
+SurroundLEZ_1.0

-10%

-10%

-5%

LEZ 0.8 -13%
+SurroundLEZ_1.2

-5%

-5%

0%

Table B3

GI scenarios: variations of the spatially-averaged concentrations in comparison with BASE scenarios over different areas (Building, Sidewalks and Neighborhood) at
pedestrian level for 0° wind direction (in %). Green for concentration reductions higher than 15 %; Light green for concentration reductions between 5 % and 15 %;
White for variation of concentrations between 5 % and -5 %); Light red for increases of concentrations between 5 % and 15 %; Red for increases of concentrations higher

than 15 %.
Building Sidewalks Neighborhood
VEG (NO Deposition) 6% 8% 7%
VEG (Vdep = 0.01 m s -3% 1% 1%
VEG (Vdep = 0.05 m s -15% -12%
VEG_TreesMedian (NO Deposition)
VEG_TreesMedian (Vdep = 0.01 m s*)
VEG_TreesMedian (Vdep = 0.05 m s*)
Table B4

GI scenarios: variations of the spatially-averaged concentrations in comparison with BASE scenarios over different areas (Building, Sidewalks and Neighborhood) at
pedestrian level for 45° wind direction (in %). Green for concentration reductions higher than 15 %; Light green for concentration reductions between 5 % and 15 %;
White for variation of concentrations between 5 % and -5 %; Light red for increases of concentrations between 5 % and 15 %); Red for increases of concentrations higher

than 15 %.

Building Sidewalks Neighborhood
VEG (NO Deposition) -4% 3% -4%
VEG (Vdep = 0.01 m s™) -11% 2% -9%
VEG (Vdep = 0.05 m s)
VEG_TreesMedian (NO Deposition) 6% 12% 4%
VEG_TreesMedian (Vdep = 0.01 m s) -3% 5% -2%

VEG_TreesMedian (Vdep = 0.05 m s)




J.L. Santiago et al. Science of the Total Environment 924 (2024) 171441

Table B5

LEZ_0.2 scenarios with GI (VEG and VEG_TreesMedian scenarios): variations in com-
parison with BASE scenarios of the spatially-averaged concentrations over different
areas (Building, Sidewalks, Neighborhood, Surrounding and Neighborhood + Surrounding)
for 0° wind direction (in %). Green for concentration reductions higher than 15 %;
Light green for concentration reductions between 5 % and 15 %; White for variation of
concentrations between 5 % and — 5 %; Light red for increases of concentrations be-
tween 5 % and 15 %; Red for increases of concentrations higher than 15 %.

Building | Sidewalks | Neighborhood | Surrounding | Neighborhood
+ Surrounding

LEZ 0.2
+SurroundLEZ_1.0 -4%
+ VEG (NO
Deposition)
LEZ 0.2
+SurroundLEZ_1.0
+ VEG
(Vdep =0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.0
+VEG
(Vdep=0.05 m s*)
LEZ 0.2
+SurroundLEZ_1.0
+ VEG_TreesMedian
(NO Deposition)
LEZ 0.2
+SurroundLEZ_1.0
+ VEG_TreesMedian
(Vdep =0.01 ms™)
LEZ_ 0.2
+SurroundLEZ_1.0
+ VEG_TreesMedian
(Vdep = 0.05ms™)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG (NO
Deposition)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG
(Vdep =0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.2
+VEG
(Vdep=0.05 m s*)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG_TreesMedian
(NO Deposition)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep =0.01 ms™)
LEZ_0.2
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep = 0.05 m s)
LEZ 0.2
+SurroundLEZ_1.8
+VEG (NO
Deposition)
LEZ 0.2
+SurroundLEZ_1.8
+ VEG
(Vdep = 0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.8
+ VEG
(Vdep=0.05m s?)
LEZ_0.2
+SurroundLEZ_1.8
+ VEG_TreesMedian
(NO Deposition)
LEZ_ 0.2
+SurroundLEZ_1.8
+ VEG_TreesMedian
(Vdep = 0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.8
+ VEG_TreesMedian
(Vdep =0.05 ms™)
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Table B6

LEZ_0.2 scenarios with GI (VEG and VEG TreesMedian scenarios): variations in com-
parison with BASE scenarios of the spatially-averaged concentrations over different
areas (Building, Sidewalks, Neighborhood, Surrounding and Neighborhood + Surrounding)
for 45° wind direction (in %). Green for concentration reductions higher than 15 %;
Light green for concentration reductions between 5 % and 15 %; White for variation of
concentrations between 5 % and -5 %; Light red for increases of concentrations be-
tween 5 % and 15 %; Red for increases of concentrations higher than 15 %.

Building | Sidewalks | Neighborhood | Surrounding | Neighborhood
+ Surrounding

LEZ 0.2
+SurroundLEZ_1.0 -4%
+ VEG (NO
Deposition)
LEZ 0.2
+SurroundLEZ_1.0
+VEG
(Vdep =0.01 ms’)
LEZ 0.2
+SurroundLEZ_1.0
+VEG
(Vdep=0.05ms*?)
LEZ 0.2
+SurroundLEZ_1.0
+ VEG_TreesMedian
(NO Deposition)
LEZ 0.2
+SurroundLEZ_1.0

+ VEG_TreesMedian
(Vdep =0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.0
+ VEG_TreesMedian
(Vdep =0.05 ms’)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG (NO
Deposition)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG
(Vdep =0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.2
+VEG
(Vdep=0.05 ms*)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG_TreesMedian
(NO Deposition)
LEZ 0.2
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep =0.01 ms™)
LEZ_0.2
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep =0.05 ms’)
LEZ 0.2
+SurroundLEZ_1.8
+VEG (NO
Deposition)
LEZ 0.2
+SurroundLEZ_1.8
+VEG
(Vdep =0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.8
+VEG
(Vdep=0.05m s?)
LEZ_0.2
+SurroundLEZ_1.8
+ VEG_TreesMedian
(NO Deposition)
LEZ_ 0.2
+SurroundLEZ_1.8
+ VEG_TreesMedian
(Vdep =0.01 ms™)
LEZ 0.2
+SurroundLEZ_1.8
+ VEG_TreesMedian
(Vdep = 0.05 ms)

'
=

xX

«n
X X
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Table B7

Science of the Total Environment 924 (2024) 171441

LEZ_0.8 scenarios with GI (VEG and VEG_TreesMedian scenarios): variations in comparison with BASE scenarios of the spatially-averaged concentrations over different
areas (Building, Sidewalks, Neighborhood, Surrounding and Neighborhood + Surrounding) for 0° wind direction (in %). Green for concentration reductions higher than 15
%; Light green for concentration reductions between 5 % and 15 %; White for variation of concentrations between 5 % and -5 %; Light red for increases of con-
centrations between 5 % and 15 %; Red for increases of concentrations higher than 15 %.

Building | Sidewalks

LEZ 0.8
+SurroundLEZ_1.0
+ VEG (NO
Deposition)

Neighborhood

Surrounding

Neighborhood
+ Surrounding

LEZ 0.8
+SurroundLEZ_1.0
+VEG
(Vdep =0.01 ms?)

LEZ 0.8
+SurroundLEZ_1.0
+VEG
(Vdep=0.05 m s%)

LEZ_ 0.8
+SurroundLEZ_1.0
+ VEG_TreesMedian
(NO Deposition)

LEZ 0.8
+SurroundLEZ_1.0
+ VEG_TreesMedian
(Vdep =0.01 ms*)

LEZ 0.8
+SurroundLEZ_1.0

+ VEG_TreesMedian
(Vdep = 0.05 ms*?)

LEZ 0.8
+SurroundLEZ_1.2
+VEG (NO
Deposition)

LEZ 0.8
+SurroundLEZ_1.2
+ VEG
(Vdep =0.01 ms?)

-4%

-1%

-2%

LEZ 0.8
+SurroundLEZ_1.2
+VEG
(Vdep=0.05 m s%)

LEZ 0.8
+SurroundLEZ_1.2
+ VEG_TreesMedian
(NO Deposition)

LEZ 0.8
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep =0.01 ms™)

LEZ 0.8
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep = 0.05 ms*?)
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Table B8

LEZ_0.8 scenarios with GI (VEG and VEG_TreesMedian scenarios): variations in comparison with BASE scenarios of the spatially-averaged concentrations over different
areas (Building, Sidewalks, Neighborhood, Surrounding and Neighborhood + Surrounding) for 45° wind direction (in %). Green for concentration reductions higher than 15
%; Light green for concentration reductions between 5 % and 15 %; White for variation of concentrations between 5 % and -5 %; Light red for increases of con-
centrations between 5 % and 15 %; Red for increases of concentrations higher than 15 %.

Building | Sidewalks | Neighborhood | Surrounding | Neighborhood

LEZ 0.8
+SurroundLEZ_1.0
+VEG (NO
Deposition)
LEZ_ 0.8
+SurroundLEZ_1.0
+VEG
(Vdep =0.01 ms*?)
LEZ 0.8
+SurroundLEZ_1.0
+ VEG
(Vdep=0.05 m s%)
LEZ_ 0.8
+SurroundLEZ_1.0
+ VEG_TreesMedian
(NO Deposition)
LEZ 0.8
+SurroundLEZ_1.0
+ VEG_TreesMedian
(Vdep =0.01 ms*)
LEZ_ 0.8
+SurroundLEZ_1.0
+ VEG_TreesMedian
(Vdep =0.05 m s)
LEZ 0.8
+SurroundLEZ_1.2
+VEG (NO
Deposition)

LEZ 0.8
+SurroundLEZ_1.2
+VEG
(Vdep =0.01 ms™)
LEZ 0.8
+SurroundLEZ_1.2
+ VEG
(Vdep=0.05 m s?)
LEZ 0.8
+SurroundLEZ_1.2
+ VEG_TreesMedian
(NO Deposition)
LEZ_ 0.8
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep =0.01 ms?)
LEZ 0.8
+SurroundLEZ_1.2
+ VEG_TreesMedian
(Vdep = 0.05 m s?)
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