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Executive Summary

Air pollution continues to be a global concern among the scientific communities due to its
impacts on human health, the environment and climate change. Due to the specific urban
landscape and climatic characteristics in European cities, passive control solution (PCS) has
been selected for analysis by Improving the Smart Control of Air Pollution in Europe (iISCAPE)
project. PCSs include low boundary walls (LBWs), trees and hedges, green walls and green roofs,
photocatalytic coatings, green urban spaces and road geometry interventions. The effect of
trees, green roofs and green facades in the real urban environment on pollutant concentration at
street level has been carried out in Bologna. The Guildford living lab focuses on hedges in open-
road environments unlike other cites simulating street canyon conditions. The Dublin study
focused on determining the effectiveness of LBW passive control structure to reduce personal
exposure to vehicular pollutants. The iISCAPE project aims at altering the dispersion mechanism,
enhancing the deposition process and chemically breaking down the air pollutants in order to
reduce their concentration levels at target receptors by using PCSs. Although practical
implementation of PCSs needs to be supported financially, the application of inexpensive tools,
such as computer programming is always demanded.

A detailed analysis of two street canyons (with and without trees) in Bologna has been considered
in two days cycles, covering the summer and winter seasons. The results show that planting
trees within street canyons without trees (aspect ratio > 1 and traffic intersections) give more
uniform distribution, but pollutant concentration levels could be higher than expected in some
zones. On the contrary, non-uniform distribution in space pollutant concentrations, especially
near the intersections within street canyons without trees have been observed. Additionally, the
application of green roofs and green facades modifies the flow field at street level and the
pollutant near the building walls. The study in Guilford showed that the hedges along the street
work as a barrier for the pedestrians as validated by the experimental results. The hedge grows
increases wind speed at the breathing level (1-2 meters) forcing pollutants to move along the
road. The calibrated CFD model for wind speed/direction and NO emission in Dublin was used
to determine the effect of implementing a LBW in pollutant concentrations on the footpaths. The
model included LBWs along both sides of the canyon with gaps for road junctions and bus stops.
Both reduction and increase in pollutant concentrations on the footpaths in parallel and
perpendicular wind models have been reported.

The purpose of this deliverable (D6.2) is to document findings from simulation studies on the
detail effects of PCSs on neighbourhood air quality in three different iISCAPE cities (Bologna,
Guildford and Dublin). The development and testing of new PCSs and their effects on local air
pollution and climate have been assessed through the computational fluid dynamic (CFD)
simulations (task 6.2 of the work package, WP, number 6). Field measurement data collected as
a part of the iISCAPE project (WP5) is used for validation of the model simulations. The output of
this deliverable addresses simulating effects of infrastructural solutions on air quality at
neighbourhood levels that are discussed in WP6.2.
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1 Introduction

This section defines the background and contextual information under which task 6.2 of the
iISCAPE project is found out within the objective of WP6. D6.2 is paired with monitoring
campaigns at the test sites (WP5). The methodological frameworks outlined for achieving the
objectives of iISCAPE project in the WP6 are:

e To quantify the effects of the infrastructural PCSs in terms of air pollutant levels and
climate change using the most up-to-date numerical approach.

e To evaluate the efficacy of PCS interventions in target cities in the mid/long term.
To support numerical simulation requirements to assist other WPs requirement (e.g. WP3
and WP4).

This deliverable assesses the benefits in terms of air pollution and climate variables resulting from
the deployment of PCSs interventions through microscale CFD simulation. The outcome of D6.2
(task 6.2) will be also fed to task 6.3 by investigating the effect of proposed infrastructure solution
at city scale on both air quality and urban heat island (UHI).

Protecting human health and the environment from air pollution still remains a challenge and
requires a comprehensive understanding of meteorological factors as well as pollutant transport
(Gallagher et al.,, 2015). Due to urbanization and population growth in recent years,
implementation of PCS methods has been suggested to alter regular dispersion patterns and to
mitigate air pollution in the built environment (McNabola, 2010). PCSs include trees, hedges and
vegetation, green walls and green urban spaces, which reduce personal exposure by changing
air flow patterns. Changes in the concentration of air pollutants in the presence of PCS (urban
vegetation) were reviewed by Janhall (2015). The study revealed the importance of urban
vegetation in the improvement of ambient air quality. It also highlighted that adding large trees in
trafficked street canyons increases concentration levels of local air pollutants, while a relatively
dense and/or porous vegetation close to sources can improve air quality by enhancing
deposition. More recently, Abhijith and Kumar (2019) evaluated different green infrastructure (Gl)
types (hedges, trees, and a combination of hedges and trees) in close-road and away-road
environments and under along-road (parallel to the road), cross-road (perpendicular to the road,
from the road to Gl) and cross-vegetation (opposite to cross-road) wind conditions. As shown in
Fig. 1, the use of hedges or a combination of hedges/trees, therefore, emerged as favourable
options for the reduction of pollutant concentrations behind vegetation (Abhijith and Kumar,
2019).

Evaluation of PCS methods through experimental and numerical studies have demonstrated the
complexities of the system (Gallagher et al., 2015). For example, a set of modelling studies has
been carried out showing the impact of PCSs on the dispersion of air pollutants mainly from
traffic sources (McNabola et al., 2009; Gallagher et al., 2011; Gallagher et al., 2012). McNabola
et al. (2009) implemented CFD models to understand the impact of Low Boundary Wall (LBW) on
the dispersion of air pollutants in street canyons. The study showed that the presence of LBWs
at the urban street canyons could reduce the pedestrian exposure by up to 40% (perpendicular
wind directions) and up to 75% (parallel wind directions). The magnitude of the exposure
reduction was a function of street geometry, location of walls, location of traffic emissions, wind
speed and wind direction. To investigate the effectiveness of parked cars in urban street canyons,
a numerical model by Gallagher et al. (2011) showed 35% and 49% reduction in human exposure
to air pollutants in perpendicular wind conditions on the leeward and windward footpaths,
respectively. In the case of parallel winds and parallel parking, 33% pollutant reduction on both
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leeward and windward footpaths was observed. In similar numerical studies, the potential of
LBWs (Gallagher et al., 2012; Wang et al., 2017), parked cars (Gallagher and Lago, 2019), and
roadside hedges (Gromke et al., 2016) as PCSs in personal exposure reduction were further
elaborated. A CFD simulation study (considering trees and parked cars as PCSs) in a street
canyon was carried out by Abhijith and Gokhale (2015). Different configurations of both trees and
parked cars were considered. In terms of various combinations, high porosity and low stand
density, medium-sized trees with parallel and perpendicular orientation of car parking systems
resulted in the best PCS approach for the reduction of human exposure. In summary, the
outcome of these numerical studies highlighted the potential benefits of CFD to predict the
amount of exposure individuals are receiving.

e ° _’_>. o —
C d . d 7‘ ® ° o
_1T0SS-road winds

® ° ﬂ. N

® ° .
/‘ Breathin®
°- > % )
/7 o { g, "ICI;L_‘hl éverage Corfcentration

. ABC (-52%)
“““““ APNC (-30%)
APM, (-31%)
APM, 5 (-17%)
APM,, (-15%)

Figure 1: Percentage reduction in pollutant concentrations by using PCSs (Abhijith and Kumar, 2019).

The review of previous studies emphasised that although different PCS measurements and/or
modelling approaches have been adopted, the evaluation of PCS impacts on air quality is not
well investigated. There are different PCS configurations that can be examined and validated
through various CFD modelling approaches. In addition, the effectiveness of the PCS methods
in alternating the air pollution dispersion mechanism in the built environment depends on both
local geometrical and meteorological conditions (Kumar et al., 2014, Kumar et al., 2015).
Therefore, detailed studies on the application of different PCS methods should be conducted to
validate the modelling outcomes with the real measurement data (WP5).

D6.2 focuses on high resolution modelling using a CFD type of approach. The CFD study can be
performed with Fluent and Open Foam or similar well-recognised CFD codes. Specifically, this
deliverable emphasis on the effect of incoming flow conditions (wind speed, direction and
turbulence levels) and solar radiation on the streets. Hence, several infrastructural options are
investigated to comprehend their effects on the heat-exchange, the mass transfer (oxygen,
carbon dioxide or CO, and humidity) and/or ventilation. Major emissions and meteorological data
have been used as input for the CFD modelling. The numerical results are validated with
measured data obtained from WP5. In addition, the effect of PCSs on local air quality prior and
after interventions have been considered by creating hypothetical scenarios. Further, the effect
of vegetation, green roofs, green walls and photocatalytic coatings in specific neighbourhoods
in the cities have been assessed.

-15 -



O
D6.2 Microscale CFD Evaluation of PCS Impacts on Air quality
o | ISCAPE

Following Table provides an overview of the different CFD simulations performed in the four
iISCAPE cities and presented in the rest of the report.

Identify the key mechanism of ventilation in street canyons
Bologna  Trees  with real morphology and real environmental conditions; Effects of trees
on ventilation and thermal comfort in urban street canyons

Green
Bologna roofs and Effects of green roofs on ventilation and pollutant distribution
green in the street canyons
facades
Dublin LBWs Effects of LBW on ventilation in urban street canyons
Different
Guildford hedges Effects of Gl on ventilation in urban street canyons
and trees
Table 1: Overview of CFD numerical simulations carried out within Task 6.2 of the iISCAPE project and presented in

this report.

Depending upon the field campaigns investigating various PCS (as a part of D5.2 Air pollution
and meteorology report), trees, green roofs, green walls and photocatalytic coatings in street
canyon environment are studied by UNIBO, hedges in open-road conditions by UoS, and UCD
modelled LBW. The output of this deliverable will be used as a showcase, which will provide a
set of recommendations for other city’s neighbourhoods as well. Moreover, alternative scenarios
will also be made in order to gather a comprehensive overview of the possible mitigation
solutions.

In this report, the effects of various atmospheric stratification conditions on specific targets have
been addressed by several simulations. This deliverable will furnish the science-based
assessment of the PCSs. The output of D6.2 as well as the recommendations drawn from the
analysed data will be used as a showcase of the project and will be put into context for other
cities’ neighbourhood. In addition, the outputs will be used for WP7 and WP8 to formulate solid
policy options for future interventions in the reduction of air pollution in European cities.
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2 Methodology

Field measurement campaigns assessing effectiveness of various PCS were conducted as a part
of deliverable D5.2 in some pilot cities, namely Bologna, Dublin and Guildford. In particular, while
the impact of some PCSs in street canyon environments was investigated by UNIBO and UCD,
UoS investigated instead open road environments. Specifically, the modifications on ventilation
and resulting air quality concentrations induced by the presence of trees, green roofs, green walls
and photocatalytic coatings in street canyon environment was studied by UNIBO. On the other
hand, monitoring campaigns at UCD focused on LBW in a typical street canyon. Finally, UoS
investigated air pollution modification of hedges in open road environments. The following
sections provide details of these measurement campaign and the details of numerical set up and
simulation methodology adopted by each living lab.

2.1 Bologna

The Bologna Living Lab focuses on Gl in urban street canyons. An urban street canyon is a place
where the street is flanked by buildings on both sides creating a canyon-like experiment. In
general, the most important geometrical detail about a street canyon is the ratio of the canyon
height (H) to canyon width (W), H/W, defined as the aspect ratio. The effect of a street canyon on
local ventilation and resulting air quality can greatly differ in different canyon geometries.

As a part of D3.3 (‘Report on footprint of Passive Control Systems”) and D5.2 (‘Air quality and
meteorology monitoring report’®), the instrumental setup of the intensive field campaigns
conducted in two parallel urban street canyons in Bologna in summer 2017 and winter 2018 to
analyse the effect of trees on ventilation and air quality was presented. The outcomes of this
experimental study were submitted as a part of D5.2 while recent findings will be included in the
updated version of D5.2.

In the following, we present the results of microscale CFD simulations conducted in the two
neighbourhoods investigated within the two intensive field campaigns.

2.1.1 Site description

The computational study of the effect of PCSs on pollutant concentration at street level in
Bologna has been focused on the study of the influence of trees in the real urban environment,
by studying two neighbourhood areas around two street canyons, one without trees (Marconi
street canyon) and one with trees (Laura Bassi street canyon). As reported in D3.3 (‘Report on
footprint of PCS’) and D5.2 (‘Air pollution and meteorology report’), two intensive experimental
campaigns were carried out in those two street canyons, with the objective to evaluate the
effectiveness of trees in modifying flow dispersion impacting on air pollution, and in ameliorating
the urban thermal comfort.

" Report on footprint of passive control systems
2 The report will be published in the iISCAPE results webpage.
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Marconi st.

Laura Bassi st.

Figure 2: Overview of Bologna city centre.

Furthermore, the effect of photocatalytic paintings and green walls have also been investigated.
As reported in D3.8 (‘Report on neighbourhood level interventions’), in this case, a neighbourhood
area in Bologna, the “Lazzaretto” campus of the University of Bologna, chosen to conduct an
intensive experimental campaign to analyse the effectiveness of street canyons in real street
canyons. In this report, simulation results obtained in the area of the intervention in a scenario
where green roofs were implemented are detailed, while results of CFD modelling with
photocatalytic coatings are reported extensively in D3.6 (‘Report on photocatalytic coating’). In
this section, the three neighbourhoods areas chosen for the CFD modelling of the various PCSs
simulated in Bologna are described.

Marconi street — No trees street canyon

As reported in D3.3 and D5.2, Marconi street is an affluent inner-city area of central Bologna
(Italy), located within the city center. In this area, there are a few major streets (Marconi street,
Riva Reno street, Ugo Bassi street), with smaller alleys between the major streets. Marconi street
is characterized by a high packing density of the buildings (Kanda, 2006) and has a street canyon
configuration with an aspect ratio H/'W=1.65 (Fig. 2). It is one of the most polluted sites in the
town, with an average NO2 concentration of 94 pg m= in 2014, according to the ARPAE (Emilia
Romagna Environmental Protection Agency) measurements (as from the urban air quality station
located in San Felice street). An overview of the study area is shown in Fig. 3. Marconi street is a
four lanes limited traffic car zone, characterized by a considerable transit of buses (almost all bus
lanes pass from this street). It is characterized by the presence of portici (arcades), which are not
modelled in these simulations, and therefore also by high pedestrian traffic. Marconi street is
almost completely free from trees and Gils, apart from the first part of the street. The street
orientation compared to North-South direction is 20°. Riva di Reno street, in East-West direction
in Fig. 3, is atwo lanes road characterized by intense cars and buses traffic (Prandini et al., 2018).
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Figure 3: Overview of Marconi street and surrounding area (left) and Marconi street canyon view (right).

Laura Bassi street — Street canyon with trees

Laura Bassi Veratti (from now on referred as Laura Bassi) street is an affluent in the neighbour of
the city, located outside the city center. It is characterized by a few major streets (Emilia Ponente
street, Mezzofanti street, Murri street), with smaller alleys between the major streets. Laura Bassi
street has a canyon configuration with an aspect ratio H/W=0.7. An overview of the study area is
shown in Fig. 4. Laura Bassi street is in a residential zone with a low packing building density,
due to the presence of terraced houses with a private garden. For this reason, this area has a
high density of trees (Fig. 5). The street is characterized by car and bike traffic and lower bus
traffic than Marconi street. The street orientation compared to the North-South coordinate is 25°.

As shown in Fig. 4, trees in the canyon are arranged on two rows bordering the road. Platanus
acerifolia is the species with the largest presence along the street. Platanus acerifolia is a large
deciduous tree growing in average 20-30 m, with a trunk circumference up to 3 m. The leaves
are thick and stiff-textured, broad, palmately lobed, superficially maple-like, the leaf blade 10-20
cm long and 12-25 cm broad, with a petiole 3-10 cm long.

Tree crowns in via Laura Bassi reach 15-20 m in high, while the logs are approximately 4 to 6 m
tall. Trees in the street are so close to each other to form two single compact rows for the most
part of the canyon length.
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Figure 4: Overview of Laura Bassi street and surrounding area (left) and Laura Bassi street canyon view (right).

Lazzaretto site

Lazzaretto site is in the neighbor of the city, located outside the city center. It is characterized by
a major street (Terracini street), with smaller alleys on the East side. These streets are within a
University Campus, with a low packing building density. An overview of the study area is shown
in Fig. 6. The campus is characterized by streets with low traffic, but the streets around the
campus are characterized by high car traffic. Two street canyons (called A and B) within the
campus have been considered, with aspect ratios H/W(A)=1.7 and H/W(B)=0.9. The street
canyons orientation with respect to the North-South coordinate is 145°.

Figure 5: Overview of Lazzaretto site and surrounding area (left) and the two street canyons (right).
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2.1.2 Field measurements and instrumentation

The boundary and initial conditions set in the simulations derive from experimental data obtained
during the two field campaigns performed in Marconi St. and Laura Bassi St.: the first one
conducted on August 2017 and the second one on February 2018 (D5.2). The third set of data
obtained during a field campaign performed during August 2018 has been used for setting
boundary conditions for the simulations on the Lazzaretto site (D3.8).

Meteorological data were obtained from measurements by two stations in different locations of
the city: the first one is a synoptic meteorological station located at the top of Asinelli’s tower (96
m above ground), the highest building of the city and the second one is an urban meteorological
station placed on the roof of ARPAE’s headquarter (27 m above ground; Silvani meteorological
station).

At the inflow boundary, vertical profiles for mean velocity U (Eq. 2.1), turbulence kinetic energy k
(Eqg. 2.2) and turbulence dissipation rate € of the neutrally stratified atmospheric boundary layer
(Eqg. 2.3) have been imposed, according to Di Sabatino et al. (2007):

U@ =%In (;d) (1)
k(z) = J”E (1-%) )
S(Z) = k(ZIf,ZO) (1 h g) (3)

with z the vertical position above the ground, z, the roughness length representative for the terrain
windward the computational domain, u- the friction velocity, k=0.42 the van Karman constant,
C,=0.09 and 6 the height of the computational domain.

The inflow wind profile has been calculated solving a two equations system using data from the
two meteorological stations (Asinelli and Silvani), in order to obtain the friction velocity u- and the
roughness length z, for every different wind condition. The displacement height d has been set
to 11 m for Marconi street and 5.67 m for Laura Bassi street, equal to 1/3 of the street canyon
medium height. This approach highlights the relationship between wind direction and urban
geometry.

The street canyon fagade temperatures were provided from the measurements taken during two
thermographic campaigns, thoroughly described in D5.2. In brief, two Infrared (IR) cameras were
used to take photographs of asphalts and building fagades every two hours for a period of 24
hours from 12 am on 22 August 2017 to 12 am on 23 August 2017 and from 12 am on 8 February
2018 to 12 am on 9 February 2018. All the results in this and in the following sections refer to
local time.

In particular, the building facades temperature was measured on 6 buildings along Marconi street
and 6 along Laura Bassi street chosen for the characteristics of the wall emissivity, with 3 building
for each side of the street canyons. The position of the buildings is shown in Fig. 6. In Marconi
street, the buildings 1, 2 and 9 are on the East side and 4,5 and 7 are on the west side, while 3
and 8 are the positions where the street temperatures have been measured. In Laura Bassi street,
the buildings 5, 6 and 9 are on the East side and 1,2 and 3 are on the West side, while 4 and 8
are the positions where the asphalt temperatures have been measured.
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Figure 6: Positions of the building chosen for IR temperature measurements.

During the summer simulations for Marconi street, due to the variation of temperature with height,
the thermographic images have been processed to obtain an average temperature value every 3
m of height on the fagades. The values have been interpolated to obtain a function for every
building surface facing the street canyon. This approach allows to consider the shading effect
due to the presence of the other buildings and the high temperature gradients observed on the
building fagades in summer.

The temperature of the other building surfaces in Marconi and Laura Bassi streets has been
calculated by averaging the mean temperature of the street canyon facades measured by the IR
camera. As stated above, IR cameras measured also the ground temperature and the values
obtained from the thermographic images was set into the simulations.

The measurements of temperature provided by the monitoring stations were analysed to create
air temperature profiles. During the day, the temperatures do not present a significant variation
with height, therefore constant vertical profiles have been set. Instead, during the night of the
summer case, thermal inversion occurred at a height of about 100 m; therefore, the temperature
profiles present a constant increase (about 2°C/100 m) until the temperature inversion quota and
then a constant decrease 0.7°C/100 m).

Table 2 shows the values obtained from measurements and used for the velocity boundary
conditions for the 13 cases studied in summer (both for Marconi street and for Laura Bassi street).

-22.



o)
D6.2 Microscale CFD Evaluation of PCS Impacts on Air quality
o | ISCAPE

Day UTC - Local time Wind direction (°) and u-(ms1) Zo (M)
wind velocity (m s)

22/08/2017 10-12 127°-4.5 0.44 1.3
22/08/2017 12-14 930-4.4 0.54 3.0
22/08/2017 14-16 910-4.5 0.15 0.01
22/08/2017 16-18 107°-6.3 0.37 0.1

22/08/2017 18-20 138°-5.8 0.71 3.0
22/08/2017 20-22 1519-4.2 0.64 5.7
23/08/2017 22-0 190°-2.9 0.49 7.5
23/08/2017 0-2 2159°-5 0.74 5.2
23/08/2017 2-4 257°-4.8 0.59 3.0
23/08/2017 4-6 239°-1.8 0.25 4.2
23/08/2017 6-8 221°-0.6 0.26 5.2
23/08/2017 8-10 920-3.5 0.17 0.02
23/08/2017 10-12 76°-3.3 0.15 0.01

Table 2: Wind data used for setting the boundary conditions in the summer cases.

Input traffic emissions data were derived from the traffic counts available from counting stations
using inductive loops technology in the two street canyons with a 5-min time resolution provided
by ARPAE. In particular, emissions were derived converting traffic counts into traffic counts per
vehicle type (fuel type, vehicle type, and EURO technology). First of all, the number of buses
passing in the two street canyons were derived from bus schedules in Bologna (available from
the regional transport company on the web at https://www.tper.it/o). The local fleet composition
was then extracted from the regional inventory of circulating vehicles (also available on the web
as open data from the Italian Car Club (http://www.aci.it/laci/studi-e-ricerche/dati-e-
statistiche/open-data.html) and was used to disaggregate the difference between the traffic
counts and the number of buses into traffic counts per vehicle type using the extracted local fleet
composition. Pollutant emission rates were then estimated using European Monitoring and
Evaluation Programme/European Environment Agency (EMEP/EEA) air pollutant emissions for
each vehicle category (EEA, 2017). Concentration measurements provided by ARPAE’s mobile
stations and meteorological measurements obtained from middle level (about half of the canyon
height) and top level (building roof) stations were used to validate the numerical model.

Table 2 shows the values obtained from IR measurements and used for the temperature
boundary conditions for the 13 cases studied in summer for Marconi street.

Day UTC- Tair T4 T5 T7 T2 T1 T9 Tstreet
Local (°C) (C) (€ (€ (€C) (C) (€ (°C)
time

22/08/2017 10-12 25.07 35.59 33.61 33.61 2758 26.21 28.14 26.38
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22/08/2017 12-14 26.00 29.34 2838 28.38 27.37 26.84 28.57 40.19
22/08/2017 14-16 26.65 30.31 2855 2855 38.05 3530 41.45 32.37
22/08/2017 16-18 25.82 29.20 2752 2752 3585 3523 34.03 29.63
22/08/2017 18-20 23.85 23.68 2480 24.80 2738 2750 27.72 26.43
22/08/2017 20-22 2283 23.86 2296 2296 24.44 24.64 2479 24.42
23/08/2017 22-0 20.61 22.80 2243 2243 2325 2275 23.71 23.29

23/08/2017 0-2 19.64 2235 2154 2154 2286 2216 2294 22.51
23/08/2017 2-4 19.71 2195 2099 2099 2218 2135 21.78 21.65
23/08/2017 4-6 1830 21.05 20.57 2057 21.67 2069 21.12 21.16
23/08/2017 6-8 20.31 2291 2243 2243 23.13 21.77 23.03 22.66

23/08/2017 8-10 2491 20.77 28.64 28.64 26.88 2520 26.88 29.19
23/08/2017 10-12 27.45 3797 3528 3528 29.22 27.79 29.42 37.64

Table 3: Temperature data used for setting the temperature boundary conditions in the Marconi St. summer cases.

Table 3 shows the values obtained from IR measurements and used for the temperature
boundary conditions for the 13 cases studied in summer for Laura Bassi street.
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Day UTC - Tair T4 T5 T7 T2 T1 T9 Tstreet
Local (°C) (°C) (C) (€ (C) (€ (C) (C)
time

22/08/2017 10-12  25.07 34.0 32.9 34.1 27.6 27.4 28.0 28.95
22/08/2017 12-14  26.00 31.0 30.7 32.5 28.0 28.3 28.8 44.3
22/08/2017 14-16  26.65 30.0 29.6 30.3 30.0 29.2 29.0 36.9
22/08/2017 16-18 25.82 29.4 28.7 27.8 27.1 27.4 28.7 31.8
22/08/2017 18-20 23.85 27.3 26.6 26. 23.8 23.8 27.1 28.35
22/08/2017 20-22 22.83 24.6 24.4 24.5 24.3 24.5 25.9 26.35
23/08/2017  22-0 20.61 23.3 22.8 23.5 23.6 23.9 24.2 25.3
23/08/2017 0-2 19.79 22.5 22.7 222 1985 21.9 23.4 24.0
23/08/2017 2-4 19.8 21.3 214 21.3 184 2127 226 23.1

23/08/2017 4-6 18.9 20.5 20.5 20.5 17.8 20.3 21.9 22.3
23/08/2017 6-8 19.0 20.0 20.1 20.1 18.2 20.5 22.0 22.5
23/08/2017  8-10 23.6 24.9 23.1 28.8 23.5 23.2 25.1 26.25

23/08/2017  10-12 26.7 37.97 353 35.3 29.2 27.8 29.4 37.6

Table 4: Temperature data used for setting the temperature boundary conditions in Laura Bassi St. summer cases.

Table 4 shows the values obtained from measurements and used for the velocity boundary
conditions for the 13 cases studied in winter (both for Marconi street and for Laura Bassi street).
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. Wind direction (°) and wind u- 2

Day UTC - Local time velocity ((m) ) (m s) m)
08/02/2018 11-12 75°—1.5 0.52 5.2
08/02/2018 13-14 79° - 2.1 0.42 1.7
08/02/2018 15-16 86°— 2.0 0.44 3.3
08/02/2018 17-18 88— 2.0 0.52 5.2
08/02/2018 19-20 101°—-1.6 0.52 5.2
08/02/2018 21-22 96° - 3.2 0.64 6.5
09/02/2018 23-0 1000 - 7.3 0.79 1.0
09/02/2018 1-2 990 -7 1.01 4.9
09/02/2018 3-4 103° - 2.6 0.74 8.2
09/02/2018 5-6 107°-2.3 0.59 5.2
09/02/2018 7-8 103°-1.5 0.54 5.96
09/02/2018 9-10 104° - 21 0.64 6.5
09/02/2018 11-12 940 — 0.1 0.49 5.9

Table 5: Wind data used for setting the boundary conditions in the winter cases.

Table 5 shows the values obtained from IR measurements and used for the temperature
boundary conditions for the 13 cases studied in winter for Marconi street.
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utc - Tair T T2 T3 T4 T5 T6 Tstreet
Day Local

time G (€ (€ (C) (€ (C) (€  (°C)

08/02/2018 11-12 745 1395 1146 11.46 9.75 7.46 9.565 9.10
08/02/2018 13-14 9.15 11.89 1091 1091 1215 9.98 12.20 9.80
08/02/2018 15-16 9.50 10.52 10.72 10.72 11.81 1042 10.76 7.50
08/02/2018 17-18  9.05 9.45 9.81 9.81 9.63 9.08 9.64 6.70
08/02/2018 19-20  8.00 7.24 8.41 8.41 7.59 6.99 7.33 3.65
08/02/2018 21-22  6.50 6.39 7.67 7.67 6.78 5.97 6.55 3.10
09/02/2018  23-0 7.30 7.18 8.13 8.13 7.10 6.72 6.99 2.70
09/02/2018 1-2 7.15 7.36 7.95 7.95 7.32 6.72 6.95 4.45
09/02/2018 3-4 7.05 6.98 7.76 7.76 7.31 6.71 6.82 4.70
09/02/2018 5-6 5.95 6.45 7.22 7.22 6.54 6.17 6.27 3.95
09/02/2018 7-8 5.30 5.11 6.70 6.70 5.54 4.57 5.23 2.03
09/02/2018  9-10 7.10 6.91 7.86 7.86 7.34 5.95 717 3.55
09/02/2018 11-12 10.05 16.18 1447 14.47 1146 8.57 10.59 5.60

Table 6: Temperature data used for setting the boundary conditions in the Marconi St. winter cases.

Table 6 shows the values obtained from IR measurements and used for the temperature
boundary conditions for the 13 cases studied in winter for Laura Bassi street.
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Da BJ;'I Tair T T2 T3 T4 T5 T6 Tstreet
y time (°C) (C) (C) (©) (°C)  (°C)  (°C) (°C)

08/02/2018 11-12 6.96 13.5 13.5 13.2 11.7 9.4 9.3 12.05
08/02/2018 13-14 9.03 13.5 13.3 13.5 10.9 10.9 9.7 13.6

08/02/2018 15-16 9.28 12.6 11.7 10.9 10.9 9.4 10 8.75
08/02/2018 17-18 8.92 8.3 8.5 8.5 7 7.8 8.4 6.75
08/02/2018 19-20 8.18 7.5 7.6 7 6.2 7.6 7.6 5.5
08/02/2018 21-22 6.77 7.2 7.4 5.3 4.8 5.4 7.8 4.6
09/02/2018 23-0 6.86 7.3 8.5 7.5 6.1 8.2 7.9 6.3
09/02/2018 1-2 7.15 5.6 8.5 8.5 6.3 8.2 8.4 6.3
09/02/2018 3-4 7.05 6.7 8.4 8.4 6.5 7.9 7.7 6.5
09/02/2018 5-6 5.77 5.4 8.4 7.7 4.3 6.8 8.4 5.25
09/02/2018 7-8 5.59 8 6.5 7.3 4.8 6 7.2 5.0
09/02/2018 9-10 6.79 12.3 12.2 9.5 8.3 7.8 9.6 6.5

09/02/2018 11-12 SL) 13.7 13.5 13.2 9.2 9.6 10.9 12.0

Table 7: Temperature data used for setting the boundary conditions in the Laura Bassi St. winter cases.

Table 7 shows the values obtained from measurements and used for the velocity boundary
conditions for the 3 cases studied in summer cases at Lazzaretto.

Day UTC-Local time Wind direction (°) u-(m s) Zo(m)
17/08/2018 2-4 223° 0.21 6.57
17/08/2018 14-16 8° 0.21 6.57

Table 8: Wind data used for setting the boundary conditions in the Lazzaretto site cases.

Table 8 shows the values obtained from measurements and used for the temperature boundary
conditions for the 3 cases studied in summer at Lazzaretto.

uTC - Tair T1 T2 T3 T4 T5 T6

Day Local o o o o °C °C °C
time (°C) (°C) (°C) (°C) (°C) (°C) (°C)

17/08/2018  10-12 21 32 31.75 30.1 26.03 29.43  26.87

17/08/2018  12-14 31.1 45.95 36.9 36.3 49.53 34.85 32.45

Table 9: Temperature data used for setting the boundary conditions in the Lazzaretto site cases.

Wind data from the Asinelli meteorological station located around 2 km east of the monitoring
sites for the year 2017 (obtained by the Regional Authority ARPAE weather station) are reported
in Fig. 7. In 2017, the recorded average wind speed was 4.3 m s and the prevalent wind direction
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was south-west. These data have a frequency of 30 min with a wind accuracy of 10°. Data show
that the two days chosen for representing the diurnal cycles are consistent with the average
values; in fact, although Bologna is mostly affected by winds from the south-west, there is also
residual but intense components from the east, and winds impinging on the city are mainly
characterized by low speeds (less than 4 m s™) (D6.1), as in the two days considered here.

INORTH™ "~ _

---------

-----

WIND SPEED
(m/s)

[ >=11.10
I cs0-11.10
Ml =732
M 220-570
[ 210-2600
[ os0-210

Calms: 0.00%

Figure 7: Typical wind rose for Bologna city centre using 2017 hourly data.

The set of instrumentations deployed as part of the intensive field experimental campaigns,
thoroughly described in D3.3 and D5.2 and used for the validation of the numerical results
presented in this report, can be summarised as follows:

e Ground station:

o Sonic anemometer (Windmaster, Gill)

o Thermohygrometer (HC2S3-L, Campbell Scientific)

o Nitrogen oxides (NO,), ozone (Os), carbon monoxide (CO), BTEX (Teledyne
Instruments) and particulate matter or PMx (Fai Instruments) concentration
sensors

e Balcony station (at 8 m high for Marconi street, 9 m for Laura Bassi street):

o Sonic anemometer (Windmaster, Gill)
o Thermohygrometer (HC2S3-L, Campbell Scientific)

e Rooftop station (at 25 m high for Marconi street, 15 m for Laura Bassi street):

o Sonic anemometer (USonic-3, Metek) coupled with LI-COR (LI-COR 7500 RS)
o Net radiometer (CNR4, Kipp & Zonen)

As described in D5.2, this instrumentation setup provided air pollutant concentrations with 1-min
time resolution, and measurements of meteorological and turbulence parameters, namely air
temperature, velocity components and turbulence, at 1 min and 50 ms and time resolution,
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respectively; 1-h averages of those measurements were used for validating the CFD simulations
results. The instrumental setup used for the validation of the CFD simulations at the Lazzaretto
site (provided in D3.6), presented thoroughly in D3.8, can be summarized as follows:

e Ground station:

o Sonic anemometer (Windmaster, Gill)

o Thermohygrometer (HC2S3-L, Campbell Scientific)

o NOx, Os, CO (Teledyne Instruments) and PMx (Fai Instruments) concentration
sensors

e Rooftop station (at 8 m high for Marconi street, 9 m for Laura Bassi street):

o Sonic anemometer (Windmaster, Gill)
o Thermohygrometer (HC2S3-L, Campbell Scientific)
o Net radiometer (CNR4, Kipp & Zonen)

Similar to the two campaigns in the two urban street canyons in Bologna, this instrumentation
setup provided air pollutant concentrations with 1-min time resolution, and measurements of
meteorological and turbulence parameters, namely air temperature, velocity components and
turbulence, at 1 min and 50 ms and time resolution, respectively; again, 1-h averages of those
measurements were used for validating the CFD simulations results.

2.1.3 Numerical setup and simulations

Equations and models

The CFD code CD-adapco STAR-CCM+ 12.02.10 has been employed to solve the steady-state
Reynolds-averaged Navier-Stokes (RANS) equations with realizable k-& turbulence model. The
buoyancy thermal effects have been considered in this work.

The transport equations for kinetic energy k and the turbulent dissipation rate € are:

]

E(pk)+|7-(pku) = V-[(y+g—;) Vk]+Pk—p(£—£O)+Sk 4)
and

] 1

5(p5) +V- (psu) =V- [(ﬂ + 5__:) VS] + T_£C£1P£ - Cszfzp (Tig - ;_(())) + Se (5)
Where

u is the average velocity, p is air dynamic viscosity, ok, 0e, Ce1, and Cg, are model coefficients, P
and P, are production terms, whose formulation depend on the k-€ model variant, f. is a damping
function that mimics the decrease of turbulent mixing near the walls, enforcing realisability, Sk
and S; are used specific source terms, g, is the ambient turbulent dissipation rate value in the
source terms, T is the large-eddy time scale, T, the specific time-scale related to ambient
turbulent source term. Mean flow, turbulence, energy and dispersion equations were discretized
using a second order schemes and the Semi-Implicit Method for Pressure Linked Equation
(SIMPLE) scheme was used for pressure-velocity coupling.

Heat transfer model

The buoyancy forces have been considered under the Oberbeck-Boussinesq approximation, i.e.
in Navier-Stokes equation the mass density is constant in all the terms with exception of in the
gravitational body force term. The local momentum balance equation then gives:
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where, the density p is assumed to be a function of temperature and pressure in accordance with
the ideal gas law:

p(T,p) = %= (7)

Where R is the specific gas constant, R = %, with Rp=8314.4621 (J kmol K) and M is the gas
molecular weight.

Species transport model

In this work, CO has been used as tracer pollutant for Marconi and Laura Bassi simulations, while
NO has been used as pollutant for the simulations conducted at the Lazzaretto site.

In turbulent flows, STAR-CCM+ computes the mass diffusion as:
— Kt
J = (pD + SCt) Ve (8)

2
where D is the molecular diffusion coefficient for the pollutant in the mixture, yu; = p (%)is the
turbulent viscosity, Y is the mass fraction of the pollutant, p is the mixture density.

Sc, = p’% = 0.7 is the turbulent Schmidt number, where D; is the turbulent diffusivity.
t

The pollutant sources have been simulated by separating volumes of section 0.5 m x 0.5 m. Four
linear sources have been created in Marconi street canyon: two simulating the car traffic and two
simulating the public bus traffic. In Riva di Reno street and Laura Bassi street two linear sources
for each canyon have been modelled to represent the car traffic emissions. The emissions rate
(ER) was set using emissions previously derived with the methodology outlined above and by
splitting the values equally into the linear sources.

Modelling momentum sink induced by vegetation

The representation of vegetation in the simulations is crucial to capture its effects on wind flow
in urban areas. In this work, trees have been modelled as sources and sinks of momentum, heat,
turbulence kinetic energy and turbulent dissipation rate. As done by other recent works on urban
CFD vegetation (Jeanjean et al., 2017), the inertial drag has been parameterized in terms of leaf

area density or LAD (m? m-3) of the vegetation to describe the interactions between foliage and

atmosphere, by means of a momentum sink term (Suj) in momentum equations (one for each
velocity component) as:

Su; = —pLADC,Uu; (Pam) ©)

where p is the air density (kg m™), u; is the j wind velocity component (m s™'), U is the average
wind speed (m s™') and Cq is the sectional drag for vegetation (dimensionless). The sectional drag
is a constant related to aerodynamic features of vegetation. In this work we assume Cq4 =0.2,
while the value of LAD for Platanus acerifolia has been taken as 1.8 (m? m™), according to the
value found in literature for Acer platanoides (Klingberg et al., 2015). Fig. 8 shows that the leaves
and the crown shapes of the two species are very similar.
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Modelling of turbulence modifications by vegetation

The vegetation also modifies the mean flow motion into wake turbulence. Then, this process is
usually parametrized as source and sink terms of turbulent kinetic energy or TKE (k) and turbulent
dissipation rate (g) as follows:

Sk = pLADC,4(B,U? — B,Uk) (kg m's?) (10)
S, = pLADC, (6343,, y3 - CesﬁdUs) (kg m™ s (11)

where 0<f.<1 is the fraction of mean kinetic energy converted into TKE by means of drag, Bq is

the dimensionless coefficient for the short-circuiting of the turbulence cascade; C.: and Ces are
model constants. Several values of these parameters can be found in the literature; in this work
we have used B,=1, B=4 and C..=Ces=1.5, according with Buccolieri et al. (2018) and Amorim et
al. (2013).
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Figure 8: Leaves shape for platanus acerifolia (left, top) and for acer platanoides (right, top); shape of the tree for
platanus acerifolia (left, bottom) and for acer platanoides (right, bottom) (Rushforth, (1999)). Trees of Britain and
Europe, Harper Collins).

Modelling of pollutant removal due to vegetation

The pollutant flux Sq (9 m? s™) is calculated as the product of the dry deposition velocity V4 (cm
s™) and pollutant concentration ¢ (g m™):

Sy = —LADV,c (12)
Dry deposition velocity is calculated as the inverse of the sum of resistances to pollutant
transport:

Vd = (Ra + Rb + Rc)_l (13)
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Where R, is the resistance to air flow in the crown, R; is the resistance through the boundary
layer adjacent to canopy surfaces resistance and Rc represents the chemical and biological
absorption capacity of the canopy surfaces.

Modelling of transpirational cooling due to vegetation

The transpiration cooling of vegetation has been recently included in thermal CFD simulations to
evaluate the impact on temperature. In order to account for the effect of vegetation on air

temperature, Gromke et al. (2015) employed a volumetric cooling power P, (W m=3) per unit
volume vegetation as a function of LAD. The same approach is used in this work.

The basic principle is that when air flows through vegetation it gets cooled by transpiration mainly
from the leaf surfaces. The heat H (J) required to change the temperature of an object can be
calculated according to (Incropera et al., 2011):

H = mcpAT (14)

with ¢, the specific heat capacity (J K=" kg™"), m (kg) the mass of the object and AT the change in
temperature (K). Since the volumetric cooling power P. is understood as the transfer of heat per
time t (s) and volume V (m®), the equation can be rearranged to:

HI

1 11
" PC = CpAT; - AT = PCVFC_ (1 5)

D

with H the heat transfer rate (W) and m the mass flow rate (kg s).

The right part of the last equation states that the change in temperature AT when air flows through
vegetation is proportional to the cooling power P. and the volume of the vegetation V and
inversely proportional to the air mass flow m through the vegetation volume and the specific heat
capacity c, of air. The equation is based on the simplified assumption that the heat and mass
transfer at the leaf surface is not a function of the flow regime and the corresponding heat transfer
coefficient. The same model has been recently applied by Moradpour et al. (2017). Gromke et al.
(2015) and Moradpour et al. (2017) found the best agreement with experimental air temperature

in different validation studies for a volumetric cooling power of 250 W m=3 per unit of LAD.

Discretization methods and meshes

Different meshes with the same constructive approach have been created for the two different
street canyons.

Marconi street (no trees street canyon)

The computational domain has a size of 1288 m x 920 m x 368 m (L x W x H). The domain
dimensions are multiple of the base size of the mesh equal to 11.5 m. The height of the tallest
building of the street canyon (H = 46 m) has been chosen as reference dimension.

The computational domain was built with its boundaries placed 15H away from the modelled area.
The top of the computational domain was set to 368 m, which corresponds to 8H. The dimensions
of outer domain give an appropriate mesh size for the required flow detail and run time. The
computational domain has been built using unstructured elements with a finer resolution close to
the ground and the walls within the neighbourhood scale. Several tests have been performed to
verify grid size independence with increasing mesh numbers. The smallest dimension of the
elements, in the region near the heated walls, is 0.25 m in the direction normal to the wall and 0.5
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m in the other directions. Figure 9 shows the computational domain (left) and some details of the
mesh (right). The pollutant sources were modelled as linear volumes on the ground of the street.
The dimensions of the source section are 0.5 m x 0.5 m, while the length coincide with the length
of the street canyon. In Marconi street, four linear sources have been created, two for car traffic
and two for bus traffic; in Riva di Reno street, two linear sources for car traffic have been created.
For every source, the base grid dimension is of 0.1 m. The ER was set using those obtained with
the methodology outlined above by splitting the value equally into the linear sources.

Figure 9: Marconi street. Mesh on the building surfaces (left top), elevation of the buildings (right, top), top view of the
mesh (left, bottom) and the computational domain (right, bottom).

Within the domain, two regions with different grid resolution were generated: one in the area
surrounding the buildings and in the area approaching the city with a dimension of 5.75 m, and
the other one comprehending Marconi street canyon and with a cell size of 1.4375 m. Several
refinements have been done on the building surfaces in order to have a close representation of
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the real geometry, especially on the building edges. The final number of the computational cells
used for Marconi street is about 12 million cells. Symmetry boundary condition has been assigned
to the lateral sides and the domain top, a velocity inlet condition was set to the inlet boundary
and a pressure outlet condition to the outflow boundary. A no-slip boundary condition was
applied at the ground and at the building surfaces.

2.1.3.1.1 Laura Bassi street - Street canyon with trees

Given that maximum reported height in the domain is a building of 28 m height (H), the base size
for the mesh was set to 2H due to the considerable size of the computational domain. As done
for Marconi street, two refinement boxes have been created in the proximity of the geometry.
The bigger box has a characteristic dimension of H/2 while the finest one has a characteristic
dimension of H/8. The surfaces of the more than 450 buildings of small dimensions present in
the geometry have been modelled with a grid base size smaller than H/16. In Laura Bassi street
canyon also trees have been modelled: on sight measurements were used to approximate the
tree crown dimensions while the trunks were not modelled. The base mesh dimension for trees
was assumed to be 1 m. Figure 10 shows some details of the mesh. In Laura Bassi street two
pollutant sources have been created to simulate car and bus traffic, whose base dimension was
set to 0.1 m. The computational domain has a size of 3080 m x 2800 m x 280 m (L x W x H).

Within the domain, two regions with different grid resolution were generated: one in the area
surrounding the buildings and in the area approaching the city with a dimension of 7 m, while the
other comprehends the Laura Bassi street canyon and has a cell size of 1.75 m. Several
refinements have been done on the building surfaces in order to have a close representation of
the real geometry, especially on the building edges.

The pollutant source has been simulated by separating volumes with section of 0.5 m x 0.5 m
and length equal to the street canyon length. In this case, two linear sources have been modelled
to represent the traffic emissions. The emissions rate was set as detailed above, i.e. by splitting
the value obtained from the traffic counts equally into the linear sources. The base size of the
linear sources is 0.1 m and the smaller cells have a dimension of 0.05 m. The ER was set using
those obtained with the methodology outlined above by splitting the value equally into the linear
sources.

Only trees alongside the street have been modelled in this work. Since trees in the street are
close to each other to form single compact rows for the most part of the canyon length, they
have been modelled as single compact blocks. The tree logs have not been modelled. The
dimensions of the tree blocks have been set after on-field measurements sessions.
The base mesh size is equal to 1 m, while the smallest tree cell is 0.1 m. Symmetry boundary
conditions have been assigned to the lateral sides and the domain top, a velocity inlet condition
was set to the inlet boundary and a pressure outlet condition to the outflow boundary. A no-slip
boundary condition was applied at the ground and at the building surfaces.
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Figure 10: Laura Bassi street. Mesh on the building surfaces (left top), elevation of the buildings (right, top), top view
of the mesh (left, bottom) and the computational domain (right, bottom).

2.1.3.1.2 Lazzaretto site

The computational domain has a size of 652 m x 375 m x 130 m (L x W x H). The domain
dimensions are multiple of the height of the tallest street canyon H = 11.5 m, that has been
chosen as reference dimension.

Within the domain, two regions with different grid resolution were generated: one in the area
surrounding the buildings and in the area approaching the site with a dimension of 2.4 m, the
other comprehending the site with a cell size of 0.18 m (as shown by Fig. 11, bottom left).
Symmetry boundary conditions have been assigned to the lateral sides and the domain top, a
velocity inlet condition was set to the inlet boundary and a pressure outlet condition to the outflow
boundary. A no-slip boundary condition was applied at the ground and at the building surfaces.
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Figure 11: Lazzaretto site. Mesh on the building surfaces (left top), elevation of the buildings (right, top), top view of
the mesh (left, bottom) and the computational domain (right, bottom).

Grid sensitivity tests

A set of preliminary sensitivity tests have been performed, both for choosing the dimensions of
the boxes used for refinements and for choosing the dimensions of the elements near the building
walls. As shown in Figs. 9-11, the mesh is built by three zones, each of them characterized by
structured elements with homogeneous dimensions. The first zone is the external domain, with
the coarsest elements, containing a box with elements with a medium size and another box
surrounding the area and the street canyons, containing the finest elements. An example of the
three zones is shown in Fig. 12.
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Figure 12: Example of mesh zones.

A geometry with a canyon with the same dimensions of Marconi street has been used as a base
geometry for the first part of the sensitivity tests. Table 9 shows the dimensions of the box
containing the finest elements, the size of the elements and the total number of cells Nceis in the
computational domain. Six refinements have been compared, in the range Nceis=[0.302 — 6.181]
millions of elements.

Grid name and index Box dim Smin Number of cells (millions)
Very coarse - 5 2+2H 2.917 0.302
Coarse - 4 2H 2.062 0.528
Medium - 3 2H /2 1.458 1.083
Fine - 2 H 1.031 2.550
Very fine - 1 H/N?2 0.729 6.181
Ultra-fine - G H/2V2 0.516 15.904

Table 10: Some of the grids used for the sensitivity tests.

Fig. 13 shows the normalized root mean square deviation obtained from a vertical line in the
middle of the canyon, defined by

NRMSE, =

where x is the variable used for the comparison, g is the grid number, p is the point along a probe
line where the comparison is made, N, is the number of points in the probe line. Fig. 13 shows
that the convergence is achieved for velocity, CO concentration and temperature results.

Normalized Root Mean Square Error NRMSE - Optimized Attempt

10 - .
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Figure 13: Convergence tests for velocity, CO concentration and temperature in the CFD simulations for Marconi
street canyon.
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2.1.4 Investigated PCS scenarios

In this section, the cases analysed are briefly described and the validation of the simulations is
shown. For the street canyon without trees (Marconi street), 26 cases have been studied, 13
cases for the summer diurnal cycle and 13 cases for the winter diurnal cycle. The boundary
conditions described in Section 2.1.2 by Tables 1, 2 and 4, 5 have been used. As the wind
direction is different for each case, a geometry has been built for each case, in order to have the
wind entering in the domain perpendicular to the inlet section. Then, for Marconi street, 26
geometries have been built.

For the street canyon with trees, 26 cases have been studied, representative of summer and
winter diurnal cycles. The boundary conditions described in Section 2.1.2 by Tables 1, 3 and 4,
6 have been used. A geometry has been built for each case, in order to have the wind entering
in the domain perpendicular to the inlet section. Then, for Laura Bassi street, 26 geometries have
been built.

Validation of the simulations — Street canyon without trees

The simulations have been validated by comparing hourly values as obtained from the numerical
simulations with the measurements performed during the two experimental campaigns described
in Section 2.1.2 and thoroughly described in D5.2.

Fig. 14 shows the comparison between the simulations and the experimental measurements for
Marconi street, during the summer campaign. As described in D5.2, instrumentation for
measuring CO concentrations was located on the top of the ARPAE van, while temperature,
velocity and TKE were measured over a balcony 8 m high and 1 m distant from the building wall.
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Figure 14: Marconi street, summer. Comparison between numerical results (red) and experimental results (blue).
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Fig. 14 shows that CO concentrations (top line, first from left) obtained from numerical simulations
are overestimated, as humerical values are between 2 and 10 times bigger than measured ones.
In particular, the concentration value obtained in one case (case 23/08/2017 at 8 am) largely
overestimates the measured one. The vertical distribution of CO obtained for this case is shown
in Fig. 15.

50000008

4.0 £.000 0. d 4000 e 08
[ S =.

Figure 15: Marconi street, summer case: 23/08/2017, 8:00 am. CO concentration contours (left) and air velocity
vectors (right).

Fig. 15 shows that at that time, a clockwise vortex was present on the upper part of the canyon.
This vortex is not perfectly perpendicular to the canyon and causes CO removal in the upper part
of the canyon and a strong velocity and concentration gradient at a height close to the height
where the top of ARPAE van was located. That means that in this case, the dimension of the
vortex obtained by simulations is underestimated and the real one was bigger, i.e. in the real case
the CO gradient was below the ARPAE van station. To confirm this, one can observe that at that
time the components of velocity measured on the balcony, i.e. at a higher level, are in agreement
with measurements. Fig. 15 shows that at pedestrian level there could be higher concentrations
with respect to those measured by the ARPAE van at a height of around 3 m.

The comparison between air temperatures obtained by numerical simulations and experiments
(Fig. 15, top line, middle) shows that the temperatures are 1-3 degrees higher than experiments
in all the simulations. This is caused by the fact that the temperature boundary conditions are
obtained by averaging on highly non-uniform temperatures on the building facades, caused by
the sun shadows (as shown by Fig. 16).
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Figure 16: IR thermographic image of one fagade of one building along Marconi street at 8:00 of 23/08/2017.

Finally, Fig. 15 shows that although numerical TKE is underestimated by simulations, numerical
velocity components agree with experiments.

Fig. 17 shows the comparison between the simulations and the experimental measurements for
Marconi street, for the winter cases. For CO concentrations, the values obtained in four cases
strongly overestimate the measured one, in particular for the 08/02/2018 at 18:00 and 22:00 and
the 09/02/2018 at 8:00 and 10:00 cases. The vertical distribution of CO obtained for these cases
and the vector maps are shown in Fig. 18 (left and right respectively). Fig. 18 shows that for all
the cases considered a vortex was present on the upper part of the canyon, causing CO removal
in the upper part of the canyon and a strong velocity and concentration gradient in the region at
the middle of the canyon. The comparison between air temperatures obtained by numerical
simulations and experiments (Fig. 17, top line, middle) shows that the temperatures are 1-3
degrees lower than experiments. Finally, Fig. 17 shows that numerical TKE is in a very good
agreement with experiments, with the exception of the night cases (on 09/02/2018 at 0:00 and
2:00 am). For these cases, the numerical velocity components do not agree with experiments
during (the W component i.e. the vertical component).
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Figure 17: Marconi street, winter. Comparison between numerical results (red) and experimental results (blue).
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Figure 18: Marconi street, winter cases (from top to bottom): 08/02/2018, 18:00 and 22:00, 09/02/2018, 8:00 and
10:00. CO concentration contours (left) and air velocity vectors (right).

Validation of the simulations - Street canyon with trees
The simulations regarding the canyon with trees have been validated by comparing hourly values

as obtained from the numerical simulations with the measurements performed during the two
experimental campaigns described in Section 4.1.2 and thoroughly described in D5.2.
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Fig. 19 shows the comparison between the simulations and the experimental measurements for
Laura Bassi street, during the summer campaign. As described in D5.2, instrumentation for
measuring CO concentrations was located on the top of the ARPAE van, while temperature,
velocity and TKE were measured over a balcony 9 m high and 1 m distant from the building wall.
The measurement stations are described in D5.2. Fig. 19 shows that CO concentrations (top line,
first from left) obtained from numerical simulations are overestimated, as numerical values are
more than 10 times bigger than measured ones. In particular, the concentration value obtained
between 12 and 20 (on 22/08/2017) are more than 10 times the measured one. The distribution
of CO on a vertical plane obtained for the case 22/08/2017 at 18:00 is shown in Fig. 20.

The figure shows that, under the tree crowns, a high gradient of CO concentration is obtained.
Here it is to note that the ARPAE van probe was placed in that position. We therefore speculate
that the pollutant concentration measurements under the trees are very critical. During the night,
reduced differences are observed between CO concentrations obtained by CFD simulations and
measurements. The temperature obtained by simulations are around 10°C less than those
measured in the same position.

This could be explained by an overestimation of the volumetric cooling power assigned to the

tree crowns (250 W m=3 per LAD unit). Unfortunately, being this cut-edge research, not many

works on the subject of no many works heat transfer between trees and environment are available
in the literature, and as such further research would be needed to adequately address this issue.
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Figure 19: Laura Bassi street, summer. Comparison between numerical results (red) and experimental (blue).
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Figure 20: CO concentration contours obtained in Laura Bassi street, summer case: 22/08/2017, 18:00.

Fig. 21 shows the comparison between the simulations and the experimental measurements for
Laura Bassi street, during the winter campaign. The figure shows that CO concentrations (top
line, first from left) obtained from numerical simulations are in good agreement with the
measurements. For the winter case, the concentration values obtained between 12 and 20 (on
08/02/2018) are lower than the measured ones. The numerical temperatures, for these cases, are
in very good agreement with the experimental ones. This result confirms the previously supposed
overestimation of the plants transpiration cooling: indeed, during winter for which this effect has
been neglected the agreement between simulations and observations is far better. A good
agreement was also obtained between numerical and experimental velocity components, while
numerical values of TKE are higher than experimental ones.
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Figure 21: Laura Bassi street, winter. Comparison between numerical results (red) and experimental ones (blue)
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2.2 Guildford

The Guildford living lab focuses on Gl in open-road environments unlike other cites simulating
street canyon conditions. An open road is an urban built environment feature in which both sides
of the traffic corridor are open to generally detached single or multi-story buildings (Abhijith et
al., 2017) and other manmade structures with fewer obstructions to wind flow result in no flow
separation like street canyons. This condition includes locations range from built-up areas
(human-occupied) adjacent to high-speed roads as well as peri-urban areas along busy roads.

As a part of D5.2, air quality modifications of three Gls, including hedges, trees and their
combinations at six open road locations were investigated around Guildford during May to
September 2017 and October to November 2018. The outcomes of this experimental study were
submitted as a part of D5.2 and published in peer-reviewed journal (Abhijith and Kumar, 2019)
and recent findings will be included in the latest revision of D5.2.

Out of six investigated Gl scenarios, hedges reported the highest improvement in the air quality
behind the Gl in all studied wind directions. One of the monitoring locations with hedge, stoke
road site, is located adjacent to a children’s park opposite to residential buildings along major
feeding road to the Guildford town. Thus, this experimental site has been considered for
simulation studies. Simulation studies are emphases on understanding wind flow features and
pollutant concentration variations discovered in the field measurements. The scenario analysis is
expected to reveal the impact of physical dimensions and densities of hedges on air quality
improvement. Hence, the optimised dimensions of hedges lead into generalised
recommendations for D7.2 (Generalised recommendations on PCSs for improving air quality).
Details of field measurements, model set and wind flow analysis are provided in the following
sections.

2.2.1 Field measurements and instrumentation

Guildford town is a highly populated area in Guildford Borough, which is a part of Surrey County
(Surrey-i, 2015). Guildford Borough has a population of 137,183 as per Surrey-i report in 2015
(Surrey-i, 2015). The most popular mode of transportation is by car that includes about 72% of
trips to work and 42% of commute to school (Al-Dabbous and Kumar, 2014). Field experiment
considered for modelling investigation consisted of hedges as a primary Gl component in a
residential area along with the children’s park, close to Guildford town centre.

As mentioned before, the monitoring location with hedge was selected for the modelling work
and details are shown in Fig. 22. This experimental site has well maintained hedge of 2 m height
on the boundary of a children’s play area adjacent to a two lanes busy road connecting two major
towns Woking and Guildford (Road number A323). The hedge was 36 m long and 1.5 m thick all
along the road. Leaf area index (LAl — dimensionless metric of leaf area per unit ground area m?
m?) was measured from changes in photosynthetically active radiation passing through
overlaying foliage measured by a handheld Ceptometer (Meter Environment, ACCUPAR LP80).
The hedge has an LAl of 6.64 m* m™. The dimensions and LAl of all trees and hedges around the
monitoring location were used for recreating the domain in the model. Average LAD estimated
from the measured LAl and height of trees and hedges were 0.63 and 2.62 m* m™®, respectively.
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Figure 22: Details of the modelling domain from the experimental site, stoke park, Guildford. (a) Guildford town, the
red circle shows the measurement site, b) highlighted circle shows area of interest, (c) red dots show monitoring
locations, and (d) street view of the hedges at stoke park.

In this work, collected PM, s data for model validation and detailed description of the experimental
setup and monitoring protocols are provided in the D5.2. PM.s concentration was measured by
two GRIMM aerosol monitors, model EDM 107 and 11-C at a height of 1.5-1.7 m in front of the
hedge and behind the hedge (Fig. 22c and 22d). Local meteorological conditions (air temperature,
relative humidity, wind speed and direction) were logged by a portable weather station (Kestrel
4500) close to the hedge at 1-min resolution. In addition, meteorological conditions during the
monitoring periods were obtained from the nearest UK weather station, located in Farnborough
(~10 km North-West of Guildford). Comparison of the two measurements that provide local
variation in wind direction and speed close to the hedge is shown in Fig. 23. Parallel to the road
and perpendicular were two main wind directions during the measurement campaign. These wind
data was sieved to generate log-wind profiles for mode input. Traffic counting was performed by
using the SMART Traffic Counter App developed by University of Wollongong, Australia. Traffic
was counted in the first 20 minutes of an hour and extrapolated to an hour to estimate hourly
average traffic volume. The emission factors for PM.s was estimated from this traffic data. The
campaign was 5 days long and started and ended around 8:00 h and 18:00 h (local time) every
day. No field measurements were carried out on rainy days.
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Figure 23: Comparison of wind data, meteorological weather station and portable weather station, at 1.5 m at
monitoring site and 10 m height at meteorological site. Frequency of counts by wind direction of Metoffice monitoring
site (a), and stoke road site (b).

2.2.2 Numerical setup and simulations

A CFD modelling tool, ANSYS FLUENT version 19.1, was used to simulate wind flow and
dispersion of PM.s in the open-road conditions at Stoke Park. Steady-state Reynolds-averaged
Navier-Stokes (RANS) equations with realizable k- turbulence model were considered. Model
geometry was created (as shown in Fig. 24) in ANSYS Workbench following the best practice
guideline provided by the COST (Franke et al., 2007) and AlJ (Tominaga et al., 2008) guidelines
as summarized in Table 10. The total dimension of the model was 416 mx260 m x 117m (Lx W
x H). The total stream wise length of the domain was 416 m (32 H, H=13 m), which had an
approach length of 8 H, a model region of 6H x 6H x 8H, and downwind length 18 H (Fig. 25). It
consisted of lateral extension of buildings, and the upper boundary from roof of building
according to the guidelines. Two wind directions were considered in this work as shown in Fig.
25. Building and Gl shapes were simplified as cuboid similar to other CFD investigations (Amorim
et al., 2013; Buccolieri et al., 2011; Gao et al., 2018; Garcia et al., 2013; Gromke et al., 2016;
Moradpour et al., 2016). The stem of the trees was omitted in the geometry similar to previous
studies (Abhijith and Gokhale, 2015; Buccolieri et al., 2011; Wania et al., 2012). Default program
controlled assembly meshing of tetrahedral grid was applied for the special discretization of the
computational domain. The size of the elements on building and Gl was 0.1 m and the domain
had 7.7 million elements in total. The grid size was increased with an expansion ratio of 1.1.
Meshing face sizing was used for buildings, sources and Gl to ensure finer grid resolution in the
region of interest. ANSYS workbench was used to make mesh generation.
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Figure 24: Modelled geometry in Workbench (a) real geometry, (b and c) line sketch of simplified geometry.

Inlet wind flow conditions were prescribed based on the meteorological data collected at the site
and from met office. Richards and Hoxey's (1993) vertical profile equations for variables in the
velocity, TKE (k) and dissipation rate (g) with height were used and neutral stability conditions
were assumed. Temperature was kept uniform in the domain and gravity was applied.

u(z) = Z—v In (Z:%) (17)

TKE and dissipation rate profiles were specified as according to:

u?

k =@ (18)
and
k =J:_u (19)

z is vertical position above the ground, z, the roughness length in the computational domain, u*
the friction velocity, k,=0.42 the van Karman constant, C,=0.09 and & the height of the
computational domain. These parameters were incorporated into the model using a User-Defined
Function (UDF) resulting the wind flow conditions of the experimental site.
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COST guidelines

Parameter (Franke et al., 2007)
Domain size
Lateral and top boundary extension 5H
Out flow from building 15H

Grid discretization
Grid resolution

Expansion ratio 1.2t01.3
Evaluation height from ground
surface
Min grids on building face 10

Grid dependence study
No of refined grids for comparison R|chards_on explorqhon or two
grid comparison
Ratio of two consecutive grids
Improvement of unstructured grids Use of prismatic element
(tetrahedral elements)

Boundary conditions
Richards and Hoxey (1993),
or wind tunnel
Constant shear for top,
symmetry condition for sides

All variable zero

Inflow-equations

Side and top
Outflow

Building surface No slip condition

Scheme for convection terms Second order upwind scheme
Residuals of at least four
order of magnitude and
constant or oscillatory
residual of target variable
With a data having least

uncertainty

Convergence criteria

Initial condition

AlJ guidelines
(Tominaga et al., 2008)

5H (H= tallest building)
10H

1/10 of building scale
<13
3rd or higher grid
10

At least 3
3.4

Use of prismatic element

Tominaga et al., (2008).

Normal components zero

All variable zero
Logarithmic law of smooth wall or
wall with specified roughness
Second order upwind scheme

Monitoring variables on specified
points or overlapping the contours

results at different calculation steps.

Laminar or appropriate conditions

Table 11: Summary of best practice guidelines.
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Figure 25: Model dimensions in along the road wind (top) and cross-road wind flow conditions (bottom).
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No-slip wall boundary condition was imposed along the top, bottom and lateral boundaries of
the domain. The same boundary condition was applied to the surfaces of the building as per the
guidelines listed in Table 10. All walls were considered impermeable for species transport. In
FLUENT 19.1, the surface roughness was expressed in terms of a sand grain roughness instead
of the aerodynamic roughness as is the case in most meteorological codes. In order to
circumvent problems with a coarse grid resolution near the ground due to a large sand grain
roughness value, Gromke et al. (2008), Gromke and Ruck (2009), and Buccolieri et al. (2011)
studies set equal to the aerodynamic roughness length, which was taken as 0.1 m. Previous real-
world studies adopted roughness length of 0.003 to 1.1 m depending upon the site specific
meteorological conditions (Amorim et al., 2013; Hofman et al., 2016; Moradpour et al., 2016;
Sanchez et al., 2017; Santiago et al., 2017). A zero diffusive flux was imposed on the outflow
boundary.

PM.s were introduced in the model along the street as a particle emitting normal to surface at
0.5 m height along the street using a Lagrangian approach in FLUENT (Garcia et al., 2013). The
dispersion model consists of a second phase of spherical inert particles in a Lagrangian frame of
reference. The initial velocity of particles was kept zero, assuming no traffic induced turbulence.
Emission rates were calculated based on the traffic counts taken during the field campaign.

Realizable turbulence model of ANSYS FLUENT 19.1 was employed to obtain solutions. Species
transport equations were utilized for air-PM.s mixed flow simulation. Second order upwind
numerical scheme was selected. SIMPLE scheme was used for pressure-velocity coupling.
Combined termination criteria were used. Scaled residuals were kept at and monitoring points of
concentration of PM.s and velocity magnitude were assigned in the domain, iterations were
carried out till constant values were shown in monitoring points and residuals reached a desired
level. After completing all the above steps, the results were taken out using CFD-POST and
“solutions” in FLUENT, various statistical comparisons and analysis were performed to derive
results.

Gl modelling

The tree canopies were simulated by creating rectangular blocks in the geometry and defining
them as porous zone with a pressure loss coefficients and porosity. In FLUENT, porous media
are modelled by the addition of a momentum source term (actually a sink) to the standard fluid
flow equations. The source term is composed of two parts: a viscous loss term and inertial loss
term as shown in the equation (20).

1
Si = _( =1 Dijuv; + Xioy Ciprlvlvf) “

Where S;is momentum sink term, |v| magnitude of the velocity, D (m®?) and C (A) (m™) are pressure
loss coefficients. The viscous resistance is neglected in flow modelling through the tree crown
because it was considered much smaller than the inertial resistance (Balczé et al., 2009;
Buccolieri et al., 2009; Gromke et al., 2008; Li et al., 2013). The viscous part of the equation was
eliminated by taking zero value for D. The real tree canopy porosity expressed in volume fraction
roughly varied from 93% to 99% (Zhou et al., 2002). The porosities used in wind tunnel
simulations were 97.5% and 96% with coefficients 200 m™ and 80 m™, respectively (Buccolieri
et al., 2009 and 2011; Gromke et al., 2008; Gromke and Ruck, 2009 and 2012; Salim et al., 2011a
and b). Whereas in real-world conditions, pressure loss coefficients are calculated as follows
(Buccolieri et al., 2018):

A=LADC; (m) (21)
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Cq values were taken as 0.25 (Buccolieri et al., 2018; Jeanjean et al., 2016). Average LAD values
were 0.63 and 2.62 for trees and hedges, respectively, resulting in pressure loss coefficients of
0.1575 m™ and 0.655 m™, respectively. Similar modeling methods for Gl were employed in
previous studies (Di Sabatino et al., 2015; Xue and Li, 2017).

Sk = pLADC,4(B,U? — B,Uk) (kg m's?) (22)
S, = pLADC, (c£4ﬁp U3 CesBa Us) (kg m™ s (23)

Where 0<B,<1 is the fraction of mean kinetic energy converted into TKE by means of drag, Bq is
the dimensionless coefficient for the short-circuiting of the turbulent cascade, C.s and C¢s are
model constants. Several values of these parameters can be found in the literature. In this work
Bo=1, Ba=4 and C.s=C.4=1.5 values obtained from Buccolieri et al. (2018) and Amorim et al. (2013)
studies have been used.

Modelling of pollutant removal due to vegetation is carried out by introducing a sink term. The
pollutant flux Sq (g m? s™) is calculated as the product of the dry deposition velocity V4 (cm s™)
and pollutant concentration ¢ (g m™®) as listed in (Buccolieri et al., 2018):

Sd = —LADVdC (24)

V4 value depends on the type of vegetation and 0.64 m s was taken from the previous studies
(Al-Dabbous and Kumar, 2014; Baldauf, 2016; Jeanjean et al., 2016, 2017).

2.2.3 Investigated PCS scenarios

Optimized Gl dimensions and characteristics for D7.2 are developed through scenario analysis.
Gl impacts on air quality under different meteorological conditions are being analysed and the
influence of height and width of hedges is being simulated. Two wind directions and wind speeds
(from 2.5 to 8 m s™") have been considered. The heights used for simulations are 1, 1.5, 2, 2.5 and
3 m, whereas width varied from 0.75 to 2.5 m. The Gl density of LAD are varied from 1-5 m* m™
as reported by Buccolieri et al. (2018). The outcomes of this scenario analysis will be reported as
generalized solutions in D7.2.

2.3 Dublin

The Dublin living lab focuses on the pollution concentration from vehicular emission inside a
street canyon. The selected street canyon is located at the Dublin city centre, where the pollution
is found to be high. This study develops a computational fluid dynamics (CFD) based simulation
study by considering real world measures pollution data (NOx and NO concentration),
meteorological data (wind speed and wind direction) and traffic volume data. Simulation studies
examine the changes in pollution concentration inside the street canyon with and without the
presence of hypothetical low boundary walls as passive control structure. The section is
structured as below: Section 2.3.1 provide details on the chosen study area, section 2.3.2
provides details on the field measurement data and their characteristics, section 2.3.3 describes
the details on the developed CFD model and the setup and the section 2.3.4 provides the location
details on the hypothetical low boundary walls.

2.3.1 Site description

This study focused on determining the effectiveness of different forms of passive controls to reduce
personal exposure to vehicular pollutants. The study has been adapted from Gallagher (2013a). A
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CFD model was constructed to replicate a section of Pearse Street in Dublin (Fig. 26), a busy urban
street canyon with four lanes of traffic (circa 1500 vehicle hr' peak traffic). The model was calibrated
using measurements of local meteorological conditions, on-street pollutant concentrations and
traffic count data. The potential reduction in personal exposure to a specific air pollutant primarily
sourced from vehicle emissions (nitrogen monoxide or NO) was calculated between the current
street layout without passive controls and a subsequent scenario including passive control in the
canyon. NO is a reactive pollutant and to minimize the conditions suitable for these reactions to
take place, the street was monitored for NO, concentrations during winter conditions (Huang et al.,
2008; Parra et al., 2010). Lower temperatures in the street also increase thermal stability and reduce
dispersion (Oke, 1988; Jicha et al., 2000; Santese et al., 2007; Huang et al., 2008). The study
assessed the influence of LBWs placed along the edge of both footpaths in Pearse Street.

A detailed analysis of real-time data was carried out initially to identify trends and correlations
between varying traffic volumes and compositions, pollutant concentrations and meteorological
conditions. The study assessed the effect of wind speed and direction on pollutant dispersion
and the development of vortices within the canyon, which have been found to influence air flow
patterns significantly by previous researchers (De Paul & Sheih, 1986; Hoydysh & Dabberdt,
1988; Crowther & Hassan, 2002). Manual traffic counts were taken to establish an understanding
of the different traffic flows in each of the traffic lanes during peak and off-peak times of the day.
NOx concentrations were also monitored at a selected location in the street. This data was used
in the calibration of the model after a detailed analysis of the relationship of the pollutant
concentration to traffic emissions and meteorological conditions.

Figure 26: Pearse Street in Dublin City Centre obtained from Google Earth.

The objective of this study was to construct a calibrated model of Pearse Street to validate the
potential of passive controls. The model was constructed from shapefiles of the buildings on
Pearse Street sourced from Dublin City Council (DCC) using geographical information system
(GIS) data.

The initial reference model was constructed based on the current Pearse Street layout. After this
model was calibrated, the subsequent passive control models containing LBWs were developed.
The reference model was calibrated using the combined data collected for traffic volumes, NO
concentrations in the street canyon and local wind parameters. The conditions were replicated
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in the passive control models and results were compared to the reference model. The models
were solved using the Large Eddy Simulation (LES) turbulence model for different traffic flows,
wind conditions and passive control configurations. The LES model has been previously used to
successfully simulate air flow and pollutant dispersion in a real street canyon environment (Liu et
al., 2011, Gallagher et al, 2011, 2012, 2013b).

Air pollutant concentrations were measured on the footpaths in the CFD models and the
improvements or deteriorations in air quality were calculated between the reference and passive
control models. The concentration values of air pollutants obtained based on the reference and
passive control model were compared to yield the percentage difference between each model.
The airflow in the modelling study was simulated from the flow of air over the top of the buildings
and at either end of the street section by the velocity inlets. Velocity inlet properties were attached
to different faces of the model depending on the direction of the prevailing wind. The relationship
between the inlet velocity parameters and the measured wind speed and direction measured
around Pearse Street was determined as part of the calibration process. The dispersion of NO in
the turbulent air stream from traffic was simulated by releasing concentrations of the gas at street
level. The emissions were represented as a surface source across each of the traffic lanes and
were released after the initial development of vortices in the canyon. Fig. 27 displays the
reference model layout and the boundary surfaces in the model and their associated
characteristics.

West

\

L

Figure 27: Display of (a) closed and (b) open fluent models.

2.3.2 Field measurements and instrumentation

NO, measurement

NOx concentrations were measured for two weeks in December at a selected location (Fig. 28) in
Pearse Street to allow for the calibration of the model. Total NO, and NO were measured using
a Chemiluminescent NO/NO2/NO, Analyser (Model 200EU) and NO, was calculated as the
difference between the two concentrations under ISO 7996: 1985 standards (CEC, 1999). The
NOi analyser was located on the North side of the street on the 3" floor of a building (Fig. 28).
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This was considered a suitable location to monitor the pollutant concentration in the air flow of
the canyon, as the zone was of a less turbulent nature than at street level. Therefore, it was
considered that the data collected would be more stable and could allow the calibration of the
model to be more accurate. Measurements of NO, concentration are generally an overestimation
of pollutant emissions during the summer months (Jensen et al., 2009). Therefore, the
measurement of NOx in winter conditions with low levels of solar radiation and low temperatures
can allow an accurate representative measurement of NO4 sourced from vehicle emissions
(Gualiteri & Tartaglia, 1997; Huang et al., 2008). This removed the complexity of modelling
pollutant reactions in this study.

-“. il ,-~
-

TR gt

s L xd

Figure 28: NOx (Red) and Wind (Blue) monitor locations on Pearse Street.

Wind data

Local wind speed and direction was measured using a Model 05103L wind anemometer and
CR200 series data logger at an elevation of 19.3 m above street level, located on the roof of a
building on Pearse street, as shown previously in Fig. 28. The instrument location (Fig. 29) was
chosen as it was one of the highest points along the street canyon and therefore accurate
measurements of wind speed and direction over the street could be recorded.
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Figure 29: Wind Anemometer (Blue) on Pearse Street Rooftop.

The anemometer was set-up above the urban canopy layer (UCL) i.e. above the mean building
height in the area (Oke, 1988). The data collected at the selected location was therefore
considered to be in the inertial sub-layer (ISL), which suggests a reduced influence on wind data
incurred by roughness from building rooftops (Oke, 2006). This was to improve the accuracy of
the measured wind data parameters over the street canyon which conforms to guidelines in the
report by the World Meteorological Organization (WMO) WMO/TD-No. 1250 (Oke, 2006). Wind
measurements were collected at 5-min intervals for the duration of the pollutant monitoring
period. This data was then averaged to 15-min intervals to correspond with the NOy
measurements and traffic data for calibration purposes.

Traffic counts

Traffic data was acquired from two sources; () manual data collection of traffic volumes on
Pearse Street for individual lane traffic counts and (i) DCC’s intelligent transport system which is
known as Sydney Coordinated Adaptive Traffic System (SCATS) which continuously monitors
traffic flows in Dublin (NRA, 2010). The use of these combined methods of traffic data collection
was to ensure the accurate measurement of fleet composition and distribution by the automated
system SCATS. This ensured an accurate estimation of the average ER for each lane based on
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identifying the different fractions of vehicle categories, similar to a previous investigation by
Huang et al. (2008).

Peak Traffic Times Off-Peak Traffic Times

Survey . . . :
Information Morning Evening Morning Evening
08:00 — 09:00 17:00 — 18:00 11:00 — 12:00 19:00 — 20:00
Date 6t December 6t December 5t December 6t December
Traffic 1898 2467 1516 1862
Weather Overcast Recent Shower | Sunny, No Clouds Recent Shower
W. Direction East South-West East South-West
W. Speed 25 km h' 24 km h! 26 km h' 24 km h!
Temperature 4°C 6 °C 2°C 4°C
Date 7t December 7t December 6t December 12t December
Traffic 1942 2728 1695 1661
Weather Sun Fair Sun & Cloud Raining
W. Direction West West South-West South-West
W. Speed 33 km h! 33 km h! 24 km h! 20 km h!
Temperature 3°C 5°C 4°C 9°C
Date 8™ December 13" December 7t December 13t December
Traffic 2012 2636 1720 2115
Weather Light Rain Fair Sun Fair
W. Direction South-West South-West West South-West
W. Speed 41 km h! 39 km h' 33 km h' 39 km h'
Temperature 9°C 2°C 5°C 9°C
Date 8t December
Traffic 1895
Weather Recent Rain
W. Direction South-West
W. Speed 41 km h!
Temperature 8°C

Table 12: Traffic survey data for Pearse Street, Dublin.

The vehicles were categorised as (i) light vehicles including motorcycles, (i) medium and large
vehicles, (iii) buses and (iv) cyclists. The manual traffic data was collected at random peak and
off-peak times during the pollutant monitoring period to record data in different weather
conditions. A summary of the data collected from the manual traffic counts and the
corresponding weather data obtained from Met Eireann (www.met.ie) is displayed in Table 11.

A total of fourteen individual traffic counts took place during the monitoring period. The traffic
data was collected by carrying out simultaneous manual counts for each of the four traffic lanes,
distinguishing the fleet composition and the fractions of the total traffic that are in each of the
lanes. Table 11 summarises the data collected from the traffic count for each count and additional
information which was collected from the Met Eireann for local weather forecasts for the Dublin
region. A significant variance for each of the weather parameters can be observed from Table 11
throughout the monitoring period. This underlines the complexity of the data collected with
respect to the development of a calibrated model for Pearse Street.

A detailed analysis of the data collected for each of the parameters was carried out individually
prior to the calibration of the Pearse Street model. This was to assess the validity of each of the
data sets and to investigate unusual events, which were not considered to fit within the standard
cyclic patterns of hourly, daily or weekly routine. The correlation of traffic emissions to measured
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pollutant concentrations was initially considered to be relatively straightforward prior to the
analysis carried out in this section. However, as Fig. 30 displays, the correlation between these
two parameters in parallel and perpendicular wind conditions can be more complex than
expected. Therefore, during the calibration process, a number of different parameters that vary
over time will need to be considered.
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Figure 30: Plot of NOx concentration against Traffic Data on Pearse Street.

A diurnal plot of the NO concentration is represented in Fig. 31, which shows the average daily,
weekday and weekend concentrations during the monitoring period.
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Figure 31: Plot of daily NO concentrations.

An analysis of the figure identifies the common trend for the daily NO concentrations in Pearse
Street. A gradual reduction of NO is observed from midnight (00:00 am) to the early hours of the
morning (5:00 - 6:00 am). This is followed by a sharp increase during the morning period (6:00 -
10:00 am), with a gradual levelling out of NO concentrations in the later morning through to mid-
afternoon (10:00 am — 3:00 pm). A steady increase can be viewed (3:00 - 5:00 pm) until peak
evening traffic (5:00 — 7:00 pm) followed by an ultimate steady reduction in the NO concentration
towards midnight (7:00 pm — 12:00 am).

Pearse Street contains of four lanes of one-directional traffic. Typical road users use the same
route (a two-directional street) in the morning and evening to travel to and from a place of work,
residence or other activity. If the NO concentrations are considered to be associated with Pearse
Street traffic volumes, then the majority of road vehicles use Pearse Street solely during the
evening.

The additional plots in Fig. 31 for NO shows the clear difference between the average weekday
and weekend concentrations. This is considered to be due to an increase in traffic volumes during
weekdays compared to weekend or Sunday traffic, which was also noted in investigations by
Ghenu et al. (2008), Broderick et al. (2006) and Wehner et al. (2002). The NO data collected during
the monitoring period and which correspond to the times of the manual traffic counts are
summarised in Table 12.

(vg m3)  Peak Traffic Times Off-Peak Traffic Times
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Morning Evening Morning Evening
08:00 - 09:00 17:00 — 18:00 11:00 -12:00 19:00 — 20:00
Total Min. 1.3 6.7 6.0 3.8
Avg. 14.9 30.3 16.5 22.2
Max. 38.92 111.42 37.02 76.22
Week 1 Min. 1.3 8.7 6.4 6.1
Avg. 16.5 22.0 13.9 15.4
Max. 38.9 37.0 24.2 35.5
Week 2 Min. 1.8 6.8 6.5 3.8
Avg. 14.0 38.2 17.3 26.0
Max. 18.3 111.4° 37.0 76.2°

a Denotes concentrations which lie outside the 95t percentile (average +two standard deviations)
of the respective data sets.

b Evening concentrations during week 2 which are significantly higher from equivalent week 1
concentrations.

Table 13: Summary of NO monitoring data on Pearse Street.

Comparison of the relatively small data set collected manually by carrying out traffic counts of
Pearse Street with the SCATS data over the entire monitoring period were performed and shown

in Table 13.
Manual Data SCATS Data*
L1a L2 L3 L4 L1a L2 L3 L4
Min. 29 177 141 0 1 127 151 8
Avg. 75 215 199 56 38 200 204 66
Max. 102 270 247 143 442 248 248 175
* The Shaw Street traffic was equally divided evenly over the four lanes to simplify this
comparison.
a Bus Lane.

Table 14: Comparison of manual and SCATS traffic data for Pearse Street.

The table indicates that the difference in average traffic count for the three lanes L2-L4 are
considerably less, though there is a difference in average traffic count for the bus lane L1.
Furthermore, the slope of the regression relationship developed between traffic counts based on
manual data and SCATS data for Lanes L2-L4 were found to be 1.04, which is very close to unity.
This would suggest that that there is very little difference between traffic numbers measured by
both the manual and SCATS systems for three of the four lanes.

Despite the strong correlation between the data sets for three of the four lanes of traffic, there
was some concern for the use of SCATS data to predict a relationship between NOx
concentrations and traffic emissions. During the model calibration process, the manual traffic
information was used as much as possible as it provided more accurate information for both the
traffic lane distribution and the vehicle composition. In scenarios where the SCATS data was
used (to ensure the data sets were large enough to identify trends), the traffic data for Lane 1
was estimated only when manual data had been collected i.e. the four 1-hr periods during
weekday. This was considered essential for the accurate allocation of specific emissions rates
along each of the traffic lanes in Pearse Street.
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Evaluation of the composition of the traffic fleet carried out in Pearse Street is presented in Table
14 and Fig. 32. An examination of the results in the table shows that in the behaviour of the traffic
during peak and off-peak times of the day, some common trends are evident with regards to
changes in the vehicle composition on Pearse Street.

The highest fraction of light vehicles occurred during off-peak periods in the day. Large vehicles
were primarily using Pearse Street during the morning (both at off-peak and peak times) as there
were approximately 3-4 times the number of these vehicles on the road in the evening period.
The fraction of buses remained relatively constant (average of 2.0%) as a fraction of the total
traffic, but a small increase was observed in the morning period, at the peak morning traffic time
(2.4%) in particular. The percentage of cyclists varied throughout the day (from 2.6% to 7.9%)
with the most significant fraction of cyclist numbers (7.9%) accounted for during the evening

peak traffic time.

. Peak Traffic Times Off-Peak Traffic Times
Vehicle : . : .
Category Average Morning Evening Morning Evening
9 9 08:00 - 09:00 17:00 - 18:00 11:00 - 12:00 19:00 - 20:00

Light 91.3% 90.3% 89.8% 93.3% 91.8%
Med/Large 1.2% 1.7% 0.6% 1.9% 0.5%
Bus 2.0% 2.4% 1.7% 2.1% 1.9%
Cyclist 5.5% 5.6% 7.9% 2.6% 5.9%

Table 15: Percentages of fleet composition during peak and off-peak times.

It can be clearly observed that the vast majority of vehicles (> 91%) in Pearse Street fall into the
category of light vehicles and motorcycles. Cyclists (5.5%) are considered the second highest
category of vehicles in Pearse Street during all peak and off-peak times. Buses (2.0%) are the
third largest vehicle group and the remaining medium and large vehicles (1.2%) making up the
smallest fraction of the total traffic on Pearse Street.
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Figure 32: Variations in the fleet composition during peak and off-peak times.

As each vehicle category is responsible for different emission rates, the number of vehicles in each
category was multiplied by a coefficient for the respective vehicle type. A number of sources were
reviewed for NO« EFs as differences in these EFs were observed between the literature sources.
The emission factors for this study were taken as 0.3 g NOx km™ for light vehicles and 8.0 g NOx
km™ for buses (NAEI, 2009). As the fraction of medium and large vehicles accounted for only 1.2%
of the fleet composition, a similar emissions factor of 8.0 g NO, km™ was used for this vehicle
category. A plot of the total NO, emissions for each vehicle category is shown in Fig. 33 (a).
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Figure 33: Plots of (@) NOand (b) NO emissions associated with fleet composition.

As this analysis focuses on modelling the dispersion of NO, additional literature was reviewed to
determine the ratio of NO to total NO,. Studies identified the concentration of NO. and NO, and
therefore NO was calculated as the difference between NO, and NO, (Carslaw, 2005; Carslaw &
Beevers, 2005; Department for Environment Food and Rural Affairs, 2007). To summarise the
findings by Carslaw (2005), NO, concentrations have reduced in the past number of years, yet
the NO: concentrations have remained constant. Therefore the NO.:NOx ratio has recently seen
an increase (Carslaw, 2005). This means that a small adjustment was required to the total NOy
emission factors for estimating NO. The percentage of NO, to NOx for light vehicles is
approximately 4% and a more significant 20% on average for buses and medium/large vehicles
(Kelly et al., 2011). Therefore, an ER of 0.3 g NO km™ for light vehicles and 6.4 g NO km™ for
buses or medium/large vehicles was projected after calculating the NO fraction of total NO.. Fig.
33 (b) illustrates these NO emissions.

The plots of the percentage emissions in Pearse Street which is created by the different vehicle
categories in Fig. 33 is very different compared to the previous plot of the fleet composition in
Fig. 32. This highlights the importance of the accurate assessment of the fleet composition as
the assumption of an average emission factor for each vehicle would generate a significant error
in the calibration process. As cyclists have no associated ER, this category is not depicted in Fig.
33. The fraction of light vehicles equated to an average of 53% and 57% of the total NOx and NO
traffic emissions, respectively. However, a distinct difference of approximately 13% was
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observed between the average emissions for both NO, and NO during the morning (46% and
59%) and evening (50% and 63%) periods. This was due to increases of traffic volumes in Pearse
Street in the evening period, of which it is primarily light class vehicles. In a similar manner to Fig.
32, a clear difference in NO, and NO emissions sourced from medium and large vehicles was
observed between the morning (24% and 22%) and evening (9% and 8%) periods due to the
majority of the vehicles delivering goods in the morning. A similar pattern was visible from the
emissions sourced from buses with only a small difference of approximately 2% observed for
NOx (28 — 32%) and NO (26 — 30%) during the day.

Based on the analysis of the traffic data, the calculation of NO emissions from vehicles has a
significant amount of variability based on the vehicle type, size, average speed and fuel type.
Zhang et al. (2011) stated that measured concentration in a street canyon can be dependent on
driving behaviour, vehicle dispersion and traffic flow and that these factors can lead to almost
double the pollutant concentration in relatively similar dispersion conditions. The calibration of
this model requires significant analysis to ensure the input parameters meet real time conditions.

The estimated ER for the vehicle categories in g NO km™ allows for the calculation of a set ratio
between a car and bus or medium/large vehicle emissions. This ratio is useful to reverse calculate
the ER of the vehicle emissions in the Pearse Street model from the monitored NO concentration
in ug m=,
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Figure 34: Frequency plot of average wind speed and direction in Pearse Street.

An initial analysis of the data from the wind anemometer on Pearse Street was carried out to
identify patterns or trends with respect to wind direction and speed. A plot of the Pearse Street
wind parameters observed in Fig. 34 for the monitoring period in December reveals that there is
a common range for local wind speed and direction. The predominant wind parameters
measured in Pearse Street shown a range in wind speed of 2 to 3 m s™' and wind direction range
of between 290° and 310°.

Based on a detailed understanding and validation of the data sets collected for NOx
concentrations, traffic information and wind parameters, the data could then be considered for
the calibration process of the Pearse Street model.
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2.3.3 Numerical setup and simulations

Canyon geometry
Mesh discretization

A detailed mesh discretization analysis was carried out in FLUENT to determine suitable mesh
parameters for the Pearse Street model in accordance with modelling guidelines by COST (2005).
The street canyon model was designated with a series of grid mesh schemes (shown in Table
15) combining different surface meshes at canyon floor and/or building surfaces with a
proportionate volume mesh. To put the mesh dimensions in context of the size of the canyon
model, the street floor was an average of 22 m wide, 380 m long with an average building height
of approximately 10 m. This excludes a significant extended height above the buildings and the
width over the rooftops.

Mesh Mesh Scheme Dimensions’ Cells? Comparison®
Floor Buildings  Volume 150It 3001t

Fine 0.4 - 1.6 1.33 1.25 1.24
Medium 0.5 = 1.5 0.97 1.60 1.58
Coarse 0.5 - 2.0 0.74 1.87 1.95

! All mesh dimensions in metres
2 Cell count in millions
® 1e-04 of pollutant concentrations measured on footpath

Table 16: Details of refined mesh grid schemes and NO dispersion results.
Optimization of mesh scheme

Three meshing schemes were constructed (in line with methodology guidelines) and reviewed to
determine the most suitable mesh to optimize accuracy and running time, the results of which
are shown in Table 15 and Fig. 35. The table shows details of the three mesh schemes, the
number of cells in each model (which is inversely proportional to the model running time) and the
average concentration measured on the footpath at times of 150 and 300 seconds. Fig. 35
illustrates the plots of the pollutant concentrations for each of the mesh schemes.

Based on these results the coarse grid mesh was selected for the canyon model. Differences
were observed in the results between the mesh schemes from Table 15, however the turbulent
behaviour displayed in Fig. 35 existed in all model and suggests that the difference in pollutant
concentration was not significant. The mesh schemes meet guideline requirements as the
footpath areas were of specific interest and therefore the chosen mesh layout is deemed
adequate for this study. The model was meshed with triangular mesh elements of 0.5 m on both
footpaths and the road surface with the overall volume meshed with a 2.0 m tetrahedral mesh.
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Figure 35: Pollution concentration (kmol m:) at monitoring location for different mesh schemes.

Optimisation of steady state simulation

Prior to the release of the pollutant concentration, the model was initially run for 60 seconds to
allow the development of the vortices in the canyon in a similar manner to Baker et al. (2004).
This allowed a steady state for air flow to be achieved in the Pearse Street model. The NO
concentrations were then released from the individual traffic lanes at ground level (i.e. Z = 0) in
the Pearse Street model. The pollutants were emitted as a species mass fraction with different
ER for each traffic lane based on the associated traffic composition of the respective lanes. The
same ER was used in the reference and passive control models. This allowed for a clear
comparison of the effectiveness of the passive control layouts in a real street canyon in different
traffic and meteorological conditions.

Optimisation of atmospheric extension above canyon

Presence of a complex building geometry in the Pearse Street along with elements such as a
railway bridge increases the complexity of the model and turbulence at roof level. Hence, the
model was extended above the rooftop of the buildings by a height of 4 Hr (Hr equals to the
height of the tallest building in the canyon) to allow for air flow entering or exiting the canyon
above the buildings.

Wind speed and direction

A number of model scenarios were run for different wind speeds and directions. The objective of
this phase of the calibration process for the Pearse Street model was to identify the correlation
between the input wind parameters and the output at the wind anemometer location in the model.

Model calibration for wind direction

The calibration of wind direction and speed was carried out separately, to a degree, and this was
to distinguish between the elements that can influence these parameters individually as well as
in unison in an urban canyon environment. Prior to modelling emissions transport and dispersion,
a series of models were run for different wind directions (primarily in 45° segments) at the average
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wind speed measured from the wind anemometer of 2.5 m s™'. The results of this investigation
are plotted in Fig. 36.
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Figure 36: Plot of velocity inlet vs. measured velocity for 360°.

Fig. 36 illustrates the relationship between the inlet velocity (I) and the measured output velocity
(O) at the wind anemometer location in each model. An I/O ratio equal to unity indicates an inlet
velocity equalling the measured outlet velocity. The plot displays the varying relationship between
input and output with respect to the different wind directions. This allows for a back calculation
of the input parameters to correspond to a required measured output value, and thus an accurate
calibration of the wind direction in the Pearse Street model. The deviations in the I/O ratio were
due to the surrounding geometry of the buildings in the canyon, which influenced the wind
direction in some cases.

A comparison of the input wind direction to the output wind direction was assessed. An average
variability of +7.5° was found at a wind 1.0 m s™, with average differences of +4.1° and +3.9° for
higher wind speeds of 2.5 m s™ and 5.0 m s™, respectively. The findings suggest an increase in
the confidence level of wind direction with an increase in wind speed.

The values of the individual X and Y components of the input velocity and the measured wind
anemometer velocity were also compared. This found that differences existed between the
percentage differences for the individual X and Y components of the wind velocity. Therefore, the
wind direction calibration process requires a case by case assessment to ensure the wind
direction in the model is accurate.

A series of canyon simulations were run to establish a confidence level in the calibration process
of wind conditions. The results identified a high level of accuracy in wind direction based on input
values for wind component values, with a maximum error of +5° deemed acceptable for the
calibration process.
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Model calibration for wind speed

In addition to the calibration of wind direction, two additional sets of models were run for different
wind speeds to correspond to the lower (1.0 m s™) and higher (5.0 m s™') range of measured wind
speeds in Pearse Street. The models were run for different wind directions in a similar manner to
the previous section. The plot layout for each of the wind speeds resembles the previous figure,
but shows a mix of similar and contrasting results for different wind directions (Fig. 37).

Velocity 1/0 Ratio
o) o

" Y

Unstable Zone due to SW to SE winds

1.0m/s —2.5m/s —5.0m/s

o 35 90 135 180 225 270 315 360

Degrees (%)

Figure 37: Velocity inlet vs. measured velocity at different wind speeds.

There is a notable variance in the 1/O ratio for different wind speeds between 135° and 300°. This
is considered to be due to the building extension to the south of the wind anemometer, causing
a level of recirculation and turbulence of air. The zone highlighted in Fig. 38 is located to the
South of the wind anemometer and therefore wind is clearly influenced by the building behind
the anemometer and thus affects the I/O relationship identified in Fig. 37. As the I/O ratio is less
than 1.0, the input velocities will be higher than the measured output velocities to calibrate the
model. This is due to losses in wind velocity caused by the asymmetry and shapes of the
buildings. Therefore, an increased inlet velocity was included for calibrating the Pearse Street
model for most scenarios. This analysis allows for the accurate input of |, to ensure O is correlated
to the wind velocity required in the Pearse Street model. After analysing the individual X and Y
components of the measured wind velocity against the input velocity, the results suggest a very
turbulent zone specifically between 135° and 315°. Table 16 identified differences of up to 41%
(for both 180° and 270°) were calculated for the X and Y components in this turbulent zone. This
enforces the need for a case by case calibration of any street canyon model.
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Figure 38: Turbulence zone between 135° and 315°.

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

Model Output (m s-)

1.0
0.77
0.88
1.12
0.54
0.69
0.97
1.07
0.71

2.5
1.92
2.28
2.81
2.03
1.73
2.12
2.65
1.82

5.0
3.75
4.45
5.71
4.35
2.95
2.79
5.23
3.65

% Differences
1.0 25 5.0
77% 77% 75%
88% 91% 89%
112% 113% 114%
54% 81% 87%
69% 69% 59%
97% 85% 56%
107% 106% 105%
71% 73% 73%

Table 17: Input & output wind speed components for different wind directions.

From this assessment, the correlation of I/0 in the coefficient plot (Fig. 37) identified differences
between the input values of wind speed and direction and the measured values by the wind
anemometer. This allowed an accurate estimation of the input velocity component values to
ensure an accurate calibration of the model for real time conditions. The turbulent zone from Fig.
38 is also highlighted in data in Table 16 from the Pearse Street model, whereby wind speed and
direction is influenced in one particular zone (180° to 270°). Once the model was calibrated for
these conditions, the NO emissions were simulated to calibrate the pollutant concentration to the

monitoring point (displayed previously in Fig. 28) in Pearse Street.

A series of simulations were run taking into account the findings from Table 16, using the data
for the percentage difference for wind speed to input the adjusted value to ensure the output
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value was similar to the measured wind speeds from the monitoring period. Fig. 39 displays a
plot of confidence (R? of 0.96) for output wind speed from some of the models versus
measurements of wind speed by wind anemometer in parallel wind conditions. Similar
confidence levels were estimated for both the X and Y components with calculated coefficients
of determination (R? of 0.96 and 0.94, respectively.
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Figure 39: Confidence in model output vs. real-time wind speed measurements.

NO emission

A breakdown of the different traffic fleet compositions was required for the NO calibration
process to estimate the emissions entered into the Pearse Street model. Due to the regular
variances in wind direction, the calibration of the model focused on wind data corresponding to
the parallel wind direction to the direction of the street. As the data varied significantly for each
15-min duration, a +10° variance to the given wind direction was considered acceptable as it
behaved in a similar manner as defined by Hoydysh and Dabberdt (1988). To ensure the most
accurate NO data set was selected, the 5-min wind direction averages were also reviewed and
compared to the 15-min values. The NO concentrations were only included if the variation in the
5-min averages were within a +20° deviation from each selected wind direction. This reduced the
size of each data set, but it ensured that the NO concentrations for a given wind direction were
accurate and could be correlated to the other parameters influencing pollutant dispersion in the
street canyon.

For the perpendicular wind direction, a different approach was required as no perpendicular wind
data met the set criteria. For perpendicular wind, a selection of 5-min average values was chosen
to calibrate the Pearse Street model. Traffic data was then adjusted for the 5-min averages for
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each of the lanes and the average measured pollutant concentration over the 15-min period for
which the 5-min wind direction fell within was used.

NO emissions vs. lane distribution

As Fig. 30 showed no direct correlation between the traffic data and measured pollutant
concentrations, the distribution of traffic across the four lanes was considered. The data sets
shown in Table 17 and Table 18 contain a mix of peak and off-peak traffic times, high and low
wind speeds and different traffic compositions for the perpendicular and parallel wind directions,
respectively.

Wind Traffic
No. Date Time  Direction Speed L1 L2 L3 L4  Total
) (ms7)

1 4" December 8:15am = 200.72 1.83 9 38 48 5 100
2 19" December 8:30 am 204.72 1.50 43 160 173 86 462
3 | 6" December 11:35am  204.91 1.86 13 50 66 3 132
4 11" December 11:55am  199.45 0.54 42 108 159 12 321
5 |13t December 5:55 pm 200.77 1.97 22 87 76 55 240
6 14t December 7:15pm 186.07 0.41 97 244 256 61 658
7 14 December 7:20 pm = 205.94 0.54 90 205 254 60 609

Table 18: NO concentrations and traffic data for perpendicular wind conditions at 5 minutes intervals.

Where manual traffic data was not available, the automated SCATS traffic counts were used. As
significant errors were evident for Lane 1, estimations were made for the lane based on trends.
These were based on the trends identified during the analysis of the manual traffic data for peak
and off-peak traffic and the relationship between the manual and automated traffic counts for the
other three lanes.
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Wind Traffic
No. Date Time Direction Speed L1 L2 L3 L4 Total
) (ms™)
7t December 8:15 am 280.13 2.43 30 192 160 52 434
5t December 8:15 am 295.28 2.98 38 149 179 75 442
5t December 8:45 am 290.40 3.04 45 160 222 98 524
5t December  11:15am 291.25 2.59 54 182 147 O 383
9th December  11:15am 286.77 2.64 39 190 204 17 450
13 December 11:15 am 289.63 2.83 38 179 202 20 437
7t December  11:30 am 288.91 4.60 50 189 169 10 418
15t December  11:45 am 292.75 3.22 38 186 193 30 447
7t December  11:45 am 284.05 4.52 44 202 158 7 411
5t December  12:00 pm 284.01 3.19 53 177 152 6 388
5t December 5:15 pm 285.62 2.71 56 229 223 138 646
6t December 5:45 pm 282.94 1.92 49 216 246 129 640
8t December 5:45 pm 283.58 4.22 43 142 141 172 497
15t December 7:15 pm 296.19 0.88 46 216 217 59 537
6t December 7:30 pm 291.88 2.09 67 194 182 13 456
15t December  7:45 pm 287.50 0.78 46 223 228 42 539
17 8" December 8:00 pm 284.56 3.63 43 226 210 24 504

Table 19: NO Concentrations and traffic data for parallel wind conditions at 15 minutes intervals.

PO DN OO ©ONO U N WN =

Traffic distribution, fleet composition and vehicular dispersion are simplified in the FLUENT
models and therefore a semi-empirical equation was developed from literature to take into
account these factors in addition to the results from the model (Gallagher et al., 2013b). Equation
25 shows the derived equation which accounts for factors which are not included in the CFD
model. The equation derives that the monitored NO concentration is a function of vehicle speed,
fleet composition, lane distribution, emission rates and vehicular turbulence.

E E
NOy = (ZhoiE5.Ve. Dy + 2232422 Vp.D,). T (25)
A A

where

NOw: NO measured by monitor in Pearse Street (10° g m™)

Ec: ER rate for cars (based on average vehicle speed in different traffic conditions) (10° g m™)
Eo: ER rate for other vehicles (10° g m™)

Sa: Surface area of each traffic lane (m?)

Vc: Number of cars in the respective lane

Vo: Number of other large vehicles (Buses & HGVs) in the lane

D.: Coefficient for distribution of emissions between individual lane and monitor

Te: Coefficient of vehicular turbulence in the canyon

The ERs for cars (Ec) and other vehicles (Eo) were found to be equal to 0.3 and 6.4 g NO m™,
respectively (Fig. 33). As NO monitoring data (NOw in g m™®) was collected as volumetric data, the
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calculated ERs (Ec and Eo in g m™") were divided by a factor representing the road surface area
(Sa in m?) for each lane as defined in equation 26. This was to balance the units within the

equation.
— Ec .. Eo
Ep = 5 or{? (26)

Fleet distribution

The equation was initially developed based on the diffusion equation defined by Johnson et al.
(1973), which calculated the pollutant concentration at the receptor location as a function of
distance from the pollutant source. The NO concentration transported from the emissions source
to receptor for different vehicle types, namely cars (V) and other (V,), was based on the traffic
counts and fleet composition from each individual lane.
E E

NOy = Z§=1 VC-S_C + Z§=1 VO-S_O (27)

A A
This equation takes fleet composition into consideration, and the introduction of the E::E, ER
ratio for cars to large vehicles which was calculated as 1:22 was then introduced into equation
27. This updated version of the equation is shown in equation 28.
NOy =¥t Ve 4 2238, V. & (28)

A A
Traffic lane emissions

The previous section dealt with simplifying the effect of wind direction in the calibration process,
however, a number of elements are still not included in this equation and needed to be
addressed, namely the effect of wind speeds and vehicular dispersion. The simulation of traffic
emissions from each individual lane determined the distribution of emissions (D.) from the source
to receptor which varied in parallel and perpendicular wind conditions and was dependent on
wind speed. To ensure optimum accuracy in the calibration process, the equations shown in Fig.
40 and Fig. 41 (based on 1.0 g m™®emitted from lane) were used to calculate the dispersion
coefficient for each respective lane of interest based on the respective wind speed and direction.
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Figure 40: Estimation of vehicle emissions transported from traffic lane to monitor in parallel (286°) wind
conditions.

In parallel wind conditions, the increase in wind speed had only a small influence on the fraction
of emissions transported from each lane to the monitoring location. The curvilinear profile of NO
concentrations against wind speed, displayed in Fig. 40, suggests that an increase in wind speed
clearly reduces the concentration measured at the monitoring location. In addition, the most
notable differences in NO concentrations occurred with an increase in wind speed at the lower
end of the wind speed profile.
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Figure 41: Estimation of vehicle emissions transported from traffic lane to monitor in perpendicular (196°)
wind conditions.

In perpendicular wind conditions, the results of the simulations suggest that the emissions were
transported by the primary eddy away from the monitoring location and then recirculated in the
eddy towards the monitor in higher wind conditions. In low wind conditions, the highest
concentration measured at the monitoring point were sourced from Lane 4, which was the lane
nearest the monitor. This was due to the weakness of the eddy in low wind speeds, thus the
emissions were transported directly from the traffic lane to the monitor. The results suggest that
the bus lane (which is location the largest distance away from the monitor) constitutes the
greatest fraction of NO at the monitoring location in higher wind speeds, assuming vehicular
turbulence is not included in the simulations. Fig. 40 and Fig. 41 allow for the introduction of
emissions distribution into equation 29 for the respective lanes to accurately calculate the ER or
measured NO concentration. The concentrations were calculated with respect to the measured
wind speed. A simplified version of the equation is shown in equation 30.

E E
NOy = Xies VoD iS4 2284, Vo. Dy 29)
E
NOy = 5. (Ztoy Ve Dy + 223421 Vo 1) (30)

As the emissions rate (Ec) and surface area (Sa) are the same in both vehicle categories due to
the inclusion of the correction factor of 22, these factors can be taken out of the overall equation.
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The equation term for estimating the emission transport from the source to receptor ([x*+2z%"2
based on Pythagoras’ theorem to calculate hypotenuse length) by Johnson et al. (1973) was
omitted here and replaced by the term representing the distance between the source and
receptor for each lane with the D, coefficient.

Vehicular turbulence

The introduction of vehicular turbulence (Tc) was the most challenging element of the model
calibration process. A turbulence coefficient was required in the equation to compensate for the
omission of vehicular turbulence in the model simulations due to the simplification of the surface
emissions source, commonly used to significantly reduce the computational running time of each
model (Baker et al., 2004; Murena et al., 2009; Gallagher et al., 2011, 2012). As the turbulence
and emission rates are affected by the speed and nature of flow of traffic, some statistical analysis
was required to determine a series of different turbulence coefficients for different traffic flows
(Jicha et al., 2000; Solazzo et al., 2008, 2009). The turbulence coefficient included factors such
the rate of turbulence, average vehicle speed and wind speed. The vehicular turbulence formula
is displayed in equation 31.

T. = S, (VS/WS)2 (31)

where

Sk: Vehicle shape factor based on vehicle counts and fleet composition in street
Vs: Average vehicle speed (m s™') based on Table 19
Ws: Average wind speed at corresponding time of day (m s™)

A statistical analysis of the data sets in Table 17 and Table 18 was carried out to estimate a set
of turbulence coefficients related to vehicular turbulence. This took into account the measured
wind speed (Ws) and estimated average traffic speeds (Vs) at different times of the day and which
were considered to be proportional to the traffic count in the street canyon. Table 19 lists the
estimated average vehicle speeds in each lane for each of the traffic count periods. The traffic
speed and traffic volume are both linked to the rate of congestion in the canyon, therefore each
parameter was interconnected in the analysis process so that a change of one value alters the
result of the entire equation.

Average Speed (m s)

Time Lane 1 Lane 2 Lane 3 Lane 4 Average
8:00 — 9:00 am 5.56 417 417 6.94 5.2
11:00 — 12:00 pm 6.94 417 5.56 6.94 5.9
5:00 — 6:00 pm 5.56 2.78 2.78 6.94 4.5
7:00 — 8:00 pm 6.94 417 5.56 6.94 5.9

Note: Average Speed limits adjusted to correspond to different traffic counts

Table 20: Average vehicle speed in each lane in different traffic conditions.

The level of congestion in the street is directly linked to the average vehicle speed as the increase
in vehicle numbers leads to increased congestion at peak traffic times, which can reduce the
effect of vehicular turbulence and increase emission rates from vehicles. The calibration of
pollutant concentration is highly influenced by all these factors and the subsequent paragraphs
deal with the calibration of the model to take vehicular turbulence into account in the equation.
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Turbulence shape factor

As the NO emission for different vehicle types are different, a vehicle shape factor (Sg) related to
turbulence traffic rate was calculated and used instead of the actual traffic count. This rate was
calculated using equation 32.

_ (VeetVio)
Sp =————
(Vec+ toVo)

where

(32)

Vi: Total number of cars in street
Vio: Total number of other large vehicles in street
to: Turbulence coefficient for larger vehicle (in this case 5)

The fraction of large vehicles varies during the day and therefore influences pollutant dispersion
in the model. The distribution of the average percentage of large vehicles in each lane is plotted
in Fig. 42. It displays the differences in fleet composition in the four traffic lanes at different times
of the day.

Two scenarios were compared using the final calibration equation, to determine the effect of the
turbulence shape factor in the final equation. As manual traffic data was required to include this
factor, it was considered important to understand the scale of influence of the shape factor. The
findings determined that the exclusion of the shape factor did not significantly influence the
results and therefore the automated traffic data could be used as it provided a larger data set for
calibration purposes.

The relationship between the average vehicle speed (Vs) and average wind speed (Ws) in equation
31 accounts for the effect of vehicle speed upon wind speed as values constantly change for
both parameters. Equation 33 displays the simplified version of equation 25.
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Figure 42: Percentage of large vehicles of total traffic at peak and off-peak traffic times.
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E
NO,, = S—Z it VoD + 2234, Vy. D). T (33)

Emissions adjustment coefficient

The fit between the monitoring data and the output from equation 33 required a further coefficient
to further improve the accuracy of the equation. The ratio between the NO monitoring data and
the calculated NO concentration was plotted against wind speed for the parallel and
perpendicular data sets. These plots are displayed in Fig. 43 and Fig. 44.
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Figure 44: Correlation of measured wind speed and ratio of measured and calculated NO concentrations in
perpendicular wind conditions.

The data in both figures represent the most stable wind conditions and therefore a high level of
confidence (R? of 0.87 and 0.95) can be taken for the fit equations to be used to accurately
estimate the pollutant concentration at the monitoring location. Therefore, the equations for the
trendlines (Cg) are included in equation 34 to provide an accurate equation to estimate pollutant
concentrations at the monitoring location. In addition, a I/O coefficient is included so that the
calculated concentration equals the measured concentration for each data point.

E
NOy, = S—Z QtoiVe.Dp+ 22%1-1Vy.D).Te. Cr. Co (34)

where

Cr: Adjustment coefficient based on measured to calculated concentration ratio against wind
speed

Cio: I/0 coefficient to ensure calculated concentration (y) equals measured concentration (x)
The I/O coefficients vary for different wind directions and values of 1.37 and 1.13 were calculated
for parallel and perpendicular wind directions, respectively.

NO measurement vs. model output

Measurements of NO were compared to the calibrated model for each wind direction and the
findings are shown in Fig. 45.
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Figure 45: Correlation of measured NO concentrations vs. model output.

An R? of 0.76 demonstrated a good fit for the calibrated model to the measured NO
concentrations in Pearse Street. Based on the findings of the calibrated Pearse Street models for
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three different wind directions, the assessment of introducing passive controls in the models was
subsequently carried out.

2.3.4 Investigated PCS scenarios

The analysis assessed the LBW passive control in parallel (~286°) and perpendicular (~196°) wind
direction to traffic flow in the canyon. The predominant wind speed of 2.5 m s which was
measured at the monitoring location was also used in the modelling process to investigate
passive control model. Fig. 46 displays the locations of the monitoring point in the Pearse Street
plan view of the street canyon. The LBW considered in the study exhibit a number of openings
at junctions, bus stops and emergency exits.
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Figure 46: Plan view of Pearse Street model with footpath monitoring locations
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3 Results

The aim of this section is to present outcomes of modelled scenarios of with and without PCS in
each iSCAPE city. Several simulations of PCS will provide the changes in air quality depending
on meteorological conditions as well as characteristics of investigated PCS (height, thickness
and density of Gl, dimensions of LBW, configurations of trees and LBW in street canyon and
open-roads).

3.1 Bologna

In this section, the results regarding Marconi street are shown, to evidence the differences
between the winter and summer diurnal cycles. After that, the same approach is also used to
present the results for Laura Bassi street. Then, differences between the two street canyons are
outlined. Finally, the results of the simulations conducted for two ideal scenarios are shown: a
case with Marconi St. with trees and a case with Laura Bassi St. without trees.

3.1.1 Marconi street - summer

|1 Vet it Mdgroteade (m/s)
> saer.

\‘ 4/
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Figure 47: Marconi summer, afternoon. Case 22/08/2017 UTC 10:00 (top), UTC 12:00 (middle) and UTC 14:00
(bottom). Streamlines (left) and CO concentration (right).
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Fig. 47 shows the streamlines and CO concentrations obtained for the afternoon hours, from
UTC 12:00 to UTC 14:00. In particular, the wind directions for the two cases UTC 12:00 and UTC
14:00 are similar, as shown by Table 1 (93° and 91° respectively), but the wind velocity is higher
in the second case. This difference gives similar streamlines along the street parallel to the flow
(Riva Reno street) but different streamlines in the street perpendicular to the flow (Marcon street).
In the first case (UTC 12:00), vortices are visible at the sides of the intersection, while in the
second case, no vortices are present near the intersection. This results in different CO plume
shapes, as shown by Fig. 47 (right), with CO peaks that occur for the first case (UTC 12:00) and
not in the second one (UTC 14:00).

Figure 48: Marconi summer, evening. Case 22/08/2017 UTC 16:00 (top), 18:00 (middle) and 20:00 (bottom).
Streamlines (left) and CO concentration (right).

Fig. 48 shows the streamlines and CO concentrations obtained for the evening hours, from UTC
16:00 to UTC 20:00. The wind direction is rotating from East to South (from 107° to 151°) and the
wind velocity is reducing (from 6.3 m s to 4.2 m s™), as shown by Table 1. In the first case (UTC
16:00) the wind velocity is high, but the flow is almost parallel to Riva Reno street. Then, the flow
separation at the upstream corner of Riva Reno street leads to the formation of recirculating
vortices at the entrance of the sides of the intersection, in Marconi street. As a result, the CO
plume is located at one side of the intersection, as shown by Fig. 48 (right, top).
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Figure 49: Marconi summer, night. Cases 22/08/2017 UTC 22:00 (top), 23/08/2018 UTC 0:00 (middle) and 2:00
(bottom). Streamlines (left) and CO concentration (right).

Fig. 49 shows the streamlines and CO concentrations obtained for the night hours, from UTC
22:00 (22/08/2017) to UTC 2:00 of the 23/08/2017. The wind direction is rotating from South to
West (from 190° to 257°) and the wind velocity is increasing (from 2.9 ms™ to 4.8 m s™"), as shown
by Table 1. In the first case (UTC 22:00) the wind velocity is parallel to Marconi street. Then, the
flow separation at the upstream corner of Marconi street leads to the formation of recirculating
vortices at the entrance of the sides of the intersection. This results in higher CO concentration
levels at the two sides of the intersection, as shown by Fig. 49 (right, top).

Fig. 50 shows the streamlines and CO concentrations obtained for the morning hours, from UTC
4:00 to UTC 8:00 of the 23/08/2017. The wind direction is coming from South-West (with angles
239° and 221° respectively) in the first two cases, while in the third case wind is form West (with
angle 92°). In the second case (UTC 6) the wind is almost parallel to Marconi street. Then, increase
of CO concentration upstream the intersection is obtained. This case corresponds to a rush hour
traffic. The recirculation vortices upstream the intersection causes higher CO concentration levels
at the East side of the intersection, as shown by Fig. 51.
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Figure 50: Marconi summer, morning. Cases 23/08/2017 UTC 4:00 (top), 6:00 (middle) and 8:00 (bottom). Streamlines
(left) and CO concentration (right).

As a closure of the summer diurnal cycle, Fig. 52 shows the streamlines and CO concentrations
obtained at noon (local time), i.e. the case 23/08/2017 UTC 10:00. The wind direction in this case
(with an angle of 76°) is closer to that observed in the cases 23/08/2017 UTC 12:00 and UTC
14:00 rather than to that of the same time on the day before (22/08/2017 UTC 10:00). The wind
velocity in this case is lower than on the day before. In this case, vortices and CO peaks are
visible at the South sides of the intersections, while in the second case, no vortices are present
near the intersection, in all the intersections along Marconi street.

Figure 51: Marconi summer, morning. Case 23/08/2017 UTC 6:00. Streamlines (left) and CO concentration (right).
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Figure 52: Marconi summer, 23/08/2017 UTC 10:00. Streamlines (left) and CO concentration (right).

3.1.2Marconi Street — winter

L5840

f

Figure 53: Marconi winter, afternoon. Cases 08/02/2018 UTC 10:00 (top) UTC 12:00 (middle) and UTC 14:00
(bottom). Streamlines (left) and CO concentration (right).

Fig. 53 shows the streamlines and CO concentrations obtained for the afternoon hours, from
UTC 10:00 to UTC 14:00 of the 08/02/2018. The wind direction is North-East (with angles in the
range 75° — 86°), and the wind velocity is in the range (1.5 m s —2.1 ms™). The streamlines show
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similar behaviour of the flow field: a channelling flow from East to West in via Riva Reno street,
with two recirculation vortices at the entrance of the two sides of Marconi street. It is interesting
to notice that the two recirculation vortices have the same length of one building block, i.e. the
recirculation is broken by the air inlet from tributary side streets. CO concentration peaks are
observed in correspondence of these recirculation zones for Marconi street.

Figure 54: Marconi winter, evening. Cases 08/02/2018 UTC 16:00 (top) UTC 18:00 (middle) and UTC 20:00 (bottom).
Streamlines (left) and CO concentration (right).

Fig. 54 shows the streamlines and CO concentrations obtained for the evening hours, from UTC
16:00 to UTC 20:00 of the 08/02/2018. The wind direction is East (with angles in the range 88° —
101°), and the wind velocity is in the range (1.6 m s — 3.2 m s™). The streamlines show similar
behaviour of the flow field: a channelling flow from East to West in via Riva Reno street, with two
recirculation vortices at the entrance of the two sides of Marconi street. The shape of recirculation
vortices depends on the intersection geometry in combination with wind direction and wind
velocity. For instance, Fig. 55 shows the velocity vectors obtained for case 2 (08/02/2018, UTC
18:00) and 3 (08/02/2018, UTC 20:00). In case 2, when the wind direction is perpendicular to Riva
Reno street, only two vortices appear at the two sides of Marconi street. In case 3, when the
wind direction is slightly inclined with Riva Reno street, two counter-rotating vortices appear at
the South side of Marconi street.
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Figure 55: Marconi winter, evening. Velocity vectors obtained for cases 08/02/2018 UTC 18:00 (left) and UTC 20:00
(right).

Figure 56: Marconi winter, night. Cases 08/02/2018 UTC 22:00 (top), 09/02/2018 UTC 0:00 (middle) and 09/02/2018
UTC 2:00 (bottom). Streamlines (left) and CO concentration (right).

Fig. 54 shows the streamlines and CO concentrations obtained for the evening hours, from UTC
22:00 of the 08/02/2018 to UTC 2:00 of the 09/02/2018. The wind direction is East (with angles
in the range 99° — 103°), and the wind velocity is in the range (2.6 m s — 7.3 m s™). In the first two
cases, the combination of a high velocity channelling along Riva Reno street with the presence
of a curve in Riva Reno street after the intersection create flow separation in the South side of
Riva Reno street, after the intersection.
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Figure 57: Marconi winter, morning. Cases 09/02/2018 UTC 4:00 (top), UTC 6:00 (middle) and UTC 8:00 (bottom).
Streamlines (left) and CO concentration (right).

Fig. 57 shows the streamlines and CO concentrations obtained for the morning hours, from UTC
4:00 to UTC 8:00 of the 09/02/2018. The wind direction is from East (with angles in the range
103° - 107°), and the wind velocity is in the range (1.5 m s - 2.3 m s™). These three cases
represent peak traffic events, as during the morning the transit of buses through Marconi street
is especially intense. In the first two cases, the combination of a high velocity channelling along
Riva Reno street, together with the presence of a curve in Riva Reno street after the intersection
creates flow separation in the South side of Riva Reno street, after the intersection. Fig. 58 shows
velocity vectors (left) and CO concentration profiles (right) obtained near the intersection for case
2 (09/02/2018 UTC 6:00). The recirculation vortices at the two sides of the intersection
correspond to CO concentration peaks. Near those peaks, high pollutant concentration gradients
are observed.
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Figure 59: Marconi winter, noon. Case 09/02/2018 UTC 10:00. Streamlines (left) and CO concentration (right).

As a closure of the winter diurnal cycle, Fig. 59 shows the streamlines and CO concentrations
obtained at noon (local time), i.e. the case 09/02/2018 UTC 10:00. The wind direction in this case
(with an angle of 94°) is from East, with the lowest wind velocity measured during the experimental
campaign. The same flow structures as those observed for the other cases are present, but with
higher CO concentration values.

3.1.3 Marconi Street - results

In this section Marconi Street canyon modelling investigation has been outlined to determine the
effect of geometry on pollutant distribution. In particular, the CO distribution near the traffic
intersection (Tl) between Marconi Street and Riva Reno Street has been investigated.
Quantification of the increases in pollutant concentrations at the sides of the Tl have been
provided in Table 20. The table displays the results for the area of influence of the Tl in terms of
the presence and dimensions of the recirculation vortices at the sides of the Tl and the
percentage difference in pollutant concentrations between Tl and pathways along Marconi Street
in different wind conditions.
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Wind . Recirculation Vo_rtex Vortex Vo.r tex
direction Traffic vortices width length height COWCOn
Vuw/W /W Vi/W

Parallel Peak Both sides 1 >5 2 2.3
Off-peak East side 0.5 0.5 1.3 1.1
450 Peak Both sides 1 >5 1.9 1.8
Off-peak Both sides 0.5 0.5 1.2 1.5
Perpendicular Peak Both sides 1 >5 1.8 2.6
Off-peak North side 0.5 0.5 0.8 1.4

Table 21: Area of influence at the TI.

The table refers to Marconi street, so that parallel means that the wind direction is parallel to
Marconi street axis, 45° means that the angle between Marconi street and wind direction is 45°
and perpendicular means that the wind direction is perpendicular to Marconi street axis. As the
angle between Marconi street axis with the North-South direction is 25°, the first condition means
that the angle between wind direction and the North-South direction is about 25° or 205° in the
first case, 70° or 250° in the second and 115° or 295° in the third case. Table 20 displays the
presence of recirculation vortices at both sides of the Tl for all the wind directions during peak
traffic conditions. The pollutant concentrations on the Tl sides are always higher than those
corresponding to pathways. During off-traffic conditions the presence of vortices is not
symmetric, as the Tl is not exactly symmetric. In the case of off-peak conditions, the vortices
have the dimension of a cone, with basis diameter generally equal to 1/2W, where W is the street
width, and a height higher than W. During peak traffic conditions, the width of the recirculation
zone is about the street width W, while the length is equal to the length of an entire building block,
that in this case is greater than 5W. The increases in pollutant concentrations within the
recirculation vortices are between 10% to 40% in off-peak conditions, while in traffic peak
conditions the CO concentration within the vortices can be more than twice that obtained on the
pathways. These results confirm that pollutant concentrations vary significantly at various
locations around Tls, in agreement with Goel and Kumar (2014), with maximum values within the
recirculation vortices at street corners. The dimensions of these vortices depend on the aspect
ratio of the street, in combination to the wind direction.
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3.1.4 Laura Bassi street - summer
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Figure 60: Laura Bassi street, summer afternoon. Case 22/08/2018 UTC 10:00 (top), UTC 12:00 (middle) and UTC
14:00 (bottom). Streamlines (left) and CO concentration (right).

Fig. 60 shows the streamlines and CO concentrations obtained for the afternoon hours, from
UTC 10:00 to UTC 14:00. In particular, the wind directions for the two cases UTC 12:00 and UTC
14:00 are similar, as shown by Table 1 (93° and 91° respectively), but the wind velocity is higher
in the second case. The figure shows that, for these two cases, air flow channelling through the
main street perpendicular to Laura Bassi street (Mezzofanti street) is obtained. However, near the
intersection between Laura Bassi street and Mezzofanti street, no recirculation zones as those
obtained at the intersection between Marconi street and Riva Reno street are observed. The
presence of trees and the different arrangement of buildings at the sides of Laura Bassi street
prevent the formation of vortices at a street scale. However, in some zones downstream Laura
Bassi street recirculation flows are visible, involving around 3-4 building blocks. As a
consequence, no peaks of high CO concentration are obtained, but a spreading of pollutant
within these zones characterized by lower and more uniform pollutant concentration distribution.
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Figure 61: Laura Bassi street, summer evening. Case 22/08/2018 UTC 16:00 (top), UTC 18:00 (middle) and UTC
20:00 (bottom). Streamlines (left) and CO concentration (right).

Fig. 61 shows the streamlines and CO concentrations obtained for the evening hours, from UTC
16:00 to UTC 20:00. In particular, the wind directions for the two cases UTC 18:00 and UTC
20:00 are similar, as shown by Table 1 (138° and 151° respectively). In these cases, all the streets
in the arrays of buildings are inclined with respect to the wind direction. Then, the channelling
through Mezzofanti street is interrupted and many recirculation vortices are obtained around
groups of 3-4 buildings. Also in these cases, no peaks of high CO concentration are obtained,
but a spreading of pollutant within these zones characterized by lower and more uniform pollutant
concentration distribution.
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Figure 62: Laura Bassi street, summer night. Case 22/08/2018 UTC 23:00 (top), 23/08/2018 UTC 1:00 (middle) and
UTC 3:00 (bottom). Streamlines (left) and CO concentration (right).

Fig. 62 shows the streamlines and CO concentrations obtained for the night hours, from UTC
23:00 (22/08/2018) to UTC 3:00 (23/08/2018). In the first two cases the wind direction is from
South-West, but no strong channelling is observed along Laura Bassi street. In these cases, al
the streets in the arrays of buildings are inclined with respect to the wind direction. The inhibition
of channelling is caused by the presence of trees. Furthermore, the mixing is also inhibited in this
region, resulting in a higher pollutant concentration distribution along the street.




O
D6.2 Microscale CFD Evaluation of PCS Impacts on Air quality
o | ISCAPE

Waiy -~ W TP2W dve
'H“..p’ ¥R

;-':u

B L :s'hf."d.’
Ly

o037

.e 3957
23686

Figure 63: Laura Bassi street, summer morning. Case 23/08/2018 UTC 5:00 (top), UTC 7:00 (middle) and UTC 9:00
(bottom). Streamlines (left) and CO concentration (right).

Fig. 63 shows the streamlines and CO concentrations obtained for the summer morning hours, from
23/08/2018 UTC 5:00 to UTC 9:00. The wind direction for these cases forms angles 45° with both
Laura Bassi street and Mezzofanti street. The situation is similar to that observed during the afternoon
cases (UTC 16:00 and UTC 18:00). The channelling through the two main street is interrupted and
many recirculation vortices are obtained around groups of 3-4 buildings. As a consequence, even in
these cases no peaks of high CO concentration are obtained, but a spreading of pollutant within
these zones characterized by lower and more uniform pollutant concentration distribution.

Figure 64: Laura Bassi street, summer noon. Case 23/08/2018 UTC 11:00. Streamlines (left) and CO concentration (right).

The same occurs for the case 23/08/2018 UTC 11:00, shown by Fig. 64. The channelling through
the two main street is interrupted and many recirculation vortices are obtained around groups of
3-4 buildings. As a consequence, also results of this simulation does not present high peaks in
CO concentration, but a spreading of pollutant within these zones characterized by lower and
more uniform pollutant concentration distribution.
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3.1.5 Laura Bassi street — winter
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15:00 (bottom). Streamlines (left) and CO concentration (right).

Fig. 65 shows the streamlines and CO concentrations obtained for the winter afternoon hours,
from UTC 11:00 to UTC 15:00. In particular, the wind directions for the two cases UTC 11:00 and
UTC 13:00 are similar, as shown by Table 4 (75° and 79° respectively), with a higher wind velocity
in the second case. The wind direction is inclined with respect to the streets in the array of
buildings. Then, the channelling through the two main streets (Laura Bassi street and Mezzofanti
street) is interrupted and many recirculation vortices are evidenced. In this case, unlike what
observed in the summer cases, the pollutant spreads only downstream Laura Bassi street. During
summer, large zones with pollutant spread even upstream Laura Bassi street have been observed
(see for instance Fig. 64). The main difference between these summer and winter cases are the
tree foliage, as the trees in that area are deciduous trees.
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Figure 66: Laura Bassi street, winter afternoon. Case 08/02/2018 UTC 11:00. Wind velocity vectors (left) and CO
concentration (right).

Fig. 66 shows velocity vectors and CO concentration obtained near the intersection between
Laura Bassi street and Mezzofanti street for the case 08/02/2018 UTC 11:00. The figure shows
that during winter, street scale vortices are present near the intersection where also trees are
present but without foliage. As such, during winter, CO distribution is less uniform then in summer
and CO concentration peaks may occur near the intersections.
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Figure 67: Laura Bassi street, winter evening. Case 08/02/2018 UTC 17:00 (top), UTC 19:00 (middle) and UTC 21:00
(bottom). Streamlines (left) and CO concentration (right).

Fig. 67 shows the streamlines and CO concentrations obtained for the winter evening hours, from
UTC 17:00 to UTC 21:00. In particular, the wind directions for the two cases UTC 19:00 and UTC
21:00 are similar, as shown by Table 4 (101° and 96° respectively), with a higher wind velocity in
the second case. The angle between Mezzofanti street and wind direction is about 20°. Then, the
channelling through Mezzofanti street and the parallel streets is interrupted and many
recirculation vortices are evidenced. In this case, pollutant diffusion is obtained.
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Figure 68: Laura Bassi street, winter evening. Case 08/02/2018 UTC 19:00. Velocity vectors (left) and CO
concentration (right).

Fig. 68 shows velocity vectors and CO iso-surface obtained near the intersection between Laura
Bassi street and Mezzofanti street for the case 08/02/2018 UTC 19:00. The figure shows that the
vector map obtained for this case is very similar to that obtained for the case shown by Fig. 65 (relative
to case 08/02/2018 UTC 11:00). The wind direction for the case shown by Fig. 65 is 75° while for this
case is 101°. This means that for this building arrangement a 25° difference in the angle between
wind direction and the streets does not affect the local flow structures around intersections.
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Figure 69: Laura Bassi street, winter night. Case 08/02/2018 UTC 23:00 (top), 09/02/2018 UTC 1:00 (middle) and
UTC 3:00 (bottom). Streamlines (left) and CO concentration (right).

Fig. 69 shows the streamlines and CO iso-surfaces obtained for the winter night hours, from UTC
23:00 (08/02/2018) to UTC 3:00 (09/02/2018). The wind directions for the three cases are 100, 99
and 103 respectively, as shown by Table 4, with the highest wind velocity in the first two cases.
The angle between Mezzofanti street and wind direction is about 20°. The pollutant distribution
is very similar to that obtained for the case 08/02/2018 UTC 19:00, with lower concentrations as
these cases refer to night.
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Figure 70: Laura Bassi street, winter morning. Case 09/02/2018 UTC 5:00 (top), UTC 7:00 (middle) and UTC 9:00

(bottom). Streamlines (left) and CO concentration (right).

Fig. 70 shows the streamlines and CO iso-surfaces obtained for the winter morning hours, from
UTC 5:00 (09/02/2018) to UTC 9:00. The wind directions for the three cases are 107°, 103° and
104° respectively, as shown by Table 4, with the wind velocity in the range between 1.5 and 2.3
m s™'. The pollutant distribution is very similar to the evening and night cases (shown by Figs. 67
and 69), with higher CO values as these cases refer to peak traffic time.
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Figure 71: Laura Bassi street, winter noon. Case 09/02/2018 UTC 11:00. Streamlines (left) and CO concentration
(right).
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The same occurs for the case 09/02/2018 UTC 11:00, shown by Fig. 71. As provided in Table 4
the wind direction for this case is 94°, with the wind velocity equal to 0.75 m s™'. The pollutant
distribution is very similar to that obtained in the previous cases.

3.1.6 Laura Bassi street - results

In this section Laura Bassi street canyon modelling investigation has been outlined to determine
the effect of trees on pollutant distribution. In particular, the normalised flow rate by the reference
flow rate far upstream the buildings array (according with Buccolieri et al., 2010) has been
investigated. Quantification of the differences in normalised flow rates at the top of Laura Bassi
street is provided in Table 21. The table displays the results for the normalised flow rates in
function of the presence of trees under different wind conditions.

Wind direction Q* with trees Q* without trees
Parallel 0.21 0.55
45° 0.24 0.43
Perpendicular 0.26 0.39

Table 22: Normalised flow rates.

The table refers to Laura Bassi street, i.e. parallel means that the wind direction is parallel to
Laura Bassi street axis, 45° means that the angle between Laura Bassi street and wind direction
is 45° and perpendicular means that the wind direction is perpendicular to Laura Bassi street
axis. As the angle between Laura Bassi street axis with the North-South direction is 35°, the first
condition means that the wind direction angle with the North-South direction is about 35° or 215°
in the first case, 80° or 260° in the second and 125° or 305° in the third case. Table 21 displays
the flow rates evaluated at Laura Bassi street top normalised with the reference flow rate far
upstream, for all the wind directions. The flow rate is always reduced by the presence of trees.
For parallel wind direction, the flow rate is reduced by 60% because of the presence of trees,
while for wind direction forming an angle of 45° and perpendicular with the street axis the
reductions are about 50% and 33%, respectively. Therefore the presence of trees reduces the
ventilation at the street level. Nevertheless, the presence of trees reduces the presence of
recirculation vortices near the intersections, and as such the pollutant distribution is more uniform
and the hotspots are mitigated. This effect is investigated with more details through the two
scenarios analysed in the following subsections.

Analysis of different scenarios

The case of 22/08/2018 UTC 12:00 has been chosen as a reference, as during summer the effect
of trees is more relevant. In this section, two scenarios have been analysed: the case of Marconi
street with a line of trees similar to the ones analysed in Laura Bassi street, and the case of Laura
Bassi street without trees.

First scenario: Marconi street with trees
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middle of Marconi street. Streamlines (left) and CO iso-surfaces (right).

Fig. 72 shows the streamlines and CO iso-surfaces obtained for the summer case at noon,
22/08/2017 UTC 12:00. The wind direction for this case is 93°, as shown by Table 4, with the
wind velocity equal to 4.4 m s™. By comparing Fig. 72 with Fig. 47, it can be observed that the
flow field obtained for this scenario is very different to that obtained for the real Marconi street.
The presence of trees inhibits the formation of recirculation vortices at the street intersection
between Marconi street and Riva Reno street. As a consequence, the pollutant distribution
obtained for the scenario with trees is also very different, as no CO concentration peaks are
visible on the lateral sides of the TI. These differences are shown in Fig. 73.

The figure shows velocity vectors and CO iso-surfaces obtained near the intersection between
Marconi street and Riva Reno street for the case 22/08/2017 UTC 12:00, for the real case without
trees (top) and for the scenario with trees (bottom). The vector map obtained for the case with
trees shows a main flow on Riva Reno street with secondary flows from the two sides of Marconi
street, dragged by the main flow without the creation of vortices. This flow enhances the pollutant
transfer between the streets at the intersection, driven by the mixing at the TI. As a result, the
local pollutant concentration obtained in Marconi street is lower in the case of the presence of
trees with respect to the real case.
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Figure 73: Marconi street, summer. Case scenario 22/08/2018 UTC 12:00. Velocity vectors obtained near the
intersection (left) and CO iso-surfaces (right). Top: real case described in Figure 47. Bottom: case scenario obtained
by placing a line of trees in the middle of Marconi street.

Second scenario: Laura Bassi street without trees
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Figure 74: Laura Bassi street, summer. Case scenario 22/08/2017 UTC 12:00 obtained by removing the trees in Laura
Bassi street. Streamlines (left) and CO iso-surfaces (right).

Fig. 74 shows the streamlines and CO iso-surfaces obtained for the summer case at noon,
22/08/2017 UTC 12:00. The wind direction for this case is 93°, as shown by Table 4, with the
wind velocity equal to 4.4 m s™. By comparing the streamlines in Fig. 74 with the ones in Fig. 60,
it can be observed a reduction in the recirculation flow for the case without trees. The presence
of trees reduces the velocity at street level, enhancing a sort of under-trees recirculation flow. As
a consequence, the pollutant distribution obtained for the scenario with trees is very different to
that obtained without trees, as the mixing with the top layers is enhanced and the pollutant CO
levels at street level are lower. These differences are shown in Fig. 75.
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Figure 75: Laura Bassi street, summer. Case scenario 22/08/2018 UTC 12:00. Velocity vectors obtained near the
intersection (left) and CO iso-surfaces (right). Top: real case described in Fig. 60. Bottom: case scenario obtained by
removing trees in Laura Bassi street.

The figure shows velocity vectors and CO iso-surfaces obtained near the intersection between
Laura Bassi street and Mezzofanti street for the case 22/08/2017 UTC 12:00, for the real case
with trees (top) and for the scenario without trees (bottom). The vector map obtained for the case
with trees shows a low velocity vectors near the crown trees, resulting in a higher pollutant
diffusion through Mezzofanti street. On the contrary, in the case without trees, recirculation
vortices at the sides of the intersection promote mixing which results in lower average
concentrations. In summary, the average pollutant concentration obtained in Laura Bassi street
is lower in the scenario without trees with respect to the real case, but in the scenario local
pollutant concentration peaks (hotspots) are present near the intersections.

The effect of green roofs
Lazzaretto site with green roofs and green facades

In order to investigate the effects of green roofs on pollutant concentration within real street
canyons, a third scenario has been analysed, by considering the case of Lazzaretto site entirely
covered by green roofs. Two green facades have been added to the building walls within the
street canyon A (as shown in Fig. 4). To model the green roofs, a sink of pollutant has been added
to the mass conservation equation, according with equation 12 that takes into account of a
deposition velocity as the one considered for the previous cases. Moreover, a sink of energy has
been added, according with equation 15. The case considered is the 17/08/2018 UTC 14:00. The
results have been compared with the ones referring to the site as it is, on the same day, i.e.
without the green roofs. The results are shown as follows:

s'.
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Figure 76: Lazzaretto site, summer. Case scenario 17/08/2018 UTC 14:00. Streamlines (left) and NO iso-surfaces
(right). Top: real case described in D3.6. Bottom: case scenario obtained with green roofs and green facades. NO
concentration are expressed in kmol/m:, (1 kmol/m= 30- 10 ug/m).

Fig. 76 shows the streamlines and NO iso-surfaces obtained for the summer case 17/08/2018
UTC 14:00. The wind direction for this case is 8° and the wind velocity is 2.8 m s™. By comparing
the streamlines in Fig. 76 (left, top) with the ones in Fig. 76 (left, bottom), one can see that less
stagnation flow is obtained within the street canyons for the case with green roofs. The presence
of Gls then reduces the velocity at street level and modifies the pollutant distribution close to the
walls. These differences are shown in Fig. 77.
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Figure 77: Lazzaretto site, summer. Case scenario 17/08/2018 UTC 14:00. NO concentrations (right). Top: real case
described in D3.6. Bottom: case scenario obtained with green roofs and green facades.

The results show that the main effect of green roofs is to modify the local pollutant because of
the modification of the flow field, while the effect of pollutant deposition is negligible. However,
this effect could be important by considering the deposition of particles instead of a gaseous
pollutant.

3.2 Guildford

The simulation study primarily aimed to understand the flow modification created by the presence
of Gl and compare with the experimental results obtained, in order to develop recommendations
on Gl design in D7.2 ‘Generalised recommendation on PCS’, Parallel wind flow condition was
one of the predominant wind directions at the selected monitoring site. In this wind flow condition,
wind speed varied from 3.5 to 7.6 m s', which was simulated in the model. Fig. 78 shows input
velocity and the developed log wind profile in along the street as contour plots. The velocity
above the street matched to the measured wind profile. Detailed wind direction and flow
calibration of the model is still under progress. Experimental study conducted at this monitoring
location revealed maximum reduction in pollutant concentration in parallel (to the road and
hedge) wind condition followed by perpendicular wind flow (Abhijith and Kumar, 2019). We
looked into the flow features created in this wind direction to understand the role of Gl in reducing
pollutant concentration behind the hedge.
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Figure 78: Contours showing velocity profiles at inlet and at a plain passing through the street. Enlarged section
shows resulting wind profile and the wind velocity at 10 m height.
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Figure 79: Velocity vectors showing longitudinal wind flow conditions at 0.5, 1, 1.5 and 2 meters height along the
road.

The velocity vector profiles at different heights around the breathing level were plotted to
understand the flow change near hedges. The direction of the flow as well as the velocity
magnitude at that level was also provided. Four longitudinal sections with different heights such
as 0.5, 1, 1.5, and 2 m were selected for analysing velocity vector profiles as shown in Fig. 79. In
the figure, blue boxes show the building on the right side of the figure, the other side of the street
has long hedge row along the road and in the middle there is a hedge with trees. In parallel flow,
the velocity vectors displayed higher velocity magnitude along the centre of the road and a
gradual decrease in the velocity magnitude towards the hedge. This trend in magnitude of the
velocity was observed in the all investigated heights. As expected, the lowest height (1 m) showed
least velocity magnitude compared to all studied sections at higher elevations. The Gls on the
both sides, directed and aligned the wind flow towards the centre of the street, made a channel
along the length of the street. This flow pattern was observed in all different studied heights.
Compared to street canyon environment, there are less hindrances to the wind flow in open road
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conditions and wind flow can be altered considerably by the manmade structures as well as
natural objects. All vector profiles display very negligible wind flow across both hedge and
combination of hedge and trees. The experimental work reported 52, 30, 31, 17 and 15%
reduction in black carbon, particle number concentrations, PMi, PM.s and PMy,, respectively, on
parallel wind conditions (Abhijith and Kumar, 2019). The reduction was higher compared to the
perpendicular wind condition. The well-defined flow separation and less flow penetration across
the hedge row may be the reason for improved air quality behind Gl in parallel wind condition
observed in field studies. Completion of simulation analysis is expected to provide more insights
in this pollution reduction mechanism.

0.000e+00
[m s*-1]

r

l/

Figure 80: Velocity contour at different sections in the starting (section 1_1), towards center (section 2_2), and end of
the street (section 2_2).

Similar to the velocity vectors at different plans, we analysed the velocity contours at different
cross-sections locations as shown in the Fig. 80. The velocity contours displayed flow
stratification around the buildings and the hedges. There is a distinct low velocity region around
vegetation which suppressed the wind flow across the hedge as observed in the vector plots. A
well-defined channel was observed along the street which enabled higher wind velocity at the
center of the road compared to nearby areas of the hedge rows. Contour plots complement the
velocity vector plots. Both velocity vectors and contours provided possible explanations for
higher pollutant reduction observed in the experimental study.
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Furthermore, velocity flow conditions such as perpendicular wind direction and different wind
speeds are investigated in addition to proposed scenario analysis to better understanding of
pollutant dispersion around Gl in open road conditions. Lastly, influence of vegetation height,
thickness and density are yet to be analysed and these are expected to be included in the D7.2
as generalized recommendations to be implemented by policymakers and interested citizens.

3.3 Dublin

This section outlines the Pearse Street modelling investigation to determine the effect of
implementing a LBW passive control structure. Quantification of the reductions or increases in
pollutant concentrations on the footpaths after the introduction of the passive control (LBW) in
the Pearse Street model were provided in Table 22. The table displays the results for the
percentage difference in pollutant concentrations in the LBW passive control model for Pearse
Street in different wind conditions.

Predominant Footpath Monitor Location
Wind Traffic North- South- North- South-
Direction West West East East
Parallel Peak (19-20%) 5-6% (5-6%) (0-2%)
Off-Peak (21-22%) 7-8% (8-9%) (0-1%)
Perpendicular Peak 2-3% (14-21%) 16-17% 3-5%
Off-Peak (1-2%) (24-25%) 18-19% (5-6%)
Predominant Peak (3-5%) 6-7% (1-3%) 31-36%
Off-Peak (0-1%) 4-5% 4-5% 28-31%

Note: Negative percentage differences in pollutant concentrations are indicated by values in brackets

Table 23: Percentage difference in pollutant concentration between reference and LBW’s model at peak & off-peak
times for different wind directions.

The results displayed both reductions and increases in pollutant concentrations on the footpaths
in the parallel wind models due to the introduction of the footpath LBWs. The results of the
parallel wind speed model displayed increases of up to 22% and 9% on the North-West and
North-East footpaths, respectively. Only a small difference was measured of up to 4% in peak
and off-peak traffic conditions. On the South side of the street canyon, a reduction of up to 8%
was measured on the South-West section of the footpath and an increase of up to 2% was
calculated on the South-East footpath. The results were similar on these sections of the footpath
(maximum 2% difference) in both peak and off-peak traffic times.

In perpendicular wind conditions, the results showed improvements in air quality of up to 3% and
a deterioration of 2% on the North-West footpath for peak and off-peak traffic conditions,
respectively. Reductions ranging from 16% to 19% were calculated on the North-West footpath
section in peak and off-peak traffic conditions. Increases of up to 21% and 25% were calculated
in peak and off-peak traffic on the South-West footpath. A reduction of up to 5% occurred on
the South-West footpath in peak traffic conditions, with up to a 6% increase occurring in off-
peak traffic conditions. Similar results were observed on both footpaths (average difference of
7%) for both peak and off-peak traffic conditions.

In the predominant wind models, the results showed deteriorations in air quality of up to 5% on
the North-West footpath for peak and off-peak traffic conditions. An increase in pollutant
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concentrations of up to 3% was calculated on the North-West footpath section in peak traffic,
yet a 5% improvement in air quality was measured in off-peak traffic conditions. Reductions of
up to 7% and 36% were calculated in peak and off-peak traffic on the South-West and South-
East footpaths, respectively. Similar results were observed on both sections of the southerly
footpath (differences of 2% and 7%) between both peak and off-peak traffic conditions.

3.3.1 Discussion on LBW model

The LBW model included boundary walls along both sides of the canyon with gaps for road
junctions and bus stops. Therefore, the results were expected to be realistic. Fig. 81 to Fig. 84
shows the dispersion of pollutants in the Pearse Street canyon model for the LBW models in
different wind conditions. Fig. 81 displays the plots of the west section of the LBW model in
parallel wind conditions.
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Figure 81: Plots of pollutant concentrations (kmol m-) as velocity vectors on west side of the canyon for the Ibws
model at a wind speed of 2.5 m s in perpendicular wind conditions.

The 0.5 m LBW displayed improvements and deteriorations in air quality on the west sections of
the North and South footpaths in parallel wind conditions. The results show no significant
difference for the percentage difference in pollutant concentrations between peak and off-peak
traffic distributions. The wind transported pollutants along the street canyon and increases in
pollutant concentrations of between 19% and 22% was calculated on the North-West section of
footpath. In contrast, an improvement in air quality of between 5% and 8% was noted on the
South-West footpath as the LBW provided a baffle to pollutants from the road. The LBWs trapped
air on the footpaths causing a change in the pollutant concentrations. The increase on the North-
West footpath and decrease on the South-West footpath was due to the channelling of the wind
towards the North-West footpath. This direction was caused by the slight change in orientation
of Pearse Street at the midpoint of the street. The patterns of pollutant dispersion at street level
on the East side of the street for the LBWs model are shown in Fig. 82.
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Figure 82: Plots of pollutant concentrations (kmol m-) as contours on east side of the canyon for the lbws
model at a wind speed of 2.5 m s in parallel wind conditions.

The air quality on the footpaths on the east side of the canyon showed small deteriorations in air
quality with the introduction of the footpath LBWSs. An increase of up to 9% and 2% was
calculated on the North-East and South-East footpaths, respectively. The pollutant
concentrations increased on the footpaths as pollutants were transported over the wall as air
travelled along the canyon and were trapped on the footpaths. The difference between air quality
in the peak and off-peak models was due to the shift of traffic between lanes, but did not display
a notable influence on the performance of the LBWSs. The pollutant concentration in the LBWs
model with perpendicular wind conditions is displayed in Fig. 83.
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Figure 83: Plots of pollutant concentrations (kmol m-) as velocity vectors on (a) west and (b) east sides of the
canyon for the Ibws model at a wind speed of 2.5 m s' in perpendicular wind conditions.

On the west side of the canyon (Fig. 83), both increases and reductions were observed on the
footpaths. A small reduction of up to 3% in the pollutant concentrations was measured on the
North-West sections of footpath in peak traffic, with an inverse increase of 2% in off-peak traffic
conditions. The South-West footpath demonstrated increases in pollutant concentrations of up
10 21% and 25% in peak and off-peak traffic, respectively. The LBW does not provide an effective
passive control on the South-West footpath as the North-West LBW trapped pollutants in the
street and the wind brought an increased fraction towards the South-West footpath.

The air quality on the footpaths on the east side of the canyon showed improvements with the
introduction of the footpath LBWs for peak traffic conditions. Reductions of up to 17% and 5%
were calculated on the North-East and South-East footpaths, respectively. The LBWs channelled
the polluted air along the centre of the canyon, improving air quality on the footpaths. A similar
reduction of up to 19% was measured on the North-East footpath in off-peak conditions, yet a
deterioration in air quality on up to 6% was noted on the South-East section of footpath in similar
off-peak traffic. The shift of traffic distribution between lanes, notably the distribution of the 15%
of traffic from Lane 4, allowed for more pollutant to be released closer to the southern side of the
canyon and subsequently transported over the LBW. Fig. 84 displays the patterns of pollutant
dispersion in the canyon for the LBW passive control model.
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Figure 84: Plots of pollutant concentrations (kmol m-) as velocity vectors on (a) west and (b) east sides of the
canyon for the Ibws model at a wind speed of 2.5 m s' in predominant wind conditions.
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The LBW displayed a small increase in the pollutant concentrations of up to 5% on the North-
West footpath and a reduction of up to 7% on the South-West footpath. The off-peak traffic
conditions did not significantly influence air quality on the footpaths as the LBWs provided similar
changes in pollutant concentrations with the alternate distribution of traffic in the street. The wind
direction produced lateral dispersion above the LBWs and thus no significant improvements in
air quality were found for the predominant wind model in the west side of the canyon.

The air quality on the North-East section of the footpath marginally changed from a maximum
3% increase in pollutant concentrations in peak traffic to a 5% reduction in off-peak traffic. On
the South-East footpath, the predominant wind direction and LBW provided an effective passive
control with reductions of up to 36% and 31% in peak and off-peak traffic, respectively. The
LBW trapped clean air on the South-East section of footpath creating a zone of clean air in the
street. Overall, the LBWs did not provide a convincing passive control in most footpath sections,
with the exception of the South-East section.
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4 Conclusions

Detailed microscale CFD evaluation of PCS impacts on air quality has been studied in the
deliverable. The impacts of trees, hedges, green roofs and green fagades photocatalytic
coatings, and low boundary walls were simulated in both open road and street canyon locations
at different meteorological conditions. The effectiveness of these PCS on improving air quality
was evaluated. Further analysis of obtained results as well as few additional scenario simulations
are required to convert these findings into practical recommendations for policymakers as well
as citizens. Finally, D7.2 generalised recommendations on PCSs implementation to improve air
quality is expected to provide comprehensive guidelines incorporating this report. The further
scenarios optimizing the PCS dimensions are required to improve the implementation of these
measures in space constrained built up environment. Additional investigations assessing
seasonal variability of PCS performance in abating is required and these are beyond scope of
our studies.

4.1 Bologna

A very detailed CFD analysis has been applied to some areas of Bologna. For two zones, one
around the street canyon without trees (Marconi street) and one characterized by the presence
of many trees have been considered. For both the regions, two whole day cycles have been
simulated, one in summer (from 22/08/2017 UTC 10:00 to 23/08/2017 UTC 10:00) and one in
winter (from 08/02/2018 UTC 10:00 to 09/02/2018 UTC 10:00). The numerical results have been
compared with experiments, made in the two street canyons during the two day-cycles, showing
a very good agreement for some flow configurations.

The results show highly non-uniform in space pollutant concentrations distributions, especially
near the intersections, within street canyons without trees. On the contrary, the pollutant
distribution is more uniform in the case of street canyons with trees, but pollutant concentration
levels could be higher than expected in some zones, even upstream the street canyon. Different
scenarios have been considered, in order to understand if a certain tree distribution could be
extended to zones traditionally without trees, as Marconi street. The results show that planting
trees within street canyons like Marconi street, characterized by aspect ratio greater than 1 and
traffic intersections, would change the mixing and the local concentration levels within the street,
giving more uniform distribution and lower levels of pollutant concentration peaks. Finally, the
application of green roofs and green facades modifies the flow field at street level and the
pollutant near the building walls.

4.2 Guildford

Flow field analysis revealed the impact of Gl on wind flow as well as the pollutant dispersion in
open road conditions. The wind velocity vectors and the cross-sectional contours displayed the
wind flow modifications developed by the hedge row. The hedges along the street channelled
the wind flow along the road increasing wind speed in the center at the breathing level (1-2
meters) forcing pollutants to move along the road. This barrier effect prevented pollutants to
reach behind the hedge and experimental results reported similar observations. Further analysis
of wind flow conditions and pollutant concentration changes will be carried out to perform
scenario analysis investigating the influence of physical properties of Gls on air quality. The
finding of this ongoing study will be reported in the D7.2 as generalized recommendations on
planting and placing Gls in open-road environments.
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4.3 Dublin

The Pearse Street modelling investigation developed a calibrated CFD model of a real street
canyon in Dublin city centre and effectively assessed the potential of passive control in a real
time environment. The following conclusions summarise the findings of the results and
discussion sections of the Pearse Street model.

Calibration data was collected from several sources to validate each data set prior to the model
calibration process. The calibration of the CFD model was carried out using geometrical data for
Pearse Street, measurement of NO, concentration in the street, traffic counts and meteorological
data. A detailed analysis was carried out for the calibration data to ensure each data set was
independently validated. The CFD model was calibrated in two steps (i) wind speed and direction
and (ii) NO emission dispersion.

A semi-empirical equation was developed to calibrate the CFD model for the second calibration
step. The equation took into account the complexities and variability in traffic and meteorological
conditions, which the CFD model simplified for the purpose of investigating the potential of the
passive controls in the street canyon. The semi-empirical equation was used to calibrate the
model for three different wind directions; the predominant wind direction (~300°), parallel (~286°)
and perpendicular (196°) winds.

The Pearse Street model introduced a footpath LBWs model as a passive control structure. Effect
of the passive control structure were investigated to identify the different percentage reductions
and increases in pollutant concentrations on the footpaths. The study provided evidence that
passive controls influence air flow and pollutant dispersion in a real street canyon and the results
compare well with the generic modelling investigations.
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