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Abstract: Nature-based solutions can represent beneficial tools in the field of urban transformation
for their contribution to important environmental services such as air quality improvement. To evalu-
ate the impact on urban air pollution of a CityTree (CT), an innovative wall-type green infrastructure
in passive (deposition) and active (filtration) modes of operation, a study was conducted in a real
urban setting in Modena (Italy) during 2017 and 2018, combining experimental measurements with
modelling system evaluations. In this work, relying on the computational resources of CRESCO
(Computational Centre for Research on Complex Systems)/ENEAGRID High Performance Comput-
ing infrastructure, we used the air pollution microscale model PMSS (Parallel Micro-SWIFT-Micro
SPRAY) to simulate air quality during the experimental campaigns. The spatial characteristics of
the impact of the CT on local air pollutants concentrations, specifically nitrogen oxides (NOx) and
particulate matter (PM;g), were assessed. In particular, we used prescribed bulk deposition velocities
provided by the experimental campaigns, which tested the CT both in passive (deposition) and in
active (filtration) mode of operation. Our results showed that the PM;y and NOx concentration
reductions reach from more than 0.1% up to about 0.8% within an area of 10 x 20 m? around the
infrastructure, when the green infrastructure operates in passive mode. In filtration mode the CT
exhibited higher performances in the abatement of PM;( concentrations (between 1.5% and 15%),
within approximately the same area. We conclude that CTs may find an application in air quality
hotspots within specific urban settings (i.e., urban street canyons) where a very localized reduction
of pollutants concentration during rush hours might be of interest to limit population exposure. The
optimization of the spatial arrangement of CT modules to increment the “clean air zone” is a factor
to be investigated in the ongoing development of the CT technology.

Keywords: urban air pollution; nature-based solutions; green infrastructure; PMSS Lagrangian
model; NOx; PM;,

1. Introduction

With the proportion of the European population living in urban areas expected to rise
to over 80% by 2050 [1], making European cities sustainable for human health has become
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a key challenge. This challenge includes efforts to improve air quality not only by reducing
emissions, but also by modifying the urban morphology to reduce the exposure of the
population to air pollution [2,3].

Beyond urban measures addressing air pollution mitigations, such as those aimed
at reducing emissions from traffic, residential heating, industry and secondary particle
formations [4], urban green infrastructures have proved to be promising in mitigating air
pollution in urban areas of several cities around the world [5-8]. The work presented in [5]
concerned modelling the annual potential of particulate matter and ozone removal from
urban forests in Florence, amounting to 0.009-0.031 t/ha depending on the pollutant and
the forest type. The results in [6] identified six specific policy interventions, underpinned by
research, allowing green infrastructures to improve air quality with unambiguous benefits.
The works of [7] analyzed a case study area in Melbourne, Australia, finding that trees
provide the highest air pollution removal capability, but green roofs and green walls allow
higher building energy savings. Finally, [8] provided in 2019 a scientific review of the
link between air pollution, green infrastructure and human health, highlighting that the
deployment of green infrastructure is critical to avoid unintended consequences such as
trapping air pollution in street canyons or increasing the presence of bio allergens in the air.
Therefore, it is crucial to develop design guidelines, vital for promoting and optimizing
greening benefits.

Urban green infrastructures are networks of green spaces, water or other natural
features within urban areas offering several important services to the urban population,
such as reducing the risk of flooding [9], cooling high urban temperatures [10,11] and
reducing human exposure to pollutants [8]. In particular, trees and vegetation can abate
air pollution directly by trapping and removing fine particulate matter [12], and they may
indirectly influence the urban climate by decreasing air temperatures [13,14]. The strength
of the effect may depend on meteorological parameters, pollutants concentration, the type
and state of vegetation, and the urban design [2,3,5-8,15]. As the actual impact of the green
infrastructures on air quality is highly context-dependent, it is very important to assess
such effects in realistic urban settings.

With the aim of addressing specific green infrastructure capability in relation to
deposition and filtration processes, the Project CityTree Scaler [16] took place in Modena,
Italy, during the years 2017 and 2018. A green infrastructure, the CityTree (hereafter
indicated as “CT"), consisting of a vertical panel, sized 3 x 0.6 x 4 m3 [L x W x H], with
vertical deposition and filtration mechanisms [17], was placed in viale Verdi-Modena (Italy),
a road segment having the characteristics of a street canyon, close to a heavily polluted
area of the city where traffic represents the main source of pollution. CTs are standalone
units suitable for placement on curbsides and represent the ideal solution in architectural
contexts in which the lack of free-soil space can prove problematic.

The Institute of Atmospheric Sciences and Climate of the Italian National Research
Council (CNR-ISAC) and the Consorzio PROAMBIENTE, in collaboration with the CT
manufacturer, Green City Solutions [17], examined the operational modes of the infrastruc-
ture during three field campaigns taking place in 2017 and 2018 and reported in [16]. In the
cited work, the filtering and depositing capability of the urban green infrastructure were
fully characterized. In particular, during these campaigns the bulk deposition coefficients
(as in [18]) employed in our study were calculated. Hereafter, the field campaigns and
observational datasets will be labelled “CNR”.

As a companion paper of [16], the present study further examines the reduction of air
pollutants, particularly PM;y and NOx concentrations, operated by the green infrastructure.
We looked into the air pollution spatial distribution, by means of a Lagrangian dispersion
and transportation numerical model. We chose this modelling approach as Lagrangian
dispersion models have been successfully deployed to study the air flow within vegetation
and forested environments [19-24], as well as within complex urban environments (see as
an example: [25-28]).
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The modelling tool we chose for this type of assessment is a fit-for-purpose model
capable of reproducing passive deposition processes. We used the modelling system PMSS
(Parallel Micro-SWIFT-SPRAY) [29-34], which has a demonstrated ability to reconstruct
air transport in complex city environments, particularly in street canyons (please refer
to: [35-43]).

The PMSS model operates at very high spatial resolution (meters), and it is able to
simulate the effect of the presence of the infrastructure both on the pollutant concentration
and on the reconstructed air flow within a street canyon. It is also able to consider the CT
structure as an obstacle with measured deposition characteristics [44,45]. In fact, although
our Lagrangian model cannot yet simulate filtration by obstacles directly, it can account
for the porosity of the vegetation covering the vertical surfaces of the CT and the complex
effects between air motion and the CT structure, already effectively included in the bulk
deposition velocity values [18,44,45] used as input. In relation to the derivation of the
deposition coefficients [16], these do represent a sort of “total deposition” as they include
several effects such as particle interception, absorption and throughflow (please refer
to [18]).

In the literature, a recent study [46] examined the impact of a similar CT studied in our
work. This study aimed at investigating with a computational fluid dynamic model (CFD),
the impact of a CT on the yearly pollutant abatement (particulate matter and nitrogen
dioxide) in the city of Amsterdam. This study also considered different numbers of green
structures and their configurations. However, it only involved CFD simulations based
on statistics of pollutant concentrations and wind speed to guarantee realistic results,
considering factory values of deposition efficiencies. The distinctive feature of our work,
besides a different time period, is to rely on measurements available at the CT location,
as well as on the adoption of a Lagrangian approach. The choice between an Eulerian
and a Lagrangian approach depends highly on the objective of the study and on the
characteristics of the problem under investigation [47]. The Lagrangian method, which
describes the motion of the fluid by following individual fluid parcels, is typically used
to predict the overall particle dispersion pattern [47,48] and the temporal variation of the
mean concentration [47,49,50], with detailed particle spatial distributions [47]. On the other
hand, the Eulerian approach is more suitable when the details of the air flux properties are
relevant in a particular location, since it is based on the mass conservation equation and it
can incorporate second and higher order chemical kinetic equations necessary to describe
photochemical smog generation [51].

In this work we examine the abatement of air pollutants due to the green infrastruc-
ture focusing on two timeframes (12-31 May 2017 and 5-17 April 2018) when the CNR
experimental campaigns provided a complete characterization of the deposition velocities
and filtration efficiency of the CT.

Our study has three main objectives to assess: (i) the effective PM;y and NOx concen-
tration reductions due to the CT; (ii) the characteristics of the area where the air pollutants
abatement takes place; (iii) how well our model PMSS is able to reproduce the observed
concentrations. In fact, the last objective (iii) represents a fundamental aspect to evaluate
the model performances and is the basic step for objective (i) and (ii).

In this study, several simulations were performed and this required the implementa-
tion of the calculations on the High Performance Computing (HPC) infrastructure ENEA-
GRID/CRESCO [52], whose clusters are distributed over six sites and have been running
since 2008. CRESCO started with co-funding by the Italian Ministry of Education, Univer-
sity and Research (MIUR), in the framework of the 2001-2006 PON (European Regional
Development Funds Program).

The methodology section describes the green infrastructure CT and the field cam-
paigns performed by the CNR and Consorzio PROAMBIENTE. We explain the PMSS setup
in details, including the urban settings (obstacles and buildings), the prescribed CT location
and meteorological and emission features coherent with the experimental campaigns [16].
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The results section focuses on the abatement of air pollutants produced by the CT and
presented as percentage reductions in PM;g and NOx concentrations, with the description
of their spatial characteristics. In Appendix A, we analyze the ability of the model to
reproduce the measured concentrations. As will be explained in Section 3.1, the comparison
is presented for only one of the pollutants (NOx), exploring the role of the background
NO; concentrations and of the wind conditions.

2. Methodology
2.1. Green Infrastructure—CityTree Structure

The CTisa 3 x 0.6 x 4 m3 (L x W x H) panel with the two largest vertical sides
covered with a combination of hydroponic cultures of mosses and non-vascular plants that
act as depositing surfaces for particulate matter and pollutant gases (see [17] for details).
The mosses were predominantly Amblystagium varium “Plattenmoos” and Lucobryum
Glaucum “Polstermoos” types. The first type was placed in the inner side of the panel since
it benefits from reduced sunlight. The second type, better suited for withstanding direct
sunlight, was placed on the external part of the panel. Irrigation in CTs is provided by a
fully automated system that relies on temperature and relative humidity measurements to
ensure the highest efficiency for moss cultures. The newest types of CT host hydroponic
cultures of mosses only. Being permeable to air and with their mesh-like texture, mosses
can capture atmospheric particulate matter by impaction and deposition when flowed with
ambient air. Air flow can be forced in CTs by the internal venting system. As discussed in
the companion paper, the “filtration mode” results in enhanced removal of PM but not of
NOx with respect to when the venting system is switched off (“passive mode”), most likely
due to an increased probability of impact and deposition of solid particles induced by the
higher flow rate, not involving the gaseous species [16]. Since filtration requires an energy
supply, CTs were operating most of the time in passive mode during the field campaigns
in Modena.

2.2. Experimental Activities

Since 2017, three field campaigns have been performed in order to obtain a complete
characterization of the filtration efficiency and deposition velocities of the CT in a real
environment, consisting of a urban street canyon, and different meteorological conditions.
We considered the western side of the road named viale Verdi (44° 38’ 34.94"”" N and 10° 56’
07.81” E) in Modena (Italy), (see Figure 1).

Figure 1. Simulation domain and location of the CT unit within the urban area of Modena, which includes viale Verdi,

indicated by a green line.

In the companion paper [16], data and results from the experimental activities are fully
described. For the reader’s convenience, here we report a brief description of the experi-
mental activities. The first measurement campaign was performed between 12 May and
27 June 2017, for a total duration of 37 days. This campaign focused on the determination
of the CT deposition velocities for selected air pollutants in spring-summer meteorologi-
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cal conditions. The second measurement campaign was performed from 9 November to
25 November 2017. This campaign aimed at the determination of the CT filtration efficiency
when the ventilation system was active.

The last campaign was performed from 27 March to 17 April 2018. The measurements
in deposition mode were performed from 6 April to the end of the period for a total
duration of 12 days. This campaign focused on studying the removal rates of particulate
and gaseous pollutants in winter-spring conditions both in deposition and filtration modes.

The mobile laboratory was equipped with state-of-the-art instrumentation for air
quality and meteorological observations. Particle concentrations were measured using a
condensation particle counter (CPC, Grimm Aerosol Model 5.403, 1 Hz) for total particle
number concentration (PNC) and an optical particle counter (OPC, Grimm 1.109, 31 chan-
nels) for particle number size distribution and particle mass size distribution. Both CPC
and OPC collected samples with 1 min resolution. The system was able to measure PNC
in the range between 0.009 and 1 pm. The OPC was used to measure the particle number
size distribution in the size range between 0.25 and 32 pm. The OPC provides estimates
of the particulate mass in the PM;g, PM; 5 and PM1 size ranges. Gaseous concentrations
of NO, NO,, and NOx were measured with a temporal resolution of 1 min. NO, NO,,
and NOx were measured using a Teledyne-API (200E analyzer). Black Carbon (BC) was
measured by a Thermo Fisher Scientific Multi-Angle Absorption Photometer (MAAP).
The instrument provides the atmospheric concentration of the equivalent black carbon
(BC) with 1 min time resolution. Furthermore, the mobile laboratory was equipped with a
three-dimensional ultrasonic anemometer (R3, Gill Instruments), installed at about 3 m
above the ground on a telescopic mast, and a slow response thermo-hygrometer Rotronic
MP100A (Campbell Scientific).

Statistically significant passive deposition velocities (first quartile, median, and third
quartile of the distribution were provided) for PM;y and NOx, measured during the
first and the third field campaigns were used in the PMSS model to evaluate potential
reductions of air pollutants concentration in the area nearby the CT. In addition, traffic
observations (consisting of vehicle counting) were used to estimate the traffic emission
input for the simulation.

2.3. Micro-SWIFT-SPRAY (PMSS)

The modelling system Micro-SWIFT-SPRAY (PMSS) is a suite for simulations of pri-
mary pollutant transport and dispersion. PMSS is the parallelized version of the MSS model
suite, which is fully described in [29-34]. The system is composed of two main model units:
PSWIFT, an analytically modified mass consistent interpolator over complex terrain [30],
and PSPRAY, a three-dimensional Lagrangian particle dispersion model. The modelling
suite can be used for both local scale and microscale simulations, with complex terrain
or obstacles such as buildings, which are represented as filled cells in the meteorological
field [32,33]. PSWIFT produces mass-consistent wind fields using data from a dispersed
meteorological network or from simulated meteorological data at lower resolution.

In PSPRAY the pollutant concentration is simulated by generating a certain number of
“virtual” particles, each of them carrying a portion of the pollutant mass. The velocity of the
particles is composed by a mean velocity component defined by the local wind computed by
PSWIFT, and a stochastic velocity component, characteristic of the atmospheric turbulence.
PSPRAY can compute mean and instantaneous concentrations on a three-dimensional
grid defined by the user, differentiating the calculation both by “chemical species” and
by “source”.

PSPRAY can simulate the dispersion of pollutants from point, area or line sources.
The model reproduces the transport, the dispersion and the dry and wet deposition of
the airborne chemical species emitted. In particular, PSPRAY is also able to compute dry
deposition due to interactions with roofs, walls and ceilings, by inserting species dependent
deposition velocities into the model [33].
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In its current version and differently from a CFD model [15,53], our model cannot
compute the air flow through a porous medium, such as a tree, since the porosity of obsta-
cles has not yet been implemented. However, as already mentioned in the introduction,
the bulk deposition coefficients measured in [16] represent a sort of “total deposition” as
they include the main effects such as particle interception, absorption and throughflow
(see [18]). Moreover, they already take into account the porosity of the vegetation and the
complex effects between air motion and vegetation as found in the literature [18,44,45].

In our model simulations, the CT structure was represented as an obstacle with
deposition characteristics, which we can parametrize in PMSS. When the filtration mode
was activated in the CT, the calculated bulk “effective filtration” deposition velocity was
assumed to be the deposition velocity capable of producing the impact of the CT measured
in filtration mode. In this way, we could use PMSS to study the spatial characteristics of
the filtration efficiency.

As a Lagrangian dispersion model, PSPRAY performs the dispersion of chemical
compounds (NOx) in the urban environment. However, chemical reactions occur at this
scale, affecting the concentrations of the chemical species [33]. In order to represent this,
recent developments have addressed the implementation of several chemical models into
PSPRAY (see [33] for more details). However, in the present work, we decided to consider
only the dispersion characteristic of the PMSS system, and the chemical models were
not implemented.

The PMSS modelling system is a commercial software developed by ARIANET [54]:
PSWIFT and PSPRAY codes, in the versions PSWIFT-2.1.1 and PSPRAY-3.7.3, compiled
with Intel16 compiler, using OPENMPI library.

2.4. Simulation Set-Up

As mentioned in the introduction, we focused on two-time frames: 12-31 May 2017;
and 5-17 April 2018. In these time frames the CNR experimental campaigns provided a
complete characterization of the bulk deposition velocities for NOx and PM;g. Since these
measurements did not show a significant variation during the campaigns, their average
values were used for the simulations. Only for the PMj, concentrations was the filtration
efficiency retrieved of the CT operating in active mode. The reason for selecting PM lies
in the fact that [16] reported neglectable abatement for the NOx concentrations when the
CT operated in active mode.

We performed two sets of simulations:

1.  For the year 2017, we ran PMSS to simulate vertical deposition due to the CT operating
in passive mode (only deposition).

2. For the year 2018 we reproduced the air pollution abatement linked to the deposition
vertical velocities when the CT operated in passive mode (as in 2017). In addition,
we studied the PMjy concentration abatement produced when the CT filtration mode
was activated. Here we used the passive deposition velocity, calculated from mea-
surements analysis, able to produce the same pollutant deposition measured with the
CT in filtration mode (see [16]).

2.4.1. Input Meteorological Data

Meteorological data used to feed the diagnostic model PSWIFT for 2017 and 2018
periods were provided by RAMS (Regional Atmospheric Modelling System, [55]), the
meteorological model driving the national Air Quality modelling system MINNI [56-58]
and the air quality forecast system FORAIR-IT [59,60].

Hourly data of meteorological fields were used by PSWIFT to reconstruct the three-
dimensional wind, temperature and turbulent flow at 2 m resolution.

The meteorological parameters that are used in the model (such as relative humidity
and precipitation) affect only the state of the atmosphere and cannot change the deposition
characteristics of the CT, which are described by the bulk deposition velocity that is constant
for each pollutant.
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2.4.2. Simulation Domain, Area and Obstacles

We seta 1 x 1 km?2 horizontal domain that was centered in viale Verdi, where the CT
was located (Figure 1). The domain is shown by the red square in Figure 1 and covered
an adequate fraction of the emissions of the city while providing that the CT unit was far
enough from the domain border, where the model uncertainty is generally higher. The
spatial resolution of 2 m was chosen to ensure that the model represented the CT as closely
as possible while keeping computational time within acceptable values. For the vertical
grid, we chose the following 25 levels above the ground: 0, 1.5 m, 3 m, 4 m, 6 m, 8 m, 10 m,
13 m, 16 m, 19 m, 22 m, 25 m, 30 m, 35 m, 42 m, 50 m, 60 m, 80 m, 120 m, 160 m, 200 m,
240 m, 300 m, 380 m, and 700 m. Since buildings are represented by the model as filled
cells in the computational grid, vertical levels were chosen in order to properly describe
the range of the heights of the buildings within the domain.

As mentioned in the introduction, in our simulations the CT was represented as an
obstacle with deposition characteristics. This is a sound assumption, as [44] showed that,
rather than representing every leaf, air flow and particle-leaf interactions are represented
statistically by using a continuum approach. As for the case of the CT that contains a
sufficiently large number of single vegetated elements, the effects of individual vegetated
items are irrelevant in the average transport through the volume. Moreover, each vegetation
item of the CT surfaces has dimensions much smaller than our model grid size. On this
basis, we represented the CT as a barrier with proper measurable parameters describing
vegetation (see for example [44,45]), which are fully provided in our modelling study by
the measurement campaigns of [16].

2.4.3. Bulk Deposition Velocities for PM1g and NOx
The bulk deposition velocities used in our simulations are of two kinds:
e  Bulk Deposition Velocities with the CT in passive mode (filtration switched off)

We considered the main statistical parameters of deposition velocities resulting from
the measurements of both the 2017 and 2018 campaigns. Upon observing that the values
did not change significantly, the results from both campaigns were included for a more
robust statistic.

Measurements of air pollutants were performed, alternatively, through a computer-
controlled valve switching system, at two different horizontal distances on both sides of
the CT (at the front and at the rear of the wall). Figure 2 shows the sampling system that
was composed of four identical conductive silicon sampling tubes connected to a common
inlet through four electronic valves for automatically switching the inlet (P1, P2, P3 and P4)
every 7 min, resulting in a complete cycle of 28 min. Inlet P1 and P2 were positioned in
proximity (at 5 and 30 cm respectively) of the surface of moss and leaves on the roadside of
the CT panel. Inlet P3 and P4 were in a specular position on the curb side of the CT panel.

Front view Side view

| 25cm l 25 cm | |
P4 P3 P1 P2
VAN VAN

Figure 2. Diagram showing the sampling points used to measure Bulk Deposition Velocities.
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The statistical parameters considered for the estimate of the deposition velocity were
the first quartile, the median and the third quartile, and are presented in Table 1. These
values are consistent with the deposition velocity values found in the literature [61].

Table 1. Summary of PMSS set-up.

Parameters 2017 2018
Days Simulated 12-31 May 2017 5-17 April 2018
Pollutant Simulated PMyg, NOx PM;y, NOx
Horizontal Domain 1km x 1km 1km x 1km
Horizontal Resolution 2m 2m
Emissions: Flow model for 2017 + Flow model for 2017 +
Vehicle Input vehicle Measurements 2017 vehicle Measurements 2018

Obstacle Position

Meteo Input

Bulk Velocity Deposition (PM;g) CT passive mode:

1st quartile, median, 3rd quartile

Bulk Velocity Deposition (PM;) CT active mode

Bulk Velocity Deposition (NOx) CT passive mode:

1st quartile, median, 3rd quartile

Model Versions

in viale Verdi
Viale Verdi 21
RAMS [55]

4 km x 4 km, May 2017
vd -> 0.0005 m/s,
0.0012m/s,

0.003 m/s
Not simulated
vd -> 0.0004 m/s,
0.0011 m/s,
0.0025 m/s
PSWIFT-2.1.1, PSPRAY-3.7.3,
Intel16 compiler,
OPENMPI library

in viale Verdi
Viale Verdi 21
RAMS [55]
4km x 4 km, April 2018
vd -> 0.0005 m/s,
0.0012m/s,
0.003 m/s
vd filtration ~0.024 m/s
vd -> 0.0004 m/s,
0.0011 m/s,
0.0025m/s

PSWIFT-2.1.1, PSPRAY-3.7.3, Intel16

compiler,
OPENMPI library

e  Bulk Deposition Velocities for PM;y with the CT in filtration mode

The filtration mechanism occurs in the CT by means of fans operating inside the
structure, and it is a more efficient mechanism than the passive deposition (e.g., [16,62,63]).
In particular, [16] showed that the aerosol removal efficiency of the CT was from ~3 to
almost 20 times higher in filtration than in deposition mode.

We provided an estimate of the effect of the CT in filtration mode on particulate matter
concentrations to study its influence at increasing distance from the structure. Consider-
ing PM;g measured concentrations, CNR and Consorzio PROAMBIENTE calculated an
“equivalent deposition velocity” as the bulk deposition velocity that the CT should have
in order to produce the observed pollutant reduction in the active filtration mode. The
average value of about 0.024 m/s was obtained and is consistent with the largest values of
deposition velocity intervals found in the literature.

2.4.4. Emissions

We computed the traffic emissions in viale Verdi from the hourly vehicle flows mea-
sured during the campaigns from 12-31 May 2017 and from 5-17 April 2018. Hourly
modulations of buses passages were calculated according to the public transportation
timetable at the bus stop. In all the other roads of the simulation domain, total daily vehicle
flows generated by a flow assignment model run for 2017 by the Municipality, combined
with hourly traffic modulation measured in viale Verdi, were used (e.g., Figure 3).
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Figure 3. Hourly vehicle flow modulation measured during the 2017 and the 2018 campaign.

The composition of the vehicle fleet, in terms of age, emission standard, displacement,
and fuel, was retrieved from the public registry of motor vehicles for the year 2017 (which
was the latest published online at the time of the study) and for the city of Modena.
The emission input for PSPRAY has been calculated by TREFIC (Traffic Emission Factors
Improved Calculation), a software designed by ARTANET [64] for the calculation of road
emissions. TREFIC calculates emission factors (EFs) using the COPERT 4 methodology [65],
based on vehicle type, fuel consumption, average travelling speed and road type.

2.4.5. Parallel Run Details CRESCO

PMSS allows for parallelization in time for PSWIFT and for PSPRAY, both with respect
to the domain, referring to a multi tiles domain, and to sources/particles decomposition [31].
Our domain is an area of 1 x 1 km? at the resolution of 2 x 2 m?2, which is suited to be
represented by a single tile [32]. Therefore, our PSPRAY simulations were handled by a
single tile of 501 x 501 cells, and the computation was parallelized with respect to particles.

We conducted the simulations on the CRESCO/ENEAGRID High Performance Com-
puting infrastructure funded by ENEA [52]. As the model system was structured, each
12-day-simulation consisted of 12 single model runs, each simulating 24 h. The restart
option was applied, i.e., for each simulated day the values of the pollutant concentrations
calculated for the last hour were saved and used as initial condition for the following run.

The simulation duration depends also on the number of emitted particles and on the
concentration resolution required. In our simulations, the total number of emitted particles
reached peaks of about 34.3 million particles per day, with a typical particle number per
time step of 4000. Here we used 264 cores and for PSPRAY, which represents the most
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CPU demanding part of the system, the CPU time per core per simulated day was 470 s. A
summary of the whole simulation set-up is provided in Table 1.

2.4.6. NOx and PM;g Reduction Operated by the CT

In order to quantify the abatement due to the presence of the CT on PM;y and NOx
concentrations, we set up two simulations for each mode (deposition for 2017 and 2018,
and filtration-like mode for 2018) that were equivalent to considering the cases with and
without the CT. In particular, we considered the measured deposition properties of the CT
as an on and off parameter in the model runs, similarly to what was done in the study [46].
Then, we calculated the percentage difference of the PMjy and NOx concentrations with
and without the deposition on the CT as metrics of its impact on the air quality.

2.5. Reference Air Quality and Meteorological Data

The model validation represents a key factor to evaluate the model performances, and
thus to assess the reliability of the results. Since our simulation took into account only
primary emissions, to analyze how well our model reproduces NOx concentrations, we
needed to estimate the secondary contribution due to atmospheric chemicals processes.
Our best indicator available for secondary contribution to NOx concentrations were the
measurements of urban background NO, concentrations, consisting of NO, hourly concen-
trations measured in the air quality station of Parco Ferrari (10° 54’ 22.8” Lon, 44° 39’ 2.2
Lat, 34 m a.s.1 (see [66]).

Concerning the meteorological data, we used wind speed and direction data measured
by ARPAE station located in (10° 55’ lon, 44° 39’ lat, 35 m altitude a.s.l.). Both stations are
presented in Figure 4.

AT L

~ sModéna Urb naz,
Station

Parco Ferrari

Station

Figure 4. Map reporting PMSS domain, the CT position (red star symbol), the reference meteorolog-
ical station Modena Urbana (yellow pentagon symbol) and the air quality station at Parco Ferrari
(orange square symbol).

2.6. Tools for the Analyses

For the analyses performed, we used the FAIRMODE IDL-based DELTA software tool
version 5.4 [67,68] provided by the Forum for Air Quality Modelling in Europe [67], and
R-cran based scripts [69,70].
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3. Results
3.1. NOx Modelled and Measured Data Evaluation

To evaluate the PMSS performances, we studied the NOx concentration time series
for the year 2017. We focused on this time period since the measurement campaign from
12 May to 27 June 2017 was the longest (37 days). We compared hourly NOx concentrations
measured during the CNR campaign with the simulated NOx after adding the background
concentrations. The reason for choosing the pollutant NOx relies on the fact that we used
our PMSS modelling system studying the dispersion of pollutants, neglecting chemical
reactions (see Section 2.3). Therefore, it was possible to properly represent air pollutions
from primary sources only. In our case, the NOx concentration is produced mostly by traffic,
thus the approximation that is made neglecting the chemistry has a smaller influence on
the simulated concentration that can be corrected by adding a background concentration,
which represents most of the secondary contribution.

Hourly measurements of NO,, provided by the urban background air quality station
located in Parco Ferrari (see Section 2.5), at a distance of about 2 km from viale Verdi, were
used as background concentration values, since data for the concentrations of NO and NOx
were not available at this station.

In Appendix A we present detailed analyses to assess our model performances.

3.2. Green Infrastructure Abatement

The results of the simulations are presented here as averages over the two simulation
periods (19 days for 2017 and 12 days for 2018), in order to show the pattern of the area
interested by the effect of the presence of the CT.

Here the differences between the simulations with and without the CT are presented
as mean PM;y and NOXx percentage concentration differences. All the graphics reported
show results using the median of the measured deposition velocities. Similar maps cor-
responding to the values obtained using the first and third quartile of the deposition
velocity distributions for each case simulated did not differ significantly, therefore they are
not shown.

3.2.1. CT in Passive Mode-Deposition

Median values of the deposition velocities were 0.0012 m/s and 0.0011 m/s for PM;
and NOx, respectively (see Table 1).

From Figure 5, the effect of the CT in passive mode (deposition) translates into a
maximum concentration reduction of about 0.8% for both PM;7 and NOx concentrations.
Though our simulations are not directly comparable to the CFD simulations in the TNO
study, nevertheless our results for PMjg are in agreement with those found in Amster-
dam [46]. For a given deposition velocity, we can define a “region of influence” of the CT
as the area where the concentration reductions are larger than 10% of the maximum value
reached. For the CT operating in passive mode, the region of influence has concentration
reductions larger than 0.1%, and it is found in proximity to the CT, with an extension of
about 10 x 20 m? more or less centered on the CT position, as shown in Figure 6.
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Percentage difference PM10, 2017 Percentage difference PM10, 2018
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P = Buicings N 4
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Figure 5. Simulation results for the case of PM;jg (top panels) and NOx (bottom panels) showing
the percentage difference between the concentration simulated without and with the CT for the two
simulation periods 2017 (a,c) and 2018 (b,d). The values in the legend indicate the upper limit of the
corresponding interval.

Regions of influence 2017 Regions of influence 2018

© Points Aand D »
[ Buildings

~— PM10 region of influence .
|— NOxregion of influence [

“ PointsAandD .
Buildings
~— PM10 region of influence -
— NOXx region of influence [

Figure 6. Maps for 2017 (left) and for 2018 (right) representing the areas where the percentage difference is larger than 0.1%.

Figure 6 also indicates the location of the two points (Figure A1), A and D, in which
we studied the NOx concentration comparisons with measurements (presented in detail in
Appendix A) and in which we extracted the vertical profiles shown in Figures 7 and 8.
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Figure 7. Vertical profiles for percentage difference reduction for PMj (left panel) and NOx (right panel) in passive mode.
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Figure 8. Impact of the CT operating in filtration mode on the PMjj concentration (a) and an example
of vertical dependence of such impact in the sampled points A and D (b). The map corresponds to
the deposition velocity vd = 0.024 m/s. The numbers in the legend indicate the upper limit of the
corresponding interval.

3.2.2. Vertical Profiles of Pollution Reduction in Passive Mode

The mean vertical profiles for the pollutant reduction are reported in Figure 7. In
particular, we took into consideration two points, A and D, which were close (point A) and
4 m away (point D) from the structure (see Figure A1).

We observe:

e Reduction profiles for PM;g and NOx have the same characteristics. They have the
maximum reduction values in the first few meters above the ground. The reduction
decreases significantly at heights above the green infrastructure (above 6 m).

e  For both NOx and PMj, the maximum pollutant reduction is obtained very close
to the green infrastructure, at point A, with values of about 0.5%. At point D, the
maximum pollutant reduction decreases to 0.1-0.2%.
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e  Air pollutant reduction decreases rapidly, moving away from the green infrastructure,
both in the vertical and in the horizontal directions.

3.2.3. CT in Active Mode (Filtration) for PMg Concentrations in 2018

The results for the CT in active mode of operation (filtration) for PM; concentrations
in 2018 are shown in Figure 8.

The space distribution of the impact did not significantly change with respect to
the previous simulations with lower deposition velocities (here the value is 0.024 m/s,
instead of about 0.001 m/s). However, the values of the maximum PM;( concentration
reduction increased to 15% very close to the CT. In analogy with CT in passive mode
(deposition) cases, we observe a very similar region of influence with different values and
largest concentration reductions at the southwest CT corner. Here, in the areas where the
percentage difference is higher than 1.5%, we observe a much larger extension covering
most of viale Verdi and some of the lateral roads (approximately 10 x 30 m?). The vertical
distribution of the impact of the CT (Figure 8b) has not significantly changed with respect
to the passive deposition case (Figure 7).

4. Discussion

When we take into consideration the pollutant abatement caused by the CT in passive
mode (deposition), we observe that reductions of NOx and PM;( concentrations are smaller
than 1% in an area of about of 10 x 20 m? around the CT and at the same height as that of
the green wall. Comparing our results to those obtained in other studies is not an easy task.
The only other modelling study published on a similar CT as that deployed in Modena,
was performed by TNO [46]. The simulations in this study were performed by considering
a realistic situation using factory specifications for the CT, therefore not considering input
measurements for the model, as done in the study presented here. Although our modelling
results are not directly comparable to those of the TNO study, nevertheless our results
for PMjg in the case of passive mode of operation are in agreement with those found by
TNO [46].

When the CT operated in active mode (filtration), our modelling estimate of the impact
suggests pollutant reductions of a larger order of magnitude, reaching values of about
15%. As for the previous result, in this case finding similar results in the literature for
comparison was not an easy task. A recent study [71] involving a similar type of green
wall with filtering capabilities placed at the edge of a highway showed measurements
that can be compared to the filtration efficiency measured during the CNR campaigns.
These measurements are in some agreement, in the experimental estimate of the filtration
efficiency for PM2.5, with the results of the CT experimental campaigns [16].

We observed that the region of influence has about the same shape and dimensions
for both 2017 and 2018, with the CT in passive mode, as well as for the case with the CT
in active mode of operation. Given the differences in the setups for the 2017 and 2018
simulations, especially regarding emissions and meteorological conditions, we expect that
this area is more significantly influenced by the building pattern and distribution than by
CT position in relation to the buildings. Indeed, in preliminary studies conducted for the
year 2017, with the same setup with the exception of the CT position, the area of influence
showed a shape which did not significantly differ from the one here presented in terms of
contours, size and pollutants abatement.

We can conclude that a single CT will not have a significant impact in the reduction
of particulate matter and nitrogen oxide concentrations in the whole urban extension.
This finding is consistent with the work of [46] where several hypothetical configurations
were analysed, including set ups with many CT structures. When more units of CT were
represented, [46] obtained pollutant removal in the area considered was less than 20-30%.
However, when looking at air pollution in hotspots and/or considering specific building
arrangements, these abatements could be achieved.
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In the present work, the reliability of the simulated reduction operated by the CT depends
on the quality of our model simulations, e.g., we assumed that our model could represent
absolute concentrations well, given our specific traffic primary emissions as input. The
analyses of the measured and observed NOx concentrations in Appendix A aim to investigate
the soundness of our results. The validation of a pollutant such as particulate matter is
more complex, not having considered as input all the precursors of the PM secondary
components, nor the chemical reactions in the atmosphere that generate these components.

In Appendix A.2, we observed that the values of the NO, background concentrations
were generally close to 20 pg/m3, and they were associated with prevailing easterly
winds (up to 6 m/s). These concentration values were possibly generated by air being
transported from Modena city center that, due to strict traffic regulations, is less affected by
traffic than peripheral areas of the city. Differently, larger NO, background concentrations
(above 50 ug/ m3) were measured with SW-SE winds of less than 3 m/s, and they were
possibly brought from major traffic roads located southward, some kilometers away from
Parco Ferrari.

The NOx observed and modelled concentration analyses reported an overall good
agreement (see Figures A4—A7). The modelled values are generally close to the observations
(see Figure A4). However, in specific cases the simulated concentrations are higher than
the measurements (Figures A5 and A6). In particular, the measured and modelled hourly
data show a dispersion that changes with the concentration values: for concentrations of
less than 50 pg/m?, the two distributions are very similarly normally distributed (e.g.,
Figure A6), while for higher values (specifically for more than 100 ug/m?) the model tends
to overpredict the NOx concentrations.

To further investigate the comparisons of the NOx concentrations, we took into account
groups of days (Figure A9) and local and urban wind directions classified according to
four sectors (Figures A10 and Al1) (Appendix A.1). We found that:

e  Wind measurements taken at the urban scale (at Modena Urbana) and close to the CT
(CNR measurements inside the urban canyon) are significantly “decoupled” as already
well documented in the literature (e.g., [72]). It was very difficult to establish a relation
between the urban and local wind datasets, likely to be due to the air circulation
specific to the street.

e  The agreement between modelled and measured data is significantly more evident
during the days 25-31 May, characterized by urban south-easterly wind and NOx
concentrations between 20-100 pg/m3. During the days 26-31 May, the Taylor dia-
gram shows the best agreement with correlation values of about 0.85 and normalized
standard deviations close to one.

In the previous settings, to assess if the NOx concentration distributions would
spatially differ close to the CT, we analysed the concentrations at the points A and D
(see Appendix A.1). However, we concluded that the distributions at the two locations did
not differ significantly (e.g., we obtained similar statistical scores for both A and D, from
the Taylor diagrams).

We did not identify the reasons for the good agreement obtained during 26-31 May.
In addition, we need to further investigate the reasons why our model tends to overpredict
NOx concentrations higher than 100 pg/m?3.

Note that the NO, background concentration measurements did show a very good
correlation with the CNR local measurements. This represented a key factor for the overall
good agreements between measured and simulated NOx concentrations at the local scale.

5. Conclusions

We presented an application of the modelling suite Micro-SWIFT-SPRAY (PMSS) as a
reasonable tool for an estimate of the impact of a single CityTree (CT) on the abatement of
air pollution concentrations, such as PM;y and NOX, in viale Verdi, Modena (Italy).

We applied the Lagrangian model Spray considering:

e  The specific urban setting centered in viale Verdi, Modena (obstacles and buildings);
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A prescribed location of the CT consistent with the experimental field CT installation;
Meteorological data and emission features coherent with the first and the third re-
search campaigns;

e  Values of bulk deposition velocities deriving from the experimental campaigns (and
in agreement with results obtained in the literature).

PMSS simulations showed that the passive operational mode of the CT may produce
air pollutant concentrations abatement larger than 0.1% and up to about 0.8% in an area
of 10 x 20 m? around the CT and along the vertical extension of the green infrastructure
(4 m). The area may depend on the urban infrastructures design.

When the CT operated in filtration mode, by using a value of bulk deposition that
produced the same PMjy concentration abatement, in terms of concentration difference
between the values measured in front and at the rear of the panel, we obtained a PMyg
concentration reduction of about 15% close to the CT. This is the best estimate of the active
CT mode operation on PMjy concentration abatement achievable with the PMSS suite.
Furthermore, this finding suggests that active filtration mode can abate particulate matter
concentrations at least one order of magnitude more efficiently with respect to the only
deposition removal and that the abatement is present along the entire vertical extension of
the CT.

The novelty of our results lies in the use of measured passive deposition velocities
during three intensive field campaigns in the city of Modena (Italy) [16]. In addition, an
assessment of model performance was developed with reference to NOx modelled and
measured concentrations. For the year 2017, good agreement resulted between observations
and modelled data reporting overall correlation indexes of about 0.6 and normalized
standard deviations of about 1.25.

The results of the present study indicate that a single CT will not have a significant
impact in improving the air quality of a street along its full length. These findings, tested
with different meteorological conditions and different emissions input for the experimental
time periods in 2017 and 2018, show that, according to the value of the deposition velocity,
the major reduction effect occurs in a specific area in the neighborhood of the infrastructure
(the “region of influence”) in both deposition and filtration modes. Therefore, an effect
in reducing particulate matter and nitrogen oxides concentrations, and thus population
exposure, can still be achieved for specific environments (e.g., sidewalk benches, small
gathering areas, bus stops, school or hospital entrances).

On the basis of these results, we expect that a cluster of CT modules, properly located
in an urban context, could design restricted densely populated areas with consistent
air pollution reduction, the so-called “clean air zones”, where citizens are expected to
spend time during rush hours. For practical applications, parameters such as energy and
water consumption per operating hour are important. Such technical parameters of CTs
were not optimized at the time of our field campaigns, while later generation CTs have
been accurately engineered to account for power and water supply. A comparison of the
technical features of the new CT model with respect to the one deployed in Modena (a
CT 1.0 version) is available in Appendix B (Figure A12). In new CT 2.0 models, energy
consumption is around 120-150 W per operating hour and water consumption is between
2 and 8 L per operating hour depending on local climate conditions. In recent experimental
evaluations the filtration capacity for CT 2.0 has been estimated as 31 mg of fine particulate
matter per hour. These results support the potential of CT technologies for protecting air
quality in local urban contexts.
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Appendix A

In this section we assess the ability of the model to reproduce the measured NOx
concentrations considering the urban background NO; concentrations and the role of the
wind conditions.

Appendix A.1. Viale Verdi Orientation and Geographical Sectors

To assess the model performances and to assess the pollutant reductions, we compared
the simulated concentrations with measurements. In particular, we took into consideration
features like the orientation of viale Verdi with respect to the northerly direction (about 32°
northward) to define four sectors of wind direction, which are parallel to viale Verdi:

NE (347-77°),

SW (167-257°);

and perpendicular:

NW (257-347°),

SE (77-167°).

To examine the air pollutant reduction caused by the CT, we decided to study two
cells of the simulation domain: A and D as indicated in Figure Al. The points were both
close to the cell that represents the CT in the model grid: point A is adjacent to the CT and
can be considered as representative of the air volume directly in contact with the CT, while
point D is more related to the air volume within the street canyon. Point D is only four
meters away from point A.

Figure A1. Left: positions of the A and D points with respect to the CT indicated here with the brown square. Centre: sectors

considered according to the viale Verdi orientation. Right: position of the CT, in red, and the buildings and streets nearby.
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Appendix A.2. NO; Background Concentration

We analysed the background NO, concentration provided by the reference station in
Parco Ferrari considering the wind observed at the background station Modena Urbana.
The results are shown in Figure A2. According to the diagram we outline:

e  The prevailing wind directions were easterly. However, significant contributions were
also from north-west and south-west directions.

e Mean NO, background concentrations were generally close to 20 pug/m?>. These values
were detected particularly with easterly winds, which were stronger (up to 6 m/s) than
in the other directions where intensities were generally lower than 4 m/s (Figure A3).
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8% 50 to 71

40 to 50
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0to10

NO; bg [microg.m3]

S
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Frequency of counts by wind direction (%)

Figure A2. Concentration wind rose diagrams expressing the dependence of Parco Ferrari background NO; concentration

on wind direction from Modena Urbana station (2017).

The Modena city center is located in an eastward direction with respect to the station
and, because of traffic restrictions, is usually affected by less traffic than the peripheral areas.
Larger NO, background concentrations, reaching hourly concentrations above 50 pg/m?3,
were measured with SW-SE winds of less than 3 m/s. Winds blowing from these directions
carry pollutants from major traffic roads such as the motorway A1/E45, which is located
about three km away from Parco Ferrari.

Appendix A.3. Wind Distributions

As a first step, we studied the wind distributions of the data measured at the stations
of Modena Urbana (background station) and from the CNR and Consorzio ProAmbiente,
in viale Verdi. The resulting wind rose diagrams are presented in Figure A3. When urban
and local wind distributions are compared, many differences can be outlined relating to
both wind directions and speed. The local wind directions were mainly between NE and
SW, which was probably due to the microscale circulation driven by the presence of the
buildings (see Figure A1). Wind speeds were generally lower than 2 m/s with the majority
of the values below 1 m/s. Stronger wind speeds up to 2 m/s were measured with westerly
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and north-easterly winds, the latter corresponding to the north-related orientation of viale
Verdi (see Figure Al).
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Figure A3. Wind rose distribution for wind measured at Modena Urbana (top) and in viale
Verdi (bottom).

Appendix A.4. NOx Concentrations—Model Evaluation
We conducted the analyses in two steps:
e  Dataset exploration:

We applied the FAIRMODE IDL-based DELTA software tool version 5.4 [67,68] pro-
vided by the Forum for Air Quality Modelling in Europe (FAIRMODE) [67,73,74]. The tool
was developed under the FAIRMODE framework specific evaluation protocols to support
the use of air quality models when they are applied for officially reporting on national air
pollution levels and for examining compliance with regulations (assessment, forecasting,
planning) [73].

The FAIRMODE IDL-based DELTA software tool is based on an approach relying on
paired modelled and monitored data to offer diagnostics of model performances using
various statistical indicators and diagrams [73]. Given the nature and the time length of
our case study, we applied the FAIRMODE IDL-based DELTA software tool for exploratory
purposes [68] since the user can analyze different statistical metrics and diagrams.

Our dataset was composed of the measured data from the CNR group, and modelled
data extracted in two points close to the green infrastructure, A and D, as seen in Figure Al.

We used the software to obtain: (i) timeseries plots, in order to analyze the dataset with
respect to time; (ii) scatterplots, for the correlation between measured and modelled values,
including their mean values; (iii) quantile plots, to compare the probability distributions by
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NOx (ug/m?)

150 |

plotting their quantiles against each other; (iv) and Taylor diagrams, to quantify the degree
of correspondence between the modelled and observed behaviour in terms of Pearson
correlation coefficient, and the normalized standard deviation.

e  Further dataset Analysis:

We took into account hourly and daily meteorological data for a more detailed analysis
by applying R-Cran library-based scripts [75], and the Taylor diagram package [70]. The me-
teorological measurements were provided by the station Modena Urbana (see Section 2.5),
and the observed data from the CNR-Consorzio ProAmbiente measurement campaigns.

e  Exploration with the FAIRMODE IDL-based DELTA software tool

Regarding the exploration with the FAIRMODE IDL-based DELTA software tool,
Figures A4-A7 show the diagrams resulting from the application of the software tool when
applied in the exploratory mode to our datasets [68].

0BS
PMSSa
e PMSSd

AAAAAAAAAAAAAAAAA

Figure A4. Timeseries diagram from FAIRMODE IDL-based DELTA software tool with hourly CNR observations (black),
modelled data in A (red), and in D (green).

The timeseries plot (Figure A4) reports on the x-axis the time in hours. The figure
shows an overall good agreement in trend between observed and modelled values (e.g., see
the values between the hours 3480-3570, 26 May up to 29 May 18:00). With the exception
of few cases, such as the hours 3170-3180, (13 May 2017, 02:00-12:00 h), 3330 (19 May 2017,
18:00), 3560 (29 May 2017, 08:00), the modelled values are in line with the observations and
in some cases they are higher than the observations (e.g., hours before 3170, 13 May 2017
02:00, and between 3390-3490, 22 May 2017 06:00 up to 26 May 2017 10:00).

From the scatterplot diagram in Figure A5 and the quantile distribution in Figure A6,
measured and modelled hourly data show a dispersion that changes with the concentration
values. For NOx values of less than 50 j1g/m? the two distributions are very similar and
normally distributed. For higher values of NOx concentrations, the model tends to over
predict, particularly when NOx concentrations are higher than 100 ug/ m3. The overall R?
is quite low (0.4) in both the points A and D.
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Figure A5. Scatterplot diagram from FAIRMODE IDL-based DELTA software tool with hourly
modelled data in A (red), and in D (blue).
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Figure A6. Quantile plot from FAIRMODE IDL-based DELTA software tool with hourly modelled
data in A (red), and in D (green).

The Taylor diagram in Figure A7 summarizes the features of the modelled and ob-
served distributions found in the previous plots. Here, we obtain correlation coefficients
larger than 0.6 for both A and D points, the latter having R slightly larger. The ratio
sigma modelled over sigma observed, e.g., normalized standard deviation is close to 1.25,
indicating that the modelled values are more dispersed than the observations.
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Figure A7. Taylor diagram from FAIRMODE IDL-based DELTA software tool with hourly modelled data in A (red), and in

D (blue).

e  NOx Concentration Comparisons considering Wind Directions

Figure A8 shows the comparisons between timeseries of modelled and measured CNR

data with the urban wind directions in the background.
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Figure A8. NOx concentrations (orange: NO; concentration measured by the urban background station; black: observed
NOx concentration; blue: NOx concentration simulated at point A, and red: NOx concentration simulated at point D) with
daily prevailing wind directions from Modena Urbana according to the sectors specified in Appendix A.1. Grey vertical

bands indicate rainy periods.
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Figures A9-A11 show the Taylor diagrams obtained for the datasets (modelled points
A and D in red and blue, respectively, and the measured urban NO; background, in green)
taking the CNR data as reference measurements. Data were classified by:

day range within the month of May 2017 (12-16; 16-21; 21-26; and 26-31);

urban wind direction within four sectors (NE 347-77; NW 257-347; SE 77-167; SW

167-257);
e local wind direction in the same four sectors as defined in Figure Al.
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Figure A9. Taylor diagram with hourly modelled data in A (red), and modelled data in D (blue), and the measured
background NO, concentration (green), according to four different groups of days.

The agreement between modelled and measured data (Figure A8) is much more
evident after 25 May, where the days are generally characterized by south-easterly wind,
and NOx concentrations are between 20-100 pg/m?3, which are generally lower than
on other days. During 26-31 May, the Taylor diagram shows the best agreement with
correlation values of about 0.85 and normalized standard deviations close to one, indicating
a very good agreement in the values distribution for modelled and measured data.

All the Taylor diagrams show a very good correlation with the urban background
measured NO, concentrations (green dot) which, the distribution being lower in value
than the CNR observations, has a normalized standard deviation about half that of the
measured one.

Figure A9 indicates that the best model performance is found during the period 12-16 May,
with correlation of about 0.7 and normalized standard deviation about 1; and the period 26—
31 with correlation R above 0.8 and normalized standard deviation close to 1. In the period
between 16-21 and 21-26, the correlation R is between 0.5-0.6 and the normalized standard
deviation is about 1.25, indicating a general over-prediction of the CNR standard deviations.

In Figure A10, NO, concentration measured by the urban background station (green
dot) is generally always well correlated with the CNR NOx measurements (correlation
between 0.6 and 0.85), and it has normalized standard deviations between 0.3 (SW_167_257
sector) and 0.6 (NE 347-77 sector). With the modelled data (A in red, D in blue), the
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best agreement is obtained in the SW 167-257 sector with a correlation close to 0.8, and
the normalized standard deviation of about 1.2. The other sectors are characterized by
correlation values generally close to 0.6, and normalized standard deviation between 1.2
and 1.5.
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Figure A10. Taylor diagram with hourly modelled data in A (red), and modelled data in D (blue), and the measured
background NO, concentration (green), according to the urban wind sectors defined as in Figure A1.

Figure A11 shows background NO, values for all the sectors (green dot) with corre-
lations close to 0.8 and normalized standard deviation values in a limited range (0.4-0.5).
Differently, the modelled data (red and blue dots) show a larger variability according to the
wind sector. The best agreement is found in the SE 77-167 sector where the correlation is
close to 0.8 and the normalized standard deviation is 1, followed by the SW 167-257 sector,
with R close to 0.6 and normalized standard deviation slightly larger than one. Sector NE
347-77 has a correlation above 0.6, but the normalized standard deviation is larger than 1.2.
The sector which shows the worst model performance is NW 257-347 where R is smaller
than 0.4 and the normalized standard deviation is close to 1.8-2.
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Figure A11. Taylor diagram with hourly modelled data in A (red), and modelled data in D (blue), and the measured
background NO, concentration (green), according to the local wind sectors defined as in Figure Al.

Appendix B

Here we show a diagram (Figure A12) representing the evolution of the CT design
from its first version (CT 1.0) that is the one studied in the work presented here, and
the newest generations of CT (CT 2.0) available at the moment in which this paper was
submitted. Different design features, such as for example the presence of a wooden
cover to provide shade for the moss, have been improved and the development has been
oriented at lowering the costs of operation, such as energy and water consumption. In
the new CT 2.0 models, energy consumption is around 120-150 W per operating hour and
water consumption is between 2 and 8 L per operating hour depending on local climate
conditions. These results support the potential of CT technologies for protecting air quality
in local urban contexts.



Atmosphere 2021, 12, 839

26 of 29

PERFORMANCE MOOS-
PRODUCT REPORT DEVELOPMENT | EXPERIENCES

CityTree 1.0
~First functional
sample at the
Hanover Fair

-First vertical
cultivation trials
of mosses and
other plants

Proven filter performance
of mosses

First performance
approach of mosses in
CityTree

Numerous competitive
funding opportunities
obtained

MIP - Market introduction

10+ years of research at
EU universities on filtering
performance of specific
mosses.

In CityTree: purchased
mosses and cover plants for
shading

First cultivation trials
Combination of loT technol-

Optimization  possibilities
on the design (low
sustainabili- ty and lack of
modularity).

Performance due to massive
air flow not verifiable

Protection of mosses by
cover plants only possible
to a limited extent (species

-Energy savings
of 90%

-First modular
construction
kit

airflow

Performance verification

for specially cultivated moss
mats

Development of a Euronorm
for biological air filters

Seal of Excellence received

from the EU Commission
EURONORM x @

Development of moss
module as smallest biotech
unit

Development of a bioalgo-
rithm for adaptive control
of moss filter performance

-For the most part | of innovative products: ogy to monitor and |compatibility)

made_ of < P optimize moss vitality. Maintenance effort too high,

aluminum © as each CityTree is different
Q odine scaLer &

CityTree 2019 Eurostars Funding for the Opening of the moss farm: Incorporation of user feed-

—First acti k development of a smart Own moss cultivation back to adapt ecological

Ci:;fll:éo‘:e Lt moss module with active begins design (e.g. eco-design

guidelines)

Foundations for series pro-
duction and consistently
high product quality

High focus on process-safe
development

CityTree 2.0

- Series
production
emerges
-Process-oriented
quality manage-
ment

-ERP

implemen-

tation

-80 % made of
wood

-Eco design
guidelines

ILK Dresden

Validation of fine dust
filtering and cooling effect
(proven improvement of the
ambient air).

Implementation of the
European CE certification
for product safety

Impact assessment DGNB

ILK Dresden 96 O
€3

Continuous expansion of
the moss farm and cultiva-
tion methods

Significant progress in
cultivation quality and
duration

Production of small batches

Presentation of the new
product generation at a
roadshow in Berlin

Introduction of communi-
cation concepts around the
CityTrees

Increased focus on use

New products

Moss module
for Building
facades
CityBreeze
Stela with
Digital- Out-Of-
Home Display

;‘i'

Figure A12. Timeline of the CT improvements from 2013 to present. Many design features have
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improved, included the use of wood in substitution of the cover plants.
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