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Abstract: Experiencing rapid development and growth, cities worldwide face a
surge in air pollution, primarily driven by the increased concentrations of the
particulate matter (PM) originating from various anthropogenic sources, such
as traffic, household fuel combustion, and industrial and construction activities.
Urban green spaces can naturally filter PM through physicochemical processes,
serving as effective urban planning instruments for the improvement of the air
quality. Focusing on a street in Novi Sad, the second-largest city in Serbia, this
study investigates the efficiency of vegetation in mitigating air pollution, spe-
cifically PM;, emissions from traffic and construction activities. Using the con-
temporary monitoring and modelling techniques for measuring and predicting
PM; concentrations, the focus of this research is to evaluate the efficacy of
vegetation in affecting and minimizing detected PM concentrations. The results
indicate a significant reduction in the monitored PM;, concentrations behind
the green barrier compared to the modelled concentrations near the pollution
source (on the road) for both traffic and construction-related emissions. The
paper highlights the capacity of green elements to act as natural air pollution
mitigators and suggests better integration of strategic environmental manage-
ment into urban planning to foster the development of healthier and more sus-
tainable cities, providing recommendations to facilitate this objective.

Keywords: air pollution; particulate matter (PM); mitigation; urban green spaces;
urban design.
INTRODUCTION

Developing and growing at an almost unprecedented pace, the cities world-
wide are grappling with an upsurge in air pollution, primarily attributed to the
elevated concentrations of the urban particulate matter (PM). The term refers to a
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mixture of minute liquid droplets, solid fragments, and solid cores with liquid
coatings suspended in the air and dispersed within urban environments. The par-
ticles vary in size, shape,and chemical composition and are classified based on
the diameter, with a distinction between fraction PM1g (< 10 um) and PM 5 (£
2.5 pm). Among diverse sources of PM emission in urban areas, which are
mainly related to anthropogenic activities, traffic emerges as a primary contri-
butor.1-3 According to the calculations, it is responsible for 25 % of urban ambi-
ent air pollution from PM, 5 and PM;, followed by household fuel combustion
and industrial activities.*> Additionally, traffic releases various gaseous pollut-
ants, including carbon monoxide, nitrogen oxides (NOy) and sulphur dioxide.®
Construction activities, including road construction or reconstruction, as well as
building projects, are also recognized as significant sources of air pollution in
urban environments, releasing a substantial quantity of PM into the air.”-9 Due to
their minute size, PMp and PM, 5 are inhalable and can thus induce adverse
health effects, including severe acute and chronic diseases.210 With over half of
the world’s population residing in cities (a proportion expected to increase to 68
% by 2050 according to the UN),!! urban air quality represents a paramount
health concern. Therefore, monitoring and regulating urban PM levels are crucial
for mitigating air pollution and safeguarding public health.

A large body of literature has explored the positive environmental impacts of
urban green spaces (UGS) in terms of their ability to mitigate the effects of the
ambient air pollution by naturally filtering PM, CO, NOy and SO, 12-14 UGS
thus serve as an effective urban planning tool for improving air quality, espe-
cially in urban areas with moderate to heavy traffic, while also contributing to the
regulation of temperature, humidity, and air circulation, thereby improving mic-
roclimate conditions. In addition, they can reduce the urban heat island effect and
offset greenhouse gas emissions by absorbing CO,, contributing to the efforts to
address the impacts of climate change.15:16 Owing to the array of positive imp-
acts on the urban environment they provide, which turn into benefits for public
health, UGS can be considered a public good.!7 They are regarded as one of the
most valuable urban planning solutions for enhancing the sustainability and res-
ilience of cities.

Novi Sad, the second-largest city in Serbia, was formerly recognized as the
green city due to the abundance of lush vegetation that adorned its urban land-
scape. In alignment with global urbanization trends, it has recently experienced
rapid urban development and growth, resulting in a significant increase in both
vehicular traffic and construction activities. As outlined in the city’s Strategy for
the Development of the Green Spaces System 2015-2030, the novel urban dev-
elopment patterns that favour land-use conversion for new constructions have
largely overlooked the development of UGS and diminished their share in many
city neighbourhoods and along numerous streets.!® This type of transformation
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has brought about significant environmental implications, contributing to the ele-
vated concentrations of urban PM and thus exerting a notable impact on air qual-
ity in many city neighbourhoods, especially those that underwent extensive reg-
eneration. However, in the neighbourhoods unaffected by extensive regeneration
projects, UGS were preserved, although they were often inadequately main-
tained, because of the increased traffic pollution.

The paper investigates the efficacy of UGS in mitigating air pollution in a
street in Novi Sad, focusing on PMjy emissions from two different sources —
traffic and construction activities. Employing monitoring and modelling tech-
niques, it measures and predicts PM g concentrations and assesses the capacity of
vegetation to reduce them. The monitoring involves measuring PM concentra-
tions behind the green barrier using a sensor, while modelling uses COPERT
v.5.7 software for the traffic emissions and the EPA tier 1 prediction model for
the construction-related emissions near the source (on the road). Additionally, the
paper describes the physicochemical interactions between urban PM and veget-
ation, and addresses current challenges in maintaining and developing UGS in
Novi Sad. It underscores the potential of green elements to acts as natural air pol-
lution mitigators and suggests the integration of strategic environmental manage-
ment into urban planning, in order to create healthier and more sustainable cities,
offering recommendations that would aid in achieving this goal.

Physicochemical interactions mechanisms between urban PM and vegetation

Vegetation mitigates air pollution by capturing and interacting with urban
PM through physicochemical processes. Leaves of trees and hedges act as phys-
ical barriers to PM through both adsorption and absorption mechanisms.!® Their
surface properties influence the adsorption of PM, while their microscopic struc-
tures and chemical components facilitate the absorption of soluble components
from PM into leaf tissues.20 Upon the contact with leaves, the chemical compo-
sition of urban PM undergoes transformations. The reactive oxygen species
(ROS), released by leaves during photosynthesis, may oxidize certain PM com-
ponents, altering their toxicity and reactivity, while enzymatic activities within
leaves contribute to the breaking of organic compounds present in PM.

Adsorption predominantly involves the physical adherence of particles to a
surface, whereas absorption entails their uptake into the body of the absorbing
material. Biochemical adsorption is a process in which particles adhere to a sur-
face, playing a fundamental role in the interaction between urban PM and leaves
(trichomes, cuticles and stomata are integral to this process). Trichomes, the hair-
-like structures on leaf surfaces, significantly contribute to the PM adsorption
through their unique morphology enhancing the surface, acting as physical bar-
riers, effectively trapping airborne particles and preventing their dispersion into
the atmosphere.2! Cuticles, the waxy layers covering the leaf epidermis (hydro-
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phobic barrier), and stomata, microscopic pores facilitating the gas exchange, are
also integral to the process of PM adsorption.22 The absorption process involves
the penetration of PM components through the cuticles and stomata, entering the
leaf tissues, after which they may undergo chemical transformations.23 ROS rel-
eased during photosynthesis and enzymatic activities within leaves contribute to
the PM transformations within the interaction with UGS. ROS-mediated oxid-
ation can modify the chemical structure and the toxicity of PM components, pot-
entially rendering them less harmful.24 Furthermore, the enzymatic activities
within tree leaves play a crucial role in breaking down organic compounds pre-
sent in PM. This enzymatic degradation is a crucial step in the transformation of
complex organic pollutants into potentially less harmful forms.

UGS in Novi Sad

According to the European Environment Agency (EEA) report, green infra-
structure covers 18.7 % of Novi Sad’s core area and 29.8 % of its commuting
zone, both figures falling below the average of 42 % for urban areas in 38 EEA
member and cooperating countries.2> The UGS provision, also referred to as the
UGS ratio, quantifies the total green space area within a city’s administrative
boundaries, expressed as m2 per inhabitant (inhab), and various scientific papers
and public policies commonly cite a minimum ranging between 9 and 11 m2/in-
hab.26-28 Novi Sad slightly exceeds this minimum, boasting 12 m2/inhab. The
data obtained from the newly developed GIS of green areas reveals that grass-
lands cover 30 % of the city area, while shrubs make up 14 %. The EEA report
further notes that urban tree cover, defined as the urban area “covered by tree
crowns when seen from above”, is 23 % in Novi Sad, which is lower than the
average in cities of EEA member and cooperating countries, standing at 30 %.25
UGS-related issues have also been outlined in local documents. In the UGS
SWOT analysis presented in the city’s Strategy for the Development of the Green
Spaces System 2015-2030 identified weaknesses include inadequate mainten-
ance, a lack of adequate UGS-related regulations (standards and norms), violat-
ions of planning documentation, shortages of greenery in some city neighbour-
hoods, inadequacy of certain UGS categories, and an incomplete UGS network.!8
The main threats to UGS include the risk of land use conversion that may jeop-
ardize the existing green areas and insufficient financial resources for both main-
taining existing and creating new UGS. Similarly, the city’s Sustainable Dev-
elopment Strategy identifies a lack of UGS as one of the main weaknesses in the
urban development SWOT analysis.2? The results from a 2021 survey, based on
a sample of 1,500 residents, reveal that the public is well-aware of all these
problems — 38.1 % of respondents rated UGS with a grade 3 (out of 5), while
39.1 % assigned them a grade of 1 or 2 — suggesting that the level of satisfaction
with UGS in Novi Sad is generally low.30 However, in the neighbourhoods that
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were unaffected by urban regeneration projects and land-use conversions, which
often diminished the share of UGS, the satisfaction is much higher than in the
regenerated ones.

MATERIALS AND METHODS

The examination of the impact of vegetation on mitigating air pollution in a street in
Novi Sad comprised two phases — monitoring and modelling of PM;, emissions from two dif-
ferent sources — traffic and construction activities. The monitoring focused on determining the
PM;, concentration behind the green barrier, away from the source, while the modelling pre-
dicted the concentration values at the source (on the road).

The monitoring and modeling location

The examination took place in the Novo Naselje neighbourhood, which was predomin-
antly developed in the late 1970s and during the 1980s (Figs. 1 and 2). This neighbourhood
was chosen for two reasons: 1) it stands out as one of the few city districts that largely pre-
served its green infrastructure, i.e., it remained relatively unaffected by the recent land-use
conversion trends, which brought new residential, commercial, and mixed-use developments
and typically resulted in a significant reduction of vegetation; 2) in the aforementioned public
survey, the residents of Novo Naselje expressed much higher satisfaction with the quality of
green spaces, compared to the residents of other city neighbourhoods. A segment of Jovana
Ducicéa Blvd. was chosen as the monitoring and modelling location for three reasons (Figs. 2
and 3): 1) it represents the main and busiest street of this neighbourhood, characterized by
moderate traffic, with heavy traffic peaks and frequent congestions during rush hours; 2) the
selected segment features lush vegetation along both sides; 3) it underwent comprehensive
road reconstruction that began in November 2022, enabling the measurement of both traffic
and construction activities-related PM, emissions.

> 4

" ol i -

Fig. 1. The position of Novo Naselje within Novi Sad. Source: GIS of Green Areas in Novi

Sad (https://gis.zelenilo.com/Map).
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Fig. 2. Jovana Duci¢a Blvd. within Novo Naselje and the analyzed segment. Source: GIS of
Green Areas in Novi Sad (https://gis.zelenilo.com/Map).

s < - B, * B iR :
Fig. 3. The monitoring and modeling location and its green infrastructure, with the position of
the monitoring sensor. Source: GIS of Green Areas in Novi Sad
(https://gis.zelenilo.com/Map).

The monitoring phase

The monitoring of PM; emissions was conducted in two different urban circumstances —
road reconstruction (no traffic) and rush hour (morning and afternoon — heavy traffic). The
monitoring for road reconstruction emissions was performed on the 2" and 3" of November
2022, coinciding with the road removal activities that generate higher PM;, emission levels.
The morning and afternoon rush hour emissions (07:00-09:00 and 15:00-17:00) were mea-
sured before the reconstruction began, from the 24™ to the 28™ of October 2022, capturing
baseline levels. A custom-designed PM monitoring sensor based on the optical particle
counter OPC-N2 (produced by Alphasense) was used, positioned on the building facade
(behind the green barrier) in the middle section of the street, distanced approximately 25 m
from the road (Figs. 3 and 4).
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Fig. 4. Street section of the monitoring and modeling location, with the position of the
monitoring sensor.

The modeling phase

Traffic-related PM;, emissions were modelled using COPERT v5.7 software (computer
program to calculate emissions from road transport), used in EU member states for the official
submission of road transport inventories. The spatial scale of the applied COPERT model can
range from a street to a continental level. The modelling followed the COPERT methodology
outlined in the EMEP/EEA Air Pollutant Emission Inventory Guidebook 2019 for the calcul-
ation of air pollutant emissions, which aligns with the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories.3!2 The modelling using COPERT v5.7 software required spe-
cific data. According to the National Traffic Safety Strategy 2023-2030, the average age of
vehicles in Serbia is 17 years, with a petrol- and diesel-fuelled car ratio of 1:2.33 The local
meteorological data, including average wind speeds, humidity and temperatures necessary for
the modelling process, were sourced from the website of the Republic Hydrometeorological
Institute of Serbia (available at https://www.hidmet.gov.rs/), while the local traffic-related
data were collected from the Traffic Study of the City of Novi Sad.3* For PM;, emissions
from the construction activities, the calculations relied on the EPA tier 1 prediction model,
previously applied and tested in a study involving five construction sites in Novi Sad, which
included a direct comparison of modelled and sensor-measured data, confirming the high effi-
ciency of the prediction model.?> Given that the location C1 in this study was undergoing road
reconstruction, the silt content value of 35.4 pg m= has been adopted for the purpose of this
research.

The limitations of this research relate to PM, 5 concentrations, arising from insufficient
data necessary for accurate modelling.

RESULTS AND DISCUSSION

The average PM|g concentrations obtained through the monitoring and
modelling of pollutant emissions attributed to traffic and construction activities
on Jovana Duci¢a Blvd. in Novi Sad are presented in Table I.

The data reveal a substantial reduction in PMjy concentrations behind the
green barrier compared to those modelled at the source (on the road) for both
traffic and construction-related emissions. Specifically, the PM1g concentration
from traffic emissions decreased from 98.45 to 26.69 pg m—3, while the con-
centration from the construction activities exhibited a similar drop — from 145.17
to 51.36 ug m3.
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TABLE I. Average PM;, concentration values () obtained from monitoring and modeling

PM|, concentration, ug m™ Traffic Construction activities
Modelled (on the road) 98.45 145.17
Monitored (behind the green barrier) 26.69 51.36
Relative decrease (behind the green barrier), % 72.9 64.6

Considering the EPA’s PM1( breakpoints for assessing the health impact of
PM;( concentrations,3¢ the modelled values for both sources fall within the
moderate interval (55-154 pg m—>). The green barrier (monitored values) lowers
them down to the good interval (0-54 pg m=3), thereby mitigating the risk of
short or long-term health effects. Specifically, for traffic-induced emission, the
monitored value (26.69 pg m-3) falls in the middle of the good interval; however,
in the case of construction activities (51.36 pg m—3), the monitored value is close
to the upper interval limit, nearing the “unhealthy for sensitive individuals” thres-
hold. This highlights a potential health concern in relation to PM1( concentrat-
ions, originating from construction activities.

The influence of construction activities on environmental pollution can be
additionally analysed by comparing the PMjy emission intensity from two
sources. The absolute values of PM;jy concentrations, both modelled and
monitored (Table 1), indicate that construction activities need particular attention
as a significant PM 1 pollution source.

The relative decrease in PMj(y concentrations behind the green barrier is
moderately balanced (Table I), yet a more pronounced reduction is observed for
traffic, when compared to construction activities as a pollution source. This dif-
ference in the effectiveness of UGS can be attributed to the nature of the pol-
lution particles emitted from these two sources, and the mechanisms of their
interaction with the surface of leaves — suggesting that vegetation might be more
efficient in mitigating the traffic-originated particle species.

The average hourly PM g concentration values obtained through monitoring
are presented in Fig. 5 for both traffic and construction activities. The frequency
of traffic during working days is revealed, considering two distinct rush hours.
They also highlight a slowdown in construction activities between 10 and 11
AM, corresponding to the breakfast break, and suggest that particles take approx-
imately 2 h to settle after work cessation. The higher PM1( values from cons-
truction activities may be attributed to the previously documented limited use of
mitigation measures on building sites in Novi Sad.3”

The modelling of PM1( concentrations simulated air pollution at the source
(on the road), which would decrease on their path to buildings in the absence of
vegetation to perform physicochemical processes and interact with air pollutants.
The extent of that decrease would depend on meteorological factors, yet it would
be much less significant than when street greenery is present. The notable dec-
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rease in PM( concentrations observed behind the green barrier during the moni-
toring underscores the effectiveness of vegetation in mitigating urban air pollut-
ants. This reduction in both traffic and construction-related PM[( concentrations
highlights the role of the green infrastructure in alleviating the adverse effects of
the anthropogenic activities on air quality in urban environments. The intricate
physicochemical processes involving PM and leaves, namely adsorption, absorpt-
ion and chemical transformations, enable vegetation to function as natural filters,
regulating the composition of PM, reducing its toxicity, and thereby improving
air quality. It is important to emphasize that the protective role of street veget-
ation in these terms is contingent upon various factors, including street geometry
and morphology,38 traffic volume,® the type of vegetation and its distribution,!3
as well as ventilation conditions influenced by wind patterns.3°
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Fig. 5. Average hourly PM;, concentration values obtained from monitoring.

The research findings highlight the broader challenges that Novi Sad faces in
managing air pollution through urban green spaces (UGS). These results offer a
valuable tool for sustainable urban planning and environmental management in
the city, leading potential actions. Firstly, it is essential to identify the areas
within the city with elevated air pollution levels where the strategic placement of
vegetation can effectively mitigate pollutants. Secondly, there should be a prior-
ity on preserving and protecting existing vegetation, while also strategically plan-
ning for the creation of new UGS in urban regeneration projects. This approach
will help maintain or enhance air quality in targeted neighbourhoods. Addition-
ally, it is crucial to develop the UGS-related regulations that take into account
factors such as traffic volume, residential density, and other urban planning para-
meters. Furthermore, efforts should be made to explore the strategies aimed at
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optimizing traffic flow, reducing congestion, and promoting alternative transport-
ation modes to minimize traffic-related emissions.

Consideration should also be given to the implementing measures that mitig-
ate emissions during construction activities. This can be achieved by carefully
selecting parameters, methodologies and indicators for monitoring and evaluating
the effects of construction projects. Lastly, integrating the air quality monitoring
programs into the city's infrastructure, incorporating the air pollution assessments
into the city's land use planning process, and using monitoring data to inform the
future urban planning decisions are vital steps to ensure the sustainable air qual-
ity management in Novi Sad. These recommendations are also closely tied to the
the necessary measures to reduce the UGS-related issues outlined in local doc-
uments.

CONCLUSION

The research explored the effectiveness of vegetation in mitigating air pol-
lution in a street in Novi Sad, with a focus on PM( emissions from traffic and
construction activities. The research findings suggest that strategically imple-
mented green infrastructure holds the significant promise for enhancing air qual-
ity in urban environments by successfully reducing the concentration of pollut-
ants derived from anthropogenic activities. Future studies could assess the cap-
acity of different plant species related to their physicochemical interactions with
PM, in order to gain a better understanding of the physical and chemical impacts
of pollutants on plants, which is essential for assessing their long-term viability
as natural filters and air pollution mitigators. The research also highlighted the
role of UGS as “environmental defenders” and underscored the importance of
incorporating environmental management into urban planning to foster healthier
and more sustainable cities. Regarding Novi Sad, its new Master Plan adopted in
2022 envisions substantial improvements and enhancements to the city's green
infrastructure.40 In addition to Novi Sad joining EBRD Green Cities in 2019, this
signals the local government’s shift toward adopting a proactive and environ-
mentally responsible approach to addressing the current UGS-related issues,
demonstrating the city’s commitment to ensuring sustainable urban development.
Therefore, the research findings, complimented by an overview of relevant liter-
ature in the field, can be regarded as a technical support to the city administrators
and local stakeholders, which should be designed to facilitate the effective dev-
elopment and the implementation of UGS-related policy measures identified in
the city’s strategies and plans.
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U3BOA

YTHULAJ YPBAHOT 3EJIEHW/IA HA CMAIBGEILE KOHUEHTPALIMJE PM YECTHLIA:
CJIYUAJ YJIMLIE Y HOBOM CALlY

MW/bAH IIYHEBUR!, IEJAHA HENYUHH', PY)KULIA BOXXOBUR? MAJA CPEMAYKHU!, BOPHC OBPOBCKHU!
1 UPMHA CYBOTUR!

'@axynimem mexnuurux nayxa, Ynusepsuitiemn y Hosom Cagy, Tpi Hocutweja Odpagosuha 6, Hosu Cag u

2Pakyninen WexHUUKUX HAYKd, YHueep3utie y ITpuwiniunu ca dpuspemerum cequuiiem y Kocosckoj
Muwposuyu, Krwaza Munowa 7, Kocoscka Muitiposuua

Ycnepn Opsor ypdanor pa3soja M pacTa, rpajoOBH IIMPOM CBeTa Cyo4aBajy Ce ca
nopactoMm 3arahema Basjgyxa, NPBEHCTBEHO H3a3BaHUM NMoBehaHWM KOHLEeHTpaunujama
ypdaHux cycnenpoBaHux dectuua (PM), koje mOTHYy W3 Pa3NHUYUTHX AHTPOIMOTEHUX
W3BOpa, Kao LITO Cy MOTOpHU caobpahaj, rpejame POCUIHUM rOPUBOM U UHIYCTPHjCKe
U rpal)eBUHCKE aKTMBHOCTH. 3€JI€HUIO0 UMa KanauuTeT ja, nyTeM (pU3HUYKO—XEMUjCKUX
nporeca, NIPUPOAHO (PUIATPUPA CyCleHAOBaHe 4YecTHle, cayxehu kao edHKacaH HUHC-
TPpyMeHT ypbaHOr IylaHHpamwa 3a nodospliame KBanuTeTa Badgyxa. Kpos crynujy cinydaja
ynune y Hosom Cany, Ipyrom mo BenuuyuHu rpany y Cpduju, uctpaxyje ce epukacHOCT
3elleHWIa Y CMambenhy YeCcTHYHOTr 3arahema koje motuve on caodbpahaja u rpaheBUHCKUX
akTuBHOCTH. Kopuctehu meTose MOHUTODUHTA U MOJEN0Bama, y pagy Ceé Mepe U Npej-
Buhajy xoHueHTpauuje PMio yecTuna, a 3aTUM ce eBajyupa edHUKacHOCT 3eJ€HHIA Y
BUXOBOM CMamewy. Pe3ynratu ykasyjy Ha 3HAYajHO CMameme H3MEPEeHUX KOHIIeH-
Tpauuja PMio uecTuna usa 3eneHe dapujepe y mopehewmy ca MoIen0BaHMM KOHIIEH-
Tpauujama y dnusuHM n3Bopa 3arahema (Ha myty). Harnamasa ce 3Hauyaj 3eneHuna Kao
npupongHor ydmaxupaya 3arahema Basngyxa y ypbaHUM cpenuHama U Kpo3 HOpMyIH-
caHe NpeNnopyke ce 3ajake 3a 00/by MHTErpalujy CTpaTellKor ynpaBjbamba XHBOTHOM
CpensuHOM y ypbaHO NjaaHupame.

(TIpumssenro 17. janyapa, pesunupano 2. dbedpyapa, mpuxsaheno 7. mapra 2024)
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