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����������
�������

Citation: Salva, J.; Vanek, M.;

Schwarz, M.; Gajtanska, M.;

Tonhauzer, P.; Ďuricová, A. An
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Abstract: On-road mobile sources of emissions make important contributions to particulate matter
pollution (PM2.5–PM10) in cities. The quantification of such pollution is, however, highly challenging
due to the number of interacting factors that affect emissions such as vehicle category, emission
standard, vehicle speed and weather conditions. The proper identification of individual sources of
emission is particularly necessary for air quality management areas. In this study, we estimated
exhaust and non-exhaust traffic-related PM2.5 and PM10 contributions to total ambient pollution in
Banská Bystrica (Slovak republic) by simulation based on the AERMOD dispersion model. Emission
rates of particular vehicle categories were obtained through vehicle population statistics, traffic
data survey and emission factors from the EMEP/EEA air pollutant emission inventory guidebook.
Continuous PM10 and PM2.5 data from air quality monitoring stations were analysed for the years
2019–2020 and compared with modelled concentrations. The annual concentration values of PM2.5

and PM10 in the study area reached 16.71 µg/m3 and 15.57 µg/m3, respectively. We found that
modelled PM2.5 peak concentration values exceeded the WHO air quality guideline annual mean
limit. Traffic-related PM2.5 and PM10 contributions to ambient pollution at the reference point located
nearby to a busy traffic route were approximately 25% and 17%, respectively. The reference point
located outside the main transport corridors showed an approximately 11% contribution, both for
PM2.5 and PM10 concentrations. The simulations showed that PM pollution is greatly contributed
to by on-road mobile sources of emissions in the study area, and especially non-exhaust emissions,
which require serious attention in association with their health impacts and the selection of Banská
Bystrica as an air quality management area.

Keywords: AERMOD; air pollution; dispersion modelling; emissions; particulate matter; traffic

1. Introduction

Air pollution is a major problem in recent years, which has a significant impact on the
environment and human health. Local air pollution is associated with greater sensitivity
to respiratory infections in humans. According to the World Health Organization (WHO)
one third of deaths from stroke, lung cancer and heart disease are due to air pollution [1].

While the level of air pollution by stationary sources of pollution is relatively mea-
surable and controlled by regular emission monitoring and an emission inventory system
collecting a comprehensive set of data on stationary sources, on-road mobile sources of
pollution are quite difficult to assess. Populations living close to major traffic routes, espe-
cially children and older adults, have an increased occurrence of health issues associated
with air pollution related to emissions from on-road mobile sources [2]. The increased air
pollution in urban areas is due to the urban canyoning effect where on-road mobile sources
contribute two to ten times as much as in general background locations [3]. The health
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impacts from air pollution near roadways causes hundreds of preventable deaths, and
hospitalizations in urban areas [4–6].

In addition, the growing ability of people to own vehicles, and strong intensification
of global demand for goods and services increases the exposure to emissions in urban areas.
The WHO concluded that up to 30% of fine particulate matter with particles of diameter of
less than 2.5 µm (PM2.5) in urban areas comes from road traffic exhaust emissions. Road
transport contributes the majority of urban background PM pollution, emissions of nitrogen
dioxide (NO2), and volatile organic compounds represented primarily by benzene [7,8].
Almost all tailpipe exhaust PM emissions can be found in the PM2.5 range [3]. Non-exhaust
emissions of PM are also released due to the mechanical wearing of brakes, tires, road
surfaces, and re-suspended road dust [8]. Non-exhaust traffic related emissions of PM
(PM2.5-PM10) contribute as much and often more than exhaust emissions in cities [3,9]. The
adverse health effect of PM is due to its being deposited in the respiratory system because
of short-term (hours, days) and long-term (months, years) exposure [10]. According to Tena
and Clarà [11], the size and shape of PM are primary factors that condition its deposition
in the upper respiratory track or deep into the lungs.

Air pollution related to non-exhaust emissions from road traffic is less well-understood
than from exhaust sources, which have decreased over the past decades thanks to the
tightening of emission standards (in the European Union referred as EURO-X emission
standards). Increasing the stringency of existing emissions standards, replacing older
engines without diesel particulate filter (DPF), and electrification of vehicles will result
in almost all PM emissions from road traffic coming from non-exhaust sources in future
years [12]. However, there are numerous non-exhaust processes which have received rela-
tively little attention and which may contribute significantly to atmospheric PM pollution.
Estimating non-exhaust PM emission is subject to high uncertainty, due to the lack of
up-to-date emission inventory guidelines and research [13].

According to Franco et al. [14], emission factors are used as an apparatus to quantify
specific pollutants emitted by a single vehicle or fleet. The reference unit is usually distance
travelled by vehicle, or consumed amount of energy (fuel), respectively. Emission factors
are derived for vehicle type and depend on vehicle characteristics, vehicle emission control
technology, type and quality of fuel used, operating environment, operating conditions
and other parameters.

Air quality modelling is an essential tool to determinate the spatial distribution
of pollutants concentration and to evaluate the population exposure to traffic-related
emissions. Hence, monitoring and modelling of transportation-related PM emissions and
their dispersion are important for understanding human exposure and to prevent harmful
effects on human health and the environment as a whole. According to Askariyeh et al. [15],
air pollution dispersion models, especially the American Meteorological Society (AMS) and
U.S. Environmental Protection Agency (U.S. EPA) Regulatory Model (AERMOD) [16,17],
can provide satisfactory results for pollution distribution occurring close to roadways.
Previous research by Askariyeh et al. [15] found that AERMOD provides contradictory
results when modelling mobile line sources with different program configurations as area
or volume sources, and more studies are needed to further evaluate the performance
of AERMOD for near-road predictions. According to Munir et al. [18], air dispersion
modelling significantly supports air quality monitoring, and vice versa. However, air
quality monitoring provides data only for points where the measuring sensors are installed,
whereas dispersion models provide better spatial coverage.

The aim of the present study was to evaluate the contribution of on-road mobile
sources to ambient PM pollution in the selected urban area, defined as an Air Quality
Management Area (AQMA) by air dispersion modelling. We focused on determining the
extent of the impact of exhaust and non-exhaust traffic related emissions and particular
vehicle categories. In order to determine the most representative emission factors, ve-
hicle population data from a technical inspections database were used. To estimate the
emission rate from all relevant vehicle categories, the European Monitoring and Evalua-
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tion Programme (EMEP)/European Environment Agency (EEA) Air Pollutant Emission
Inventory Guidebook was used. The air dispersion modelling approach was based on
the U.S. EPA’s recommended regulatory dispersion model AERMOD. A comparison of
modelled and observed PM concentrations of pollutants at air quality monitoring stations
was also performed. The present study is an important contribution to knowledge of the
air quality situation in AQMA and the applicability of AERMOD to simulate roadways as
linear sources of PM pollution.

2. Materials and Methods
2.1. Background

Due to the effective air quality assessment in agreement with Directive 2008/50/EC
of the European Parliament and of the Council of 21 May 2008 on ambient air quality and
cleaner air for Europe, the territory of the Slovak Republic was allocated into zones and
agglomerations. Each zone and agglomeration has relatively variable spatial distribution
of pollutant concentrations and usually implies areas with significant emission sources
and deteriorated air quality, but also relatively clean areas without such sources. For
zones and agglomerations within which concentrations of pollutants in ambient air exceed
the relevant air quality target values or limit values, ‘Air Quality Management Areas’
(AQMAs) were defined. According to the annual Air Quality Report prepared by the
Slovak Hydrometeorological Institute (SHMI), the city territory of Banská Bystrica was
selected as AQMA, due to particulate matter (PM10) and benzo(a)pyrene (BP) pollutants
based on air pollution monitoring in the years 2016–2019. A pollutant is removed from
AQMA’s list if pollutant concentration at the monitoring station did not exceed the limit
value within three consecutive years [19].

Dominant sources of air pollution in Banská Bystrica are considered to be road trans-
port, heating plants and several industrial sources of air pollution.

2.2. Study Design and Model Set Up

Emissions from on-road mobile sources depend on several factors and require fairly
detailed models to take all into account. These factors include vehicle population statistics,
i.e., age and composition of the fleet, size and weight of the vehicles, their emission
standards, abatement technologies used to reduce emissions, the type and quality of fuel
used, vehicle speed and driving conditions, trip characteristics and temperature conditions,
so accurate determination of emission factors for vehicles is challenging [20,21]. Due to
the lack of required information on the vehicle fleet in the study area, an EMEP/EEA
Guidebook was used to estimate the emission factors. This is frequently used as a reference
document by researchers. As such, it remains the most influential set of emission estimation
methods used in air pollution studies in Europe and elsewhere. The EMEP/EEA Guidebook
describes a tiered methodology for estimating emissions. For the purpose of the present
study, the Tier 1 method based on a linear relation between activity data and emission
factors was conducted [22].

The AERMOD modelling system (version 21112) was used to perform air dispersion
modelling based on the following inputs and data flow design, shown in Figure 1.

The AERMOD is considered a state-of-art modelling system based on planetary
boundary layer (PBL) turbulence structure and scaling concepts, including treatment of
both surface and elevated sources, and both simple and complex terrain. The model set
up requires three main steps: meteorological and land cover data processing by AER-
MOD meteorological pre-processor (AERMET); elevation data processing by AERMOD
terrain pre-processor (AERMAP); and AERMOD Gaussian plume model that performs
the dispersion calculations [23]. AERMET uses PBL, which serves as a replacement to the
Pasquill–Gifford stability classes previously used by plume dispersion models. AERMOD
calculates the effects of vertical variation of wind, turbulence profiles and temperature [24].
Due to its extensive development, the AERMOD is currently the most recommended
dispersion model in the U.S. EPA, and is also suitable for linear sources of emissions [25].
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Figure 1. Data flow in study design.

The modelled data in the study were compared with the measured data at two
air quality monitoring stations in Banská Bystrica to estimate the contribution of on-
road mobile sources to local PM pollution. Despite the fact that air pollution by PM
particles is often interpreted as a 24-h average, AERMOD results were aggregated to
annual averages in the present study due to the model´s tendency to underpredict the
highest 24-h concentration values [26].

2.3. Description of the Study Area

The present study focuses on the city territory of Banská Bystrica. The city is located
in central Slovakia about halfway between Slovakia’s two largest cities, north-east from
Slovakia’s capital Bratislava (approximately 208 km) and west of Košice (approximately
217 km). The total area of the city is 103.38 km2 (Figure 2). With 78,000 inhabitants, Banská
Bystrica is the sixth most populated municipality in the Slovak republic [19]. Currently, the
density of the population is 756.51/km2 [19,27].

The model domain consists of a square area centred in city of Banská Bystrica (at
X = 364,002.41; and Y = 5,399,511.22) with the domain boundaries summarized in Table 1.

Table 1. Domain boundaries and parameters.

Domain Axis Length [m] Spacing [m] Boundary Points UTM 34N [m]

X Axis 6268.80 313.44
360,868.07 (XMIN)
367,136.87 (XMAX)

Y Axis 6258.40 312.92
5,396,382.02 (YMIN)
5,402,640.42 (YMAX)

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, and the conclusions that can
be drawn.

The domain was discretized using a uniform Cartesian grid. A total of 441 receptors
spaced uniformly across the domain and two discrete receptors, which represented the
position of local air quality monitoring stations, were calculated by AERMOD. Receptors’
heights were considered at ground level.
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2.4. Air Quality Monitoring Stations in Study Area

Air quality monitoring is performed at two monitoring stations (Table 2) located in
Banská Bystrica as a part of the national air quality monitoring network in the Slovak
republic managed by SHMI. Automatic instruments for continuous monitoring provide
average 1-h concentrations of pollutants. The determination of PM10 and PM2.5 is based
on a tapered element oscillating microbalance (TEOM) equivalent (E) technique, which is
a real-time detection of aerosol particles by measuring their mass concentration [28].

Table 2. Air quality monitoring stations operating within Banská Bystrica parameters.

Station Name Station Code Sampling Method
(PM2.5/PM10)

Sampling
Instrument

Integration Time
(PM2.5/PM10)

Station
Type

Banská Bystrica,
Štefánikovo nábrežie SK601002 TEOM-E TEOM 1405F 1-h urban traffic

Banská Bystrica,
Zelená SK601007 TEOM-E TEOM 1405F 1-h urban background
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The monitoring station SK601002 is located in the valley part (346 masl) of the city
close to a busy four-lane urban road and river Hron. This area is characterized by worsened
dispersion conditions. The monitoring station SK601007 is located on a slight ridge at an
altitude of 425 masl close to a residential zone with a housing development. However,
unlike the station SK601002, it is located outside the city’s main sources of air pollution,
including major transport routes. The location and design of both air quality monitoring
stations meet the requirements of legislation in the field of air protection in the Slovak
Republic and the European Union (EU) [28]. The location of air quality monitoring stations
is shown in Figure 5. The position of air quality monitoring stations was also used as
a reference point for model simulations to compare the observed data with modelled data
from on-road mobile sources.

2.5. Terrain Data

Banská Bystrica is located on the River Hron. Figure 3 shows a topographic map of
the city territory prepared by a digital elevation dataset obtained during the Shuttle Radar
Topography Mission (SRTM) with resolution of 90 m [29]. Surrounding the city territory is
prevailingly mountainous terrain. The shape of the urban area follows the valley formed
by the river. Average elevation of the urban area of the city is approximately 362 m above
sea level (masl). Digital elevation data were preprocessed by AERMAP [30].
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2.6. Meteorological Data

Meteorological conditions such as wind speed, ambient temperature, precipitation,
and humidity levels play an important role in affecting air pollution concentrations. Wind
affects the transport of the pollutants in the atmosphere and drives the vertical air mixing
process, and thus the ventilation of the urban air [31].
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Weather conditions in Banská Bystrica are affected by local orography which causes
low wind velocity and frequent temperature inversions, mainly in the winter season [19].

Hourly meteorological data for the year 2019 and 2020, as an input for the dispersion
model, including temperature, relative humidity, wind speed and direction, precipita-
tion and cloud coverage, were obtained from the Automated Surface Observing System
(ASOS) at Sliač airport which is located approximately 10 km south of Banská Bystrica
(5,388,981.31 N, 362,816.25 E). In agreement with U.S. EPA´s memorandum [32], the ASOS
meteorological data are appropriate for use with the AERMOD modelling system. The
raw meteorological data was arranged into the SCRAM format which is required by the
AERMOD model. Raw surface meteorological data, arranged into the FSL format data,
from Sliač airport (313 masl) and upper air data were processed by the meteorological data
preprocessor AERMET. Upper air data were purchased from the AERMOD service data
hub as AERMET-Ready Weather Research and Forecasting (WRF) met data in AERMET
compatible file format (.FSL). Hourly surface observations from Sliač airport and upper
air met data were implemented in the AERMET preprocessor (version 21112) to create
a surface data file (.SFC) and profile data file (.PFL) applicable in the AERMOD model.
A quality assessment process was also executed, which checked the selected surface vari-
ables of met data for missing data, or data outside the range of acceptable values. Default
surface variable ranges in AERMET were used [33]. To specify surface parameters such as
albedo, ratio, surface roughness and land-use, CORINE Land Cover (CLC) inventory data
were implemented in the model [34].

According to Windrose (Figure 4), prevailing wind direction in the region of Banská
Bystrica is northerly. The average wind speed is 2.13 m/s and the average percentage of
calm situations when no motion of air is detected is approximately 18%.
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2.7. Input Data
2.7.1. Vehicle Population Statistics

Emission factors represent the relationship between pollutant emissions and source of
pollution. In the present study, we focused on the following types of traffic-related sources
of emission. Vehicles were classified into categories in terms of EU classification [35]:

• Category L: 2-, 3- and 4-wheel vehicles such as motorcycles, mopeds, quads, and minicars;
• Category M: vehicles with at least four wheels designed to carry passengers;
• Category N: vehicles carrying goods including Light Commercial Vehicles (LCV)

with a gross vehicle weight of <3.5 metric tons and Medium and Heavy Commercial
Vehicles (MHCV) with a gross vehicle weight of between >3.5 and <12 tons and
>12 tons, respectively.

Data on vehicle population in Table 3 were obtained from the periodical vehicle
technical inspections database. The data set contains the registered vehicle population
count in the Slovak republic by various criteria such as vehicle class, vehicle status, vehicle
model, fuel type and other descriptors [36].

Table 3. Vehicle population statistics according to vehicle technical inspections database in the Slovak
republic, 31 December 2020.

Vehicle Category Fuel Type Fuel Type, % Vehicles in Use

M

Petrol 53.63 1,320,329
Diesel 44.99 1,107,497
CNG 0.04 994

Electric Power 0.09 2194
Ethanol 0.00 2

LNG 0.00 0
LPG 0.00 10
N/A 1.25 30,687

Subtotal 100.00 2,461,713

LCV

Petrol 15.30 41,161
Diesel 83.08 223,527
CNG 0.06 154

Electric Power 0.05 135
Ethanol 0.00 0

LNG 0.00 0
LPG 0.00 3
N/A 1.52 4077

Subtotal 100.00 269,057

MHCV

Petrol 0.16 128
Diesel 97.92 79,293
CNG 0.05 39

Electric Power 0.00 0
Ethanol 0.00 0

LNG 0.08 64
LPG 0.00 0
N/A 1.79 1452

Subtotal 100.00 80,976
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Table 3. Cont.

Vehicle Category Fuel Type Fuel Type, % Vehicles in Use

L

Petrol 97.00 163,728
Diesel 0.10 166
CNG 0.00 0

Electric Power 0.58 983
Ethanol 0.00 0

LNG 0.00 0
LPG 0.00 0
N/A 2.32 3910

Subtotal 100.00 168,787

Grand Total 2,980,533
Note: CNG = Compressed Natural Gas; LNG = Liquefied Natural Gas; LPG = Liquefied Petroleum Gas;
N/A = Not Available; Petrol group includes all types of petrol fuels according to their octane rating, fuel
combinations (petrol + CNG/LNG/LPG), and hybrid vehicles; Electric power = pure-electric vehicles.

In group of petrol vehicles, several configurations with a different type of fuel were
found. However, strictly petrol-powered engines remain the dominant type of fuel utilizer
for these vehicles. On the other hand, for diesel-powered vehicles such combinations are
not typical. Only 0.21% of all diesel-powered passenger vehicles are also powered by
electricity and 0.01% of all diesel-powered MHCV vehicles are fueled with a combination
of diesel and LPG.

Table 4 shows vehicle population data in the Slovak republic according to EURO-X
emission standards. Based on these data, the EURO 4 emission standard is dominant in
Slovak republic followed by EURO 6 and EURO 5.

Table 4. EURO-X emission standards in Slovak republic, 31 December 2020.

Vehicle
Category

Fuel
Type

EURO-X Emission Standards

EURO 1 EURO 2 EURO 3 EURO 4 EURO 5 EURO 6

M
Petrol 0.00% 4.94% 8.38% 31.62% 19.92% 35.14%
Diesel 0.00% 4.86% 15.82% 27.00% 29.20% 23.11%

LCV
Petrol 0.00% 4.12% 16.27% 66.92% 5.55% 7.15%
Diesel 0.00% 3.34% 17.77% 44.22% 17.77% 16.89%

MHCV
Petrol 0.00% 46.67% 40.00% 13.33% 0.00% 0.00%
Diesel 0.00% 1.95% 15.36% 12.12% 17.49% 53.07%

L
Petrol 0.03% 25.64% 49.22% 24.69% 0.42% 0.00%
Diesel 0.00% 69.41% 18.82% 11.76% 0.00% 0.00%

2.7.2. Traffic Data

In the study area, we focused on the main road sections shown in Figure 5. The
selection of modelled road sections was based on Slovak Road Administration data and
the methodology for performance and assessment of a nationwide traffic survey. This
methodology is described in detail in the publicly available information published by the
Slovak Road Administration. According to this methodology, the determination of the
position of the survey stand and the number of investigated road sections in urban area
depends on multiple requirements, especially for the survey’s representativeness and its
availability in terms of economic costs. An elementary condition for locating the position
is the selection of such a road profile, which can be considered characteristic for the given
survey section in terms of the prevailing intensity and composition of the traffic flow [37].
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Figure 5. Main road sections in Banská Bystrica used in the model simulations based on nationwide
traffic survey conducted by the Slovak Road Administration (road section numbering according to
Table 5).

Table 5. Traffic data and road parameters of associated road sections included in study.

Road Section Road Type Number of Lanes Length Lane Width Speed Limit
Vehicle Category ADT

M LCV MHCV L

- - - [m] [m] [km/h] [Number of Vehicles per 24 h]

93582 UR 4 1186.20 14.00 50 5874 650 196 43
90871 UE 6 2669.10 21.50 90 46,781 4569 1375 193
93581 UR 5 1331.80 17.50 50 21,912 1347 405 67
90872 UR 5 772.60 19.20 50 38,697 2485 748 100
92831 UR 2 1481.40 7.00 50 3748 355 107 21
90663 UE 4 1328.40 15.00 90 26,349 3724 1121 61
90873 UR 4 857.10 14.20 50 30,367 2228 671 95
92821 UR 2 1960.90 6.00 50 4576 326 98 16
90662 UE 4 831.00 15.00 90 31,126 4670 1406 40
90664 UE 4 721.20 14.00 80 12,138 2507 754 40
90665 UE 4 1238.70 14.00 90 21,003 2374 715 62
90881 UE 4 1350.80 14.00 80 13,116 1837 553 37
90874 UR 3 1346.40 10.05 50 12,021 1155 347 29
90882 UE 4 456.90 14.00 80 15,413 1940 584 48

Note: UE = urban expressways; UR = urban road.



Sustainability 2021, 13, 12748 11 of 23

The city of Banská Bystrica has two main road corridors, the first an urban expressway
creating an inner city bypass, which is in 651.2 m in length, led on pillars on the road section
number 90663. The second main corridor consists of road sections number 90872, 90873
and 90874. Data showed that this corridor has the highest vehicle volume compared to
other road sections in Banská Bystrica. This is because this corridor serves as an artery for
downtown and for most economic activities in the city such as manufacturing companies,
government agencies, schools, hospitals, hotel facilities and the main bus and train station.

Table 5 shows average daily traffic (ADT) on examined road sections described in
Figure 5. ADT is represented by the average number of vehicles that travel through
a specific point over a short time period, usually 7 days. Traffic data in Table 5 were
based on a nationwide road traffic survey in the Slovak Republic as part of the E-Road
Traffic Census organized by the European Economic Commission at the United Nations
Organization in Geneva and the international organization EUROSTAT in Brussels. The
number of vehicles during the traffic survey was measured primarily by the automatic
count method via in-situ detectors taken at 1-h intervals for each 24-h period. In addition,
traffic detectors provided accurate information on vehicle speed [37].

Table 5 shows the following share of particular vehicle categories at the examined road
sections: 87.59% for passenger cars, 9.33% for LCVs and 2.81% for MHCVs. The volume of
0.26% for L-category vehicles is practically negligible. The busiest road section was urban
expressway number 90,871 with 16.4% share of ADT in Banská Bystrica. The total ADT on
the examined road sections was 323,220 vehicles.

For the calculations of emission rates, the traffic intensity at peak hour was considered.
Peak hour traffic is represented by approximately 20% of 24-h averages.

2.7.3. Emission Data and AERMOD Performance

In order to calculate the emission rate of PM, information was estimated based on
the traffic data (Table 5), vehicle population statistics and share of EURO-X emission
standards in the Slovak republic (Tables 3 and 4, respectively). The study focused on
petrol-powered and diesel-powered vehicles only. The accuracy of such a procedure may
be questioned, but it is objectively impossible to record a vehicle´s emissions parameters
during a standard traffic survey. Therefore, national vehicle data were applied to a sample
of vehicles represented by the vehicle fleet in Banská Bystrica.

Emissions of all categories of passenger cars, LCV and MHCV were taken into consid-
eration for the assessment of the on-road mobile sources contribution to PM in the study
area. Category L (2-, 3- and 4-wheel vehicles) was not included in the calculation due to the
low number of passes compared to the other vehicle categories and therefore we consider
its contribution to be insignificant.

Emission factors were determined for the following sources of PM emissions for each
type of vehicle category:

• Exhaust emissions,
• Road vehicle tire and brake wear;
• Road surface wear.
• Third bullet.

The above-mentioned sources were calculated as PM10 and PM2.5 fraction using the
emission factors shown in Table 6 based on type of fuel, emission standard and vehi-
cle speed.

Exhaust emission factors shown in Table 6 have been deduced on the basis of a large
amount of experimental data, i.e., measuring of vehicles’ emission performance across
different laboratories in Europe [22]. The uncertainty of the exhaust emission factor
depends on the variability of individual vehicle measurements for the particular speed
class. This uncertainty has been reported in detail by Kouridis et al. [38], who concluded
that the majority of exhaust emission factors shown in Table 6 are statistically significant
and based on a sufficiently large set of measured and evaluated data. Kouridis et al. [38]
expressed the uncertainty as standard deviation for each vehicle category, fuel, EURO-X
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standard, and speed class, respectively. In total, 14 speed classes corresponding to 14 classes
of 10-km/h speed intervals (from 0 to 140 km/h) were specified. Standard deviation (g/km)
of exhaust PM emission factors for the investigated vehicle categories ranged from 0.001 to
0.285 which is considerably low uncertainty.

Table 6. PM emission factors by EMEP/EEA Guidebook used in study (95% confidence interval of non-exhaust emission
factor shown in parentheses).

Vehicle
Category Fuel Speed

Limit
Exhaust Emission Factor (PM2.5)

Non-Exhaust Emission Factor

Road Surface Wear Road Vehicle Tire/Brake Wear
Combined

EURO2 EURO3 EURO4 EURO5 EURO6 PM10 PM2.5 PM10 PM2.5

- - [km/h] [mg/km Per Vehicle] [mg/km Per Vehicle]

M

P 50 3.20 3.20 1.30 1.30 1.40
7.50

4.50–10.10)
4.10

(2.40–5.50)
13.80

(8.30–19.50)
7.40

(4.50–10.70)
P 90 1.90 1.90 1.20 1.20 1.20
D 50 42.10 27.80 26.80 2.10 1.50
D 90 44.70 38.10 24.70 1.60 1.00

LCV

P 50 3.20 1.30 1.30 1.40 1.40
7.50

(4.50–10.10)
4.10

(2.40–5.50)
21.60

(13.90–28.20)
11.70

(7.10–14.80)
P 90 1.90 1.20 1.20 3.00 3.00
D 50 61.50 41.20 21.50 1.10 1.10
D 90 118.10 79.10 41.30 0.90 0.90

MHCV D 50 139.20 145.20 33.20 41.10 4.00 38.00
(22.80–51.30)

20.50
(12.30–27.70)

59.00
(50.00–95.00)

31.60
(28.10–54.10)D 90 164.30 110.70 28.00 32.10 2.90

Note: P—petrol; D—diesel.

Exhaust emission factors were considered according to the EMEP/EEA Guidebook,
dependent on vehicle speed for each vehicle category. The calculation generic equation
was as follows:

EF =
Aplha×V2+Beta×V+Gamma+Delta

V
(Epsilon × V2 + Zeta × V + Eta)× (1 − RF)

(1)

where EF was emission factor, and V was vehicle speed. The Greek Letter components
of the equation can be found in Appendix 4 to the chapter “1.A.3.b.i-iv Road transport
2019” of the EMEP/EEA Guidebook. Where necessary a reduction factor RF was applied.
In exhaust PM emissions, the coarse fraction (>2.5 µm in diameter) is considered to be
negligible, hence all exhaust PM = PM2.5 [22]. According to Tiwary and Williams [39],
petrol-powered vehicles are usually thought of as negligible PM emitters, except in the case
of leaded petrol. However, this was not taken into account in the study, because the Slovak
Republic phased out leaded petrol completely by 1995 [40]. Tiwary and Williams [39], also
determined the typical particle size distribution from old diesel engines which peaked at
around 0.1 µg/m3.

Estimation of emissions from road vehicle tire wear, brake wear and road surface wear
was based on the EMEP/EEA Guidebook Tier 1 procedure. Emission factors are given as
a function of vehicle category alone. Total traffic generated emissions can be estimated
by summating the emissions from individual vehicle categories [22]. In order to calculate
non-exhaust PM2.5 and PM10 emissions, Equation (2) was used:

TE = ∑
j

Nj × Mj × EFi,j (2)

where TE was the calculated number of emissions for the defined time period and spatial
boundary, Nj was the number of vehicles in each vehicle category within the defined spatial
boundary, Mj was the average distance driven per vehicle in category j during the defined
time period and EFi, j was the mass emission factor for pollutant i and vehicle category.

Non-exhaust emission factors shown in Table 6 have been derived from studies
conducted on dry days with dry road conditions. The water layer on the road causes
a significant reduction of PM emissions, especially from brake and road surface wear,
because such particles may be trapped by the water [22]. The impact of seasonal varia-
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tions and weather conditions on the PM emissions factor was investigated by Ferm and
Sjöberg [41], who concluded that the emission factor for PM10 is considerably lower for
wet roads than for dry roads. On the other hand, there is very little difference between
wet and dry roads for the PM2.5 emission factor, indicating that most of the PM2.5 particles
originate from exhaust pipes which is consistent with the EMEP/EEA emission factors
used in the present study.

According to Nam et al. [42], exhaust PM emissions are significantly affected by
ambient temperature, thus during a cold start phase, engines emit higher levels of PM.
In general, PM emissions doubled for every 20 ◦F (approximately equal to 11 ◦C) drop
in ambient temperature. According to the EMEP/EEA Guidebook [22], the exhaust PM
measurement procedure regulated for vehicle exhaust PM emissions requires that samples
are taken at a temperature < 52 ◦C. At this temperature, PM contains a large fraction
of condensable species. Therefore, PM emission factors are considered to include both
filterable and condensable material.

Table 7 provides the emission rates for PM2.5 and PM10 and for the three source cate-
gories (i.e., hot exhaust emissions, tire and brake wear combined, and road surface wear).

Table 7. Determined emission rates of total PM2.5 and PM10 for each vehicle category and road section used by AERMOD model.

Pollutant Road
Section

Emission Rate [mg/s]

Exhaust Emissions Road Surface Wear
Emissions

Road Vehicle Tire and Brake
Wear Emissions

M LCV MHCV M LCV MHCV M LCV MHCV

PM2.5

93582 2.81 0.71 1.65 1.59 0.18 0.26 2.86 0.50 0.41
90871 52.64 21.21 28.17 28.44 2.78 4.18 51.33 7.93 6.44
93581 11.79 1.65 3.83 6.65 0.41 0.61 12.00 1.17 0.95
90872 12.07 1.77 4.10 6.81 0.44 0.66 12.29 1.25 1.01
92831 2.24 0.48 1.12 1.26 0.12 0.18 2.28 0.34 0.28
90663 14.76 8.61 11.43 7.97 1.13 1.70 14.39 3.22 2.61
90873 10.51 1.76 4.08 5.93 0.44 0.65 10.70 1.24 1.01
92821 3.62 0.59 1.37 2.04 0.15 0.22 3.69 0.42 0.34
90662 10.90 6.75 8.97 5.89 0.88 1.33 10.63 2.52 2.05
90664 3.69 3.14 4.18 1.99 0.41 0.62 3.60 1.18 0.96
90665 10.97 5.12 6.79 5.93 0.67 1.01 10.70 1.91 1.55
90881 7.47 4.32 5.73 4.04 0.57 0.85 7.28 1.61 1.31
90874 6.54 1.43 3.32 3.69 0.35 0.53 6.65 1.01 0.82
90882 2.97 1.54 2.05 1.60 0.20 0.30 2.90 0.58 0.47

PM10

93582 - - - 2.90 0.32 0.49 5.34 0.93 0.76
90871 - - - 52.03 5.08 7.75 95.73 14.63 12.03
93581 - - - 12.16 0.75 1.14 22.37 2.15 1.77
90872 - - - 12.46 0.80 1.22 22.92 2.30 1.89
92831 - - - 2.31 0.22 0.33 4.26 0.63 0.52
90663 - - - 14.58 2.06 3.14 26.83 5.94 4.88
90873 - - - 10.84 0.80 1.21 19.95 2.29 1.88
92821 - - - 3.74 0.27 0.41 6.88 0.77 0.63
90662 - - - 10.78 1.62 2.47 19.83 4.66 3.83
90664 - - - 3.65 0.75 1.15 6.71 2.17 1.78
90665 - - - 10.84 1.23 1.87 19.95 3.53 2.90
90881 - - - 7.38 1.03 1.58 13.58 2.98 2.45
90874 - - - 6.74 0.65 0.99 12.41 1.87 1.53
90882 - - - 2.93 0.37 0.56 5.40 1.06 0.87

The AERMOD model simulation was executed for 730 analysis days in 2019–2020
for the study area. The model was run using hourly meteorological data and calculated
emission rates are shown in Table 7. On-road mobile sources of emissions were treated
as a line source represented by separated volume sources in AERMOD, with a plume
height of 2.6 meters for M/LCV category, and 6.8 meters for MHCV category, respectively.
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The top of the plume height was calculated as 1.7 times the average vehicle height. The
release height at which wind effectively begins to affect the plume was calculated by
multiplying the plume height by 0.5. Plume width was calculated as recommended by U.S.
EPA, for single lane roadways (vehicle width + 6 meters), and for two-lane roadways (road
width + 6 meters) [16].

2.8. Statistical Analysis

Data were analysed by STATISTICA (StatSoft Inc., Tulsa, OK, USA, ver. 12). Statistical
significance was set at p < 0.05.

3. Results and Discussion
3.1. Model Validation

The AERMOD model is one of the most commonly studied and validated dispersion
models in the world. Studies in this field have typically demonstrated good correlation
with real observations. To validate the model’s accuracy we followed the recommenda-
tions of the EPA’s “Guideline on Air Quality Models” [43]. The accuracy of the model is
normally determined by an evaluation procedure which involves the comparison of model
concentration estimates with measured air quality data. The statement of model accuracy
is based on statistical tests or performance measures, although a detailed analysis of these
recommendations is beyond the scope of this paper. The most suitable method for the vali-
dation of air dispersion modelling results is to compare the observed concentrations with
the model’s prediction. Therefore, observed concentrations from air quality monitoring
station SK601002 that best reflect traffic-related pollution due to its location near busy road
section number 90873 were compared with the AERMOD simulation in terms of variations
in short-term averages. Correlation analysis of modelled high and second-high 1-, 3-, and
24-h concentrations of PM at this road section showed good correlation with the corre-
sponding data series from this air quality monitoring station. Especially, concentrations
during peak traffic periods, typically 7–10 a.m. and 3–6 p.m., showed good correlation
(r > 0.70) with modelled data. The performance of the AERMOD model was also validated
by the comparison with MODIM (version 03, ENVItech, Trenčín, Slovak Republic), which
is a program intended for regulatory and planning purposes in based on Gaussian plume
dispersion, with a numerical model for line sources, street networks and street canyons.

During the validation process, we ensured that roadway emissions was appropriately
spaced when using volume source so that the emissions field was uniform across the
roadway. Receptors were placed outside the exclusion zones to prevent underestimation
of roadway impacts. As mentioned above, we considered study design and model set up
a satisfactory representation of on-road mobile sources of PM emissions in the study area.

3.2. Air Quality Monitoring Stations Data Analysis

Firstly, we conducted the background concentrations data comparison from air quality
monitoring stations located in Banská Bystrica (see Table 2). Descriptive statistics for
PM10 and PM2.5 pollutant concentration values as 1-h averages at these monitoring sites
were conducted. A corresponding data set was available from 25 November 2019 until
31 December 2020 due to maintenance on each monitoring station at different times during
2019; however, this time period was long enough to obtain more than 9200 individual
data for each pollutant and station. Annual mean PM2.5 and PM10 concentration values
calculated from 1-h measurements during the monitored period at air quality monitor-
ing station SK601002 were 19.42 ± 19.05 µg/m3 and 28.05 ± 22.03 µg/m3, respectively.
Determined concentrations at station SK601007 were 19.70 ± 21.44 µg/m3 for PM2.5 and
19.26 ± 19.35 µg/m3 for PM10.

The independent samples t-test showed that there was no statistically significant
difference (p > 0.05) in determined PM2.5 concentrations at monitoring station SK601002
and SK601007. On the other hand, we found a statistically significant difference (p < 0.001)
among PM10 concentration values.
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Figure 6 compares mean, standard deviation and min–max range of PM10 and PM2.5
concentration values from air quality monitoring stations in Banská Bystrica.
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These results suggest that on-road mobile sources do not significantly affect concentra-
tions of PM2.5 in Banská Bystrica. Mean 1-h PM10 concentration was found approximately
45% higher at air quality monitoring station SK601002 compared to monitoring station
SK601007. An increase in PM10 concentration at air quality monitoring station SK601002 lo-
cated near the main traffic route in the city might be associated with non-exhaust emissions
from road vehicle tire and brake wear and road surface wear, respectively.

Data from air quality monitoring stations in Banská Bystrica are consistent with
previous findings of Ferm and Sjöberg [41], who concluded that the average street level
concentrations of PM10 in Gothenburg with highly traffic flow were 36% higher than the
urban background concentrations.

According to SHMI [19], the numbers of warning threshold exceedances of PM2.5
and PM10 concentrations at air quality monitoring station SK601002 were 18 and 26,
respectively. At air quality monitoring station SK601007 it was 10 exceedances for PM2.5
and 16 exceedances for PM10.

3.3. On-Road Mobile Sources Contribution to PM2.5 and PM10 Concentrations

The emission rates, as described in Section 2.7.3 were applied to the AERMOD model
to estimate PM concentrations in the study area. Based on the AERMOD model, we
estimated the spatial distribution of annual PM concentration values in Banská Bystrica
produced by all vehicle categories, which we included in the simulation. The annual
concentration values displayed on the dispersion maps (Figure 7) ranged from 0.28 to
16.71 µg/m3 for PM2.5, and from 0.27 to 15.57 µg/m3 for PM10, respectively.

Despite the assumptions, average annual PM2.5 concentrations were generally higher
than PM10. Overall these results are in accordance with findings reported by Qu et al. [44],
who found that mean values of PM10 and PM2.5 for three different traffic flow levels,
ranging from 186 to 819 cars/5 min, were from 10.32 to 15.41 µg/m3, and from 23.34 to
32.06 µg/m3, respectively.



Sustainability 2021, 13, 12748 16 of 23

Sustainability 2021, 13, x FOR PEER REVIEW 17 of 25 
 

The emission rates, as described in Section 2.7.3 were applied to the AERMOD model 
to estimate PM concentrations in the study area. Based on the AERMOD model, we esti-
mated the spatial distribution of annual PM concentration values in Banská Bystrica pro-
duced by all vehicle categories, which we included in the simulation. The annual concen-
tration values displayed on the dispersion maps (Figure 7) ranged from 0.28 to 16.71 μg/m3 
for PM2.5, and from 0.27 to 15.57 μg/m3 for PM10, respectively. 

Despite the assumptions, average annual PM2.5 concentrations were generally higher 
than PM10. Overall these results are in accordance with findings reported by Qu et al. [44], 
who found that mean values of PM10 and PM2.5 for three different traffic flow levels, rang-
ing from 186 to 819 cars/5 min, were from 10.32 to 15.41 μg/m3, and from 23.34 to 32.06 
μg/m3, respectively. 

 
Figure 7. Distribution of estimated annual PM2.5 (left) and PM10 (right) concentration values from on-road mobile sources 
within the study area. 

The distribution of the PM pollution follows the prevailing wind from north to south 
and was significantly influenced by local topographical conditions. Peak concentration 
values were found at the point which lied on road section number 90871 (5398259.54N, 
363062.15E), close to the crossing point with road sections number 90872 and 93581 (see 
Figure 7). 

The mean ± SD concentrations from all receptors of the AERMOD model in the study 
area were 2.83 ± 2.09 μg/m3 for PM2.5, and 2.66 ± 1.95 μg/m3 for PM10, respectively. A sim-
ilar conclusion was reached by Keirbek et al. [4], who estimated that traffic contributed to 
ambient PM2.5 levels from 0.40 to 2.60 μg/m3 across 1-km grid cells within New York City. 
Previous studies by Gibson et al. [24], and Ginzburg et al. [45] also confirmed that road-
way emissions might contribute to PM2.5 pollution at the levels calculated in our study. 
However, it is important to highlight the fact that modelled annual PM2.5 peak concentra-
tion values exceeded the WHO air quality guideline annual mean limit value 10 μg/m3 

[46], and they were close to the exposure concentration obligation set at 20 μg/m3 [47]. So 
the volume of the traffic in this location of the city Banská Bystrica is relatively high and 
requires serious attention regarding exposure to traffic-related emissions and human 
health. It is important to highlight that, according to WHO [46], reducing annual average 
PM2.5 concentrations to 10 μg/m3 could reduce air pollution-related deaths by around 15%. 

Exceeding the air quality annual limit for PM10 of 40 μg/m3 according to the Directive 
of the European Parliament and of the Council, number 2008/50/EU [48], was not con-
firmed in the present study. The range of the modelled PM10 concentrations in the study 

Figure 7. Distribution of estimated annual PM2.5 (left) and PM10 (right) concentration values from on-road mobile sources
within the study area.

The distribution of the PM pollution follows the prevailing wind from north to south
and was significantly influenced by local topographical conditions. Peak concentration
values were found at the point which lied on road section number 90871 (5,398,259.54 N,
363,062.15 E), close to the crossing point with road sections number 90872 and 93581 (see
Figure 7).

The mean ± SD concentrations from all receptors of the AERMOD model in the
study area were 2.83 ± 2.09 µg/m3 for PM2.5, and 2.66 ± 1.95 µg/m3 for PM10, respectively.
A similar conclusion was reached by Keirbek et al. [4], who estimated that traffic contributed
to ambient PM2.5 levels from 0.40 to 2.60 µg/m3 across 1-km grid cells within New York
City. Previous studies by Gibson et al. [24], and Ginzburg et al. [45] also confirmed
that roadway emissions might contribute to PM2.5 pollution at the levels calculated in
our study. However, it is important to highlight the fact that modelled annual PM2.5
peak concentration values exceeded the WHO air quality guideline annual mean limit
value 10 µg/m3 [46], and they were close to the exposure concentration obligation set at
20 µg/m3 [47]. So the volume of the traffic in this location of the city Banská Bystrica is
relatively high and requires serious attention regarding exposure to traffic-related emissions
and human health. It is important to highlight that, according to WHO [46], reducing
annual average PM2.5 concentrations to 10 µg/m3 could reduce air pollution-related deaths
by around 15%.

Exceeding the air quality annual limit for PM10 of 40 µg/m3 according to the Direc-
tive of the European Parliament and of the Council, number 2008/50/EU [48], was not
confirmed in the present study. The range of the modelled PM10 concentrations in the
study area varied from 0.63 to 38.93% of the PM10 annual limit value. Thus, we assume
that exceedances of warning threshold for PM10 limit value established for human health
protection, on the basis of which the city of Banská Bystrica was classified as AQMA, would
be partially caused by on-road mobile sources of emissions. On the other hand, Macêdo
and Ramos [25], found a maximum annual concentration 37.60 µg/m3 generated by light
vehicles, motorcycles, busses, and trucks. However, the PM distribution at Tancredo Neves
Avenue in Aracaju (Brazil) was modelled as total suspended particles. Compared with
our results, this difference is consistent with findings provided by Heydari et al. [49], who
concluded that traffic contribution to air pollution in European, North American, and
Oceanian cities is on average 36% lower than other regions.

Table 8 shows the descriptive statistics for estimated annual PM2.5 concentration
values from 441 receptors calculated by the AERMOD dispersion model. Traffic-related
PM2.5 emissions come from three sources: exhaust, road surface wear, and brake and tire
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wear [50]. Traffic-related PM10 emissions were modelled as surface wear, and brake and
tire wear. Coarse fraction of exhaust PM10 was considered to be negligible [22].

Table 8. Estimated annual mean PM concentrations, standard deviation, median, maximum and minimum concentration
values produced by on-road mobile sources of PM emissions in study area. The contribution (percent) of vehicle category to
total estimated concentrations in study are shown in parentheses.

Pollutant Statistical
Indicator

Exhaust Emissions
[µg/m3]

Non-Exhaust Emissions
Total

[µg/m3]
Road Surface Wear

[µg/m3]
Road Vehicle Tire and Brake Wear

[µg/m3]

M LCV MHCV M LCV MHCV M LCV MHCV

PM2.5

Mean ±
SD

0.74 ± 0.54
(26.15%)

0.27 ± 0.22
(9.54%)

0.38 ± 0.29
(13.43%)

0.41 ± 0.30
(14.49%)

0.04 ± 0.03
(1.41%)

0.06 ± 0.04
(2.12%)

0.73 ± 0.53
(25.80%)

0.11 ± 0.09
(3.89%)

0.09 ± 0.07
(3.18%)

2.83 ± 2.09
(100%)

Median 0.64 0.21 0.32 0.35 0.03 0.05 0.64 0.09 0.07 -

Min 0.07
(25.00%)

0.03
(10.71%)

0.04
(14.29%)

0.04
(14.29%)

0.00
(0.00%)

0.01
(3.57%)

0.07
(25.00%)

0.01
(3.57%)

0.01
(3.57%)

0.28
(100%)

Max 4.41
(26.39%)

1.74
(10.41%)

2.16
(12.93%)

2.39
(14.30%)

0.23
(1.38%)

0.32
(1.92%)

4.31
(25.79%)

0.66
(3.95%)

0.49
(2.93%)

16.71
(100%)

PM10

Mean ±
SD - - - 0.74 ± 0.54

(27.82%)
0.07 ± 0.06

(2.63%)
0.11 ± 0.08

(4.14%)
1.37 ± 1.00
(51.50%)

0.21 ± 0.16
(7.89%)

0.16 ± 0.12
(6.02%)

2.66 ± 1.95
(100%)

Median - - - 0.65 0.06 0.09 1.19 0.17 0.14 -

Min - - - 0.07
(25.93%)

0.01
(3.70%)

0.02
(7.41%)

0.13
(48.15%)

0.02
(7.41%)

0.02
(7.41%)

0.27
(100%)

Max - - - 4.37
(28.07%)

0.42
(2.70%)

0.60
(3.85%)

8.04
(51.64%)

1.22
(7.84%)

0.92
(5.91%)

15.57
(100%)

Our results showed that total peak annual exhaust and non-exhaust PM2.5 concentra-
tion values in the study area were 8.31 µg/m3 and 8.40 µg/m3, respectively. Non-exhaust
PM2.5 emissions were slightly higher than exhaust emissions, but no statistically significant
(p > 0.05) difference was found among these types of PM2.5 traffic-related emissions by
independent samples t-test.

Road vehicle tire and brake wear were found as the dominating sources of non-exhaust
PM pollution with estimated annual mean PM2.5 and PM10 contribution of 0.93 µg/m3

and 1.74 µg/m3, respectively. Approximately 65% of modelled non-exhaust emissions
were of tire and brake wear origin. Similar to our findings, Rahimi et al. [51] concluded
that brake wear accounts for 55% of non-exhaust emissions and significantly contributes
to urban health diseases related to air pollution. Our findings are also consistent with
Amato et al. [52], who concluded that brake wear contributions vary from negligible up to
4.00 µg/m3, or higher at specific traffic hotspots.

Interestingly, non-exhaust PM2.5 emitted by passenger cars contributed as much
as approximately 82% of the total amount of traffic-related exhaust PM2.5 emissions by
average. The difference between exhaust and non-exhaust PM2.5 emissions is not yet
significant in Banská Bystrica, but it is clear that the percentage of non-exhaust PM2.5 will
increase in the future. The same trend was modelled by Jörß and Handke [53], who found
that non-exhaust sources in Germany accounted for 25% of traffic PM2.5 emissions in 2000,
and 70% by 2020, respectively. According to Timmers and Achten [54], the share of non-
exhaust emissions can reach up to 85% of PM2.5 emissions, and 90% of PM10 emissions from
traffic. Several studies have reached the same conclusion, e.g., Rexeis and Hausberger [55],
Hopke et al. [47] and Denier van der Gon et al. [56].

In terms of the redistribution of the PM emissions contribution among the vehicle
categories, we found that approximately 66% of all modelled PM2.5 emissions in study
area were generated by passenger cars. For trucks, this was 34%, of which 16% represents
LCV and 18% the MHCV category, respectively. A similar conclusion was reached by
Keirbek et al. [4], who found that primary and secondary PM2.5 concentrations associated
with truck and bus emissions contributed to an average of 39% of total PM2.5 concentrations
from all on-road mobile sources in New York City.

Road surface wear emissions are strongly affected by the state and texture of the road
surface, weather conditions, vehicle speed, driving patterns and other factors [57]. A major
limitation of our study is the variability of factors which were not considered and emission
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rates of vehicles were calculated using uniform EMEP/EEA emission factors shown in
Table 6. Under these conditions, approximately 81% of all modelled PM10 road surface
wear emissions were generated by passenger cars, followed by MHCV and LCV vehicle
categories, with estimated contribution of approximately 11% and 8%, respectively.

Table 9 shows the results of the AERMOD dispersion model for annual PM concen-
tration values obtained from the reference points that were set at the location of the air
quality monitoring stations in Banská Bystrica. Data were divided into exhaust emissions,
road surface wear, and road vehicle tire and brake wear combined, respectively. Comper-
ing data from Table 9 with mean concentration values calculated from 1-hour averages
observed at the air quality monitoring stations in Banská Bystrica, the contribution of each
vehicle category, as well as source of PM2.5 and PM10 emissions associated with traffic,
were estimated.

Table 9. Estimated annual PM concentration values in µg/m3 calculated by AERMOD dispersion model simulation at
reference points. The contribution (percent) of mean PM concentration measured at air quality monitoring stations shown
in parentheses.

Pollutant
Vehicle

Category

Reference Point SK601002 Reference Point SK601007

Exhaust
Emissions

Road Surface
Wear

Road Vehicle
Tire and Brake

Wear
Exhaust

Emissions
Road Surface

Wear
Road Vehicle

Tire and Brake
Wear

PM2.5

M 1.34 (6.90%) 0.75 (3.86%) 1.36 (7.00%) 0.55 (2.79%) 0.31 (1.57%) 0.55 (2.79%)
LCV 0.29 (1.49%) 0.06 (0.31%) 0.17 (0.88%) 0.20 (1.02%) 0.03 (0.15%) 0.08 (0.41%)

MHCV 0.57 (2.94%) 0.09 (0.46%) 0.14 (0.72%) 0.27 (1.37%) 0.04 (0.20%) 0.06 (0.30%)

Subtotal 2.20 (11.33%) 0.90 (4.63%) 1.67 (8.60%) 1.02 (5.18%) 0.38 (1.92%) 0.69 (3.50%)

PM10

M - 1.37 (4.88%) 2.53 (9.02%) - 0.60 (3.12%) 1.03 (5.35%)
LCV - 0.11 (0.39%) 0.32 (1.14%) - 0.05 (0.26%) 0.15 (0.78%)

MHCV - 0.17 (0.61%) 0.26 (0.93%) - 0.08 (0.42%) 0.12 (0.62%)

Subtotal - 1.65 (5.88%) 3.11 (11.09%) - 0.73 (3.80%) 1.30 (6.75%)

According to Ginzburg et al. [45], based on the data collected from a PM2.5 monitoring
program in Largo, Maryland, the contribution of on-road mobile sources to ambient air pol-
lution was from approximately12.5% to 17.0% of PM2.5 at the near-road site. The sampled
aerosol was a combination of petrol and diesel exhausts and brake and tire wear. However,
the individual monthly roadway contributions varied from 7–20% depending on the season.
As was mentioned above, the present study did not consider season or weather variations,
and our results were slightly higher than the data provided by Ginzburg et al. [45], at
reference point SK601002 (near road side), where estimated contribution of PM2.5 was
approximately 25%. On the other hand, the estimated PM2.5 contribution to ambient
air pollution from on-road mobile sources at reference point SK601007 was about 11%,
which is consistent with the position of this site outside major transport routes in Banská
Bystrica. Results at reference point SK601002 were consistent with Karagulian et al. [58],
who concluded that 25% of urban ambient air PM2.5 pollution is contributed by traffic.

On-road mobile sources contribution to ambient PM10 pollution in Banská Bystrica
was estimated to be approximately 17% at reference point SK601002, and 11% at reference
point SK601007, respectively. Based on data reported by Heydari et al. [49], traffic con-
tribution to PM pollution varies from 5% to 61% in cities worldwide, with an average of
27%. Wang et al. [59], concluded that traffic-related emissions accounted for approximately
25% of PM10 concentrations in Shanghai, China, on clean days based on back-calculation
emission factors and roadside concentration measurements. Heydari et al. [49] found that
traffic contribution is on average 24% lower in cities with less than 500,000 inhabitants.
Banská Bystrica with 78,000 inhabitants is significantly below this population level. We
assume that based on our modelled data traffic significantly contributes to ambient air
PM10 pollution, especially along the major traffic routes in Banská Bystrica. According
to our results, the contribution of traffic-related PM10 concentrations at locations near the
city´s busiest road section number 90871, could reach 50–60% compared to the current
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level of ambient pollution, which is in agreement with Bukowiecki et al. [60], who found
a traffic-related PM10 burden in urban areas close to roads at approximately 60%, and
Weinbruch et al. [61] who determined a percentage of 73%. Therefore, the contributions of
traffic-related emissions to the ambient PM10 pollution in Banská Bystrica is considered to
be primarily responsible for the city´s classification as AQMA. However, a more complex
study with an air dispersion model which includes other local sources of emissions in
Banská Bystrica, e.g., point sources of emissions from industry and heating, area sources of
emissions such as parking or construction sites, as well as other line sources of emissions,
especially rail transport, is necessary.

A number of previous studies have been conducted using similar simulation param-
eters for air dispersion modelling and field data from air quality measuring stations for
estimation of the contribution of on-road mobile sources of emissions to PM pollution.
These studies in different locations and vehicle fleets have often reported different mag-
nitudes of exhaust and non-exhaust emissions. According to Craig et al. [62], the relative
fraction of exhaust to non-exhaust PM2.5 emissions from vehicles depends on road type,
vehicle fleet mix, fuel characteristics of the vehicle fleet, surface silt loading, and other
factors. Pant and Harrison [63] concluded that exhaust emissions are typically responsible
for the majority of the traffic-related PM2.5 emissions near major roadways. Our results
showed that the contribution of modelled vehicle exhaust emissions was approximately
46% of total estimated traffic-related PM2.5 emissions at reference point SK601002, and
approximately 49% at reference point SK601007. These results are in good agreement with
findings provided by Craig et al. [62], who modelled emissions from traffic in Providence
and Indianapolis, where the exhaust PM2.5 shares of total traffic-related emissions were
49% and 51%, respectively.

Estimated PM2.5 contributions of tire and brake wear in Table 9 were similar to data
reported by Jeong et al. [64], who found that non-exhaust emissions from brake wear
accounted for 2% and 6% of PM2.5 at downtown and highway sites in Toronto.

The contribution of PM10 emissions from road surface wear in the present study was
broadly in line with results concluded by Amato et al. [65], who found that road dust (road
surface wear was incorporated into the re-suspended road dust category) contributed 13%
of annual PM10 at a ring road in Paris.

Ginzburg et al. [45], pointed out that no direct correlation of PM2.5 emissions with
traffic volumes or speeds was found in the collected data, which supporting data from air
quality monitoring stations in Banská Bystrica show in Figure 6. In contrast, Qu et al. [44]
demonstrated that both PM10 and PM2.5 concentration levels were significantly correlated
with traffic volumes along urban streets of Shenyang and concluded that traffic sources
contribute greatly to the mass concentrations of PM10 and PM2.5. In agreement with
this research, we found statistically significant (p < 0.001) difference among air quality
monitoring stations in Banská Bystrica for PM10 concentration levels and we assume that
this is the direct consequence of higher traffic flow rates near reference point SK601002. This
is consistent with what has been found in previous research by Qu et al. [44], who suggest
that when the traffic flow is greater than 450 cars/5 min, PM10 levels increase rapidly.
Furthermore, Padoan and Amato [66] reported an increasing gradient of contributions of
PM10 from rural traffic locations. Our findings also support the notion that PM pollution
generated by on-road mobile sources is influenced by vehicle fleet, which was demonstrated
by Azhari et al. [67].

Traffic-related PM emissions will be significantly affected by growing demand for
electro-mobility. Živčák et al. [68] stated that optimistic expectations in 2030 could be for up
to 50,000 electric vehicles in the Slovak Republic. Timmers and Achten [54] concluded that
combined exhaust and non-exhaust PM emissions of electric vehicles are similar to those
of internal combustion engine vehicles. Electric vehicles combine regenerative braking
and friction braking whereas internal combustion engine vehicles rely solely on friction
braking [69], Thus, electric vehicles avoid brake wear, but due to the need for a battery
they are heavier and require stronger brake force leading to more brake wear and more
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tire wear, as tire wear correlates with vehicle weight [70,71]. Resuspension is assumed
to be higher for electric vehicles due to higher weight [54,72]. According to Hooftman
et al. [3], electric vehicles’ tire wear is assumed to be 10% higher while brake wear is
assumed to be 33% lower compared to the performance of internal combustion engine
vehicles. Some studies have shown that electric vehicles can even increase non-exhaust
emissions [54,73,74]. Therefore, we assume that the increase in the share of electric vehicles
will have a partial positive effect on the ambient air pollution in Banská Bystrica, but fleet
electrification makes only a limited contribution in reducing non-exhaust emissions, which
were found as the major source of PM emissions in the study area. In addition, due to
electric vehicles having no exhaust PM emissions, the change in vehicle fleet effect on PM10
concentrations remains questionable.

4. Conclusions

This study offers an estimation of the contributions of on-road mobile sources of
emissions to PM pollution in the air quality management area of Banská Bystrica. The
contribution of on-road mobile sources of emissions was based on numerical simulation
executed by the AERMOD dispersion model and comparison with data obtained through
local air quality monitoring stations. The simulations showed that PM pollution is greatly
contributed to by on-road mobile sources of emissions in the study area, especially along
the major traffic routes in Banská Bystrica. No statistically significant difference was
found among exhaust and non-exhaust PM2.5 traffic-related emissions. Road vehicle tire
and brake wear were found to be the dominating sources of non-exhaust PM pollution.
Non-exhaust PM-emissions require a stronger policy focus in the same way that exhaust
emissions from transport have been addressed in past decades. In addition, the results of
the study provide additional information on air dispersion modelling through AERMOD
when setting up line sources as separated volume sources.

There are some limitations to the scope of this study. The first is that our research
only focused on primary urban expressways and urban roads because traffic data from
secondary roads were not available. Another limitation is that the emission rates used in the
modelling process were compiled on the basis of a vehicle technical inspections database
in the Slovak Republic, thus foreign vehicles were not taken into account. Furthermore,
the building downwash effects and climate dependence were not considered during the
performance of AERMOD.

In future, more a comprehensive study is needed to analyze the contribution of all
local sources of emissions to overall PM concentration in Banská Bystrica. Therefore, future
work could extend our study to secondary roads, and we would like to explore the effects
of season and climate changes as well as the growing share of electric vehicles in the fleet.
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