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Abstract

In recent decades, road transport has become one of the dominant factors shaping envi-
ronmental conditions, with both beneficial and adverse consequences. While transport
infrastructure facilitates access to essential services and supports societal well-being, ve-
hicular emissions remain a major source of air quality degradation. Among the pollutants
released, nitrogen dioxide (NO,) and fine particulate matter (PM;5) are of particular
concern due to their adverse health effects, especially in densely trafficked urban areas.
Pollutant levels are determined not only by traffic intensity but also by external influences
such as meteorological conditions and roadway design. This study examines how different
intersection configurations affect ambient concentrations of PM;g, PM; 5, and NO,. Field
monitoring and dispersion modeling were carried out for a three-arm intersection and a
roundabout. NO, concentrations were quantified using a reference chemiluminescence
method, while PM;y and PM; 5 were measured with an optical aerosol spectrometer. Traffic
flow characteristics associated with each intersection geometry were simulated in PTV
Vissim, and pollutant dispersion patterns were subsequently analyzed using the CadnaA
modeling environment. Field measurements revealed lower PM concentrations (reduction
in PMyg, PM35 19 and PM,; 5 concentration—30.1%, 45.1% and 22.8%) and higher NO,
concentrations (increase in NO, concentration—143.3%) at the roundabout.

Keywords: particulate matter; nitrogen dioxide; roundabout; three-arm crossroad; traffic
volume; air pollution modeling

1. Introduction

Road transport, particularly its infrastructure, acts as a linear source of pollution situ-
ated at ground level, significantly contributing to environmental contamination, especially
air pollution from harmful substances [1-5].

Although fuel combustion produces most pollutants, reducing health risks requires
multiple measures since sources vary; for example, road traffic is the main source of NO,,
making it a specific urban problem [1,6-8]. While transport also contributes to PM;g and
PMj; 5, local household combustion is a significant source as well, with agricultural and
industrial activities further contributing to the emissions [9-13].

Particulate matter (PM) from motor vehicles originates from exhaust emissions and
non-exhaust processes such as brake and tire wear, road surface degradation, and dust
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resuspension; with stricter exhaust regulations, non-exhaust sources now dominate, ac-
counting in 2022 for about 75% of PM1o and 59% of PM; 5 from road traffic, and are projected
to represent the majority of such pollution [14]. This trend is expected to intensify with the
decarbonization of the transport sector and the widespread adoption of heavier vehicles,
particularly those powered by batteries [15-18]. The scientific consensus underscores that
non-exhaust emissions are becoming a critical source of transport-related PM and that
exposure to these particles poses serious health risks [14,19,20]. PM; 5 may include not
only solid particles such as organic and inorganic carbon or mineral dust but also acidic
aerosol phases; CO; can dissolve in aqueous aerosol droplets to form weak carbonic acid,
although in polluted environments aerosol acidity is usually dominated by sulfates and
nitrates [21,22].

In the search for solutions to reduce road emissions, we asked ourselves: “Can chang-
ing the type of intersection affect the production and dispersion of road pollutants?” Similar
studies, combining field measurements and modeling of air pollution and traffic flow, have
not been conducted to date. Another specific feature of this study is that it involves the
same intersection but with a different structural design, where real air pollution measure-
ments were carried out. The research in this study supports the justification for changing
the intersection design from the perspective of reducing dust in a given environment and
at the same time calming road traffic.

For example, a study [23] compared three solutions for a three-arm intersection—a
turbo roundabout, a single-lane roundabout and a stop-controlled restricted crossing U-
Turn—using microsimulation in PTV VISSIM and emission estimation based on Vehicle
Specific Power. The results showed that the turbo roundabout achieved the lowest values
for travel times, delays and CO, and NOy emissions, while the stop-controlled restricted
crossing U-turn was the second most advantageous alternative. On the other hand, the
single-lane roundabout had the highest emissions and time losses, especially at higher
traffic volumes. Some other studies have compared signalized intersections and round-
abouts using modeling, with mixed results. The study [24] describes a before-and-after
experimental analysis at an intersection where a traffic light-controlled intersection was
replaced by a roundabout; direct measurements of emissions (CO,, NOy, CO) showed that
the roundabout tends to reduce CO, emissions, while the traffic light-controlled intersec-
tion has the advantage of lower NOy emissions. The study [25] revealed that a roundabout
typically generates lower vehicle emissions than a traffic light-controlled intersection with
fixed timing, with the difference in environmental impacts being considerably smaller than
the difference in traffic efficiency.

The results of the study [26] show that with a suitable geometric modification of the
intersection, it is possible to reduce total emissions by more than 50% in saturated traffic or
with several intersections close to each other. At the three analyzed two-lane roundabouts,
their replacement with a signalized or turbo-roundabout brought about a significantly
more favorable situation in terms of emissions.

The authors also conducted a study [27], in which they modeled the production of
noise emissions and air pollution from road traffic at a four-arm intersection and a turbo-
roundabout. In this study, a reduction in noise emissions and an increase in PM;, and
nitrogen oxide concentrations were observed at the turbo-roundabout.

The change in the function of the territory will create new requirements for the
transport solution of transport nodes. Especially in urban environments, it is necessary to
pay attention to non-motorized transport and pedestrian safety. In urban environments, the
proposals include elements of traffic calming. The speed of the intersection will be reduced,
and pedestrian and cyclist crossings will be designed to be safer and more visible. These
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impacts cause a change in the emission impacts on the territory. The emission load caused
by motorized transport depends on a number of indicators, attributes, and characteristics.

According to [28], vehicle-induced pollution has become a significant source of air
pollution with the accelerated development of urbanization. Since transport emissions are
major contributors to greenhouse gases, they represent a key area of study within the field
of transport research.

According to [29], traffic calming encompasses a range of methods to slow down cars,
but not necessarily prohibit them. The benefit for pedestrians and cyclists is that cars travel
at speeds that are safer and more compatible with walking and cycling. In reality, there is a
kind of balance between all the ways of using the street, ensuring that no single transport
mode dominates at the expense of others.

According to [30], priority control is generally used at intersections with increas-
ing vehicle volumes. At priority intersections, the side road has either a “Give Pri-
ority” or “Stop—Give Priority” sign. In general, pedestrians must give priority when
crossing intersections.

A roundabout is particularly unique in that it changes the speed of all passing vehi-
cles. According to [31], there are three distinct speed profiles of a vehicle approaching a
single-lane roundabout, covering all possible combinations of stop /no-stop conditions.
In addition, vehicles are exposed to two types of stop-start cycles—short and long. Their
frequency depends on the expected length of the vehicle queue.

This article deals with the impact of the conversion of a three-arm intersection into a
roundabout. The intersection is located on the outskirts of the city of Zilina in Slovakia,
near the Vodné dielo Zilina recreation center. The intersection mainly connects residential
areas with a local recreation area. The attractiveness of the area has increased significantly
over the past ten years. The presented study aimed to describe and analyze the impact
of the solution of converting a three-arm intersection into a roundabout on the emission
load in the area. Measurements of pollutants and traffic load were taken directly on site
using a mobile air quality monitoring station (AQMS) and a traffic volume counter. The
results indicate an increase in nitrogen oxide concentrations and a decrease in particulate
matter concentrations at the roundabout. Partial results from field measurements were
published [32], and in this study an extended approach to processing measurements in
R using various functions of the OpenAir module was chosen. A parallel activity was
the processing of microscopic models of the original and current traffic solutions and a
comparison of traffic flow. The model confirmed the longer vehicle travel times at the
roundabout. The microsimulation model was developed in the PTV Vissim program. A
model of the spread of air pollution in the vicinity of both intersections was also processed
in the CadnaA program as a comparison to real measurements of pollutants. The impact of
changing the design of this intersection on the noise pollution of the environment was also
studied in previous research [33]. As with field measurements, the model also indicated
higher nitrogen oxide concentrations and lower particulate matter concentrations.

2. Materials and Methods
2.1. Study Area

The original three-arm intersection was not a high-accident location, but collisions
occurred when pedestrians, cyclists, and cars interacted (Figure 1). Nearby, there were
parking lots from which vehicles would exit into traffic in an uncontrolled manner, causing
hazardous situations and polluting the road with dust from unpaved surfaces, which was
subsequently resuspended into the air.
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Figure 1. Location of the investigated intersection in Zilina city, Slovakia; (a) three-arm intersection,
(b) roundabout; black circle—location of Zilina city, red circle—location of intersection.

The reconstruction aimed to build a roundabout with a diameter of D = 36 m in
an optimal position to ensure smooth and safe traffic while considering impacts on the
population and the environment (Figure 1). The new solution was to provide a capacity-
adequate and high-quality traffic node not only for car traffic but also for pedestrians and
cyclists, with connections to existing businesses, residential areas and recreational areas. To
safely guide pedestrians and cyclists through the intersection, dividing islands of adequate
width were designed on the main approaches.

At the same time, a change in the production of pollutants is expected, as the recon-
struction will affect the nature of traffic through the intersection, driving speeds and the
quality of the road surface.

A mobile air quality monitoring station (AQMS) was placed next to intersec-
tions (a three-arm intersection and a roundabout) at the same location in 2016 and
2017 (49°12/49.5" N 18°46'21.4" E) (Figure 1). AQMS has various measurement methods
for measuring pollutants. For the purpose of measuring nitrogen oxides, a standard chemi-
luminescence method was used, and for particulate matter, an optical method was used.

2.2. Field Measurements of Pollutants

The first measurement was carried out between 27 June and 3 July 2016 at the three-arm
intersection (Pri celulézke Street and Rosinska cesta)—the original layout. The three-arm
intersection is located at the interface of the industrial and recreational part of the city of
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Zilina, with the development of businesses and leisure facilities and services. It is located
near the state road I/18 Zilina-Martin-Kosice.

The second measurement was carried out between 26 June and 2 July 2017 at a
roundabout—a new solution was built. The same calendar period of 2016 and 2017 was
chosen for field measurements, hoping to capture the most similar external conditions for
measurements. This approach proved effective, as there were no major differences in the
measured meteorological parameters (see Results chapter). This is important in view of the
significant seasonal variability in NOyx and PM pollutant concentrations [13,34-36].

Nitrogen oxides and particulate matter concentrations were recorded as hourly con-
centrations in pg/m?.

For the measurement of nitrogen oxides, the chemiluminescent nitrogen oxide analyzer
AC32M from Environnement S.A. was used. The AC32M analyzer is designed to monitor
the concentrations of nitric oxide and nitrogen dioxide in ambient air. The quality of the
data obtained using this method is ensured by regular calibrations of the device at intervals
of one year. This method is maintained in our testing laboratory as an accredited procedure
for determining nitrogen oxide concentrations in ambient air. As part of the quality
management of measurements, the measurement uncertainty is regularly determined from
the required monitored parameters of the device.

The Fidas® 200 S (Palas GmbH, Karlsruhe, Germany) device was used for PM mea-
surement. The sampling system of the Fidas® 200 S device operates with a volumetric flow
rate of approximately 0.3 m?/h. It allows the detection of particulate matter of various
fractions PM;g, PMy, PM, 5, PM;.

Although optical techniques estimate particle mass indirectly (as an equivalence
method), the application of empirically derived correction factors allows for strong agree-
ment with standard reference procedures. Data quality assurance was performed by
comparison with the accredited gravimetric reference method for ambient PM;g and PM; 5
determination. The results of these parallel measurements demonstrated excellent correla-
tions, with coefficients of r = 0.96 for PMyg, r = 0.97 for PM; 5, and r = 0.93 for PM;.

The measured data were processed in the R programming environment, where a script
was created for data analysis using various functions/methods: OpenAir—windRose,
timeVariation, polarPlot, percentilRose.

Openair is an R package (version 4.3.2) developed for the analysis of air quality
data—or more generally, atmospheric composition data. The package is widely used in
academia, the public sector, and the private sector.

2.3. Air Pollution Modeling

Air pollution dispersion within the study area was simulated using the CadnaA
(version 2022 MR 2) software package. This modeling tool is well established for both
regional and local applications and allows for detailed assessments of emission dispersion
under urban conditions. The key input parameters included the urban structure represented
in the base map, building heights, wind rose data (Figure 1), road surface characteristics,
and traffic survey results describing flow intensity, direction, and vehicle composition
along the evaluated road segments. These inputs were derived either from direct field
measurements or from verified environmental data representing actual site conditions.

Traffic flow was divided into two categories. The first group represented light goods
vehicles (LGV), which included passenger cars and small commercial vehicles, and the
second group represented heavy goods vehicles over 3.5 t (HGV), including trucks and
buses. For the purpose of air pollution prediction, we considered the real observed traffic
volume and the actual percentage share of heavy goods traffic for different time periods of
the day.
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Radar-based traffic counts indicated that 13,910 vehicles traversed the three-arm
intersection within a 24 h period, while 15,036 vehicles passed through the roundabout
on an average weekday. Traffic volume and flow direction were recorded concurrently
with air quality monitoring at both intersections, and these datasets formed the basis
for estimating local emission loads. The same traffic data was subsequently applied in
the PTV Vissim simulations. The modeling framework utilized a three-dimensional map
obtained from OpenStreetMap contributors, which provided the fundamental geometry of
the intersections, surrounding buildings, vegetation, and associated infrastructure. The
spatial data were then transformed into the “Krovak S-JTSK (Ferro South/West positive)”
coordinate system. Each intersection was divided into homogeneous sections according
to traffic flow characteristics, such as volume, speed and density, and according to road
gradient (Figures S1 and S2, Table S1). Each section was assigned parameters including
traffic volume, road type, flow speed, surface characteristics, traffic composition, gradient
and wind rose. These parameters influence the resulting modeled pollutant concentrations
in the vicinity of the roads.

The CadnaA-APL option extends the CadnaA program to include the ability to cal-
culate, evaluate, and present the impact of air pollutants [37] and uses the AUSTAL2000
(version 2.6) calculation model developed by the German Federal Environment Agency.
Road emissions are calculated based on the Handbook Emission Factors for Road Transport
(HBEFA), which contains emission factors for different types of routes and traffic flows;
these factors have been adjusted to provide consistent results when using CadnaA-APL
with AUSTAL2000 [38]. AUSTAL2000 simulates the atmospheric dispersion of substances
and odors and serves as the official reference implementation in accordance with Annex 3 of
the German Air Quality Ordinance (TA Luft) [39]. The model is based on the VDI guide-
line 3945, part 3, which uses a Lagrangian particle model to numerically calculate the
movement of trace substances in the atmosphere [40]. The concentration of NO; is calcu-
lated indirectly through the rate of NO decomposition because NOy from road transport is
mainly produced as NO and only partially as NO,, while the emission factors are always
given as the sum of nitrogen oxides, which makes it possible to consider NOy as an inert
compound in the calculations. Total emission factors for PM;g include emissions from
combustion processes as well as wear and swirl. The modeling was based on traffic data
obtained from the survey and was performed for PM; and NOy. The model was validated
using field measurements using regression analysis, which determined the coefficient of
determination for NOy R? = 0.99 and PM;g R? = 0.98.

This study applies numerical simulations of tracer dispersion using a Lagrangian
particle model. In this approach, individual particles representing a tracer substance are
tracked as they are transported by the mean wind field and influenced by atmospheric
turbulence. Concentration fields are derived by counting particles within defined sampling
volumes and are expressed as time-averaged values over spatial grid elements. A key
strength of the Lagrangian framework is its realistic representation of physical processes
governing turbulent diffusion, while avoiding the problem of numerical diffusion. The
method conserves mass, ensures non-zero mass densities, and can accommodate arbitrary
source geometries as well as temporally variable emissions. Furthermore, the model is
capable of accounting for particle sedimentation, resuspension, and both physical and linear
chemical transformation processes. Required inputs include wind field data, turbulence
characteristics, emission parameters, and, when necessary, additional case-specific variables.
Trace substances can be present in gaseous or aerosol form. The model simulates the
trajectories of a large number of gaseous and/or aerosol particles that are transported
independently of each other by turbulent flow.
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2.4. Traffic Microscopic Model

The microscopic model describes the behavior of an individual vehicle in response
to the movement of the preceding vehicle [41]. The models simulate the details of the
traffic flow and the interaction that takes place within it. Dynamic microscopic models
represent variables such as the position and speed of individual vehicles. The analysis uses
microsimulations in the PTV Vissim (version 2023) software, which forms part of the PTV
VISION® software environment.

Two traffic models were developed for the analysis. The first traffic model (Figure 2a)
was developed for the traffic solution at the three-arm intersection. The input data were ob-
tained from the traffic survey. The second traffic model (Figure 2b) was defined based on the
new state of the roundabout for the purpose of traffic calming and safe pedestrian crossing.

‘ium&m

(a) (b)

Figure 2. Diagram of intersection arm marking: (a) with three arms; (b) roundabout
(A-E—intersection arms).

For the purpose of comparing data, traffic load data from traffic surveys conducted at
both the three-arm intersection and the roundabout were used (Table 1). The results can
thus be compared at the same traffic load.

Table 1. Traffic volumes (veh/h) with % of heavy traffic used in PTV Vissim.

Total Entry A Entry B Entry C
Entry A 0 (0%) 346 (5%) 267 (6%)
Entry B 290 (5%) 0 (0%) 132 (6%)
Entry C 175 (6%) 109 (7%) 0 (0%)

In the case of the three-arm intersection, the direction A-B represented the main traffic
flow (Figure 2a), arm E in both cases of the intersection was not used at the time of the
measurements and was therefore not included in the modeling (Figure 2).

The reason for applying the micro-spatial model was the comparison of the spatio-
temporal characteristics of the arms of both types of intersections at the same load [42—44].
Waiting time at the entrances and the course of speeds were monitored on each arm of
the intersection. The model evaluated vehicle trajectory data, specifically projections
of instantaneous speeds and densities along short segments of the monitored sections.
Identification of the occurrence of congestion groups is based on the analysis of vehicle
time intervals. The traffic flow was parameterized by spatiotemporal graphs (Figure 3).
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The microscopic model was defined for a total duration of 3600 s, with data from 600 s to
3600 s included in the analysis. The microscopic model was defined for a total duration of
3600 s, with data from 600 s to 3600 s included in the analysis. Data analysis was performed
for 10 m road segments, with average speeds calculated over 60 s intervals.

speed [km/h]

rd

distance [10 m segments]

time section (605)'
Figure 3. Example of a time—space diagram of an intersection leg.

3. Results

Air pollutant concentrations were systematically monitored at two intersection config-
urations within the city of Zilina: a three-arm intersection and a roundabout, both located at
the same site. The measurements focused on particulate matter in three size fractions (PMj,
PM; 5, PM;) and nitrogen oxides (NO, NO,, NOx). To capture the main factors influencing
pollutant variability, traffic volume was recorded as the dominant emission source, while
meteorological parameters were simultaneously monitored as secondary determinants of
dispersion conditions. All concentration values were calculated as averages from hourly
data over a continuous seven-day period (Table 2).

Table 2. Average values of air pollutants, meteorological conditions, and traffic volume: three-arm
intersection and roundabout.

The Average Concentration of Air Pollutants & Standard Deviation [ug/ m?]

Intersection Type

NO NO, NOy PMjo PMy5-10 PM; 5 PM;
Three-arm 10.6 £ 9.7 179 +£12.2 339+248 304 +134 10.2 £ 11.2 203 £ 3.6 15.6 £2.3
Roundabout 26.7 +£20.9 43.5 +26.0 84.4 +£53.0 21.3+6.2 5.6+ 3.6 15.7 £ 3.6 125+25
Change in average value [%] * 151.2 143.3 1494 —-30.1 —45.1 —22.8 —-19.9

The average value of meteorological conditions + standard deviation

Traffic volume

Wind Velocity =~ Wind Direction Pressure Temperature Humidity [veh/24 h]
[m/s] [deg] [hPa] [°C] [%]
Three-arm 1.27 £0.63 157.4 +44.9 9772+ 15 198 £5.3 68.8 +20.0 13,910
Roundabout 1.40 £0.82 170.4 + 68.5 968.8 + 4.4 20.7 £ 4.7 63.7 +18.7 15,036
Change in average value [%] * 10.1 8.3 -0.9 4.6 -74 8.1

* Positive value—increase, negative value—decrease in the measured parameter.

The first monitoring campaign was conducted at the three-arm intersection from
27 June to 3 July 2016, and the second campaign at the roundabout from 26 June to
2 July 2017. Both campaigns were carried out under comparable meteorological conditions,
without precipitation. Minor deviations were observed in selected parameters: during the
roundabout campaign, average air temperature was 0.9 °C higher, while relative humidity
was 5.1% lower compared with the earlier measurement period (Table 2). Mean wind speeds
were consistent, reaching 1.3 m/s (three-arm intersection) and 1.4 m/s (roundabout). Wind
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roses for both periods indicated distinct prevailing wind regimes: south-southeast—east
winds dominated during the three-arm intersection campaign, whereas west-southwest-
south—southeast—east directions prevailed at the roundabout. In both cases, prevailing
winds advected traffic-related pollutants toward the AQMS (Figure 1, Table 2).

Traffic volume was simultaneously measured for each approach leg of the intersection
(denoted A, B, C; Figure 2). Monitoring covered an entire week, encompassing both work-
ing days and weekends, thereby reflecting variations in traffic dynamics across different
timeframes. A systematic difference was observed between the two sites: traffic volumes at
the roundabout consistently exceeded those at the three-arm intersection, with an average
increase of 8.1% over the monitoring period (Table 2).

The average values of nitrogen oxide concentrations were higher at the roundabout
than at the three-arm intersection (by 151.2% for NO, 143.3% for NO, and 149.4% for NOx
on average) (Table 2, Figure 4).

variable

B3 PM10 woim3]
B PM25-10 [ugim3)]
B Pu2sugma)
BS no2[pgm3]

EXPLANATION

Largest value within 1.5 times
interquartile range above
75th percentile

. 75th percentile
S Interquartile
50th percentile range
100 - X
(median) *
25th percentile

Smallest value within 1.5 times
interquartile range below
25th percentile

value

¢ OQutside value-Value is >1.5 times and
3 times the interquartile range
beyond either end of the box 2 o

- -+

Roundabout Three-arm crossroad

type

=
. o0

Figure 4. Boxplot for pollutants measured at intersections in the city of Zilina.

On the other hand, a decrease in PM concentrations was observed at the roundabout
compared to the three-arm intersection (by 30.1% for PM;, 22.8% for PM; 5, 45.1% for
PMj 519 and 19.9% for PM;) (Table 2, Figure 4).

Next, the change in concentrations of pollutants PM;g, PM; 5, PMj 5.1 and NO, was
assessed using R software (version 4.3.2) and various functions.

In air quality studies, analyzing the temporal variations in pollutants across hours
of the day and days of the week provides valuable insights into their potential sources.
Road traffic emissions, for instance, typically exhibit consistent and well-defined daily and
weekly patterns. In contrast, some industrial emissions or pollutants from local combustion
may have very different patterns.

The timeVariation function produces four graphs: the change in day of the week, the
change in average hour of the day, and a combined hour of the day—day of the week
and monthly graph. The graphs also show the 95% confidence interval on the average.
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The function can take into account more than one input variable. In addition, there is the
possibility of “normalizing” the concentrations (or other quantities).

In the case of this study, the pollutants PMg, PMy 5, PM; 5 19 and NO, and traffic
volume were evaluated. In the case of an intersection with three arms, an increase in traffic
volume was observed in the morning (7:00 a.m.) and afternoon (3:00 p.m.). Simultaneously,
or with a small shift, we can observe an increase in NO, and also in the coarse fraction of
PMj, 5_10 in these time periods. This trend can also be seen within the week, where traffic
intensity reaches its maximum on Thursday and the maximums for the pollutants PM;,
PMj; 519 and NO; correspond to this situation (Figure 5).

0 B 12 18 23 ] 6 12 18 23 0 B 12 18 23
- I I | I I I | ! ! | I I | 1 ! I | ! ! !
% Monday Tuesday Wednesday Thursday Friday Saturday Sunday
5 6 -
G 4] M i
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mean and 95% confidence interval in mean
Figure 5. Temporal variation in pollutants and traffic volume—tree-arm intersection.

In the case of the roundabout, the trend of traffic volumes during the day is similar to
the previous case. That is, the traffic volume reaches its maximum during the day between
7:00 a.m. and 3:00 p.m. However, a similar pattern was observed only for NO,. Within the
week, we observe a maximum on Thursday, but the pollutant maxima no longer belong
to that day (Figure 6). This observation confirmed similar behavior patterns between
traffic volume, NO, and PM, 5 19 at the three-arm intersection. For the roundabout, the
relationship was primarily between traffic volume and NO,.

The polarPlot function is used to visualize a two-dimensional polar plot of concentrations,
taking into account their relationship to wind speed and direction. The result is displayed as a
smooth colored surface, which is created by modeling using smoothing methods. The plots
processed in this way allow a quick assessment of the possible impact of pollution sources in a
given environment. In this study, polar plots were used to reveal the distribution of pollutant
concentrations according to the respective directions and wind speeds. The polar plots are
arranged so that differences between the three-arm intersection and the roundabout for each
pollutant can be directly compared (Figure 7). In the case of the three-arm intersection and
PM;p, PM, 5 and PM; 5 ¢ particulate matter, we observe high concentrations concentrated
around the measuring point and are mainly associated with lower wind speeds (<2 m/s).
They also correspond to the main direction and location of the intersection in relation to the
measuring point (Figure 7(al-a3)). The distribution of NO, concentrations in the case of the
three-arm intersection is similar to that for particulate matter. The highest concentrations
are concentrated around the measuring point and are associated with wind speeds <2m/s
(Figure 7(a4)). This situation can be interpreted as the generation of pollutants by road traffic at
the adjacent three-arm intersection. On the other hand, we observe a distribution of particulate
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matter concentrations at the roundabout, where high concentrations are no longer near the
measuring station, and therefore near the intersection itself. They are more likely related to
higher wind speeds > 2 m/s (Figure 7(b1-b3)). This situation can be interpreted as a decrease
in particulate matter concentrations directly from the source road traffic at the roundabout
and high particulate matter concentrations are more likely related to a more distant source.
For the NO, pollutant bar, the effect of the roundabout is different from that for particulate
matter. On the contrary, NO, concentrations are more strongly concentrated at the roundabout
and are more than twice as high as at the three-arm intersection. NO, concentrations are
associated with low wind speeds (<2 m/s) (Figure 7(b4)). Note that different concentration
scales were applied in the polar plots to better highlight high-percentile values for each

pollutant (Figure 7).
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Figure 7. Polar graphs for pollutant concentrations: tree-arm intersection (al-a4) and roundabout
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Another useful analysis was performed using the percentileRose function. This func-
tion calculates and displays percentile levels of pollutant concentrations according to wind
direction. One or more percentile values can be specified, which are then plotted either as
solid areas or lines. By default, the data is displayed in 10° segments, which provides a
detailed overview of the distribution of concentrations according to wind directions. Such
visualization is extremely useful for identifying potential sources of pollution—including
those that only show up at high percentile values. The use of this function is a suitable
addition to the Boxplot graph (Figure 4), where we can observe high percentile values.
The highest percentile values (75th-95th percentile) were observed for PM;g and PM, 519
from the south/southeast direction, i.e., from the direction of the three-arm intersection
(Figure 8a). The black line in the graphs represents the average of the concentrations in that
direction, with the largest averages observed from the southeast/south (Figure 8a). High
concentrations (75th-95th percentile) of NO, were prevalent at the three-arm intersection
from the southeast direction, which is directly from the intersection (Figure 8a). In the case
of the roundabout, the highest concentrations were observed from the west/southwest
direction (75th-95th percentile), mainly for PM (Figure 8b). High NO, concentrations
were observed from the southeast direction of the roundabout, which corresponds to the
directions of origin of concentrations at the three-arm intersection (Figure 8b), but also
from the southwest direction. It is also important to draw attention to the fact of a different
range of concentrations for polluting substances. The scale is smaller at the roundabout for
solid particles and, conversely, larger for NO, (Figure 8).

PMz s
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0-25

25-50

50-75 75-90 90-95 0-25 2550 50-75 75-90 90-95
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Figure 8. PercentileRose for pollutant concentrations: (a) three-arm intersection; (b) roundabout
(values in pg/ m3).

To further investigate the origin of pollutant concentrations at the studied inter-
section, the percentileRose function was supplemented with a conditional probability
function (CPF). The CPF analysis is very useful for showing which wind directions
are dominant for high concentrations and gives the probability that this will happen.
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In Figure 9, for each pollutant, the wind directions contributing most to the highest
(90th percentile) concentrations.

a b
NO, PMyy NO,
i N K
0.5 0.5 0.7
04 0.4 oy
03 03 04
02 probability 0.2, probability 0 20 3 probability
041 ; 0 g
WS
PM, - PM, -10 PM, -
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Figure 9. CPF plot of pollutant concentrations: (a) tree-arm intersection; (b) roundabout.

In Figure 9a for the three-arm intersection case, it is clear that high concentrations
(above the 90th percentile of all observations) are dominated by southeasterly wind di-
rections. There is a very low conditional probability of these concentrations occurring for
other wind directions.

High concentrations at the intersection with three arms are mainly influenced by
southeasterly wind directions (in the direction from the intersection). Conversely, in the
case of the roundabout, high concentrations from the west/southwest dominate, indicating
a source other than road traffic at the intersection in question. Also, the probability of
occurrence of these concentrations is higher than from other directions (Figure 9b). For
NOg, high concentrations were also observed from the southeast, with a higher probability
of occurrence (Figure 9b).

These analyses confirmed the change in the occurrence of different levels of pollutant
concentrations at the roundabout compared to the three-arm intersection. The occurrence
and values of PM concentrations from the direction away from the roundabout were lower
and conversely, NO, concentrations were higher.

3.1. Air Pollution Model for PMjg and NOy

Three models were created in CadnaA for PMjg (average annual concentrations,
Figure 10; average daily concentrations, Figure 11) and NOy (average annual concentra-
tions, Figure 12). The task was to observe the change in the distribution of pollutant
concentrations in the vicinity of a three-arm intersection and a roundabout. In each model,
a reference point was placed at the same position, which represented the location of the
AQMS during field measurements. At this point, the concentration of a specific pollutant
was monitored and its change with respect to the type of intersection used. For the average
daily concentration of PMj at the reference point, we observe a decrease at the roundabout
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by 20.80% (Figure 10). Similarly, the average annual concentration at the roundabout de-
creased by 18.45% (Figure 11). For the pollutant NOy, a different scenario can be observed
than for PMy. The average annual concentration of NOy at the reference point increased
by 52.9% at the roundabout compared to the concentration at the reference point at the

three-arm intersection (Figure 12).

i

1]

8

Figure 10. Modeled dispersion of average daily concentrations of the pollutant PMyg: (a) three-arm
intersection; (b) roundabout.
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Figure 11. Modeled dispersion of average annual concentrations of the pollutant PM;: (a) three-arm
intersection; (b) roundabout.
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Figure 12. Modeled dispersion of average annual concentrations of the pollutant NOy: (a) three-arm
intersection; (b) roundabout.

3.2. Microscopic Model—Vehicle Speed and Travel Time

The microsimulation model assessed the smoothness of the traffic flow on each arm of
the intersection (Video S1). The average speed of the entering vehicles was evaluated in
60 s intervals on 10 m segments. The data indicate an average speed reduction of 11% at the
entrance to the roundabout, which is 6 km/h compared to the intersection with three arms.
A graphical representation of the average speeds is shown in Figure 13. The horizontal axis
represents the time interval of the microsimulation and the vertical axis the length of the
segment. The color spectrum represents vehicle speed, ranging from 0 to 60 km/h.

b

Segment
Segment

ESSSESSESES

1000 1500 2000 2500 3000 3500 1500
Time_section

2000 2500
Time_section

Figure 13. Comparison of traffic flow on the approach arms: (a) three-arms intersection;
(b) roundabout.

The largest increase in average travel times was recorded on the crossing from arm B
towards arm C by a value of 8.6 s. The smallest increase, 2.6 s, occurred for the movement
from arm A to arm C. Overall, the roundabout increased travel times by an average of 5.5 s.
The results are presented in the following Figure 14.
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Figure 14. Increase in travel time through a roundabout compared to a three-arm intersection in
seconds.

4. Discussion

The transition from a three-arm intersection to a roundabout resulted in notable
changes in pollutant emissions. The observed variation in nitrogen oxide concentrations is
largely attributable to the altered geometry of the intersection. At the original three-arm
intersection, vehicle speeds were higher due to the design of the main and secondary
approaches, allowing vehicles on the main route to pass through without slowing. This
resulted in stronger dispersion of gaseous nitrogen oxides, preventing their accumulation
near the intersection. Furthermore, the lack of frequent acceleration and deceleration
reduced engine load and consequently limited NOy emissions [7,45,46]. Some studies
collectively underscore the complex relationship between engine load and NOy emissions,
influenced by factors such as fuel type, engine design, and after-treatment systems (higher
engine load — higher NOy, mainly due to higher combustion temperature and higher
pressure) [47,48].

In contrast, at the roundabout, vehicles are required to slow down before entry and
yield to circulating traffic. This reduces travel speeds and slightly increases crossing times
(on average by 5.5 s). The additional engine workload associated with deceleration and
subsequent acceleration leads to higher NO, (NOy) emissions, while lower speeds promote
a longer residence time of these pollutants in the vicinity of the intersection [7,46,49]. Some
studies collectively demonstrate that aggressive acceleration is a primary contributor to
increased NOy emissions, while deceleration has a minimal effect. Implementing eco-
driving practices that promote smooth acceleration and braking can effectively reduce
emissions and improve air quality [50-52].

Other processes can affect NO, concentrations in the air. Photocatalytic processes (both
natural photolysis and artificial surfaces) tend to reduce NO, in air by breaking it down
into other products [53]. However, the efficiency of NO, removal can vary based on factors
like surface area, UV light intensity, and environmental conditions. NO, concentrations
exhibit significant seasonal variability, influenced by both natural and anthropogenic factors.
During colder months, increased heating and energy production lead to higher emissions,
while meteorological conditions such as lower temperatures and reduced sunlight can
hinder the dispersion and photolysis of NO,, resulting in elevated concentrations [34,35].

Regarding particulate matter, the coarse fraction (PMy 5_10) represented 33.6% of total
PMj at the three-arm intersection, compared to 26.3% at the roundabout. This difference
is primarily reflected in the ambient concentrations of coarse particles. Measurements
conducted during the summer, when coarse particle content is typically elevated, suggest
that PM;5_19 originates mainly from resuspension of road dust and material from sur-
rounding surfaces [13,36,54,55]. These particles are generated through abrasion of vehicle
components, road surfaces, and deposited mineral matter, and are re-entrained into the air
as vehicles pass [12,18,56-58]. Notably, the coarse fraction exhibited the largest reduction
at the roundabout relative to the three-arm intersection, with a decrease of 45.1%, despite
higher traffic volumes at the roundabout. As part of the roundabout layout solution, the



Environments 2025, 12, 378

18 of 22

areas around the intersection were also structurally separated, which prevents uncontrolled
movement of cars onto unpaved shoulders and thus reduces the resuspension of road dust.

At the three-arm intersection, vehicles traveling along the main direction main-
tained higher speeds, which intensified the resuspension of dust particles from the road
surface [59,60]. Additionally, the surrounding areas included more unpaved surfaces,
contributing to greater contamination of the roadway.

In contrast, at the roundabout, lower vehicle speeds—resulting in an average increase
in travel time of 5.5 s—reduced the resuspension of road dust. The surrounding infras-
tructure was also upgraded, with reinforced areas such as sidewalks and parking spaces,
reducing the availability of loose particulate matter. Among meteorological factors, wind
speed and precipitation exert the strongest influence on particulate concentrations [61,62].
During both measurement campaigns, wind speeds and directions were comparable (dif-
ference of only 0.1 m/s; prevailing winds from southwest/south/southeast), and no
precipitation occurred. These observations indicate that the conversion from a three-arm
intersection to a roundabout led to a decrease in particulate matter concentrations, while
nitrogen oxide levels increased.

Many other methods are already widely applied for reducing traffic-related emissions,
especially vehicle emission standards, low-sulfur fuels, DPFs (diesel particulate filters), and
catalytic converters. Urban planning measures like LEZs (low emissions zones), congestion
charging, and improved public transport are increasingly common. Some innovations like
photocatalytic pavements are still limited to pilot projects but show promise in localized
NO, reduction [63-67].

Roads and road transport play and will continue to play a significant role in the
environment, especially in terms of the increasing number of vehicles on the road and
the increasing production of non-exhaust PM emissions. Emerging contaminants, such
as microplastics, are also becoming important problems in the field of air pollution near
roads [15,16,68]. Therefore, it is important to address this issue already when planning
road infrastructure, which can contribute to a less destructive impact of road transport on
the environment and, air.

In this study, the authors did not consider background pollutant concentrations, as
the main analysis was the overall change in pollutant concentrations. However, the use of
additional methods to estimate background concentrations could be applicable to this or
future studies of a similar type [69].

The presented study brings one possible approach not only to influencing road trans-
port emissions but also to calming road traffic, addressing pedestrian and cyclist safety
through changes to road transport infrastructure.

5. Conclusions

This study discusses the change in environmental pollution—air pollutants PM;j,
PM, 5-10, PM; 5 and NO, generated by road traffic at two types of intersections—a three-
arm intersection and a roundabout. The original three-arm intersection was rebuilt into
a roundabout. The motivation for this study was the question of what such a change in
the layout of the intersection would bring in terms of the production of pollutants from
road traffic.

The results of this study point to a significant change in the construction of a round-
about instead of a three-arm intersection, which affected the nature of road traffic through
the intersection and thus the formation and spread of PM;g, PM;5 19, PMy 5 and NO,
pollutants in its area:

e  Converting the three-arm intersection to a roundabout significantly altered local air
quality: increase in NO; and decrease in PM;g, PM; 5, PM; 5 1¢.
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e NO; rise was driven by lower vehicle speeds with more frequent acceleration and
deceleration, increasing engine load and limiting dispersion.

e  PM reductions resulted from smoother traffic, reduced resuspension of road dust, and
road surface characteristics.

e  The change of layout of the three-arm intersection to a roundabout resulted in a change
in the way traffic passes through the intersection, reducing speed and increasing
travel time.

The use of a roundabout had a significant effect in terms of lower particulate emissions
compared to a three-arm junction, while roundabouts are generally characterized by higher
safety for road users. However, the roundabout caused higher NO emissions compared to
a three-arm junction, which could be addressed by some other measures (for example, the
use of special Photocatalytic Pavements).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/environments12100378 /s1, Figure S1: Homogeneous sections at
three-arm intersection used in CadnaA software; Figure S2: Homogeneous sections at roundabout
used in CadnaA software; Table S1: Parameters of homogenous sections used in CadnaA software;
Video S1: Microscopic model of two intersections in PTV Vissim software (video sample).
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