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Abstract: This study examines the concentrations of air pollution in the vicinity of a combined
heat and power plant (CHP) and a communication route, using computer modeling of pollutant
dispersion and spatial analysis based on real measurements in the city of Łódź, Poland, Europe.
The research takes into account the concentrations of particulate matter (PM10, PM2.5, PM1.0) and
gaseous pollutants (SO2 and VOC) in winter and summer. The spatial distribution of pollutants
is discussed, including the presence of areas with increased accumulations of pollutants. Because
atmospheric air has no natural boundaries, when analyzing any location, not only local sources
of pollution, but also background pollution, should be analyzed. A clear difference was observed
between the concentrations of pollutants in the summer and winter seasons, with significantly higher
concentrations in the winter (heating) period. The impacts of road transport, individual heating
systems, and combined heat and power plants were also assessed. Computer calculations confirmed
that road transport accounted for the largest share of both PM and SO2 emissions. The CHP plant
was responsible for the smallest percentage of dust emissions and was the next largest producer of
SO2 emissions. The share of the total emissions from the individual sources were compared with the
results of detailed field tests. The numerical analysis of selected pollution sources in combination
with the field analysis shows that the identified pollution sources included in the analysis represent
only a part of the total observed pollutant concentrations (suggesting that other background sources
account for the rest).

Keywords: dispersion of pollutants; air quality monitoring; SO2; VOC; PM10; PM2.5; PM1.0; 3D
spatial analysis; outdoor air quality; air quality modeling

1. Introduction

According to data from the European Commission’s Joint Research Center (JRS) [1],
as much as 75% of the world’s population lives in urban agglomerations. In Europe, the
urbanization rate was 72% in 2015 [1]. Therefore, the state of air quality in large urban
agglomerations is a matter of key concern. According to a European Environment Agency
(EEA) report from 2020 [2], the most frequently analyzed pollutants are PM10, PM2.5, and
SO2. This is because large populations are exposed to these pollutants at concentrations
higher than recommended by the EU and WHO. According to an EEA report [2], as much as
48% of the population living in urban agglomerations is exposed to concentrations of PM10
above the acceptable level of 20 µg/m3 (average annual concentration) set by the WHO in
2005 [3], and 15% of the urban population in Europe is exposed to concentrations of PM10
above the EU standard of 40 µg/m3 (average annual concentration of PM10) [4]. Moreover,
74% of the urban population is exposed to average annual concentrations of PM2.5 above
the permissible level of 10 µg/m3 established by the WHO, and 19% of people are exposed
to an average daily concentration of SO2 above the recommended limit of 20 µg/m3. Using
less restrictive EU standards, only 4% of the European population is exposed to levels of
PM2.5 beyond the permissible concentration of 25 µg/m3 and less than 1% of the European
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population is exposed to SO2 at levels above the recommended limit of 125 µg/m3 (24-h
limit). However, in 2021, the WHO [5] updated its statements regarding permissible levels
of pollutants. For PM10 and PM2.5, the permissible annual average concentrations were
reduced by 25% and 50%, respectively, to 15 µg/m3 and 5 µg/m3. In the case of SO2, the
permissible level was increased by 100% from 20 µg/m3 to 40 µg/m3 (average daily SO2
concentration), but this is still well below the limit permitted by the EU.

The main emitters of pollutants are the energy industry [6,7], agriculture, individual
heating systems [8], and road transport [9,10]. According to the EEA [2], 41% of PM10
emissions are produced by secondary energy consumers (the commercial and public sectors,
as well as private households), 10% by road transport, and 3% by the energy industry.
The energy industry is responsible for as much as 47% of the emissions of gaseous pol-
lutants, including SO2. Other industries are responsible for 33% of gaseous pollutants,
while households together with the service sector and trade sector contribute 15%. This
information is based on statistical data collected by air quality monitoring systems situated
in all European Union member states and varies between nations. The monitoring system
consists of stationary ground stations that measure pollutant concentrations in a manual
daily system and an automatic continuous system [11]. Due to the low density of air quality
monitoring stations, the data they collect cannot be used for a detailed analysis of the
impact of individual pollution sources on local air quality. For example, in Poland there
are about 0.00062 stations/km2 (in 2017, the number of PM10 measurement stations was
194). In Europe overall, the figure is about 0.00060 stations/km2 (there were 2551 PM10
measurement stations in 2017) [12]. For this reason, air quality tests carried out with mobile
measurement devices [13] or using numerical programs for calculating/simulating pollu-
tant dispersion in a selected local area are very important. Mobile measuring equipment,
such as unmanned aerial vehicles, can be used to transport measuring devices [14,15] or
small stationary devices [16]. Numerical programs available include Aero 2010, Emitor,
OPA03 [17], AERMOD [18], ENVI-met, and Austal 2000 [19,20].

In this study, we analyzed various anthropogenic sources of pollutants in a selected
area, using numerical calculations and real measurements.

2. Methodology
2.1. Analyzed Area

The analysis was focused on an urban area in the city of Łódź. Łódź is the third largest
city in Poland (central-eastern Europe) in terms of the number of inhabitants (population
density: 2292.2 people/km2, population: 672,185, area: 293.2 km2). The area comprises a
thoroughfare running from the west to the east along Pojezierska Street, on the intersection
between Aleja Włókniarzy and Zgierska Street (Figure 1).

Figure 2 shows the selected fragment of the street (no. 1) is about 1.5 km long and runs
through areas of different types and purposes. We distinguish between shopping areas with
large-area stores (no. 2), green areas and parks (no. 3), single-family housing areas (no. 4),
multi-family developments (no. 5) and industrial areas (no. 6). The gross development
index in the area ranges from 0.5 to 1.0. The analyzed street plays an important role as a
road transport route connecting two main streets in the city in the east–west system. It is
both a local access route to residential and industrial areas and a transit route through the
city. According to [21], the average traffic volume on this road section for every 15 min
is between 500 and 750 vehicles (between 2000 and 3000 vehicles per hour). In the close
vicinity, there is one of the two main heat and power plants in the city, called EC-3 (Figure 2).
The EC-3 combustion installation includes 9 boilers: five coal-fired steam boilers, one steam
boiler fired with light fuel oil, and three water boilers fired with heavy oil. The total thermal
capacity is 804 MW, and the electrical capacity is 205.85 MW [22].
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Figure 1. Location of the research area in the city of Łódź in Poland, Europe (photo background
source: Google Earth Pro).

2.2. Methodology of Analysis

We used both actual measurements and numerical calculations of the dispersion of
emissions from selected pollution sources. Based on analysis of the research area, three
probable sources of air pollution were selected: EC3 heat and power plants fired with
hard coal, light, and heavy fuel oil; road transport, and individual heating systems. The
actual measurements were performed in the first quarter of the year, in the period from
January to March 2021 (this is the winter heating season in central and eastern Europe),
and in the third quarter of the year, from June to August 2021 (the summer period in
Poland). Mobile measuring equipment was used, consisting of measuring and sampling
devices installed on an unmanned aerial vehicle (UAV) and on a transport platform (TP).
The use of the UAV allowed for measurements at heights from 5 m to 50 m above the
ground. The TP was used for measurements at a height of about 2 m above the ground.
The measuring apparatus was equipped with a laser-scattered (LS) sensor, which was used
to measure PM10, PM2.5, and PM1.0 (10,000 particles per second). It was also equipped
with ElectroChemical (EC) sensors to measure H2S (3 ppb–1 ppm), O2 (0.20–100%), VOCs
(Ethanol, Iso-Butane, 0–500 ppm, sensor type: MOS) and SO2 (0.5–2000 ppm). Validation
of the measurement data of particulate matter was performed on the basis of data from an
accredited measuring station VIEP (the method equivalent to the reference method), while
the gaseous pollutants were validated in relation to the VEGA-GC microchromatograph
(equipped with a thermal conductivity detector TCD, minimum concentration of 500 ppb
(0.005 ppm)). Numerical analyses of pollutant dispersion were carried out using the
ArcGis [23] program, which was used to produce a graphical presentation of the actual
measurement data, and the OPA03 program by Eko-Soft [24], which was used to simulate
the concentrations of pollutants from selected pollution sources. Interpolation in ArcGis
was carried out using the Empirical Bayesian Kriging 3D method. Both software programs
are described in detail in [14,25]. The calculations performed in the OPA03 program are
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based on the legal acts in force in Poland [26] and the European Union [4]. The OPA03
software is based on the proprietary algorithm of the EKO-Soft company, in accordance
with the methodology described in the Polish law [26]. Data on the wind rose in the
analyzed period, emitter parameters (such as the number of chimneys and their height,
speed of exhaust gases, mass concentration of pollutants emitted, average hourly number
of vehicles, and type of fuel) were added to the program. Details for individual pollutant
emitters are presented further in the article.
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heat and power plant (photo background source: Google Earth Pro).

The input data for the calculation of pollutant emissions from the EC-3 CHP plant
were provided for scientific purposes by Veolia Energia Łódź and are the actual measure-
ments of emissions from the CHP plant taken during the analyzed period. According to
annual data, the maximum recorded emissions of PM10, PM2.5, and SO2 were 2.667 kg/h,
1.143 kg/h, and 128.81 kg/h, respectively. In accordance with the methodology presented
in [27], the average volume of traffic measured during field measurements was adopted
for the analysis. Different vehicle types and fuels were considered. According to [28],
gasoline-powered passenger cars account for 55% of all vehicles using the analyzed com-
munication artery, diesel-powered cars accounted for 30%, and LPG gas-powered cars for
15%. Vans were divided between those with diesel engines (75%) and those with gasoline
engines (25%). Tractors and buses were 100% diesel, and 100% of motorcycles had gasoline
engines (detailed data on pollutant emissions are provided later in this paper). Finally, we
considered individual heating systems in single-family houses located in the immediate
and close vicinity of the studied area. Individual heating systems are used for domestic hot
water in summer and for heating in winter. It was assumed in the calculations that 70% of
the buildings used hard coal as fuels, and 30% used natural gas.

In the numerical analysis in the OPA03 software, the simulation can be performed with
or without the background level of pollution in the air. The background level of pollutions
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is understood as the concentration of pollutants in the air without the analyzed pollutant
emitter. Background levels of pollution were not included in the numerical analyses, to
illustrate the individual impact of pollution sources on the dispersion of air pollutants.
A common level of 2 m above ground level was adopted for the analysis. Particulate matter
pollutants PM10, PM2.5, and PM1.0 were included in the field measurements, as well as
gaseous SO2 and VOCs. For the purposes of comparison, the numerical analysis was based
on PM10 and SO2 emissions.

2.3. Meteorological Conditions

Characteristic data for the winter (1st quarter of the year) and summer (3rd quarter of
the year) periods in central Poland were selected for the analysis. The winter period was
from January to March, which is the so-called the heating period because the outside air
temperatures oscillate predominantly around 0 ◦C. For this reason, it was decided to choose
two representative measurement series, A and B, for which the average air temperature
was about 6 ◦C with a relative humidity of about 76% (Table 1). In the summer period,
from June to August, average air temperatures above 18 ◦C predominate. Therefore, it
was decided to choose two series, C and D, in which the average temperature was higher
than 20 ◦C.

Table 1. Meteorological data for representative measurement series during the winter and summer
periods (source: [29]).

Series Date
Y.M.D

Temperature
[2 m Above Ground]

Relative Humidity
[2 m Above Ground]

Wind Speed
[10 m Above Ground]

Wind
Direction

◦C % m/s ◦

Min Mean Max Min Mean Max Min Mean Max Mean

A 22 January 2021 3.2 6 9.4 66 78 91 1 2.8 4 191
B 25 February 2021 −1.4 7 17.4 39 75 97 1 1.3 3 207
C 24 June 2021 17.2 22 28.3 61 81 100 1 2.1 5 190
D 7 July 2021 18.4 25 31.4 40 65 89 1 2.8 7 167

In the analysis of the dispersion of pollutants, another important parameter is the
speed and direction of the wind. In the city of Łódź in 2021, winds from the west W (11%)
and west–north WSW, and SW (9%) directions were prevailing, with wind speeds ranging
from 0 m/s to 7.5 m/s (Figure 3). In the winter period from January to March, the average
wind speed was 2.92 m/s (11% W). In the summer period from June to August, the average
wind speed was 15% lower, amounting to 2.47 m/s (9% WSW).
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3. Results

Based on the results of the field measurements, 3D maps were drawn using ArcGis
software of the dispersion of pollution in the analyzed area. This form of 3D spatial analysis
is an innovative approach, so the results are not comparable with the literature data. Due to
the fact that dust pollution has similar field dispersion characteristics [14], PM10 pollution
was selected for the graphic presentation. Figure 4 shows the results of PM10 dispersion for
series A and B in the winter period, together with a longitudinal and vertical cross-section
for series B to show changes in the altitude of the pollution.
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The selected series of representative measurements for the winter period show a vari-
able concentration of PM10. In series A, the average concentration of PM10 was 21.80 µg/m3

and the maximum concentration was 42.40 µg/m3. According to the air quality index
adopted in Poland [30], the air quality of series A is classed as “Good” (limit of PM10
20.1–50.0 µg/m3). The spatial analysis shows that the entire area of analysis was char-
acterized by an even concentration of PM10. In comparison, series B showed double the
concentrations of PM pollutants. The mean concentration of PM10 was 54.80 µg/m3 and
the maximum 77.60 µg/m3. According to the air quality index in relation to PM10, the air
quality of series B is “Moderate” (50.1–80.0 µg/m3). In series A, the concentration of PM10
did not exceed the level of 50 µg/m3 allowed by EU standards, whereas in series B the
EU limit was exceeded in many places by 55%. The increased concentration of particulate
matter in series B can be explained by the fact that the average wind speed was less than
half that in the series A. Tall buildings, with heights of 15–30 m, also contributed to the
accumulation of pollution in the analyzed area. In series B, there are spaces with lower and
higher PM10 concentrations. Elevated levels of PM10 > 60 µg/m3 (red in Figure 4) occur at
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street crossings and in more densely built-up areas. Lower PM10 concentrations (green in
Figure 4) relative to the mean value occur in the highest part of the analyzed area. This is
probably related to the stronger ventilation. From the vertical cross-section view of the 3D
dispersion, it can be concluded that concentrations above 40 µg/m3 occur mainly close to
the ground surface. At the intersections, the concentration of PM10 increases with height,
which is probably related to the upward movement of pollutants and car exhaust fumes.

The concentrations of PM10 in series C and D in the summer period (Figure 5) were
up to four times lower compared to the winter period. The mean concentrations of PM10 in
series C and D were 8.20 µg/m3 and 12.10 µg/m3, respectively. In contrast to the winter
period, during the summer period the concentration of PM10 was similar in the whole
analyzed area. There were no areas with concentrations of particulate matter above the
average value. Only in series D, during a period of high temperatures and low humidity,
were PM10 concentrations observed exceeding 30 µg/m3, as can be seen in the upper left
area of Figure 5. The source was earthworks at a construction site. To sum up, during
the summer period the permissible level PM10 of 50 µg/m3 was not exceeded [4]. In the
summer, the use of fuel for heating purposes in individual heating systems is reduced
and the average speed of road transport increases. This contributes to lower emissions of
particulate matter. To facilitate comparison of the 3D dispersion maps, further analysis of
the air quality parameters was limited to two of the selected representative measurement
series in order to facilitate the graphical reception and comparison of the results.
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The emissions of pollutants selected in this study are mostly related to the combustion
of fossil fuels. Therefore, SO2, which is another of the products of the combustion of
fuels used in motor vehicles, was also included in the analysis. In series A of the winter
period, the concentration of SO2 varied from 0.006 ppm to 0.346 ppm, i.e., from 20 µg/m3
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to 970 µg/m3. Spatial analysis (Figure 6) showed the presence of an area with a high
concentration of SO2 above 0.24 ppm (>670 µg/m3) at the sites of traffic jams before
the eastern intersection. It may also be due to SO2 being transported downwind from
industrial emitters such as EC3. The second place with a high concentration of SO2 was
at the extreme western intersection. Concentrations of SO2 below 0.16 ppm (<450 µg/m3)
were recorded only at a height of more than 30 m above ground level, in an area of low-
rise single-family housing. This was probably due to the stronger ventilation in the area.
According to the cross-section of the 3D dispersion map, the highest SO2 concentrations
above 0.24 ppm were measured at ground level. With increasing heights above ground
level, the concentration of SO2 decreased up to threefold. This suggests that the main
sources of SO2 were car exhaust fumes and exhaust fumes from individual heating systems
(single-family buildings). According to the EU, 15% of SO2 emissions are caused by
individual heating systems [2]. Across the entire area, at a height of 2 m the permissible
level of SO2 (350 µg/m3) according to EU standards [4] was exceeded by about 20–277%.
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In the summer period, the SO2 concentration decreased significantly, and was up to
three times lower compared to the winter period. In series C (Figure 6), the concentration
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of SO2 ranged from 0.001 ppm to 0.122 ppm (max 320 µg/m3). Similar to the winter period,
the spatial distribution showed the presence of areas with increased SO2 concentrations at
the intersections and the sites of traffic congestion. However, according to the cross-section
of the pollution dispersion map, in summer the highest concentration of SO2 was not at
ground level, as it was in winter. This can be explained by the fact that there was no
thermal inversion in the summer period. This prevented the accumulation of pollutants
and enabled faster mixing (dilution) in the atmospheric air. The concentration of SO2 was
lowest at the highest point of the area of analysis and in the open space behind the crossing
from the eastern side. This was probably related to the fact that these are zones of increased
ventilation [31].

Finally, we considered the concentrations of Volatile Organic Compounds (Figure 7).
In the winter and summer periods, the average VOCs concentration was about 20 µg/m3

(0.005 ppm). However, in the winter period the VOCs concentration reached 0.09–0.12 ppm
(310–420 µg/m3), i.e., 53% higher than the maximum VOCs concentration in the summer
period (0.023–0.079 ppm). This can be explained by a higher degree of photochemical
reactions in the summer period, which reduce the concentration of VOCs. The cross-section
of the pollution dispersion map for the winter months shows that the highest concentrations
of VOCs were recorded close to the ground surface. As the altitude increased, the VOCs
concentration quickly decreased to levels below 0.005 ppm (20 µg/m3). In summer, the
highest concentrations of VOCs pollution occurred in the area around Pojezierska Street
and towards the western intersection, where the heat and power plant is located. Xu et al.
similarly identified a heat and power plant as the main origin of VOCs [32].
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Table 2 presents the results of actual measurements from the representative series
(A–D) taken during the 3 months of research in the winter and summer periods. The data
show that in the winter period the concentration of particulate matter was almost four times
higher relative to the average value than in the summer period. The concentration of SO2
was three times higher in the winter than in the summer. The average VOCs concentration
remained at a similar level, regardless of the season.

Table 2. Measured concentrations of pollutants in a representative measurement series during the
winter and summer periods in 2021.

Winter Summer

Series A B C D

Date 22 January 2021 25 February 2021 24 June 2021 7 July 2021

PM10
µg/m3

max 42.38 77.54 16.00 32.00
mean 21.79 54.80 8.23 12.08
min 11.28 41.69 3.30 8.60

PM2.5
µg/m3

max 36.60 65.40 15.00 30.00
mean 14.98 38.62 5.22 10.77
min 4.80 23.10 2.70 7.40

PM1
µg/m3

max 36.50 65.40 10.00 19.20
mean 13.98 37.59 3.70 9.12
min 3.80 22.10 1.10 6.40

VOCs
ppm

max 0.090 0.122 0.023 0.079
mean 0.0049 0.00598 0.005 0.022
min 0.001 0.001 0.001 0.001

SO2
ppm

max 0.346 0.269 0.164 0.122
mean 0.248 0.131 0.059 0.075
min 0.006 0.008 0.001 0.001

The next part of the analysis used numerical software to calculate the dispersion of
selected pollutants in relation to their probable sources of emissions.

The area of interest includes a heat and power plant with a chimney 120 m tall, from
which emissions are released. Data were obtained from Veolia Energia Łódź, comprising
a collective measurement of emissions (kg/h) from the chimney after desulphurization
and dedusting of flue gases from five boilers. As can be seen in Table 3, the emissions
were mostly composed of SO2 (despite the exhaust gas treatment systems). This suggests
that the EC-3 CHP plant may be responsible for the high concentrations of SO2 found in
our analysis.

Table 3. Maximum hourly emissions of pollutants for the EC-3 CHP plant (own calculations based
on data from Veolia Energia Łódź).

Emitter Maximum Hourly Emission [kg/h]

H120
PM10 PM2.5 SO2
2.667 1.143 128.81

Based on the parameters of the emitter and the amounts of pollutants, OPA03 software
was used to simulate the dispersion of emissions from the EC-3 CHP plant. The results are
shown in Figures 8–12. According to the simulation, in winter, the maximum concentration
of PM10 emitted from EC-3 was 0.21 µg/m3 (Figure 8).
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In summer, the maximum concentration of PM10 according to our simulation was
0.42 µg/m3, i.e., twice as high as in the winter period. This can be explained by the exhaust
velocity from the chimney in the summer period, which at 5.24 m/s was three times
lower than in the winter period (16.2 m/s). A slower exhaust outlet in the summer period
allows for faster precipitation of pollutants, and this results in a higher concentration of
dust pollutants in the vicinity of the heat and power plant. However, in both the winter
and summer periods the concentration of PM10 caused by the emission from EC-3 did
not exceed 0.5 µg/m3 at a height of 2 m, which is less than 1% of the permissible value
(50 µg/m3).

The analysis shows that SO2 was emitted from the CHP plant at a higher concentration
than PM10 (Figure 9). In the winter period, the highest one-hour concentration according
to the simulation was 20.35 µg/m3. This value occurred in the immediate vicinity of
EC-3, covering the entire area of the analyzed street. At a distance of about 2 km from
the CHP plant, the concentration of SO2 decreased to between 15 µg/m3 and 20 µg/m3.
At a distance of about 6 km, it fell to below 15 µg/m3. In the summer period, the scope
of the EC-3′s environmental impact area was reduced by about 16%, which translated
into a higher concentration than 25 µg/m3 of SO2 within a 1 km radius of EC-3. Based
on computer simulations, Lee et al. [7] also observed higher SO2 concentrations in the
summer period, which were also explained by the lower outlet velocity in the summer
period compared to the winter period. This resulted in a greater accumulation of pollution
in the immediate vicinity of the heat and power plant.

The permissible maximum one-hour concentration of SO2 in the air is 350 µg/m3 [4].
The emissions of SO2 from the combined heat and power plant amounted to only 8.9% of
the limit value in the summer period and to 5.8% in the winter period.

According to traffic volume studies carried out during the air quality measurements,
an average of 983 vehicles per hour traveled between the west and the east intersections in
the winter period, at an average speed of 32 km/h. In the summer period, the intensity
increased by 14% to 1118 vehicles per hour. The average vehicle speed increased to



Energies 2022, 15, 553 14 of 18

approximately 39 km/h. The analyzed street was used mainly by passenger cars, which
accounted for 89% (summer period) and 91% (winter period) of the total number of vehicles.
Light trucks accounted for 8% or 7% of the traffic in each period, trucks for 2% or 1%, and
public buses for 1%. These results were used to create a numerical simulation in the
OPA03 program of the dispersion of linear pollutants (Figures 10 and 11). Comparing the
simulations of PM10 dispersion in the summer and winter periods (Figure 10), it can be
observed that in the summer period there were higher concentrations of PM10 emissions.
In the winter period, the maximum one-hour concentration was 12 µg/m3, whereas in
the summer period it was 17.7 µg/m3. This was related to a 14% higher number of
vehicles in the summer season, with a simultaneous increase in speed of only 7 km/h
compared to the winter period. According to the simulation, the emissions from vehicle
traffic had a small range of influence, as they were limited mainly to the immediate area
of the street. This was due to the densely built-up area and the presence of tree stands
(15–30 m tall trees). As Long et al. observed [27], local rough terrain has an impact on local
meteorological conditions, especially in terms of wind direction and speed. Highly rough
terrain contributes to protection against low windspeed and reduced airing, reducing the
accumulation of pollutants. According to the simulation, the maximum concentration of
PM10 was 35.4% of the permissible average daily concentration of 50 µg/m3 [4].

The spatial distribution of SO2 (Figure 11) according to the simulation was similar to
the data for particulate matter. It was concentrated mainly in the road area and a small area
of the surroundings (about 40 m). According to the simulations, the highest concentrations
of SO2 occurred within the lanes of the road, reaching 43.5 µg/m3 in winter and 52.3 µg/m3

in summer. In the area of the pedestrian sidewalks, the one-hour concentration decreased
to below 15 µg/m3. Road traffic emissions were at 12.4% of the maximum permissible level
of 350 µg/m3 stipulated by the EU [4] in winter and 14.9% of the maximum in summer.

In the immediate vicinity of the analyzed street, there are about 170 single-family
houses with individual heating systems (70% coal fired and 30% natural gas). Based
on detailed data in the literature on this source of emissions [33], presented in Table 4,
calculations were made in the OPA03 program for point emitters located using the map of
the analyzed area (Figure 2).

Table 4. Hourly emissions of pollutants from individual heating systems (source: [33]).

Source of Heat Hourly Emission [g/GJ]

5-years-old or older boiler,
automatically powered by fine coal

PM10 SO2
91.00 343.00

Natural gas fired boiler 0.30 0.40

There was a visible difference between the summer and winter periods in terms of the
concentrations of PM10 and SO2 (Figures 12 and 13). Therefore, different scales were used
in the figures to present the results. During the summer period, the PM10 concentration
(hourly maximum) (Figure 12) fluctuated between 0.03 µg/m3 and 0.161 µg/m3, because
the heating systems were used mainly for the purpose of preparing domestic hot water. In
the winter period, the concentration of PM10 emitted from individual heating systems was
higher than the highest value calculated in the summer period, ranging from 0.6 µg/m3 to
4.0 µg/m3. This can be explained by the increased combustion of fuels for the production of
thermal energy to heat the buildings in winter. Kaczmarczyk et al. [8] and Specjał et al. [34]
made similar observations.
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The concentration of SO2 in the summer was more than 10 times lower than in the
winter period, when there is increased production of heat energy. According to the results
presented in Figure 13, in the summer period the maximum hourly SO2 concentration
varied in the range of 0.12–0.72 µg/m3, whereas in the winter period it was in the range
of 5.0–16.0 µg/m3. The maximum value calculated in the summer period was 0.2% of
the permissible value, and in the winter period it was 4.6% of the permissible value
(350 µg/m3).

The pollution from individual heating systems depended strongly on local factors,
especially the wind direction. The highest concentrations of PM10 and SO2 recorded in
the axis of the location of the emitters, as the pollutants moved mainly in the direction of
the WSW wind, which is dominant in the area. As a result, the emissions from individual
heat sources did not affect the whole area of the analyzed street, but only the part in the
direction of the wind.

4. Conclusions

In this study, we have compared the results of simulations performed using numerical
software with data from actual field measurements. Maps were created of the distributions
of air pollution in the vicinity of a heat and power plant and a communication route. For
the numerical simulations, we assumed the highest concentrations of emissions from the
selected pollution sources. According to the simulations, in the winter and summer periods,
the maximum concentrations of PM10 were 16.22 µg/m3 and 18.29 µg/m3, respectively.
According to our actual measurements, the maximum hourly concentration was in winter
about 58.8 µg/m3 and in summer 23.5 µg/m3. The difference between the results of the
simulation and the actual concentration of PM10 indicates the possibility of an additional
source of dust pollution not included in the study, or the influence of background pollutants
transported by the wind. There may also have been calculation errors associated with
our method.
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According to the simulation data shown in Figure 14, road transport accounted for the
largest percentages of total PM10 emissions, at around 74% in winter and 96.9% in summer.
The CHP was responsible for the smallest share of PM10 emissions, amounting to 1.3% or
2.3% of the total emissions according to the numerical calculations. This was related to
the legal restrictions on dust emissions from power plants and the use of modern flue gas
cleaning systems. The total maximum concentrations of SO2 according to the numerical
calculations were 81.0 µg/m3 in winter and 84.0 µg/m3 in summer. The concentration of
SO2 according to the actual measurements was about 350% higher than in the simulation
for the winter period and about 140% higher than in the simulation for the summer period.
Similar differences between real measurements and the results of simulations were reported
by [7]. As in the case of PM10, it can be explained by the high concentrations of pollutants
transported by the air close to the ground surface, especially in winter during so-called
thermal inversion. This causes the phenomenon of smog in the winter (poor air quality), as
demonstrated by Wielgosiński et al. [35]. The vertical cross-sections through the dispersion
maps of pollutants in winter (Figures 4, 6 and 7) showed the highest concentrations close
to the ground level (approx. 2 m).
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Figure 14. Percentage share of selected air pollution sources in the total maximum hourly concentra-
tions of air pollutants in the summer and winter periods, based on numerical calculations.

According to the calculations performed by the OPA03 program (Figure 14), most
emissions of SO2 were caused by road transport, which was responsible for 53.8% and
62.2% of the total maximum concentrations in winter and summer, respectively. Road
transport has a particularly strong impact on air quality in densely populated areas [36],
where vehicles generate much higher concentrations of pollutants due to slow traffic and
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high vehicle aggregation with little airflow [37]. This is especially important in Poland
where, according to comparative studies, the air quality is worse than in other European
Union countries [38]. According to data from the European Union [2] and Poland [28], road
transport is one of the main sources of PM and gas emissions. Individual heating systems
were responsible for the smallest share of SO2 emissions, amounting to 21.1% in winter and
0.8% of total emissions in summer. Similarly, Kaczmarczyk et al. [8] reported that individual
heating systems were primarily responsible for the emission of particulate matter, especially
when hard coal was used as fuel. Comparing the results from numerical calculations with
the actual measurements shows the importance of using mobile measuring devices in air
quality analyses, because simulations do not take into account all potential sources of air
pollution or the correct level of background pollution. The presented research methodology
can be implemented in any urban area, with a particular focus on local scale analysis.
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17. Łatuszyńska, M.; Strulak-Wójcikiewicz, R. A model for assessing the environmental impact of transport. Oper. Res. Decis. 2013,
23, 67–80. [CrossRef]

18. Abu-Allaban, M.; Abu-Qdais, H. Impact Assessment of Ambient Air Quality by Cement Industry: A Case Study in Jordan.
Aerosol Air Qual. Res. 2011, 11, 802–810. [CrossRef]

19. Paas, B.; Schneider, C. A comparison of model performance between ENVI-met and Austal2000 for particulate matter. Atmos.
Environ. 2016, 145, 392–404. [CrossRef]

20. Atamaleki, A.; Zarandi, S.M.; Fakhri, Y.; Mehrizi, E.A.; Hesam, G.; Faramarzi, M.; Darbandi, M. Estimation of air pollutants
emission (PM10, CO, SO2 and NOx) during development of the industry using AUSTAL 2000 model: A new method for
sustainable development. MethodsX 2019, 6, 1581–1590. [CrossRef]
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