Atmospheric Dust Pollution of the Cracow
Agglomeration in the Light of Empirical Research

Karolina SKOTNICKAY, Wiktoria SOBCZYK*?

! Department of Environmental Engineering, Faculty of Mining and Geoengineering, AGH University of Science and Technology; 30-

059 Krakow, Poland; email: skotkarolina@gmail.com (K.S.)

? Department of Environmental Engineering, Faculty of Mining and Geoengineering, AGH University of Science and Technology, 30-

059 Krakoéw, Poland; email: sobczyk@agh.edu.pl (W.S.)
* Correspondence: sobczyk@agh.edu.pl

http://doi.org/10.29227/IM-2020-02-52
Submission date: 02-11-2020 | Review date: 18-12-2020

Abstract
The paper presents the problem of dust pollution in the atmosphere of a typical urban agglomeration. The influence of natural and
anthropogenic factors on airborne dust concentration is described. The results of air pollution tests with PM2.5 and PM10 particulate
matter at five measurement points in the Cracow agglomeration are presented. The use of statistical methods has shown the relation-
ship between airborne dust concentration and the season of the year. The highest levels of PM2,5 and PM10 dusts are recorded during
the autumn and winter months. During the heating season, the municipal and household sector is mainly responsible for dust emis-
sions. Measures to reduce emissions of air pollution from industrial sources and transportation are proposed.
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Introduction

Air pollution is a growing national and global issue. The
pollutants emitted into the atmosphere include dust, i.e. a
mixture of suspended solids which form a dispersed phase.
Aerosol particles refer to dust particles smaller than 50 um.
Dust can be classified using a number of criteria. Due to par-
ticle sizes, the following are identified: total suspended par-
ticulates TSP, fine particulate matter with particle diameter
less than 10 um PM10 and very fine particulate matter with
particle diameter less than 2.5 um PM2.5 [1].

Emission of particulates from combustion of solid fuels in
central heating boilers makes Cracow one of the most polluted
cities in Poland. The city is surrounded by communes where
the main source of heating is domestic furnaces. Another rea-
son for the high dust concentration is communication. The
high traffic volume on narrow roads without ventilation caus-
es exhaust emissions. Dense urban core and high-rise build-
ings on the suburbs also hinder the ventilation of the city. The
accumulation of pollution in the Cracow agglomeration is
influenced by the natural morphology of the area. Cracow is
located in the Vistula valley, and the hills surrounding the city
block the movement of masses of air, which makes the venti-
lation conditions extremely poor.

Influence of weather conditions on dust concentration in
the air

The dust concentration in the air depends on the inter-
action of two factors: the emission of pollutants and weath-
er conditions. Emissions are the factor that determines the
occurrence of dusts in the atmosphere, while the concentra-
tion of dusts depends on weather conditions determining
the transport of harmful compounds in the atmosphere [2,
3]. Atmospheric factors may affect the diversity of pollut-
ant concentrations in the air by controlling emissions (e.g.

influence of temperature on the length and intensity of the
heating season, the intensity of traffic) and by influencing
their distribution [4, 5]. Important meteorological param-
eters are the direction and speed of the wind in the lowest
layer of the atmosphere. They determine the movement of
air masses from neighbouring areas. The highest dust con-
centrations are found in the ground level of the atmosphere.
During windless weather, pollutants accumulate at the place
of their origin. For most substances, the higher the wind
speed, the lower the concentration in the air due to the di-
lution of pollutants. Ventilation is particularly important
during the heating season, when increased emissions from
fuel combustion in domestic furnaces and motor vehicles re-
sult in dust accumulation in the city centre. The disruption
of ventilation conditions specific to highly urbanised areas is
a major problem, as dense number of urban buildings block
natural ventilation corridors, resulting in the accumulation of
dust [6-9].

An important weather factor in the Krakow agglomera-
tion is the rain, especially rainfall. Sometimes the temperature
distribution is reversed (thermal inversion phenomenon lead-
ing to accumulation of dust substances in the troposphere).
It occurs during frosty and cloudless nights, which leads to a
much lower temperature at the ground surface than in higher
air layers. Harmful substances are retained and accumulated
in the atmosphere as a result of air sedimentation.

Methods for measuring particulate matter in the air

PM2.5 and PM10 particulate matter are measured as part
of the State Environmental Monitoring. The Inspection of En-
vironmental Protection shall use two complementary meth-
ods to test the particulate matter content of air:

- the gravimetric (reference) method, considered world-
wide to be the most precise;
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Tab. 1. Permissible levels for particulate pollutants present in the air [11]
Tab. 1. Poziomy dopuszczalne dla zanieczyszczen pylowych obecnych w powietrzu [11]

I . L Permissible annual
- - Permissible level in the air in N
Name of substance Averaging period 3 frequency of exceeding the
2020 [pg/m?]
level
icul PM
particu at; ;natter Calendar year 20 -
particulate matter 24 hours 50 35 times
PM10 Calendar year 40 -

Fig. 1. The location of the test stations [13]: 1. 29 Avenue Listopada, 2. AGH University of Science and Technology, 3. Nowa Huta, 4. Skawina, 5. Wieliczka
Rys. 1. Lokalizacja stanowisk badawczych [13]: 1. aleja 29 Listopada, 2. Akademia Gérniczo-Hutnicza, 3. Nowa Huta, 4. Skawina, 5. Wieliczka

- the automatic method, equivalent to the reference
method.

The gravimetric method involves the use of aerosol sam-
plers to which air is sucked in. Every 14 days, 14 disposable
filters are placed in the sampler, which are changed automat-
ically every 24 hours. Each of these filters is weighted before
and after the measurement. The differences between the ini-
tial and final masses, related to the volume of air in the de-
vice, illustrate the particulate concentrations expressed in mi-
crograms per cubic metre (ug/m?). The gravimetric method
shows great accuracy. The only disadvantage of this method
is that it takes about weeks to obtain results. At present, in
Poland, measurements are performed with this method on 70
PM2.5 and 180 PM10 particle matter monitoring stations.

The automatic meters indicate the dust concentration in
real-time so that the measurement results are displayed at
the websites of the Inspection of Environmental Protection
(Chief Inspectorate of Environmental Protection (GIOS)
and Voivodeship Inspectorate for Environmental Protection
(WIOS)). The data is updated on an hourly basis and trans-
lated into 24-hour average values for comparison with the
permissible level. Measurements using the automatic method
are carried out in Poland on 45 PM2.5 and 135 PM10 particle
matter monitoring stations.

Particulate matter concentration standards

The permissible level, or air quality standard [10], is the
concentration of a substance that can be reached in a given
period of time and should not be exceeded after that time.

The information level is the level of the substance in the
air above which there is a risk to human health from brief
exposure to pollutants of vulnerable population groups. The
information level for PM2.5 is 150 pg/m?, the averaging pe-
riod is 24 hours, the information level for PM10 is 100 pg/
m?, the averaging period is 24 hours [11]. The alarm level
is the concentration of a substance in the air which, if ex-
ceeded in the short term, could cause a hazard to human
health [12].

Research section
Methodology and research procedures
The research aimed to determine the concentration of
particulate matter in selected strategic points of the urban
agglomeration and to indicate whether there are relation-
ships between the season of the year and the concentration of
PM2.5 and PM10 in the air. The research was carried out at
five measurement points in the Cracow agglomeration:
e 29 Avenue Listopada (one of the most important
communication routes in Krakéw),
o AGH University of Science and Technology (proxim-
ity of the thoroughfare),
o Nowa Huta, T. Ptaszyckiego street (proximity of in-
dustrial plants),
o  Skawina (a commune included in the agglomeration),
o Wieliczka (a commune included in the agglomer-
ation).

Figure 1 shows the location of the test stations.

The research was carried out in one month of each season:
September 2019, November 2019, February 2020 and April
2020. They were performed for 15 days each month, twice a
day: in the morning and in the evening. To measure the level
of PM2,5 and PM10 particulate matter, a dust measurement
device WP 6130 was used, additionally equipped with air
temperature and humidity detectors.

Test results and discussion

Table 2 shows the minimum and maximum measured
concentration values of PM2.5 and PM10 from the measure-
ment point on 29 Avenue Listopada.

At the measurement point located on 29 Avenue Listopa-
da (Table 2), the highest PM2.5 level, amounting to 113 ug/
m?, occurred on 28 November at 8:40 pm. The lowest value
of PM2.5, equal to 1 pug/m?, occurred on 10 September and
14 September in the morning. The highest level of PM10 was
also recorded on this station on 28 November at 8:40 pm: it
amounted to 120 pug/m?®. The lowest level of PM10 of 2 pg/m?*
occurred on 10 September and 14 September.
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maximum
measured
concentration
values of PM2.5

minimum
measured
concentration
values of PM2.5

maximum

measured
concentration
values of PM10

minimum

measured
concentration
values of PM10

[rg/m3] [rg/m3] [pg/m3] [ng/m3]
. 1 (10 IXi 141X 2 (10 IXi 141X
29 Avenue Listopada 113 (28 XI 2019) 2019) 120 (28 XI 2019) 2019)

Tab. 3. The minimum and maximum measured concentration values of PM2.5 and PM10 from the measurement point on AGH
Tab. 3. Minimalne i maksymalne zmierzone wartoéci stezen PM2,5 i PM10 z punktu pomiarowego przy Akademii Gorniczo-Hutniczej

maximum
measured
concentration
values of PM2.5
[rg/m?3]

minimum
measured
concentration
values of PM2.5
[rg/m?3]

maximum

measured
concentration
values of PM10

[ng/m3]

minimum

measured
concentration
values of PM10

[ng/m3]

Tab. 2. The minimum and maximum measured concentration values of PM2.5 and PM10 from the measurement point on 29 Avenue Listopada
Tab. 2. Minimalne i maksymalne zmierzone warto$ci stezenn PM2,5 i PM10 z punktu pomiarowego przy alei 29 Listopada

AGH University of
Science and
Technology

127 (28 XI 2019)

2 (141X 2019)

139 (28 XI 2019) 3 (141X 2019)

Tab. 4. The minimum and maximum measured concentration values of PM2.5 and PM10 from the measurement point on Skawina
Tab. 4. Minimalne i maksymalne zmierzone wartosci stezenn PM2,5 i PM10 z punktu pomiarowego Skawina

maximum
measured
concentration
values of PM2.5
[ng/m3]

minimum
measured
concentration
values of PM2.5
[ng/m3]

maximum minimum

measured measured
concentration
values of PM10

[ng/m?3]

concentration
values of PM10
[ng/m3]

Skawina 117 (15 1I 2020)

6 (91X 2019)

120 (15 II 2020) 8 (91X 2019)

Tab. 5. The minimum and maximum measured concentration values of PM2.5 and PM10 from the measurement point on Wieliczka

Tab. 5. Minimalne i maksymalne zmierzone wartosci stezent PM2,5 i PM10 z punktu pomiarowego Wieliczka

maximum
measured
concentration
values of PM2.5
[ug/m3]

minimum
measured
concentration
values of PM2.5
[ug/m3]

minimum

measured
concentration
values of PM10

[ug/m3]

maximum

measured
concentration
values of PM10

[ng/m3]

Wieliczka 111 (15 I1 2020)

2 (91X i 101X 2019)

127 (27 XI 2019) 3 (101X 2019)

Tab. 6. The minimum and maximum measured concentration values of PM2.5 and PM10 from the measurement point on Nowa Huta
Tab. 6. Minimalne i maksymalne zmierzone wartosci stgzenn PM2,5 i PM10 z punktu pomiarowego Nowa Huta

maximum
measured
concentration
values of PM2.5
[pg/m3]

minimum
measured
concentration
values of PM2.5
[pg/m3]

minimum

measured
concentration
values of PM10

[pg/m3]

maximum

measured
concentration
values of PM10

[pg/m3]

Nowa Huta

128 (28 XI 2019)

3(2IXi 141X 2019)

142 (28 XI 2019) 5 (61X 2019)

At the measurement point located on AGH University of
Science and Technology (Table 3), the highest PM2.5 level,
amounting to 127 ug/m?®, occurred on 28 November at 9:00
pm. The lowest value of PM2.5, equal to 2 pg/m3, occurred
on 14 September at 11:16. The highest level of PM10 was
also recorded on this station on 28 November at 9:00 pm: it
amounted to 139 pg/m?>. The lowest level of PM10 of 3 ug/m’
occurred on 14 September.

At the measurement point located on Skawina (Table 4),
the highest PM2.5 level, amounting to 117 ug/m?, occurred
on 15 February at 10.21 pm. The lowest value of PM2.5, equal
to 6 pg/m?®, occurred on 9 September at 6:10 pm. The highest
level of PM10 was also recorded on this station on 15 Febru-
ary at 9:51 pm: it amounted to 120 pg/m>. The lowest level of
PM10 of 8 ug/m® occurred on 9 September at 6:10 pm.

At the measurement point located on Wieliczka (Table 5),
the highest PM2.5 level, amounting to 111 ug/m?, occurred

on 15 February at 11.27 pm. The lowest value of PM2.5, equal
to 2 pg/m?, occurred on 9 September and on 10 September.
The highest level of PM10 was also recorded on this station
on 27 November at 7:04 pm: it amounted to 127 pg/m®. The
lowest level of PM10 of 3 pg/m® occurred on 10 September at
1:42 pm.

At the measurement point located on Nowa Huta (Ta-
ble 6), the highest PM2.5 level, amounting to 128 pg/m’,
occurred on 22 November at 10:40 pm. The lowest value of
PM2.5, equal to 3 pg/m3, occurred on 2 September and on
14 September. The highest level of PM10 was also recorded
on this station on 28 November at 10:40: it amounted to 42
pg/m>. The lowest level of PM10 of 5 pg/m3 occurred on 6
September at 10:28 am.

The analysis of the test results shows that the highest
concentrations of PM2.5 and PM10 occurred in the autumn
month at AGH and Nowa Huta and in the winter month in
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Fig. 2. The daily average concentration of particulate matter: PM2,5 and PM10. The measurement point on 29 Avenue Listopada (in pug/m?)
Rys. 2. Srednie dobowe stezenie pylu zawieszonego: PM2,5 i PM10. Punkt pomiarowy: aleja 29 Listopada (w pg/m?)
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Fig. 3. The daily average concentration of particulate matter: PM2,5 and PM10. The measurement point on AGH (in pg/m?)
Rys. 3. Srednie dobowe stezenie pylu zawieszonego: PM2,5 i PM10. Punkt pomiarowy: AGH (w pg/m?)

Skawina and Wieliczka. The heating season, which begins in
the autumn, is a major contributor to dust emissions. The low-
est dust concentrations occurred in the summer month when
the air temperature does not require heating of buildings.

In order to determine the number of days on which the
daily permissible, information and alarm level has been ex-
ceeded, the daily average concentration of particulate matter
has been calculated (Figures 2-6).

The lowest concentrations of dust in the air occurred in
September and April. The PM10 permissible level was exceed-
ed 11 times in November, 7 times in February and one time in
April. The information level was exceeded once in November.
The alarm level has not been exceeded. The permissible level
for PM2.5 was exceeded 34 times. The information level was
not exceeded.

The PM10 permissible level was exceeded 11 times in No-
vember and 5 times in February. The information level was
exceeded once in November. The alarm level has not been
exceeded. The permissible level for PM2.5 was exceeded 30
times. The information level was not exceeded.

The PM10 permissible level was exceeded 5 times in No-
vember and 3 times in February. The information level was
exceeded once in November. The alarm level has not been
exceeded. The permissible level for PM2.5 was exceeded 38
times. The information level was not exceeded.

The PM10 permissible level was exceeded 9 times in
November, 3 times in February and one time in April. The
information level was exceeded once in November. The
alarm level has not been exceeded. The permissible level for
PM2.5 was exceeded 39 times. The information level was not
exceeded.

The PM10 permissible level was exceeded 10 times in No-
vember, 2 times in February and one time in April. The infor-
mation level was exceeded once in November. The alarm level

has not been exceeded. The permissible level for PM2.5 was
exceeded 34 times. The information level was not exceeded.

The statistical analysis

For the statistical analysis of the PM2.5 and PM10 mea-
surements, a non-parametric chi-square test was used to in-
vestigate the relationship between the variables [14]. The x2
test consists of comparing the observed values with the theo-
retical values. The major differences between them means that
there is a correlation between the parameters tested. The cor-
relation between the level of particulate matter concentration
in the air and the time of year at each test station was studied.
The dust level was classified as low for the particulates <30 pg/
m3, as average for the values in the range 30-60 pg/m® and as
high for the values above 60 pug/m?.

According to the measurement data from 29 Av-
enue Listopada station, the test results are as follows:
XZPMz,s = 80,6, XZPMI[) = 59,1. For the six degrees of freedom,
the critical value for the significance level a = 0.05 shall be:
oo, = 12,6 (Figure 7).

A comparison of the calculated value for PM2.5 and
PM10: 80.6>12.6; 9.1>12,6, allowed for the rejection of the
hypothesis that there is no correlation between the season
and the level of dust: XZPMZ,S > leeor. XZPM10>X21eor.' The proba-
bility of making the type I error is p = 0.000 (p < a). The
hypothesis that there is no difference between the variables
must be rejected. At a significance level of a= 0.05 it is as-
sumed that there is a statistical relationship between the sea-
son and the dust concentration in the air. It was found that
the concentrations of particulate matter in autumn and win-
ter are statistically significantly higher than those in the sum-
mer. The calculated test value for each measurement point
(AGH University of Science and Technology, Skawina, Wiel-
iczka, Nowa Huta) is greater than the critical value, there-
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Fig. 4. The daily average concentration of particulate matter: PM2,5 and PM10. The measurement point on Skawina (in pg/m?)
Rys. 4. Srednie dobowe stezenie pytu zawieszonego: PM2,5 i PM10. Punkt pomiarowy: Skawina (w pg/m?)
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Fig. 5. The daily average concentration of particulate matter: PM2,5 and PM10. The measurement point on Wieliczka (in pg/m?)
Rys. 5. Srednie dobowe stezenie pytu zawieszonego: PM2,5 i PM10. Punkt pomiarowy: Wieliczka (w pg/m?)

fore the hypothesis of no correlation between variables was
rejected.

The analysis of the test results shows that the highest
concentrations of particulate matter occurred in the autumn
and winter months at each measuring point and the lowest in
summer. The highest particulate concentration was recorded
on 28 November 2019 in Nowa Huta in ulica Tadeusz Ptaszy-
cki. The concentration of PM2.5 was 128 pg/m* and PM10
amounted to 142 pg/m?. The lowest value of particulate mat-
ter was recorded on 10 September 2019 and 14 September
2019 on 29 Avenue Listopada. The concentration of PM2.5
was 1 pg/m® and PM10 amounted to 3 pg/m®. After conduct-
ing a statistical test and comparing the observed values with
the theoretical values, it was found that there are close cor-
relations between the dust concentration in the air and the
season of the year.

The research part also includes calculation of the daily
average concentration of particulate matter by means of an
arithmetic mean of the two measurements per day in order
to determine the number of days when the 24-hour average
permissible, information and alert levels were exceeded. At
each of the stations, the permissible level for PM10 and PM2.5
has been exceeded several times, and the alarm level for PM10
has not been exceeded at any of them.

Discussion and summary

The heating season responsible for dust emissions be-
gins in autumn and winter due to low air temperatures. Sin-
gle-family and multi-apartment residential buildings lack
high chimneys, which results in the emission of pollutants at
low heights. As a result, instead of diluting in the atmosphere,
local concentrations of pollution in the air increase. One of
the main sources of air pollution are individual households
and local boiler houses. Coal fired furnaces are character-

ized by low efficiency and significant dust emissions. In order
to reduce the emission of harmful pollution into the atmo-
sphere, it is necessary to modernize the heating system. At-
tention should be paid to the type and quality of fuel: coal-
fired boilers should be replaced by gas, oil or electric ones.
Pellet-fired boilers also provide a good solution [15]. Howev-
er, the aforementioned measures are very expensive, and nu-
merous people cannot afford them. Increasing public aware-
ness and influencing the change of habits regarding the use of
fuels in furnaces is extremely important. Financial support is
needed for the municipal and household sector (e.g. subsidies
for the replacement of furnaces), as well as the imposition of
severe penalties for household waste incineration (plastic bot-
tles, tyres, old furniture).

Motor vehicles are to a great extent responsible for partic-
ulate emissions [16, 17]. They emit exhaust fumes and wear
road surfaces, tyres and brake pads. To reduce traffic, it is
worth encouraging city residents to use public transport by
introducing cheaper tickets or free journeys. Separate lanes
for public transport constitute a useful solution. Another pos-
sibility is the development of the cycling infrastructure and
investment in bike rentals.

In the industrial sector, the best available technologies
should be identified in order to reduce dust emissions [18,
19]. Air protection should be implemented by taking mea-
sures to reduce dust emissions at source or by capturing
them. One of the solutions allowing for the minimisation of
particulate emissions is the air-tightening of processes con-
sisting in the use of covers and seals on technological equip-
ment. In order to reduce emissions, industrial plants should
also deploy efficient electrostatic precipitators and chimney
filters. The construction of insulating green belts around in-
dustrial plants will allow for a partial reduction in the dust
dispersion [20].
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Fig. 6. The daily average concentration of particulate matter: PM2,5 and PM10. The measurement point on Nowa Huta (in pg/m?)
Rys. 6. Srednie dobowe stezenie pylu zawieszonego: PM2,5 i PM10. Punkt pomiarowy: Nowa Huta (w pg/m?®)
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Fig. 7. Chi-square test for PM2,5 i PM10. The measurement point on 29 Avenue Listopada
Rys. 7. Test Chi-kwadrat dla PM2,5 i PM10. Punkt pomiarowy: aleja 29 Listopada
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Zanieczyszczenia pytowe atmosfery aglomeracji krakowskiej w swietle badan empirycznych
Artykut prezentuje problem zanieczyszczenia pylowego atmosfery typowej aglomeracji miejskiej. Opisano wplyw czynnikéw natural-
nych i antropogenicznych na stezenie pytow w powietrzu. Przedstawiono wyniki bada#i zapylenia powietrza czgstkami PM2,5 i PM10
w pigciu punktach pomiarowych aglomeracji krakowskiej. Przy zastosowaniu metod statystycznych wykazano zaleznosé miedzy ste-
zeniem pytu w powietrzu a porg roku. Najwigksze stezenia pytéw PM2,5 i PM10 obserwuje si¢ w miesigcach jesiennych i zimowych.
W sezonie grzewczym za emisje pytow odpowiedzialny jest glownie sektor komunalno-bytowy. Zaproponowano sposoby ograniczenia
emisji zanieczyszczeti atmosfery ze Zrodet przemystowych i transportu.

Stowa kluczowe: pyly, zanieczyszczenie powietrza, monitoring

134

Inzynieria Mineralna — Lipiec - Grudzieti 2020 July - December — Journal of the Polish Mineral Engineering Society




