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Abstract: The paper deals with the measurement of individual size components of particulate matter
focusing on typical particle size, mass, and number concentrations primarily in the city of Kosice
(Slovak republic) and the surrounding countryside. The deployment of the sensor IPS-7100 in the
2nd half of December 2022 allowed us to measure the particles smaller than the detection limit of
other low-cost optical sensors—namely SPS30 and SEN54. The results show that although the mass
concentration of ultrafine particles is negligible in comparison to fine and coarse particles, in terms of
number concentration ultrafine particles make up the dominant component of particulate matter,
which stands as a warning from the health point of view.
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number concentration; particulate matter; SEN54; sensors; size distribution; SPS30; typical particle
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1. Introduction

Particulate matter (PM) is a mixture of solid or liquid particles suspended in the
air of varying size and composition, containing a variety of components including dust,
dirt, soot, pollen, or small pieces of metal and plastic, smoke and liquid droplets, some
of which may be toxic [1]. PM is classified as an air pollutant [2,3]. These particles are
PM10 (i.e., particles with a diameter up to 10 um), coarse particles or PM2.5-10 (particles
with a diameter between the sizes of 2.5 and 10 um), PM2.5 or fine particles (particles with
a diameter up to 2.5 pm) or PMO0.1 or ultrafine particles (particles with diameter up to
0.1 um) [1]. However, some sources [4] define ultrafine particles as particles smaller than
0.5 pm (or PMO0.5). The negative impacts of particulate matter are well-researched and
documented in studies [5-15]. Long-term exposure to PM can lead to health complications
such as breathing problems [5,7,8], asthma [8], heart disease [5-10], lung cancer [6-8], other
respiratory illnesses [5,7,8,11], and even premature death [8,12,15]. Especially vulnerable
are pregnant women, children, and elderly people [13-15]. In fact, the negative impacts
of PM on human health increase as the size of PM decreases, since smaller particles can
penetrate deeper into the human body. Coarse particles deposit in the upper respiratory
system. They are usually trapped in the nose and throat and expelled by coughing and
sneezing. Fine particles can reach lung alveoli, where they tend to stay longer in the lungs.
Ultrafine particles can even enter the bloodstream and create dangerous toxins in our
bodies, which makes them one of the most dangerous classes of air pollutants [16-20]. Fine
and ultrafine particles can increase the risk of cardiovascular and respiratory disease as
well as stroke. Furthermore, it was found that elevated PM concentrations correlate with
decreased life expectancy [19,20].
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Particulate matter is measured to understand the contributing factors and find a way
to reduce the concentration of PM. According to the current global guidelines of WHO [3],
the recommended daily exposure (short-term, 24 h mean) to PM2.5 is up to 15 pg/m?
and PM10 is up to 45 pg/m?3. In the Slovak republic, the limit values for 24 h mean are
20 pg/m? for PM2.5 and 50 pg/m3 for PM10 [21]. PM sources (including fine and ultrafine
particles) can be anthropogenic and natural. Anthropogenic sources include traffic and
emissions from motor vehicles, mining, construction activities, industrial processes of
industries located either directly in or near cities (these factors are dominant in urban
areas) as well as seasonal wood combustion for domestic heating or large-scale fieldwork
(which is the primary source of PM in rural areas). In addition to anthropogenic sources,
there are also natural sources that need to be considered, such as windblown dust, sea
salt aerosols, wildfires, and volcanic eruptions [22-25]. As for the sources of PM by the
size of particles, PM2.5 are mainly produced in the combustion of gasoline, oil, fuel, or
wood are fine particles (of course, PM2.5 also makes up a portion of PM10). On the other
hand, construction, wildfires, waste burning (often characterized by inefficient combustion),
fossil fuel combustion (such as coal or gas), industry emissions, as well as windblown
dust and pollen, are the main contributors to PM10 particles [26,27]. Ultrafine particles
can be directly emitted into the air from anthropogenic sources (e.g., combustion, traffic,
etc.) or, more commonly, formed from chemical reactions and dynamic processes such as
nucleation, condensation, and coagulation [28,29].

On a local scale, wireless sensor networks (WSN) with high spatial resolution could
help in identifying patterns and sources of PM in the neighborhood like in the study [30]
which could then be used for regulation and decrease of PM concentrations (for coarse, fine
and ultrafine particles alike). On a wider scale, low-cost sensors of PM could find their use
in machine learning and prediction models. Using a sufficiently dense WSN in a relatively
large area, with enough nodes and measured data it would be possible to apply artificial
intelligence and machine learning and create a prediction model for the development of PM
concentrations in time, similar to the works [31,32]. However, it is important to determine
if the performance of low-cost sensors in such a network is satisfactory, which was the
subject of [33], where the precision of the sensors used in the mobile monitoring systems
was acceptable, but the accuracy of low-cost sensors was not sufficient. However, the
system was used to map and monitor the relative changes in PM mass concentrations and
identify the anomalies in the mass concentration of PM. The coverage of the area as well as
the resolution of measuring points allowed the authors to identify the patterns and sources
of PM.

Due to the nature of PM sources, the concentrations of PM can be influenced not only
by directly producing the particles near the measuring place but also by meteorological
factors beyond our control. Studies [34—45] found a correlation between PM and meteoro-
logical factors such as temperature, humidity, pressure, and wind speed, although whether
the correlations were positive or negative differed study-to-study. It has been suggested
that there could be a seasonal and geographical impact on correlations [45], however, more
research needs to be done in this area to improve our understanding of how meteorological
factors influence the concentrations of PM. This is something the authors of this paper
mentioned in their previous papers [46,47]. Both papers were focused on determining
short-term Pearson correlations between PM and temperature, humidity, and pressure
(the measurements took place over several days). Paper [46] only focused on calculating
correlations from 12-h intervals, while [47] considered 12-h, 6-h, and 3-h intervals as well as
the comparison of correlations between two measuring sites which were relatively close by
(35 m). Further examination of the correlation between PM and meteorological factors from
a long-term perspective with consideration of different places of measurement or seasonal
factors and non-linear correlations will be a subject of future research.

The subject of this paper will be to answer the following questions: “What is the
composition of PM in terms of typical particle size?” and “What amount of ultrafine
particles can be found in the air around us?” After all, most low-cost sensors focus on
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measuring PM10 and PM2.5 (some can even measure other categories such as PM4 and
PM1 [48,49]). The detection threshold for such sensors is typically ~0.3 um. However, some
sensors can measure particles even as small as PM0.1 [50].

The authors of this paper deal with the measurements of the mass and number
concentration of PM in the city of Kosice (Slovak Republic) and the surrounding countryside.
The paper will also focus on the typical particle size and how it varies with different places
of measurement.

2. Materials and Methods
2.1. Particulate Matter Sensors

The sensors used for measuring PM were SPS30, SEN54, and IPS7100. All of the
used sensors are OPCs (Optical Particle Counters). The sensing of the sensor is based
on the principle of light scattering. PMs are hit by a laser beam at a certain angle, which
causes shielding and scattering of the light. The device senses the light intensity after the
PM has been hit by the laser beam, which allows the individual particles to be counted
and measured. A particle passing through the illumination zone produces a photoelectric
pulse whose height depends on the particle size [51-53]. The change or the addition of the
new sensor type SEN54 was done to expand the measuring locations due to the limited
availability of the sensors during the current crisis. IPS7100 was added later to measure
even smaller particles (as the particle size threshold for both SPS30 and SEN54 is 0.3 um,
while IPS7100 can measure particles even smaller than 0.1 um).

The SPS30 sensor is capable of sensing the mass concentration of PM1, PM2.5, PM4,
and PM10 particles, as well as the number concentration of PM0.5, PM1, PM2.5, PM4, and
PM10 particles, and also the typical particle size. While PM1 and PM2.5 are measured
directly, PM4 and PM10 are measured indirectly by calculations based on the distribution
profile of all measured particles. The minimum size of a PM that the sensor can detect is
0.3 um. The accuracy of the sensor guaranteed by the manufacturer for measuring PM by
the SPS30 sensor is given in Table 1 [48].

Table 1. Accuracy of SPS30 sensor.

Mass Concentration Conditions Accuracy
0-100 pg/m?3 +10 pg/m3
PMI, PM2.5 100-1000 pg/m?3 +10%
0-100 pg/m?3 +25 pg/m3
PM4, PMI0 100-1000 pg/m?3 +25%

Similarly to SPS30, the SEN54 sensor is capable of sensing the mass concentration of
PM1, PM2.5, PM4, and PM10, number concentration of PM0.5, PM1, PM2.5, PM4, and
PM10, typical particle size but unlike SPS30 it can also measure other physical quantities,
such as temperature, humidity, and VOC index. Like SPS30, the SEN54 sensor is OPC so
it can measure PM1 and PM2.5 directly, while PM4 and PM10 are measured indirectly by
calculations based on the distribution profile of all measured particles. Table 2 shows the
manufacturer-guaranteed accuracy for measuring PM by the SEN54 sensor [49].

Table 2. Accuracy of SEN54 sensor.

Mass Concentration Conditions Accuracy
0-100 pg/m? +(5 ng/m3 + 5%)
PMI, PM2.5 100-1000 pg/m3 +10%
— 3 3
PM4, PM10 0-100 pg/m +25 pug/m

100-1000 pg/m3 +25%
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Two SPS30 and four SEN54 sensors were used for the comparison measurements. The
difference between the measured values by the sensors was maintained in the vicinity
of zero, as shown in [47]. There were a few exceptions when the difference was higher
than 0, but overall, the comparison measurement still corresponded to the manufacturer’s
specified accuracy for both sensors.

Sensor IPS-7100 can measure mass and number concentrations of PMO0.1, PM0.3, PMO0.5,
PM1, PM2.5, PM5, and PM10 (PMO0.3 to PM10 concentrations are measured directly, while
PMO.1 concentrations are estimated from the other PM categories (this is like SPS30/SEN54
measurements of PM4/PM10). All concentrations are measured with an accuracy of
£10% [50].

Since only one IPS-7100 sensor was available, the comparison measurement was
conducted between one IPS-7100 sensor and one SEN54 sensor, the results of which are
shown in Figure 1. The measured mass concentration traces are both close together and
overlapping. The difference plotted in a line and scatter plots shows that IPS-7100 and
SEN54 only differ by +£10 pg/m? at most, even though it also includes particles smaller
than 0.3 um (which are under the detection limit of SEN54).
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Figure 1. Comparison measurements for SEN54 sensors: mass concentration (first column) of PM1
(first row), PM2.5 (second row), and PM10 (third row) measured by IPS-7100 (blue) and SEN54 (red),
the difference between the measurements (second column) and the scatter plot (third column), where
the measurements are plotted on both x and y axes, while the y axis is shifted by one row relative to

the x-axis.

All three types of sensors were chosen based on several criteria:

Budget (<100€ per sensor),

Availability on the market in Slovakia,

Accuracy guaranteed by the manufacturer in the datasheet,

The possibility to interface with a microcontroller board such as ESP8266, ESP32, or

Arduino (I12C interface preferred),
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e It was preferable that the sensors would be able to measure multiple sizes of PM mass
and number concentrations and smaller (fine or ultrafine) particles,

e In the case of SPS30 and SEN54, sensors which can measure PM1/2.5/4/10 mass
concentration and PM0.5/1/2.5/4/10 number concentration were preferred over
sensors which can only measure PM2.5/10 mass concentration,

e In the case of IPS7100, the ability to measure PM0.1 and PM0.3 mass and number
concentration were considered.

Slovak Hydrometeorological Institute (SHMI) is a specialized organization that focuses
on meteorological, and hydrological measurements and prediction as well as the monitoring
of air quality. SHMI does not provide raw data from their air pollutant measurements,
only the daily average in their monthly reports [54]. In [55] it is specified that PM2.5
and PM10 pollutants are measured every 15 min using TEOM 1405F. The closest SHMI
station measuring PM is the one located at Stefanikova st. (1.1 km from the Department
of Theoretical and Industrial Electrical Engineering—DTIEE or Kosice #1—where one of
our measuring sites is located, as described in Section 2.3). There is a 2nd SHMI station in
Kosice at Amurska st., but this station is more distant from our measuring sites (5.4 km from
DTIEE), so we will only compare the daily averages of PM2.5 and PM10 mass concentration
measured at DTIEE with SHMI's data from the Stefanikova station [56-58].

Figure 2 shows the comparison of PM10 mass concentration daily averages at DTIEE
(red bars) and Stefanikova st. (blue bars) measured from 22 October 2022 to 31 December
2022. Out of 71 values for each measuring site, some pairs of values were very close.
The difference between 31 of them was less than 5 ng/ m3. Of the values which differed
by 5 ug/m? or more, 21 were higher at Stefanikova st. (mostly in October and the first
half of November 2022) and the remaining 16 were higher at DTIEE, mostly in December.
This could be caused by increased relative humidity (RH) in December, as the increased
humidity may introduce bias in measurement when using low-cost sensors [33]. The
weather in KoSice was characterized by frequent snowing in the evening and nighttime
hours and the subsequent thaw during the daytime hours in the 2nd half of December.

W DTIEE, Kosice  MSHMI (Stefanikova, Kosice)

Figure 2. Daily averages of PM10 mass concentration at DTIEE (red bars) and Stefanikova, Kogice
(blue bars) measured from 22 October 2022 to 31 December 2022.
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Figure 3 compares the daily averages of PM2.5 between the measuring sites at DTIEE
(red) and Stefanikova st. (blue). The missing values of the Stefanikova station in November
are due to an incorrect table for the daily averages of PM2.5 being included in the report [57]
(the table included in the record is from February 2022 [59]), thus we can only compare
the data from October and December. Out of 41 values, most of them differ by more than
5ug/ m3 (predominantly in December), 21 of which are higher for DTIEE and only 3 are
higher for Stefanikova A total of 17 values are within the 5 ug/m? difference.
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Figure 3. Daily averages of PM2.5 mass concentration at DTIEE (red bars) and Stefanikova, Kogice
(blue bars) measured from 22 October 2022 to 31 December 2022.

Now it is important to note that these measurements are affected by different locations
and the distance of 1.1 km between them. Even if they are located in the same city, this
distance is not negligible and thus it is not possible to determine the error of the measure-
ments carried out at DTIEE using a low-cost sensor in reference to SHMI's measurements
at Stefanikova. However, the fact that PM2.5 concentrations are almost consistently higher
at DTIEE when it is not the case for PM10 (which has a skewed but still more even distri-
bution of positive and negative differences) suggests that the low-cost sensor SEN54 may
overestimate PM2.5 mass concentration.

2.2. Measurement Systems

The measurement systems were based on ESP8266. They consisted of a microSD mod-
ule for logging the measurements in a *.csv file every 5 s, an RTC module for timestamping
the measurements as well as the sensory part, which differed from system to system:

o  Measurement system (#1) (Figure 4a) where SPS30 sensor was used for measuring PM,
along with SHT30 for measuring temperature and humidity, MS5611 for measuring
temperature and atmospheric pressure,

e  Measurement system (#2) (Figure 4b) where the SEN54 sensor was used for measur-
ing PM, VOC index, temperature, and humidity along with MS5611 for measuring
temperature and atmospheric pressure,

e  And measurement system (#3) (Figure 4c) where the IPS-7100 sensor was used for
measuring PM, along with SHT30 for measuring temperature and humidity, and
MS5611 for measuring temperature and atmospheric pressure.
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i | IPS-7100 |- .
: MSS5611 >

Sensors
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: module | module
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» RTC module

ESP8266

Micro SD
module

Figure 4. Block diagram of the PM measurement systems used for (a—c) urban and rural measurements.

Although the measured data was logged every 5 s to an SD card, ESP8266 also sent
measured data to InfluxDB which were then visualized in Grafana once per minute to allow
monitoring of measurements in real-time. All components that make up the measurement
systems are placed in a case.

2.3. Places of Measurement

The measurements of PM were carried out at the places marked in Figure 5. All
places of measurement are located in Slovakia except for one, which is located in Hungary.
The focus of urban and rural measurements was on PM concentrations in the places of
residence. Therefore, most of both urban and rural measurement sites were chosen near
human dwellings such as family houses or apartment blocks (except for Kosice #1—DTIEE)
because of the negative health effects of long-term exposure to PM on human health and
the fact that workplace (KoSice #1—DTIEE) and home (all other measuring sites) are places
where people spend most of their time.

PL

Fiizérkomlos

HU
(a) (b)

Figure 5. Urban and rural measurement places marked on a map of: (a) Slovakia; (b) eastern Slovakia
(close-up).
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Urban measurements were carried out in the following cities:

e  Kosice #1—2nd largest city in Slovakia, the measurements were carried out outside the
window on the 1st floor of the Department of Theoretical and Industrial Engineering
(DTIEE), which is located at a university campus near the park. The nearest 4-lane
road is located behind the park, 200 m from DTIEE.

e  Kosice #2—2nd measurement location in Kosice is situated 2.4 km to the east of DTIEE
and 13.8 km to the northeast of US Steel. The measurements were carried out on the
balcony of an apartment on the 11th floor, which is situated 200 m from a 4-lane road.

o  Kosice #3—3rd measurement location in KoSice is situated 2.7 km to the south of
DTIEE. The measurements were carried out on the balcony of an apartment on the 5th
floor, the balcony is facing towards the nearby park and away from the main road.

e  PreSov—a family house located in the suburbs, the city is 30 km to the north of Kosice.
The family house is situated 30 m from the main road.

e  Snina—apartment on the 3rd floor, the city is 72.6 km to the northeast of Kosice. The
apartment complex is situated 20 m from the main road.

Rural measurements were carried out in the following villages:

e  Habura—a Slovak village situated 80 km to the northeast of Kosice, the measurements
took place outside the window on the 1st floor of a family house, which is located on
the side street that is not frequented by motor vehicles very often.

e  Flizérkomlés—a Hungarian village situated 7 km away from the border with Slovakia
and 28 km to the south-east of Kosice. The measurements took place on the balcony
on the 1st floor of a family house. There is a side street situated 15 m from the house.

e  Valaliky—a Slovak village situated 11 km to the south of KoSice; the measurements
took place outside of a family house. The distance from the nearest road is 40 m.

e  Zdoba—a Slovak village situated 11 km to the east of KoSice; the measurements took
place outside of a family house. The property of the house where the measurements
took place is situated 50 m from the driveway.

The main contributing factor to PM concentrations in rural areas is household heating
with wood combustion, which is used in the family houses at the measurement sites as
well as the neighboring houses in their near vicinity.

2.4. Data Analysis

Data were analyzed using MATLAB script for all calculations and computations,
particularly for calculating the hourly averages of PM mass and number concentrations, as
well as the number concentration ratios between the different categories of PM (e.g., for
SPS30/SEN54 measurements, PM1/PM0.5, PM2.5/PMO0.5, PM4/PMO0.5, and PM10/PMO0.5
ratios are calculated, while for IPS-7100 measurements we consider the PM0.3/PMO0.1,
PM0.5/PM0.1, PM1/PM0.1, PM2.5/PMO0.1, PM4/PM0.1 and PM10/PMO0.1).

Data visualization including graphs showing the measured values and hourly averages
is done using MATLAB script as well as cloud services—InfluxDB and Grafana.

3. Results and Discussion

The results and discussion section is going to be divided into the following two parts:
1st part—measuring PM in urban and rural areas using SPS30 and SEN54 sensors, in which
we look at the composition of PM in terms of the size of the particles, mass and number
concentrations, as well as typical particle size. The 2nd part will focus on PM measurements
using the IPS-7100 sensor, which is capable of measuring even ultrafine particles under the
detection limit of SPS30 and SEN54.

3.1. Measuring PM in Urban and Rural Areas Using SPS30 and SEN54

The Sensirion SPS30 and SEN54 sensors we use in our measurements allow us to
measure not only the mass concentration of PM1, PM2.5, PM4, and PM10, but also the
number concentration of PMO0.5, PM1, PM2.5, PM4, and PM10. The sensors also measure
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typical particle size, which is defined as “an indication of the average particle diameter in
the sample aerosol. Such output correlates with the weighted average of the number of
concentration bins” [48].

Figure 6a illustrates a 12-h measurement of the mass concentration of PM1, PM2.5,
PM4, and PM10. It is clear that PM1 (blue color) is the dominant PM component within
PM10 (black). The difference between other components—PM?2.5/PM4 (red/yellow) and
PM10 (black)—are relatively small, noting that there is more difference between PM2.5
and PM10 than between PM4 and PM10. Figure 6b showcases the selected region (det
A) from Figure 6a in close-up detail. The bar graph in Figure 6c illustrates the hourly
averages of PM1, PM2.5, PM4, and PM10 mass concentrations. They are largest between
4:00 a.m.~6:00 a.m. and smallest at 11:00 a.m. (all categories of PM have about 20 pg/m?3,
which only confirms the dominance of PM1). The advantage of the SPS30 and SEN54
sensors is that in addition to mass and number concentrations, they can also measure
typical particle size (um), shown in Figure 6d. It is important to note that the SPS30 and
SENb54 sensors are only capable of measuring particles larger than 0.3 pm. In most cases,
the typical particle size measured by those sensors ranges from 0.5 to 0.7 um. The fact is
that in Figure 6d, PM10 contains particles with an average size of about 0.6 um, which are
almost 17 x smaller than its upper limit of 10 pm. Particles smaller than 0.3 um could be
measured with a different sensor, which will be discussed in Section 3.2.

As for number concentration, SPS30 and SEN54 can measure PM0.5, PM1, PM2.5,
PM4 and PM10 number concentrations. Surprisingly, when plotting the number concen-
tration for all 5 types of PM, only 2 lines are shown in Figure 6e—green and black, which
correspond to the number concentration of PM0.5 and PM10, respectively. PM1, PM2.5,
and PM4 number concentrations are very close to PM10, which is shown in the zoomed-in
detail in Figure 6f. A clear increase in PM10 mass concentration relative to PM1 mass
concentration in Figure 6¢ is because larger particles are heavier, therefore the fewer larger
particles (e.g., larger than 4 um) will have a visible impact on the mass concentration of
PM10 than the same number of particles, e.g., smaller than 1 um, on mass concentration
of PM10 or PM1. Thus, Figure 6e,f shows that, although PM2.5 or PM10 are commonly
evaluated for air quality index findings, much of those categories of particles consist of
smaller particles such as PMO0.5. To conclude this section, we note that the visualized data
in Figure 6 were measured on 4 March 2022 every 5 s in the city of KoSice (Slovak republic)
at DTIEE.

Pt | | | PM1
I i iﬂw PM2.5 82 PM2.5
PV4 PM4
'!“J | Pm10 | ] 60 - PM10 |
|

* | IR P i i |
e

I | I I I
01:00 01:15 01:30 01:45 02:00 02:15 02:30
Time 4 March 2022 Time 4 March 2022

@) (b)

Figure 6. Cont.
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Figure 6. Sample of measured PM at DTIEE 4 March 2022 from 0:00 to 12:00 a.m.: (a) mass concentra-
tion of PM1 (blue), PM2.5 (red), PM4 (yellow), and PM10 (black), (b) detail from Figure 6a, (c) hourly
averages of PM mass concentrations, where dashed lines correspond to the upper limits of very good
(VG), good (G) or worsened (W) air quality for hourly mass concentrations of PM2.5 (red dashed
line) and PM10 (black dashed line), where PM1, PM2.5 and PM4 are very close to PM10, (d) typical
particle size, (e) number concentration of PMO0.5 (green), PM1 (blue), PM2.5 (red), PM4 (yellow) and
PM10 (black), (f) detail (det B) from (e), where PMO0.5 (green) is not included in the figure due to the
close up.

With the results from Figure 6, we are interested in finding out the ratio of the increase
in number concentration between PM1, PM2.5, PM4, and PM10 vs. PMO0.5 and the difference
of typical particle size in urban and rural locations.

From Figure 6e, the maximum number concentration for PM0.5 or PM10 occurs before
5:00 a.m. (564 or 661 #/cm?). Thus, the difference is 103 #/m3. On the other hand, after
11:00 a.m., the graphs for PM0.5 to PM10 number concentration converge. PM0.5 or PM10
number concentration is 114 or 131 #/cm?, i.e., difference of 17 #/cm?®. To get an idea of
the change in individual PM versus PMO0.5, the ratios of PM0.5 to PM1, PM2.5, PM4, and
PM10 number concentration were calculated. Figure 7a shows the ratios between PM1,
PM2.5, PM4, and PM10 vs. PM0.5 number concentrations during the entire twelve-hour
measurement interval. To better illustrate the dynamics of change over shorter time periods,
Figure 7b,c zooms into the plot for det A or det B details. Especially from Figure 7c, it can
be seen that the ratio of PM1 to PM0.5 and PM10 to PM0.5 number concentration were
approximately 16% and 17%, respectively. This confirms that the majority of particulate
matter is made up of small (ultrafine) particles in terms of their numbers, which presents
us with a large health problem since the negative health effects of PM are stronger with
decreasing size of particles (PM0.1 are so small that they can get into the blood) [16-20].
Figure 7d illustrates the change in the ratios from 2-9 March 2022. The high thin lines
exceeding the y-axis threshold of 1.2 are even higher, ranging from 1.4 to 2.3. However,
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these are only isolated peaks during the eight days of measurement. To make Figure 7a,d
easier to interpret, the ratios were calculated from hourly averages of number concentration.
Thus, Figure 7e,f shows the hourly changes in ratios during the 12 h or eight days of PM
number concentration measurements. From the figures, it can be seen above that the
baseline component with the largest number of PMs is PM0.5, then with an increase of at
least 15% (PM1 vs. PM0.5 number concentration > 1.15) are PM1. The other PM categories
(PM2.5, PM4, PM10 vs. PMO0.5) are bigger by only tenths of a percent compared to the PM1

vs. PMO0.5.

. 148 F : ' 7
PM1 /PMO.5
119+ PM1 /PM0.5 PM2.5/ PM0.5 I
— PM25/PM05 s | PMA /PMOS N
1185 PM4 /PMO.5 | PM10/ PM0.5 |
118+ PM10/ PMO0.5 I ! 117k .‘. ‘ ‘ | “‘ i |
| ,“,‘ iy "1‘ il i 1 ‘ | \ H\‘ I L
175y 2N A 1 | T {11 ST ' i i
Al 1T A o 1 | P TIBTAL VNSOV VR Y IS YR
147} 1 e ‘ L ‘ | ‘ |
‘ ‘ ‘ ‘\‘ b ‘A‘ ’H.,l|:'1 | (TR | LI I n“' u“l
‘ 1 it | 'Lm \ ! F [K
1165 ; ‘ 116} | I \ w I
. MW 19 TR l I ! Ny ‘\ I‘U'\\, r“\y ﬂ mp i\f\‘\ J| H y\\" ‘ ‘w‘i I“ M\r‘w‘“ ! \ hfl {N.\I\M i
116 J 1 N " v‘ ‘ J\| w”f‘ | \ N.\ ‘W \h )‘ W \ V "w‘ ”h‘ﬂjul‘“”
* 5| WP”‘ | 1.155 u
1.155 . ."’ etA LAl ‘ det? ‘ ‘ ‘
4 March 2022, 00:00 4 March 2022, 04:00 4 March 2022, 08:00 4 March 2022, 12:00 0100 0145 0130 0145 0200 0215 0230
4 March 2022
(a) (b)
T T T T T T T 1.2 T T T T
P/ PMO.S
117 P25/ P05 PM1/PM0.5
P4/ PMD 5 119 + PM2.5/ PM0.5 |
PLIO/ PMDS : PM4 / PM0.5
PM10/PM0.5

1.165

1.18

117
1.16 - 4
1.16
1.155 4
: ‘ : : ' ' ‘ Lo 115
01:27:00 01:27:15 01:27:30 01:27:45 01:28:00 01:2815 01:28:30 01:28:45 3 March 4 March 5 March 6 March 7 March 8 March 9 March
4 March 2022 2022
(o) (d)
- - . : - : : —
11851 PM1/PM0.5 1.185 YT
PM2.5/ PM0.5
118k PM4 / PM0.5 118k PM25/PMO5| |
PM10/ PM0.5 PM4 | PMO.5
PM10/ PMO.5

1.175 1.175

117 117

1.165 1.165

1.16 1.16

1.155 F 8 1.155
4 March, 00:00 4 March, 04:00 4 March, 08:00 4 March, 12:00 3March 4 March 5 March 6 March 7 March 8 March 9 March

2022 2022
(e) (f)

Figure 7. Illustration of the changes in the ratios of PM1, PM2.5, PM4, and PM10 vs. NC PMO0.5 of the
measured PM number concentrations at DTIEE 4 March 2022 from 0:00 to 12:00 h for: (a) 5 s intervals,
(b) close-up detail (det A) from subfigure (a), (c) close-up detail (det B) from subfigure (b), (d) 5 s
intervals from 2-9 March 2022, and hourly averages (e) over the 12 h of measurement, (f) over several
days of measurement (from 2-9 March 2022).



Atmosphere 2023, 14, 324

12 of 22

Figure 8 shows the ratios of number concentrations over different time periods of
measurement. The changes in the number concentration of PM1/PMO0.5 when measured
at DTIEE from 18 January 2022 to 9 March 2022 are plotted in Figure 8a. Another longer-
term measurement was taken at Flizérkomlos village from 22 January 2022 to 30 March
2022—Figure 8b. The discontinuities in the measurements were due to the lack of sensors
at the time of measurement. If there was an opportunity to measure at least for a short
time at a different location, the measuring equipment was moved, e.g., to the town of
Snina—Figure 8¢, to the village of Habura—Figure 8d, or to the Kosice #2 measurement
site—Figure 8e. In Figure 8, the blue trace indicates the ratio of PM1/PM0.5 number
concentration and it is clear that the increase of number concentration for PM1 over
PMO.5 is always at least 1.15-fold (i.e., an increase of 15%). Of course, as the PM number
concentration increases, the PM1/PMO0.5 ratio also increases up to 1.2 (sporadically up to
1.375). The black peaks in Figure 8a,b representing the PM10/PM0.5 ratio have occasional
short-term peaks from 1.35 to 1.53.

Figure 8f—measurement at DTIEE and Figure 8d—measurement at Habura (80 km
from DTIEE) are similar. What is interesting about them is that the time period for the
ratio PM1/PM0.5 > 1.2 fraction lasts more than 12 h in both cases from 30 January 2022
18:00 to 31 January 2022 13:00. Considering the distance between the two measurement
sites (80 km), the increase in the PM1/PMO0.5 fraction was caused by a large particle cloud
that brought the above changes gradually to both measuring sites. Although it might seem
a disadvantage that the distance between the two measurement sites is up to 80 km, this
distance allows us to get an idea of the size of the particle cloud and the direction of its
movement, which is undoubtedly related to the wind direction. This is also an advantage of
using low-cost sensors, which, although they measure with a relatively large error (10-25%
see Tables 1 and 2), can be much more densely spaced than the more accurate but expensive
PM measurement devices.

Looking at Figure 9a,b, it is clear from the bar graphs, that as of 30 January 2022 at
0:00 a.m. there are no major differences between PM1 (blue bar) and PM10 (black bar) and
the bars are mostly about the same. On 30 January 2022 (after approximately 7:00 PM)
the differences between the PM1, PM2.5, PM4, and PM10 columns begin to increase. The
ratio PM1/PMO0.5 > 1.2 fraction lasts at DTIEE until 31 January 2022 at 8:00 a.m. (ends
later in Habura), but the color differences corresponding to the fractions are visible in
Figure 9¢,d until 2:00 PM (31 January 2022). After that, the PM1/PMO0.5 ratio drops again to
the 1.15 threshold.

Based on the number concentration measurements and the calculations of ratios
between PMO0.5 and other PM categories, it can be seen that PMO0.5 is the dominant particle
type in all other PM categories (for number concentration). Other PM constituents are at
least only 15% (PM1) greater than PMO0.5 (the increases of other PM, e.g., PM2.5 to PM1,
are small, mostly up to 1%). Thus, the amount of PMO0.5 particles present in the air is not
negligible. Since the SPS30 and SEN54 sensors also allow measuring the typical particle size,
it will be interesting to see what it is in different locations and whether its value depends
on the measurement location. Figure 10 shows the change in typical particle size at Habura,
three Kosice measuring sites (including DTIEE), PreSov, Valaliky, Zdoba, and Fiizérkomlos.
The figure shows measurements from 22 October 2022 till 31 December 2022 except Kosice
#2 measurement site which started on 13 December 2022. In some measuring sites, there
were breaks in measurement that were caused either by bad weather (Habura, Valaliky,
Zdoba) or unexpected power outages (KoSice #3). For Habura the break in measurement
was between 5-11 November 2022, for Zdoba the break in measurement was between
5-8 November 2022, for Valaliky the break in measurement was between 5-13 November
2022, and for Kosice #3 the break in measurement was between 16-21 November 2022.
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Figure 8. Examples of changes in the ratios of PM1, PM2.5, PM4, PM10 vs. PM0.5 number concentrations
measured at: (a) DTIEE (Kosice), (b) Flizérkomlés village, (c) Snina town, (d) Habura village, (e) Kosice
town (measurement site #2) (f) DTIEE—time slice selected for the same interval as Habura in (d).
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Figure 9. Changes in the mass concentration of PM over two days from 30 January 2022 (00:00 a.m.)
to 31 January 2022 (11:59 p.m.)—bar graphs of hourly averages of PM1, PM2.5, PM4, and PM10 at
(a) Habura and (b) DTIEE, where dashed lines correspond to the upper limits of very good (VG)
or good (G) air quality for hourly mass concentrations of PM2.5 (red dashed line) and PM10 (black
dashed line); measured values of PM1, PM2.5, PM4, and PM10 at (c¢) Habura and (d) DTIEE.

T T T T T
0.8 b
0.75
— 07
E |
2 I
o 0.65
N
v
o 06 1
S {d
=
g 0.55 I A A
© |
L2 05 |
& |
- i
0.45 W
0.4
035 B 1 1 1 1 1
3 November 17 November 1 December 15 December 29 December
2022
Habura Kosice #2 Presov Zdoba

Kosice #1 (DTIEE)

KoSice #3 Valaliky Flizérkomlos

Figure 10. Changes in typical particle size in different locations: Habura, Kosice #1 (DTIEE), KoSice
#2, Kosice #3, Presov, Valaliky, Zdoba, Fiizérkomlds from 2 October 2022 to 31 December 2022.
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More detailed information (including the interquartile range, minimum, maximum,
median, and outliers in data points) about the measuring sites is presented in Figure 11
using the box plot. The values of the interquartile range, minimum, maximum, and median
are summarized in Table 3.
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Figure 11. Box plot showing typical particle size in different locations: Habura, Ko$ice #1 (DTIEE),
Kosice #2, Kosice #3, Presov, Valaliky, Zdoba, Fiizérkomlés. The blue boxes contain values within the
25th to 75th percentile, the median is marked with a red horizontal line across the box, the dashed
black vertical lines contain all data points not considered outliers, and the outliers are marked with a
red plus sign (+).

Table 3. Typical particle size by measuring site: interquartile range, median, minimum, and maximum.

Measuring Site Interquartile Range (um) Median (um) Min. (um) Max. (um)
Habura 0.50-0.55 0.53 0.43 0.72
Kosice #1 DTIEE 0.55-0.62 0.58 0.44 0.72
Kosgice #2 0.51-0.62 0.56 0.44 0.92
Kosice #3 0.43-0.47 0.44 0.39 0.59
Presov 0.59-0.67 0.63 047 0.82
Valaliky 0.48-0.52 0.50 0.42 0.65
Zdoba 0.45-0.49 0.47 0.40 0.59
Ftizérkomlods 0.42-0.46 0.44 0.37 0.70

Table 3 summarizes the findings from Figures 10 and 11. It is clear that the typical
particle size is less than or approximately equal to 0.5 pm with a median ranging from
0.44 pm to 0.63 pm. In Kosice #1 and #2 and PresSov, the typical particle size is greater
than 0.5 um with a mean ranging from 0.56 pm to 0.63 um. The values at site KoSice #3
are interesting, with a median equal to that at Flizérkomlods village (0.44 pm). Except for
Kosice #3, measuring sites located in the city have larger typical particle sizes than the
measuring sites located in rural areas. Since the main source of pollution in the countryside
is wood combustion (which is even more prominent now due to the current geopolitical
situation and its resulting energy crisis), this results in an increased concentration of fine
particles. An abundance of smaller particles causes the smaller typical particle size. This
is caused by the location characteristics. Although this measurement site is located in
the city of KoSice, the measuring site is fairly isolated from the immediate sources of
PM. The measurement station is placed on the balcony on the 5th floor of a U-shaped
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apartment block facing inward towards a park and away from any roads. This creates
similar conditions to the countryside. The urban locations of Kosice #1 (DTIEE), Kosice #2,
and PreSov, on the other hand, have a predominant PM occurrence with both larger PM
size and larger interquartile range (Figure 11), where in addition to traffic emissions, road
surface abrasion, and industrial activity is also a contributing factor.

3.2. Measuring PM Using IPS-7100

By allowing the IPS-7100 to also measure the number concentration of PM0.1 and
PMO.3, it is possible to get even below the detection limit of the SEN54 and SPS30 sensors.

Another thing to consider is the fact that number concentration is defined differently
than it is defined for SPS30 or SEN54 sensors. For example, the mass concentration of PMx
is in all sensors (SPS30, SEN54, and IPS-7100) defined as the mass concentration of particles
that are smaller than x pm. In reality, the detection threshold for SPS30 and SEN54 sensors
is 0.3 um [48,49], therefore PM1 would be measured mass concentration of particles which
are between sizes of 0.3 to 1 um, similarly, PM2.5 particles would range from 0.3 to 2.5 um,
and so on. Such is the case for both mass and number concentration measured by sensors
SPS30 and SEN54.

On the other hand, the detection limit for IPS-7100 is 0.1 um—however, the sensor is
capable of calculating the mass and number concentration of particles smaller than 0.1 pm
(PMO.1, or ultrafine particles) from the existing concentrations of other categories and the
size distribution of the particles, and so we can say that PMO0.1 is still being measured,
even if is measured indirectly. Therefore, for mass concentration, the categories are defined
similarly to SPS30 and SEN54 sensors—PMO0.1 as particles smaller than 0.1 um, PMO0.3 as
particles smaller than 0.3 um, and so on.

The difference is in how IPS7100 measures the number of concentrations of PM. While
SPS30 and SEN54 measures number concentrations of PM smaller than 0.5 um (PMO0.5), 1 um
(PM1), etc. (cumulative number concentrations), IPS7100 measures PM number concentrations
that are not cumulative—smaller than 0.1 um (PM1), bigger than 0.1 um and smaller than
0.3 um (PM0.1-0.3), bigger than 0.3 pm and smaller than 0.5 pm (PMO0.3-0.5), etc.

This non-cumulative representation of number concentrations better illustrates which
category of PM is a dominant component in terms of number concentration, which will be
shown in the next part of this paper.

Another thing to take into consideration is the different lower detection limits between
SPS30/SEN54 and IPS-7100. While the detection of SPS30 and SEN54 is 0.3 um, IPS-7100 for
all practical uses does not have a lower detection limit (as the particles under its detection
limit are measured indirectly by calculation). We can expect this fact to impact the measured
number of concentrations.

Figure 12a shows the entire measurement record from 14-22 December 2022. The
dominant component in terms of the number concentration of PM is PMO0.1 (cyan), about
half as much of the number concentration of PM is PM0.1-0.3 (magenta), and right behind
it is PM0.3-0.5 (green). At the bottom of the plot is a dark blue curve for the number
concentration of PM0.5-1. Thus, from Figure 12a it is clear that essentially the major
constituents making up PM are PMO0.1, PM0.1-0.3, and PM0.3-0.5. The fact that the largest
number concentration of PM is PMO0.1 is a major warning for human health.

Figure 12 also provided a different view of the number concentrations and size spec-
trum of PM than the previous sensors SEN54 and SPS30. It shows that compared to the
categories of smaller particles, there is not a significant number of particles larger than
0.5 um in the air. To compare the results with the SPS30 and SEN54 pairs, respectively,
cumulative number concentrations were calculated and plotted in Figure 13a, similar to
Figure 6e.
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Figure 12. Non-cumulative number concentrations of PM measured by IPS-7100: (a) hourly averages
of PMO0.1 (cyan), PM0.1-0.3 (magenta), PM0.3-0.5 (green), PM0.5-1 (blue), PM1-2.5 (red), PM2.5-5
(yellow), PM5-10 (black) and the (b—d) close-ups for better illustrations of all categories.

Figure 13b shows the mass concentrations for the same period. It can be seen that while
PMO.1 makes up the majority of the number concentration in Figure 13a, it is the opposite
case for mass concentration. The cyan trace corresponding to the mass concentration of
PMO.1 is almost impossible to see, but PM0.3 (magenta) is already distinct. What follows
are green (PMO0.5), blue (PM1), red (PM2.5), yellow (PM5), or black (PM10) traces in the
bar graph. It is noteworthy that these are the traces with small differences from each other,
as shown in Figure 14. While the PM0.3/PMO0.1 ratio is distinguishable from the others
(magenta), as well as green for the PM0.5/PMO0.1 ratio. However, all the remaining PM1,
PM2.5, PM4, and PM10/PMO0.1 ratios seemingly merge in the black trace.

The fact that in terms of the mass concentration of PM, the PMO0.1 in Figure 13b is very
low does not mean that PMO0.1 does not need to be considered. On the contrary. Measuring
number concentration proves that although its mass is not significant, there is still an
abundance of ultrafine particles in terms of number concentration. Considering the huge
disproportion of PM0.1 or PMO0.3 to other, larger—coarse particles, the measurement and
research of ultrafine PM is a highly topical issue of the present time.
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Figure 13. Hourly averages of (a) cumulative number concentrations of PM0.1 (cyan), PMO0.3 (ma-
genta), PMO0.5 (green), PM1 (blue), PM2.5 (red), PM5 (yellow), PM10 (black) and (b) mass concen-
trations of PM, where dashed lines correspond to the upper limits of very good (VG), good (G), or
worsened (W) air quality for hourly mass concentrations of PM2.5 (red dashed line) and PM10 (black
dashed line).
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Figure 14. The ratios of PM number concentration averages—PMO0.3 to PM10/PM0.1. PM1/PM0.1
(blue), PM2.5/PMO0.1 (red) and PM5/PM10 (yellow) ratios are so close to PM10/PM0.1 (black) that
the lines appear identical.

4. Conclusions

PM mass and number concentrations were monitored at several locations in Kosice
and nearby cities, towns, and villages. Most of the measurements were carried out by
SPM30 and SEN54 sensors, which can only detect particles bigger than 0.3 pum. This means
that these sensors are more suitable for monitoring fine particles (PM2.5) or coarse particles
(PM2.5-10) rather than ultrafine particles (PM0.1). Still, because these sensors are capable
of measuring PM0.5 number concentration and typical particle size, we can come to some
conclusions about the smallest particles it is capable of measuring while considering their
detection limit. For example, the typical particle size in the villages was smaller than in the
urban areas. In cities, the typical particle size was larger. The difference was likely caused
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by the differing main contributors to PM in either type of environment, although exceptions
can occur based on the location characteristics (such as the measuring site KoSice #3).

In terms of number concentration, particles smaller than 0.5 pm (PM0.5) make up most
of the particulate matter. The ratio calculated from other PM categories (e.g., PM1/PMO0.5)
shows that the increase in PM1 starts from 15% (Figure 6) but depending on the levels of
number concentration this increase can range well into 30%. PM2.5 shows an additional
increase of 0.4 to 5% (Figure 6¢,d). The other PM categories (PM4 and PM10) only show
a minimal additional increase. However, a large volume of larger particles (e.g., coarse
particles) still significantly impacts the mass concentration of PM even at a lower level of
number concentration. Still, the fact that PM0.5 were the most numerous type of particle, as
well as the negative effects on human health being stronger with decreasing size of particles
is a reason why there should be more focus on measuring the number concentration of
particles smaller than 0.5 pum.

Similar findings result from measurements with the IPS-7100 sensor, which unlike
SPS30 and SEN54 is capable of measuring PM0.3 and PM0.1 mass and number concentra-
tions. Another advantage of this sensor is the measurement of non-cumulative number
concentrations (although, it would also not be difficult to calculate non-cumulative number
concentrations measured by SPS30/SENG54 after the extraction of data and during the data
analysis stage). In terms of number concentration, PMO0.1 is a dominating constituent of PM,
along with smaller levels of number concentration of PM0.1-0.3 and PMO0.3-0.5. This is a
worrying fact since these particles can penetrate the bloodstream, which has strong negative
health effects on human health. In terms of mass concentration, PMO0.1 is an extremely
small constituent in comparison to other particles of a larger size (e.g., from Figure 10a:
650 particles of PMO0.1, 281 particles of PM0.3, 210 particles of PMO0.5 or 12 particles of PM1
contained in the volume of 1 Cm3). Therefore, we conclude that number concentration is
a more suitable metric for measuring ultrafine particles, while fine particles and coarse
particles are better described by their mass concentration.

Considering the PM measurements, including the ultrafine particles (UFP) component,
it was found that within the number concentration, UFP makes up the main part of
PM2.5 and PM10. Both PM2.5 and PM10 have established guidelines (by agencies such as
WHO) and limit values for mass concentrations (in a given country). It is also possible to
calculate Air Quality Index (AQI) from air pollutant mass concentrations which include
PM2.5 and PM10. AQI better characterizes air pollutant mass concentrations from a
public health perspective. However, such guidelines or limit values are not established
for ultrafine particles, nor is there a formula for conversion from number concentration
PMO.1 to its AQI sub-index. Given that the smaller the particles, the more dangerous
their impact on human health, we consider it important to add PMO0.1 and/or PMO0.5 to
the evaluation of air quality in addition to PM10, and PM2.5. Long-term monitoring of
ultrafine particles and establishing guidelines for UFP would be the first step towards
lowering their concentrations, which could help not only sensitive groups but also public
health in general. Another thing to consider is the sources of particulate matter, namely the
residential wood combustion, which is often used as an attractive alternative for household
heating—now more than ever due to the current energy crisis, increasing inflation, and
rising gas prices. Therefore, we find it highly relevant to focus on the research of ultrafine
particles as well as the research of particulate matter in general in the future.
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