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Abstract: The quality of outdoor air in many places, especially in urbanized areas, is bad; therefore,
a series of studies aimed at assessing the impact of outdoor air parameters on indoor air quality
was conducted. Four nurseries (three buildings) located in different parts of Poznań, Poland were
selected as research sites. During the research period, the concentrations of CO2, PM2.5, and PM10
inside and outside the buildings over time were analyzed. Measurements outside the buildings were
supplemented with an analysis of traffic near nurseries and an assessment of pollutant emissions
from vehicles of various categories. Measurements were conducted during the COVID-19 pandemic
in a weekly series during winter (December)—(W), spring (April)—(S), and at the end of spring
(June)—(LS). Testing and analyses indicated poor indoor air quality in three out of four nurseries.
To ensure indoor air quality at the proper level, it is necessary to supply rooms with outside air.
Ventilating rooms by airing, when the outside air is polluted, reduces the CO2 concentration but
worsens the indoor air quality in terms of particulate matter (PM). Seasonality in the concentration of
particulate matter in outdoor air and its connection with the outside air temperature was noticed. No
relationship between traffic and the values of PM10 and CO2 concentrations inside nurseries was
observed.

Keywords: indoor air quality; nursery; outdoor air quality; CO2; PM10; IAQ; traffic

1. Introduction
1.1. Outdoor Air Quality

The impact of outdoor air quality (OAQ) on indoor air quality (IAQ) has been dis-
cussed in research for many years (from 1982 and earlier) [1]. Although the subject is well
known, many problems related to the combination of OAQ and IAQ remain unsolved
and have been noted by numerous studies [2–4]. The main pollutants of outdoor air that
directly impact human health are, among others, particulate matter PM of various fractions
and selected gaseous pollutants. When assessing outside air quality requirements, the EU
Directive may be followed—the annual average PM2.5 concentration below 25 µg/m3 and
the concentration of PM10 on a daily average below 50 µg/m3 [5]. These levels coincide
with WHO interim target 2 [6].

Air quality may vary within a city and results from the types of heat sources used. The
major component of some pollutants can be transported to the city from the surrounding
region rather than emitted or produced locally [7]. The more greenery in the area and the
more buildings connected to district heating, the better the outdoor air quality in such
locations will be [8]. At the same time, in locations where coal is used to heat the buildings
(in districts with single-family housing), more pollutants are emitted. During winter, if the
outdoor PM concentration exceeds that of the non-heating season, then pollution comes
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from emissions due to fuel combustion. In the case when the similar values in each seasons
are recorded, we can suggest that transport and industry may be the dominant factors [9].

The second cause of outdoor air pollution in urban areas is road transport. Vehicle
exhausts primarily emit particles (dust) during transient processes such as starting and
acceleration procedures. Additionally, in road congestion, many particles form due to
underheating of the exhaust gas treatment systems [10]. Despite the newer European
emission standards for toxic components introduced in European countries that reduce
not only laboratory but also actual emission levels of toxic compounds, many cars in poor
technical condition still remain on Polish roads.

1.2. Indoor Air Quality (IAQ) vs. Outdoor Air Quality (OAQ)

Indoor air quality is most often determined by indicators concerning the concentration
of carbon dioxide, the concentration of volatile organic compounds whose emission sources
are internal (people and interior furnishings), microbiological indicators (the number of
bacteria and fungi) whose sources are internal and external, as well as by particulate matter
concentration [11]. The most common sources of PM are external. Indoor air quality is thus
partly due to the presence of people and partly due to the inflow of fresh air into the rooms.

Outdoor air is introduced into buildings to ensure proper hygienic conditions. Out-
door air, with a CO2 concentration of ~400–450 ppm, replaces indoor air with higher CO2
concentrations due to respiration and combustion processes, e.g., gas cookers, stoves,
fireplaces. For very good air quality, CO2 should not exceed 1000 ppm; the acceptable level
is ~1500 ppm [12], and concentrations above 2000 ppm constitute bad air quality [13].

In existing residential and non-residential buildings, outdoor air comes from natural
ventilation where external air is supplied through window ventilators, special air supply
grilles, unsealed windows, and opening the windows. Although such methods of air
exchange are relatively easy to operate, especially opening windows, it results in the
introduction of outside air without purification. If the outside air has poor quality, e.g.,
high PM concentrations, the situation inside the rooms will also be bad. At the same time,
opening the windows when the outside temperature is cold may cause local discomfort.
The situation is similar in warm climates during the summer months. High outside
temperatures cause the inside temperatures to rise when opening the windows. A properly
configured heating and cooling system may be a solution to the local discomfort caused
by the supply of cold or hot air through airing, i.e., in the form of panels [14,15]; however,
such a system does not remove particulate matter from the air.

Since most buildings do not have a mechanical ventilation system, many recommenda-
tions, including those relating to protection against the spread of viruses during a pandemic
(including SARS-CoV-2), involve the use of intensive airing of rooms to ensure proper air
quality.

1.3. Research Goal

The outdoor air in Poland, especially in urban areas, is polluted with the particulate
matter. It may be associated with the building location. Therefore, it was decided to
conduct a series of tests aimed at assessing the impact of outdoor air parameters on indoor
air quality. A literature review and evaluation of publications describing the quality of air
in schools, kindergartens, and nurseries (institutions intended for children under the age
of 3), publications on nurseries comprised only ~6% of publications.

Changes in CO2, PM2.5, and PM10 concentrations inside the rooms used by young
children and of the outside air were analyzed. Measurements outside buildings were
supplemented with measurements detailing the type, number, length, speed, and direction
of movement of vehicles in the vicinity of these buildings. Additionally, using the rooms
in the scope of supplying external air for hygienic purposes and its impact on indoor air
quality indicators were assessed.

The main objective of the research was to assess the air quality in the rooms intended
for the stay of young children during the hygiene recommendations related to the spread
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of COVID-19. In addition to the analysis of carbon dioxide concentration, the concentration
of particulate matter pollutants on which bacteria and viruses can be carried was selected
for the IAQ assessment. The conducted research was aimed at checking whether the
recommended intensive airing of rooms during a pandemic is a good way to ensure
adequate air quality. Answers were sought to the following questions:

1. Can proper indoor air quality be ensured by airing the rooms?
2. Is there a correlation between indoor and outdoor PM concentration and is it seasonal?
3. Is there a correlation between seasonal traffic and indoor air quality?

2. Materials and Methods
2.1. Characteristics of the Analyzed Research Objects

There are 116 institutions dedicated to the care of children up to 3 years of age in
Poznań (population ~540,000). Every fifth child of this age attends a nursery—the number
of available places is 4900.

IAQ tests were conducted in three existing buildings (four groups of children) in
which rooms are ventilated naturally (by airing). In three of the buildings located in a
different part of Poznań, rooms with one age group of children were selected for analysis,
and one had two groups of children. In buildings B1&B2 and B4, there were two rooms for
each group of children—one used as a playroom, and the other separate room for sleeping.
In the nursery marked as B3, children have one room where they spent the whole day
playing or resting during an after-lunch nap. The characteristics of the research sites are
presented in Table 1, and their location is shown in Figure 1.

Table 1. Characteristics of the analyzed research sites.

Symbol Buildings B1 & B2 Building B3 Building B4

Nursery Symbol B1 B2 B3 B4

Bu
ild

in
g

Type of building adaptation of a semi-detached building
adaptation of
selected rooms in a
shopping area

building designed
as a nursery

Location district of single-family houses multi-family buildings

Distance from a
heavy traffic street

100 m from a busy street, numerous
separate buildings, 9 m from the
residential road

100 m from the
main road

132 m from the
main road, by a
residential road

Windows location garden parking lot park

A
rc

hi
te

ct
ur

al
de

ta
ils

Number of rooms
dedicated for each
group

2 2 1 2

Playroom:
area (m2)
volume (m3)

B1.1
41.0
90.3

B2.1
62.1
176.8 One room B3

38.9
51.7

B4.1
60.9
199.8

Sleeping room:
area (m2)
volume (m3)

B1.2
21.2
55.0

B2.2
15.6
49.1

B4.2
62.6
205.3

G
ro

up
of

ch
ild

re
n Number of

children 13 20 16 32

Number of sitters 2 2 3 3

Age 1–1.5 1.5–2.5 2 1.5–2

Average
attendance 66% 68% 90% 76%
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Figure 1. Map of Poznań [Source: Google Maps] with research sites (B1–B4) and measuring stations
for outdoor air parameters of Regional Inspectorate for Environmental Protection (WIOS) (1–5).

The measurement data available from five city stations were used to assess the city-
wide OAQ [16]. The location of the measuring stations is shown in Figure 1, marking
individual stations with Arabic numbers 1–5. Our measurements were supplemented by
data from the monitoring stations of WIOS. Monitoring stations measured the following
parameters of outdoor air quality: PM10, PM2.5, NO2, NOx, NO, SO2, CO and C6H6. In
our research, we used information about particulate matter contaminations.

2.2. Characteristics of the Analyzed Building Surroundings

Poznań is one of the most crowded cities in Poland. Its administrative area is 262 km2,
which results in a population density of 2061 people/km2. For the entire country, the
average population density is 122 people/km2, which is approximately 17 times lower than
for Poznań city. The impact of external air pollution due to the effects of pollutants emitted
by cars of various types and ages is increasing due to the increase in the number of cars per
1000 inhabitants in Poland (in 1990, there were 138 passenger cars per 1000 inhabitants; this
number increased to 617 in 2020). The average vehicle age in Poland is 14 years, higher than
the European Union average (11.5 years). The average vehicle was homologated according
to the Euro 4 standard, the limits of which were higher than the current Euro 6 for each
measured compound, and there was a smaller number of limited compounds (especially
for PM and PN). Research of scientific units around the world, including [17], proved that
with the next new type approval standards, actual emissions also decreased. The degree of
pollutant reduction, however, is lower than that resulting from limit reductions.

The nursery facilities analyzed are located in two communication areas of Poznań.
Building B1&B2 is located in the northern part of the city, approx. 100 m from a four-lane
road with a tram line, in the center of a single-family housing area. Buildings B3 and B4,
in the eastern part of the city, are located approximately 100 m from the main and transit
four-lane road with tram and bus lines in the middle of a multi-family building area.

2.3. Measurement Period

Measurements were conducted during the COVID-19 pandemic; therefore, there
were some restrictions regarding the installation of measuring devices. Therefore, the
measurements were taken weekly in various locations and depended on facility availability.
Measurements were conducted weekly during winter (December)—(W), spring (April)—
(S), and at the end of spring (June)—(LS).

Due to the presence of children in different rooms during the day, the days period
were divided into three parts:

• Morning time (MT), playtime in the playroom;
• Nap time (NT) in a dedicated sleeping room;
• Afternoon time (AT), playtime in the playroom.
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Table 2 shows the measurement dates and measurement periods.

Table 2. Measurement periods for the four research groups.

Nursery (Research Group) B1 B2 B3 B4

Indoor and outdoor air quality assessment

Winter time (W) 02–16 December 2020

Spring time (S) 19–23 April 2021 − −
Late spring time (LS) 07–11 June 2021 − −
Morning time (MT) 8:00–11:00 8:00–11:00 8:00–16:00 8:00–11:30

Nap time (NT) 11:00–13:00 11:00–13:00 11:30–13:30

Afternoon time (AT) 13:00–15:00 13:00–15:00 Nap time in the same
room (11:30–14:00) 13:30–16:00

Traffic assessment

Winter time (W) 1 December 2020 4 December 2020 8 December 2020

Late spring time (LS) 7 June 2021 − −

2.4. Indoor and Outdoor Air Quality Assessments
2.4.1. Measuring Devices

For air quality measurements, measuring equipment was used for continuous mon-
itoring of the following air parameters: particulate matter concentration PM2.5, PM10
(µg/m3), temperature (◦C), relative humidity (%), in indoor and outdoor air, and the indoor
concentration of carbon dioxide (ppm). Measurements were made with NEMo Outdoor
and NEMo XT mini devices by Ethera (France). The devices were calibrated. The accuracies
and measuring ranges of the devices used are listed in Table 3.

Table 3. Measuring device characteristics used for IAQ and OAQ measurements.

Parameter NEMo XT Mini
NEMo Outdoor

Carbon dioxide

Detection method Non-dispersive infrared spectrometry

Measuring range 0–5000 ppm

Resolution 1 ppm

Accuracy ±50 ppm

Temperature

Detection method CMOS (Complementary
Metal-Oxide-Semiconductor)

Measuring range (−55)–(+125) ◦C

Resolution 0.08 ◦C

Accuracy ±0.5 ◦C

Relative humidity

Detection method Capacitive

Measuring range 0–95%

Resolution 0.08%

Accuracy ±3%

PM2.5/PM10

Detection method Laser-based light scattering

Measuring range 0–1000 µg/m3

Resolution 1 µg/m3

Accuracy ±5%
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Devices for monitoring opening windows were also used, which registered the open-
ing of a window in the zero–one system, an open window (1), and a closed window
(0).

2.4.2. Methodology

Air quality was assessed in terms of CO2 concentration and particulate matter. The
average concentrations of these selected indicators were determined during the children’s
stay in the nursery, accounting for the time of their stay in the playroom and sleeping room.
The assumed evaluation criteria for good IAQ are as follows:

• The average concentration of CO2 below1200 ppm, and the maximum concentration
below 1500 ppm;

• The maximum concentration of PM10 below 50 µg/m3;
• The maximum concentration of PM2.5 below 25 µg/m3.

The ratio of the indoor and outdoor concentration, I/O, of the given parameter was
determined to assess the impact of outdoor air parameters on indoor air parameters.

2.5. Traffic Assessment
2.5.1. Measuring Devices

An apparatus measuring traffic assessed and analyzed the traffic volume in selected
places near analyzed buildings. Measurements were made using a TOPO device, brand
VITRONIC Machine Vision (Poland), which measured:

• Speed of the passing vehicle;
• The direction of vehicle movement;
• Length and number of axles of passing vehicles;
• Belonging to one of the 10 vehicle groups.

The analyzed vehicle groups included bicycles, motorcycles, compact vehicles, pas-
senger vehicles, delivery vehicles, delivery vehicles with a trailer, heavy vehicles, heavy
vehicles with a trailer, oversized vehicles, and buses.

The technical characteristics of the applied TOPO apparatus are shown in Table 4. The
number and classification of vehicles were measured in 10 min cycles and time-correlated
with air quality measurements.

Table 4. Technical characteristics of the TOPO apparatus.

Dimensions 41 × 35 × 18 cm

Signal frequency 24 to 24.25 GHz

Working temperature −30 ◦C to 50 ◦C

Battery life Up to 7 days

Measurement memory Up to 500,000 vehicles

Type of communication Bluetooth, GPRS with FTP

2.5.2. Methodology

During this research, only six vehicle categories (Passenger Cars (PC), Heavy Duty Vehicles
(HDV/Bus) and long Heavy Duty Vehicles (long HDV), Motorcycles, Minivan/SUV (Van)
and Undefined vehicles (Undefined)) were used due to previously obtained results of actual
emissions from small passenger cars, passenger cars, two-wheelers, vans, heavy vehicles, and
heavy vehicles with a hitch while driving in the Poznań agglomeration [16,18–22]. The analyses
were performed over 10 min intervals, vehicles, and emissions were summed up over
10 min periods of traffic intensity according to the sampling frequency of the air quality
analyzers placed inside and outside the nurseries.
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Those results were multiplied by average concentrations from the exhaust systems
previously measured in real operating conditions from the research carried out with the
PEMS apparatus in the Poznań agglomeration (Table 5).

Table 5. Per-second emission values used in the calculation of pollutants emitted from vehicles [18–22].

Vehicle Group/Assumed
Emission Intensity

Passenger
Vehicles Motorcycle Delivery

Vehicles
Buses and

Trucks
Heavy Vehicle

Assemblies
Unclassified

Vehicles

CO2 (mg/s) 2296 988 2684 5824 6930 –

PM (ng/s) 3.4 1.1 4.8 24.7 31.3 –

The values listed in Table 5 are average values for spark-ignition and compression-
ignition engines in passenger vehicles.

For delivery vehicles, buses, trucks, and vehicle combinations, data from compression-
ignition engines were used due to the marginal share of gas and petrol engines in the market.
When the equipment detects non-classified vehicles, their number was not included in
the analysis. The emission intensity was determined as the averaged mass of a given
compound emitted from the exhaust system for one second.

3. Results
3.1. Assessment of the Outdoor Air Quality

Based on the comparative analysis of the PM10 concentration in Poznań and de-
pending on the location of the Poznan measuring stations [16], comparable values of the
air pollution degree with PM are shown. Therefore, for further analyses for all nursery
locations, outdoor air quality measurement data taken at building B1&B2 were used (our
research). Figure 2 shows the variability in time of the pollutants, a comparison of the
PM2.5 and PM10 concentrations over selected weekly periods of the year: winter time (W),
spring time (S), and the turn of spring and summer (LS) for building B1 & B2. No data in
the part of the diagram in Figure 2a was caused by a 4 h interruption in the power supply,
which was caused by the recorder temporarily shutting down. Additionally, the graphs
show the variability of the outdoor temperature and relative humidity. The mean values
from the measurement periods are presented in Table 6.

Table 6. Outdoor air parameters at three time periods: average with standard deviation, maximum, and minimum values.

Period
Average Maximum Minimum

T RH PM2.5 PM10 T RH PM2.5 PM10 T RH PM2.5 PM10
(◦C) (%) (µg/m3) (◦C) (%) (µg/m3) (◦C) (%) (µg/m3)

Winter (W) 3.2 ± 2.7 82 ± 5 74 ± 29 122 ± 62 13.5 93 171 446 −1.8 64 25 25
Spring (S) 13.4 ± 5.6 54 ± 16 13 ± 9 18 ± 11 28.0 85 65 80 4.3 17 3 4
Late spring (LS) 22.7± 50 ± 13 4± 7 ± 3 35.0 75 14 19 15.8 21 1 2

Based on our research and subsequent analyses, the outside air is characterized by
changing parameters throughout the year; a seasonal nature of external air pollution with
PM was observed. In December (W), high concentrations of PM10 and PM2.5 were recorded.
In April (S), when the outside air temperature averaged 13.4 ◦C, the PM concentrations
were about 13 and 18 µg/m3. Maximum concentrations (values exceeding the limit values
according to WHO, 65 µg/m3 and 80 µg/m3) were recorded for PM2.5 and PM10 in the
winter when they reached 171 µg/m3 and 446 µg/m3. In June (LS), PM concentrations
were below the values required by the WHO in terms of average and maximum values.
Figure 3 shows the dependence of the concentrations of PM2.5 and PM10 and outside air
temperature. As the outside air temperature increases, the concentration of PM2.5 and
PM10 in the air decreases. These results confirm the seasonality of outdoor air pollution
and its connection to outdoor air temperature.
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Figure 2. Particulate matter variability in three periods of the year: (a) winter (W) (11–16 December 2020), (b) spring (S)
(19–23 April 2021), (c) late spring (LS) (07–11 June 2021).
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Figure 3. Concentrations of PM2.5 and PM10 in four measurement periods and the outside air temperature for (a) PM2.5,
(b) PM10.

In terms of PM2.5 and PM10 concentration, there are large daily differences in the
recorded values. Due to the seasonality of outdoor air parameters, analyses were performed
in the winter (W), spring (S), and the late spring (LS) periods. The days selected for detailed
analysis are characterized by the lowest or the highest concentration of dust particles
in the outside air. Table 7 presents the average daily values of PM concentrations and
the maximum values recorded for each day, as well as the average wind speed for three
characteristic time periods from 8:00 to 16:00 (the period of children’s stay in the nursery)
influencing the spread of pollutants. The average daily PM10 concentration in the winter
was 129 µg/m3 and ranged from 25 to 260 µg/m3; the PM2.5 average was 101 µg/m3 and
ranged from 37 to 260 µg/m3.

The highest PM concentration values in winter were recorded on days when the
wind speed was relatively low (<20 km/h, worst day—Monday, 14 December 2020).
During the winter (W), the outside air temperature was relatively constant and low (av-
erage 3.2 ± 2.7 ◦C); therefore, wind ultimately determined PM concentration level and
this agreed with previous literature results [23]. On the other hand, the best situation
occurred on Monday, 7 December 2020—the concentration of PM10 qualified the quality
of the outside air as good. For PM2.5, good air quality was not achieved in the winter
(average < 25 µg/m3).
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Table 7. The average and maximum concentrations of PM2.5 and PM10 in the outside air during the period when the
children are in the nursery (8:00–16:00) along with the average wind speed.

Date/Period of Time
PM10 PM2.5 Wind

Speed Date/Period of
Time

PM10 PM2.5 Wind
SpeedMax Ave. Max Ave. Max Ave. Max Ave.

(µg/m3) (km/h) (µg/m3) (km/h)

W
in

te
r

(W
)

2 December 186 166 186 154 16.0

Sp
ri

ng
(S

)

19 April 21 15 15 11 11.8

3 December 189 153 189 154 18.8 20 April 38 17 27 13 10.8

4 December 92 79 92 79 23.3 21 April 53 22 33 16 18.8

7 December 45 37 45 40 29.8 22 April 44 18 36 10 24.3

8 December 89 75 89 72 22.5 23 April 35 18 27 10 21.3

9 December 108 91 108 89 20.5

La
te

Sp
ri

ng
(L

S) 7 June 23 8 8 6 7.0

10 December 124 96 124 100 14.3 8 June 22 9 8 4 10.5

11 December 288 191 288 237 13.5 9 June 19 7 4 2 15.8

14 December 343 260 343 235 12.3 10 June 30 10 14 5 8.5

15 December 225 140 225 182 13.0 11 June 17 8 9 4 8.8

In spring (S), there was one day (Wednesday, 21 April 2021) when the maximum
concentration values of PM10 and PM2.5 exceeded the threshold limits, but the daily mean
value was <25 µg/m3. Maximum PM2.5 concentration levels were also exceeded on other
days of that selected week, though the daily average for PM2.5 for the spring week was
12 ± 2.5 µg/m3.

The concentrations of PM10 and PM2.5 were low in June, the end of spring (LS), and
the maximum threshold value was not exceeded on any day. In the warmer period, the
wind speed does not translate so much into particulate matter concentration, which may
be related to lower dust emission from heat sources.

3.2. Assessment of the Indoor Air Quality
3.2.1. Indoor Air Quality—Average over Time of Use

For general IAQ assessment in individual nursery rooms, an indicator for assessing
ventilation efficiency was used, described by the concentration of carbon dioxide. The
analyses and the general assessments were conducted during times children spent in the
rooms, (from 8:00 a.m. to 4:00 p.m.) for the three measurement periods described in
Table 2. Additionally, Table 8 shows the concentrations of PM2.5 and PM10.

Observations based on the conducted measurements and analyses:

• For the winter period (W)

1. The requirement (below 1500 ppm) for the average level of CO2 concentration
when children stayed at the facility was met in building B4. In nurseries B2 and
B3, the situation in terms of CO2 concentration was bad, the average concentra-
tion exceeded 1500 ppm. It was even worse in nursery B1 where the average
concentration exceeded 2000 ppm.

2. CO2 concentrations above 1500 ppm for rooms in nurseries B1 and B3 occurred
70% of the time spent by children in the nursery.

3. PM10 concentrations remained below 50 µg/m3 in all of the nursery rooms. The
lowest mean concentration of PM10 was recorded in nursery B1 (17 ± 6 µg/m3),
and the highest in nursery B4 (22 ± 9 µg/m3).

4. There were occurrences of excess PM2.5 concentration levels (>25 µg/m3). The
highest concentration was recorded on 14 December 2020 and the range was
from 28–35 µg/m3. The fewest days with excessive PM2.5 concentrations during
children’s stay in the nursery occurred in nursery B1 (just two days), with an
average concentration of PM2.5 18 ± 7 µg/m3. The highest number of excesses
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and highest average value in winter occurred in nurseries B2 and B4—three days
with an average concentration of 20 ± 9 µg/m3 and four days with an average
concentration of 20 ± 8 µg/m3.

5. In each of the nurseries, the best air quality in terms of PM concentration was
recorded on 7 December 2020, and the worst on 14 December 2020, which were
the days with the lowest and the highest PM concentration, respectively, in the
outdoor air.

• For the late spring period (LS)

6. In nurseries B1&B2, much better air quality parameters were registered relative
to winter.

7. As in winter, the air quality was better in nursery B2 because rooms intended
for children have a larger room space, so carbon dioxide emitted from breathing
is diluted in a larger volume of internal air.

Table 8. Average carbon dioxide concentration CO2, concentrations of PM2.5 and PM10 during children’s stay in the nursery
on individual winter (W) and late spring (LS) days.

Data
B1 B2 B3 B4

CO2 PM2.5 PM10 CO2 PM2.5 PM10 CO2 PM2.5 PM10 CO2 PM2.5 PM10

(ppm) (µg/m3) (ppm) (µg/m3) (ppm) (µg/m3) (ppm) (µg/m3)

Winter Time (W)

2 December 1904 23 24 1414 31 33 1887 24 26 1039 30 31

3 December 1955 20 21 1578 23 25 1850 21 24 1136 24 26

4 December 2055 14 15 – – – 1671 19 21 867 23 24

7 December 2394 7 8 1633 8 9 – – – 1220 8 9

8 December 1950 11 12 1660 13 14 – – – 1352 13 14

9 December 1838 12 13 – – – – – – 1317 15 16

10 December 1866 15 17 1645 17 19 – – – 1364 15 16

11 December 2030 27 30 1513 31 34 1809 30 35 1162 27 30

14 December 2299 28 31 1810 34 38 2021 35 38 1084 35 39

15 December 2186 22 23 1622 21 23 1710 23 25 1062 26 28

16 December 1719 14 14 1864 13 14 1922 13 14 1105 15 16

Late spring (LS)

7 June 1177 10 11 952 8 8 – – – – – –

8 June 1116 6 7 845 5 5 – – – – – –

9 June 1075 4 4 818 3 4 – – – – – –

10 June 1186 6 7 945 6 6 – – – – – –

11 June 1233 7 7 991 6 6 – – – – – –

3.2.2. Indoor Air Quality—The Impact of the Way of Use in Terms of Ventilation

One way to improve IAQ is airing the rooms and is effective when the outside air is
clean (low PM concentration). At certain times, not during winter, it is cheap and easy to
operate. However, if outdoor air pollution is high, this action may temporarily worsen
indoor air quality. Therefore, to confirm the above thesis, the carbon dioxide concentration
change and PM10 levels in playrooms of selected nurseries in different measurement
periods were analyzed.

For B1, with the worst air quality, and B4, with the best indoor air quality, the course
of CO2 and PM2.5 concentrations on winter days with the best (07 December 2020) and



Energies 2021, 14, 7534 12 of 27

the worst (14 December 2020) outdoor air quality were analyzed. The results are shown in
Figure 4a,b for nurseries B1 and B4, respectively.
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Figure 4. Concentrations of CO2 and PM2.5 (every 10 min) in the outdoor air during the day with the lowest (07 December
2020) and highest (14 December 2020) concentrations of PM2.5 in the nursery’s playroom, (a) nursery B1, and (b) nursery B4.

In nursery B1, changes in carbon dioxide concentration had similar variabilities. The
lowest concentration (~500 ppm) was in the morning when the children were coming to the
nursery due to the lack of occupation the previous night. Increases in CO2 concentration
are caused by respiration from people in the room. In the middle of the day, children
took a nap in another room and CO2 levels dropped. After the nap period, when children
returned to the playroom, CO2 levels increased, though that increase was not as significant
as in the morning, because some children were picked up after their naps. On 7 December,
10 children were present in the group, and on 14 December 2020, there were eight children
present. On both days, CO2 levels reached maximum values of 3500 ppm. The average
CO2 concentration in the playroom and sleeping room during their stay was 2266 ppm and
2373 ppm, respectively. A higher average concentration occurred on the day with a higher
attendance, which confirms the dependence of the CO2 concentration on the number of
people in the room.

On the day with low outdoor air PM2.5 concentration (7 December 2020) in nursery B4,
the indoor CO2 air quality was good and much better than in nursery B1. In the middle of
the day, when the children were in another room, the playroom was ventilated intensively,
and after nap time, the CO2 concentration dropped to 580 ppm. In the afternoon, the
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CO2 concentration increased, and despite the short-term airing of the room, there was no
significant decrease in the CO2 concentration in the playroom.

The greatest differences in the CO2 and PM2.5 concentrations were recorded on 14
December 2020 when a high concentration of PM2.5 in the outdoor air was recorded. In
nursery B1, the concentration of PM2.5 in the indoor air remained constant throughout the
day, similar to 7 December 2020, except that due to the higher concentration outside, the
concentration inside was higher. In nursery B4, the concentration of PM2.5 ranged from
20 to 75 µg/m3. The playroom was ventilated in the morning—CO2 levels dropped with
a simultaneous increase in PM2.5. The next airing took place on 7 December 2020 when
the children were in the sleeping room. When the playroom was aired and CO2 levels
dropped to 580 ppm, an increase in PM2.5 to 50 µg/m3 was recorded. Another increase in
PM concentration took place during the afternoon airing of the room; at the end of the day,
the concentration of PM2.5 was ~40 µg/m3.

These results show that airing the rooms during periods of high outdoor air particulate
matter pollution resulted in higher PM levels indoors as well. By airing the rooms, the
average CO2 concentration for the day can remain low (below 1200 ppm), but ventilation
can result in high PM concentrations. Therefore, airing in winter is not a good way to
ensure proper air quality. Figure 5 shows the average values of CO2, PM2.5, and PM10
concentrations in the nursery playrooms on the days of the winter measurement period
(W), divided into three periods of the nursery functioning—morning time (MT), nap time
(NP), afternoon time (AT).
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Figure 5. The concentrations of PM10, PM2.5, and CO2 when children stay in the playroom in the three periods of the
nursery operation (a) B1, (b) B2, (c) B3, and (d) B4.
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Analyzing the average concentration of CO2 divided into three periods of the day
with different purposes, along with the average concentration of dust illustrated several
points:

• In nursery B1, with the worst indoor air quality, the concentration of CO2 increases
throughout the day. This is related to the lack of room ventilation. At the same time,
the concentration of particulate matter remains constant throughout the day.

• In nursery B2, the CO2 concentration in the middle of the day is slightly lower than
in the morning and increases again after nap time. A constant, lower value of CO2
during nap time was due to the lack of occupants and decreased respiration. The PM
concentration remained constant throughout the day, which indicated a lack of airing.

• In nursery B3, which uses the same room for sleeping and playing, the concentration
of CO2 increases from morning until the end of nap time. The room is not ventilated.
Airing takes place after the nap ends, indicated by a decrease in CO2 concentration
and an increase in particulate matter concentration.

• In nursery B4, with the lowest average CO2 concentration, there was an influence from
intensive room ventilation when the children were in another room. The concentration
of CO2 dropped significantly, while the concentration of PM increased. Thanks to
airing, the average concentration of CO2 throughout the day remained low, but this
resulted in high levels of particulate matter.

For two selected nurseries (the worst situation in terms of the average CO2 concen-
tration during the children’s stay in the nursery (B1) and the best situation (B4)), where
a clear effect of airing on the improvement of indoor air quality was noticed (Figure 6,
below) carbon dioxide and the PM2.5 concentrations are shown for 11 December 2020. The
average daily CO2 concentration during the children’s stay in the nursery was close to the
average CO2 concentration determined during the entire winter (W). In Figure 6 vertical
gray areas indicate when the windows were opened in the given rooms.
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The way of the usage of the playroom in the nursery B1
In the morning (MT), CO2 concentrations increase from 500 ppm (average nightly

value) to 2240 ppm. A short 10–min airing (1), which is the only one that day, reduces the
CO2 concentration by 500 ppm, which increases when the window is closed. During the
nap period (NT), when the children are in another room, the concentration of CO2 remains
constant, which indicates no CO2 emissions and no ventilation. The slight increase in
CO2 concentration from 12:45 was affected by the slow return of children to the playroom
after the nap. A sharp increase in CO2 levels was observed in the afternoon time (AT)
when all the children were back in the playroom and CO2 levels reached 3295 ppm. The
concentration of PM2.5 on the day of low external air pollution, even when opening the
window, did not increase in the indoor air.

Playroom usage in nursery B4
The airing in the playroom in nursery B4 occurs at least four times a day (Figure 6b). When

children are in the playroom in the morning (from 8:00 to 11:30), the CO2 concentration
increases until the window is opened (1), reaching 1270 ppm. During the short–term
opening of the window (15 min), the CO2 concentration drops sharply by 450 ppm. After
closing the window for 60 min, the CO2 concentration increases from 720 ppm to 1800 ppm.
During the next 60 min when the window was open (2), the CO2 concentration decreases,
related to the supply of outdoor air with low CO2 levels into the room. At 11:00, the children
moved into another room and started nap time (NT). Only the babysitters remained in
the playroom. At that time, a window was opened (3), which led to a decrease in CO2
concentration to 600 ppm, with no CO2 emissions from children in the room and low CO2
concentration in the outdoor air. This value remains relatively constant until 1:30 pm. The
CO2 concentration increases again (to 1380 ppm) during the afternoon (AT) due to the
return of children to the room.

3.3. Concentration of Particulate Matter in Indoor and Outdoor Air

The problem of poor air quality is particularly important during winter when people
spend most of the day indoors, and the quality of outdoor air described by the concen-
trations of PM is worse than in summer. To determine the effect of the value of PM
concentration in the outdoor air on the PM concentration in the indoor air, the winter
measurement period is shown, which describes the quotients of PM2.5 and PM10 concen-
trations in indoor and outdoor air—respectively: I/OPM2.5 and I/OPM10 (Figure 7).

Periods when PM concentrations in the outdoor air are lowest (4 December 2020 and 7
December 2020 ) yielded the highest I/OPM2.5 and I/OPM10 indexes. For the remaining days,
i.e., those when the average daily particulate matter concentration was above 55 µg/m3, the
indicator value was similar and remained relatively constant. The average I/OPM2.5 ratios
for individual nurseries with its standard deviations were: B1, 0.16 ± 0.02; B2, 0.16 ± 0.08;
B3, 0.18 ± 0.04; B4, 0.21 ± 0.05, and I/OPM10: B1, 0.18 ± 0.02; B2, 0.19 ± 0.07; B3, 0.17 ± 0.04;
B4, 0.21 ± 0.05. The highest I/O ratio values for both PM2.5 and PM10 came from nursery
B4, i.e., the nursery with the best air quality in terms of CO2 concentration, in which the
most intense airing occurs.

3.4. Indoor Air Quality and Traffic

The emission intensities calculated based on the number, group of vehicles, and
concentrations of toxic components from actual tests were compared to the concentrations
of components measured inside the premises. Due to fluctuations in the number and
type of vehicles, as well as the measurements carried out inside the nurseries, the results
were averaged into a polynomial trend line. Such an approximation makes it possible to
determine trends in the results and the potential for comparison to one another.
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Figure 7. Average ratio of particulate matter concentration in indoor to outdoor air in the winter, (a) I/OPM2.5, (b) I/OPM10.

3.4.1. Measurements near the Building B1&B2

Measurements were conducted on a one-way street. The device was placed ap-
proximately 30 m from the building. Therefore, measurements were conducted with a
three-second delay. Transport traffic was assessed in the winter (W) and late spring (LS).
Figure 8 shows the location of the measuring device (Figure 8a) and the place of the mea-
surement (Figure 8b) and the structures of passing vehicles during winter (W) (Figure 8c)
and late spring (LS) (Figure 8d).

The number of a given type of vehicle traveling on a given street was similar during
the winter and late spring measurements, the vast majority were passenger vehicles. The
traffic was light and there were only 46 cars per hour during measurement.

The graphs shown in Figure 9 compared the emission intensities with the PM10 and
CO2 concentration levels inside four rooms in the building with nurseries B1 and B2.

It is difficult to find a relationship for spring in the graph of PM concentration de-
pendence in rooms and the intensity of emissions caused by traffic (Figure 9b). In winter
(Figure 9a), the only similarity is for the playroom of nursery B1, where the values slowly
decreased over time, but only for PM10. When analyzing the concentration of carbon diox-
ide, the concentration trend differed from the emission intensity trend. The concentration
in the rooms increased, which was directly influenced by people, not by traffic, which
decreased over time.

In late spring (Figure 9b), carbon dioxide generally increases over time as the emission
intensity was measured in the sleeping room of nursery B2, but this is probably due to the
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presence of people and not to traffic. For PM, it is difficult to find similarities during the
emission and concentration curves, as they were quite different.
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Figure 8. Traffic intensity test: (a) view of the installed device near building B1&B2, (b) view of the
distance between B1&B2 [Source: Google Maps], and apparatus (c) percentage of vehicles depending
on their category and emission class in winter (W), (d) in late spring (LS).

The average number of vehicles during the winter was greater (7.3 vehicles per 10 min)
than in the spring (4.5 vehicles per 10 min). The emission intensity curves for winter and
late spring differ; the values during the spring were several times lower and were caused
by less traffic. The curves are different and it is difficult to find even small similarities.

3.4.2. Measurements near the Building B3

Near building B3, the traffic measurement apparatus was located approximately 50 m
from the facility, next to a busy two-lane road (Figure 10a). The research site is located
inside the large-size building on the first floor and is certainly subject to the impact of road
traffic on indoor air quality. The traffic were much higher than in B1& B2 and there were
359 cars per hour.
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Figure 9. Trend lines for the intensity of PM emissions and PM10 concentration as well as the intensity of CO2 emissions
and CO2 concentration in nursery rooms of building B1&B2 (a) for winter (W), (b) for late spring (LS).

The percentage share of vehicles and the structure of passing vehicles are shown in
Figure 10b for the winter (W).

The measured concentration values differ relative to the emission intensity
(Figure 11). Only one of the curves (PM10 concentration in the sleeping room) achieved a
specific intensity of emissions from communication sources. However, this did not cause
major changes in the playroom PM10 concentrations, where a significant increase and
then decrease in this concentration was measured. The remaining measurements showed
the separate nature of pollutant concentrations relative to traffic, which leads again to the
conclusion that there is no direct impact on indoor air quality.
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Figure 10. Traffic intensity test: (a) view of the installed device near test point B3, (b) view of the distance between B3 and
apparatus [Source: Google Maps], (c) percentage of vehicles depending on their category and emission class.
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Figure 11. Trend lines for the intensity of (a) PM emissions and PM10 concentrations as well as the intensity of (b) CO2

emissions and CO2 concentrations in nursery room B3.
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3.4.3. Measurements near Building B4

The measurement took place ~80 m from the facility, next to a very busy 3-lane road.
The separation of the third lane and the movement of vehicles at short distances from each
other resulted in a large percentage of unidentified vehicles (Figure 12). The volume of
traffic was quite high and there were 613 cars per hour.
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Figure 12. Traffic intensity test: (a) view of the installed device near test point B4, (b) view of the distance between B4 and
apparatus [Source: Google Maps], (c) percentage of vehicles depending on their category and emission class.

For the B4 facility, similar results were obtained for the PM10 emission intensity
in the playroom. The course of the emission intensity and the concentration inside the
playroom slightly increased initially and decreased in the middle of the measurement cycle.
(Figure 13). These relationships did not apply to the sleeping room. Again, vehicle
emissions apparently did not affect the air quality inside the rooms.
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Figure 13. Trend lines for the intensity of (a) PM emissions and PM10 concentrations as well as the intensity of (b) CO2

emissions and CO2 concentrations in nursery B4.

4. Discussion

These results yielded valuable insights in terms of the assessment of selected air
quality parameters and identifying potential reasons for poor indoor air quality.

4.1. CO2 Concentration

In winter, in three of four nurseries, high average CO2 concentrations were obtained:
for B1, 2017 ± 204 ppm; for B2, 1637 ± 137 ppm; and B3, 1794 ± 185 ppm. These results
significantly exceeded permissible levels (1500 ppm). Exceeding permissible CO2 con-
centration levels frequently occurs in educational rooms due to the lack of mechanical
ventilation [24,25]. Our research results have been confirmed by other authors. Canha [26]
obtained high levels of CO2 (1200 ± 400 ppm) in studies carried out in France. According
to research by Stankevic and Lesinskis [27], 75 percent of the educational institutions with
natural ventilation (in Latvia) exceeded 1000 ppm carbon dioxide, with a maximum value
of 1356 ppm. In other studies [24], the average concentration of CO2 in 17 educational
institutions was analyzed, the median was 1400 ppm, and the maximum concentration
was 3613 ppm. In 63 percent of facilities, CO2 levels exceeded 1000 ppm. In research
conducted in the Netherlands [28], the mean value in the sleeping room was 1266 ppm
(maximum of 1834 ppm), and the playroom was 1104 ppm (max 2271 ppm). In a two-week
study conducted at educational institutions in Portugal during the winter and spring with
natural ventilation [25], air quality results were also bad: the median CO2 concentration in
winter was 1563 ppm (max 2178 ppm) and in spring 1377 ppm (max 2750 ppm). Only one
nursery in our study, (B4), had satisfactory average CO2 concentration levels in the winter
(1155 ± 150 ppm). It was a facility where frequent and long-term airing was used.

Our research also covered the period outside the heating season (LS). In late spring, the
concentration of carbon dioxide in the rooms was lower than in winter, which qualified the
air quality as good. The average daily level in nursery B1 was 1157 ± 86 ppm, in nursery
B2 it was 910 ± 74 ppm. This agreed with studies published by Canha et al. [26], who
noted CO2 concentrations were lower in the late spring than during the heating season.

4.2. Particulate Matter Concentration

Most often, the concentration of particulate matter in indoor air is lower than in out-
door air, which indicates that outdoor air is the source of particulate matter in Poland [29].
Measurements indicated that the lowest PM concentration in the winter period occurred
on 7 December 2020. At the same time, it was the day with the highest wind speed (almost
30 km/h). This confirms that atmospheric conditions may influence the PM concentra-
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tion [23]. The worst day for particulate matter concentration was on 14 December 2020
when the maximum concentrations for PM2.5 and PM10 were 235 µg/m3 and 343 µg/m3,
respectively. Those results confirm a very high particulate matter pollution problem in
Poland [30].

The outdoor air quality analysis results show that PM concentrations are characterized
by seasonality in countries with a cold and temperate climate. Higher concentrations of
PM were recorded in the winter and that characterization was confirmed when particulate
matter decreases were observed when the external air temperature increased. We con-
cluded the dominant source of pollution was low emission from heat sources used to heat
buildings located near the analyzed facilities. This confirmed results reported by other
authors that indicated that particulate matter concentrations increased during the heating
season [9,23,26,31], and the heating season is the greatest predictor of indoor particulate
matter concentration [32]. In research from Portugal [25], the PM10 concentration was
75 µg/m3 in the winter and 60 µg/m3 in the spring. The sources of particulate matter and
its seasonality were not analyzed by the authors, but the concentrations in spring were
lower than in winter, in contrast to research in Poland. This may indicate other sources
of particulate matter than heating buildings, as the climate in Portugal is warmer than in
Poland.

4.3. Airing of Rooms and Its Impact on Indoor Air Quality

The good air quality in the room, which means that there is a good air exchange,
may be described with the level of carbon dioxide concentration in the room [33]. Ac-
cording to the literature, CO2 concentrations that indicate good air exchange are ~1000–
1500 ppm [12,13]. The main reason for the high concentration of CO2 in rooms is the lack of
mechanical ventilation and the insufficient frequency of opening windows when the rooms
are in use [12,34]. Airing the rooms several times a day lowers the constantly increasing
concentration of CO2 in the room. Nursery B4, with the lowest CO2 concentration in the
winter, was intensively aired (Figures 5d and 6b). Even 15 min of airing the room reduced
the CO2 concentration by up to 450 ppm. In nursery B1, with the worst levels of CO2,
airing took place sporadically (Figure 6a). Very high levels of CO2 at the end of the day in
playrooms B1 and B2 were 2400 ppm and 1800 ppm, respectively, and resulted from the
lack of room ventilation. Even if the reason for the lack of ventilation is the fear of lowering
the temperature of the internal air during the winter, when the outside temperature is low
(the average outside temperature in winter (W) was 3.2 ◦C), rooms still need adequate
ventilation. With an efficiently operating heating system, the internal air temperature
will return to normal relatively quickly with a short-term supplier of cold outside air. In
institutions where a different room is intended for the midday nap, the lack of airing the
playroom during this time is unjustified. Facility B3 does not have a separate sleeping room,
all activities take place in one room, and the highest concentration of CO2 was recorded
in the middle of the day, (nap time, 1700 ppm). Airing the room after a nap during lunch
resulted in a CO2 concentration reduction by 500 ppm.

Unfortunately, airing the rooms, which lowers the CO2 concentration, involves the
direct introduction of outside air into the room. In nursery B4, the rooms were aired during
naps, but that increased the particulate matter. Therefore, airing is not an ideal method
to ensure proper air quality, especially in locations with high outdoor air pollution. It
can only be effective when the outside air quality is good. Studies conducted during
the late spring confirmed this. In two nurseries, B1 and B2, with comparable LS and W
attendance numbers, the average CO2 concentration in June was assessed (average outside
air temperature, 22.7 ◦C; B1, 1157 ± 86 ppm; B2, 910 ± 74 ppm). Despite the poor air
quality during the winter, common for rooms with natural ventilation [11,26,35,36], air
quality in the spring was good. The particulate matter concentration was also very low
(B1, 7 ± 2 µg/m3; B2, 6 ± 2 µg/m3). Therefore, good indoor air quality in terms of CO2
and PM can be achieved by airing the rooms. The necessary condition is good outside air
quality with sufficiently intense ventilation. Ventilation affects both the concentrations of
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particulate and gaseous particles indoors, but the effects on each may be different due to
differences in the physical nature of the pollutants and the characteristics of the sources [37].

4.4. Traffic

These results indicated a small and ambiguous impact of road traffic on indoor air
quality parameters in the nursery. This may be related to the significant distance from busy
streets. The research was carried out at times where the impact could have been caused by
heating sources for single-family houses located close to building B1&B2. Repetition of
these tests in June, beyond the heating season, still did not indicate any impact of traffic on
the concentrations of pollutants inside the rooms. Concentrations of selected compounds
in the air, compared to the traffic of vehicles, show different curves with constant traffic.
Carbon dioxide measurements show that changes in its concentration come from people
staying in buildings. There is no visible effect of road traffic on the concentration of toxic
compounds in all analyzed cases. The approximation of emissions from individual vehicles
could also have an impact on the measurements. Those differences may be related to, inter
alia, their poor technical condition. Taking into account the number of measurements made
in several places, it is worth noting the degree of distinctiveness of the emission intensity
curves approximated by the 2-degree polynomial in relation to air measurements indicated
the independence of these indicators (CO2 and PM).

Based on an assessment of the number of cars passing near one of the nurseries during
the winter and late spring, car transport is not seasonal since a similar number of passing
cars was obtained. This research did not confirm the influence of the building location
relative to busy streets on the quality of indoor air. This may be because nurseries are
located deep in the housing estate or on quieter streets.

4.5. Possibilities to Improve Indoor Air Quality

Obtaining better indoor air quality requires searching for solutions that improve
outdoor air quality, examples of which come from research conducted in Taiwan [38] or
China [39]. There are different guidelines on how ventilation can be improved in existing
buildings. Air quality in facilities with mechanical ventilation is usually good, and the
advantage of using mechanical ventilation is the ability to adjust the capacity to the current
demand control ventilation (DCV) needs [40]. In order to improve air quality, a system
could be designed to supply air to the bedroom, flow through the playroom, and exhaust
from all rooms into the building hallway [28]. Decentralized units such as reversible
fans [41] or façade units [42] also work well.

Conditions necessary for mechanical ventilation to improve air quality include the
necessity to turn it on (which is sometimes a problem), excellent performance, and appropri-
ate system and component settings [43]. Although there are attempts to introduce solutions
that would support the already existing natural ventilation systems, their authors neverthe-
less suggest that the best way is to introduce mechanical ventilation. Mijakowski and Sowa
proposed the use of humidity-controlled window ventilators. As a result, they lowered
CO2 concentrations by an average of 500 ppm. The maximum levels were reduced from
4000 ppm to 2800 ppm, but this was insufficient. In her research, Gładyszewska-Fiedoruk
stated that in institutions such as kindergartens, air supply should not be regulated as a
function of humidity, because in winter the central heating may affect humidity values. She
proposed [44], similarly to Mijakowski and Sowa [45], to open the windows and instructed
employees about the need to supply external air, and also suggested cleaning the chimneys
of natural ventilation [46]. The use of mechanical ventilation, especially for outdoor air
pollution, is essential [30]. Other previously mentioned advantages include the possibility
of air filtering and the use of heat recovery [47]. The use of small, dedicated, one-room
ventilation units does not have to be expensive [48].
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4.6. Limitations

• The research was conducted in a limited time and space due to the prevailing COVID-
19 pandemic.

• Quantitatively analyzed concentrations of PM2.5 and PM10, without chemically ana-
lyzing the dust, so the conclusions are general and it is not possible to unequivocally
assess the source of the dust.

• Traffic was assessed on one day near each nursery and should be assessed more
frequently (more days, taking into account different seasons of the year).

5. Conclusions

Although research on air quality in educational buildings for young children has been
extensive with a constant focus on indoor air quality in terms of CO2 concentration is not
good, good solutions that could be successfully introduced on a large scale remain elusive.
After analyzing these results, several research questions may be answered.

1. Can proper indoor air quality be ensured by airing the rooms?

Our results support the possibility of ensuring proper indoor air quality in nurseries,
but it requires using proper ventilation strategies. It is not possible to lower the CO2 con-
centration in the indoor air without the introduction of outdoor air. Room ventilation when
the outdoor air is polluted, which occurred in the analyzed locations, reduces the CO2 con-
centration but worsens the indoor air quality in terms of the PM concentration. However,
PM levels in the indoor air may be influenced by infiltration of outdoor air through leaks
in the building envelope; this suggests paying attention to building airtightness during
building design.

The best solution is to use supply and exhaust ventilation systems with an appropriate
method of preparing the outside air before its introduction and scrubbing particulate matter
from the outside air.

2. Is there a correlation between indoor and outdoor PM concentrations and is it sea-
sonal?

The analyses showed a correlation between PM concentration of indoor and outdoor
air in each building. The I/O ratio ranged between 0.15 and 0.20 on most measurement
days when the PM concentration outside was above 55 µg/m3. When the concentration
outside was lower, the I/O ratio was higher. The highest I/O ratios were recorded for
nursery B4—the nursery in which airing was the most intensive and led to the best air
quality in terms of the CO2 concentration (1155 ± 150 ppm). The lowest I/O values were
recorded in nursery B1, 0.16 ± 0.03 µg/m3 and 0.18 ± 0.02 µg/m3. Alarmingly, this nursery
also had the worst air quality in terms of CO2 concentration (2004 ± 191 ppm).

Seasonality in the PM2.5 and PM10 concentrations and their links to the outside air
temperature was noticed.

3. Is there a correlation between seasonal traffic and indoor air quality?

Based on the analyses, no connection was found between traffic and the PM10 and CO2
concentration levels at indoor nurseries. The similarities in three cases seemed accidental
and were not confirmed by simultaneous measurements conducted indoors.

Based on our analyses:

1. The absence of a ventilation system, or any other air supplier system, results in CO2
concentration increases in the room.

2. Ventilation by airing effectively ensures the proper indoor air quality, but only when
outdoor air is not polluted.

3. When ventilating rooms by airing, monitoring the PM10 and PM2.5 concentrations in
the external air is extremely important. When the PM2.5 concentration in the outdoor
air is high (above 150 µg/m3), outdoor air should not be supplied to rooms.

4. When the concentration of particulate matter in the outdoor air was high, it was also
high in the indoor air, which confirmed the influence of infiltration.
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5. Infiltration had the greatest impact on the PM concentration in indoor air regardless
of the intensity of airing the rooms. The tends to change PM concentration levels in
indoor air and was the same in each nursery.

6. The seasonality of particulate matter concentration in the outside air was shown.
7. No relationship was found between traffic and indoor PM10 and CO2 concentrations.

Further research:

• Repeat the tests at additional facilities (including the ones in this study) and different
times to confirm the seasonality of pollutants and the impact of the location of the
facilities.

• In order to analyze the influence of infiltration, it is necessary to assess the airtightness
indicators of the buildings and check whether the air that infiltrates the building
through leaks can be cleaned using mechanical ventilation equipped with filters.

• The feasibility of using solutions for the improvement of indoor air quality suggested
in the literature should be assessed.

• A campaign to educate employees of educational institutions about the need to
improve air quality in terms of CO2 concentration should be conducted.
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