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Abstract: The concentration of indoor suspended particulate matter is considered to be one of the
main factors that affect health and quality of life. In Poland, in response to the pressure of public
opinion, a few thousand air purifiers have been installed in public buildings where children spend
time. However, another factor that also impacts upon the quality of indoor air, namely increased CO2

mixing ratios, is frequently overlooked. The only way to remove CO2 excess from interiors is through
intensive ventilation. This is often an action at odds with the need to maintain low concentrations of
particulate matter in indoor air. Two methods are presented to assess the rate of air exchange using
CO2 or particulate matter as a tracer. One of the methods using indoor/outdoor PM (particulate
matter) concentrations is based on the use of box models for analysis. The second one uses indoor
CO2 concentration change analysis. At the tested locations, they showed large deviations of the
determined values of the air exchange coefficients from its limits. Both methods showed consistent
ventilation parameters estimation.
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1. Introduction

For many years now, the problem of poor air quality, understood mainly as over-normative
concentrations of particulate matter (PM), has been raised in Poland [1–4]. PM in outdoor and
indoor air is recognised as one of the key factors most affecting health and quality of life [5]. Recently,
the government has initiated activities aimed at reducing concentrations of PM in ambient air. A number
of actions have been taken to improve indoor air quality, primarily by the introduction of purification
and filtration devices. The main priority is to improve the air quality (in this case understood as
the concentration of PM) in places where young people spend long periods of time, such as school
and pre-school buildings. There are many initiatives, both civil and governmental, in particular at
a local governmental level, aimed at purchasing these so-called air purifiers and installing them in
these locations. Focusing on the problem of particulate matter concentration, CO2 has been forgotten;
however, it is also a critical component of the indoor air quality [6–9]. The only technically and
economically effective, rational way to remove carbon dioxide is intensive air exchange by means of
ventilation. Aiming at keeping low the particulate matter concentration inside the buildings, the pure
air exchange needs to be organized according to the requirements of the relevant standards and
regulations for the efficient removal of PM and CO2 [10]. The devices used so far in this type of location
are very rarely able to meet the regulation requirements. The commercial equipment that was usually
bought for schools was able to clean up to 300 m3/h of air, which is most often lower than the required
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air exchange rate for this type of space. The only parameter the regulation of automatic ventilation
systems is based on is the measurement of indoor CO2 concentration [11].

In this work, we present a comparison of two methods allowing to estimate the efficiency of the
indoor air exchange rate (AER) based on the concentration measurement of relevant air pollutants. It is
worth underlining that, in the case of this work, we are dealing with a high outdoor PM concentration
level, and usually local authorities recommend reducing the ventilation in order to keep the indoor air
quality at an acceptable level. This is a unique situation in comparison to most of the other studies
where the indoor air quality is affected by industrial activity. For that reason, we aim at delivery of a
product which would minimize the ventilation efficiency but allow maintenance of healthy carbon
dioxide levels.

2. Materials and Methods

Ten classrooms in different schools throughout Poland were selected for this research. The buildings
have diverse types of ventilation (natural or mechanical), and some of them have an air purification
system (Table 1). Measurements in each location were taken over approximately two consecutive weeks.

Table 1. Characteristics of various measurement locations.

N◦ Measurement Period Location Ventilation
System

Air Purification
System

Declared
Classroom
Occupancy

1 04.11.2019–18.11.2019 Roczyny natural in the classroom 25
2 04.11.2019–18.11.2019 Sidzina natural no 19
3 20.11.2019–04.12.2019 Skała natural in the classroom 18
4 20.11.2019–04.12.2019 Wolbrom natural no 23
5 05.12.2019–19.12.2019 Chocznia mechanical central 25
6 05.12.2019–19.12.2019 Tomice natural no 30
7 03.01.2020–20.01.2020 Nowy Targ natural no 22
8 03.01.2020–20.01.2020 Paszyn natural no 16
9 21.01.2020–04.02.2020 Otwock natural no 22
10 21.01.2020–04.02.2020 Piastów natural no 22

Two methods to assess the rate of indoor air exchange were applied. One of them is based on
the results of carbon dioxide measurements in the indoor air. The second method is based on the
relationship between indoor and outdoor concentrations of PM10. For both methods, measurements
were performed with a time resolution of 2 min. The averages of two-minute measurement intervals
were logged.

2.1. CO2-Based Method

In the CO2-based method, the three Nondispersive Infrared (NDIR) low-cost sensors (Sensirion Inc.
model SCD30) were used to measure trace gas mixing ratios. This type of sensor uses the attenuation of
near-infrared radiation by CO2 particles present in the measurement cavity. For the validation of sensor
indications, they were pre-calibrated, based on measurements with the laser spectroscopy analyzer
using cavity ring down spectroscopy (CRDS model 2201-i, Picaro Inc.), whose indications were based
on standard gas calibration mixtures and refer to World Meteorological Organization (WMO) scale.
Subsequently, the sensors were tested for stability of readings. Just after the test measurements were
carried out, the indications of the three sensors were initially analyzed. The sensor most departed from
the two others was rejected if the deviation was statistically significant. The readings of all the sensors
that were used in further steps of the experiment were averaged. Additionally, the CO2 sensors which
were mounted into the device were also accompanied with a humidity, pressure, and temperature
sensor (based on the BME280 microchip) and a stable power supply.

The developed CO2 analyzers were deployed in the classrooms. The mixing ratios were evaluated
using a parallel record of the indoor air humidity and temperature. Only the periods when there was
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no possible CO2 production inside and the initial concentrations were high enough (approximately
over 1000 ppm) were taken into account. Based on temperature and humidity indications, we analyzed
whether the windows in the rooms were opened (e.g., for ventilation) during the selected periods.

Assuming that the air entering from outside is well mixed within the room, the exponential
mixing model was used [12]. The relationship given in Equation (1) was adjusted by the non-linear
regression method to select periods of the CO2 mixing ratios.

C(t) = C0·e
(− t
τRT

)
+ CA, (1)

where C(t) represents the temporal variation of the indoor CO2 mixing ratio, C0 is the initial CO2

mixing ratio at the start of the analysis, τRT is the mean residence time of the indoor air, and CA is
the theoretical CO2 mixing ratio in the ambient air. The external CO2 mixing ratio was not measured
in this study but estimated during the regression procedure. The time (t) in the formula was given
in hours similar to the unit of τRT coefficient. The 1/τRT parameter can be interpreted as the mean
number of air changes in the monitored space per unit of time (hour) and referred to the AER. This
parameter is standardised and regulated by the relevant regulations [10]. For each analysis, the AER
was determined with an uncertainty corresponding to a 95% level of confidence. The mean coefficient
for all analyses in a given location and its uncertainty at the same confidence level were provided.

2.2. PM-Based Method

This method is based on the analysis of the relationship between indoor and outdoor PM10
concentrations measured by two DustTrak analysers (TSI Inc, model 8540). The principle of operation
of these instruments is based on the scattering of laser light on the particles. A 10µm (PM10) cut-off

impactor was installed inside the inlet. The devices were pre-calibrated based on the reference
(gravimetric) method. The consistency of the indications between two instruments was key to the
success of the applied method. The instruments worked together in the same environment for at least
several hours before each series of measurements. Subsequently, one of the devices was installed
in the classroom together with CO2 measurements. The second device was installed outside, as
close as possible to the building where the measurements were carried out. However, this was done
in such a way that there was no direct influence of nearby sources of particulate matter and that
meteorological conditions did not interfere with the measurements. In the case of analyses based
on PM10 concentrations, the whole period of the measurements at one location was analysed. Only
intervals that did not reflect typical indoor air exchange were rejected from the record. These were
situations, for example, when the emission of PM occurred inside the room or when the windows in
the room were opened.

For the analysis of PM data, a box model with a modified exponential transition (response)
function was used [13–15]. In the model, the input function is the time series of outdoor PM10
concentration, and the output function is the time series of indoor PM10 concentration. Again, the use
of the exponential transition function represents the assumption of ideal mixing of indoor air.

The relationship between the input and output function is described by the respective
convolution function:

Cin(t) =
∫ t

−∞

Cout(τ)·g(t− τ) dτ, (2)

where Cin(t) is the indoor PM10 concentration time series, Cout is the outdoor PM10 concentration time
series, t is clock time, τ is flow time (age) of individual air portions, and g(τ) is the response function
(transition function). It is considered that not all the particulate matter gets into the building together
with the airflow; part of the PM might be filtered when passing through barriers (nets, ventilation
tubes, etc.). Therefore, the response function is not a conservative variable and has two parameters:
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one is the average air residence time (τRT) and the other is the penetration factor P [16]. The transition
function has a form:

g(τ) = P ·
1
τRT
· e(−

t
τRT

), (3)

The penetration factor P describes fraction of particles in the infiltration air that passes through
the building shell. The box model approach allows the determination of the penetration factor even
in case of high variability of the PM concentrations. In this case, the determination of portion of the
pollutants infiltrating into the indoor air through a simple indoor/outdoor (I/O) ratio could give false
results, especially for short measurement periods (several τRT). Using the penetration factor, it is
assumed that there are no internal sources of particulate matter, and with the dynamics of change and
concentration of PM, the deposition is negligible.

To determine the values of the model’s parameters, the convolution function was optimized to
achieve the maximum agreement between observed indoor PM level and was calculated by Equation (2).
The minimized parameter was RMSE (root-mean-square error). Data from periods not included in the
analysis were not used to determine the RMSE. When determining parameters by minimizing the error
function, the Hessian of the obtained parameters can be taken as a measure of uncertainty. Uncertainties
obtained by this method were extended to a confidence level of 95%. Another approach to estimating
the uncertainty of the coefficients in the box model method is an iterative approach. From the full set
of the measurement data, a subset of data was randomly selected. It was mandatory to assume that the
subset was continuous and could not be smaller than half of the record. The distribution of the subset
length is a uniform distribution over the range [0.5, 1] of the original set length. On such a selected
subset, optimization was performed. The selection of the subset was repeated multiple times, and, on
this basis, the standard deviation of the obtained results was determined, which was also extended to
a confidence level of 95%.

The locations selected for the analysis are public buildings. For such locations, the air exchange
rate is regulated by appropriate legislation [10] and is related to the number of people in the space.
Typically, the required fresh air flow rate is assumed to be 20m3/h/pers. Based on the acquired volumes
and the declared class capacities, the required fresh air flow rate and the AER(1/τRT) were determined
for each location.

3. Results and Discussion

Primarily, the air exchange rates required by building and sanitary regulations have been
determined. For all locations, they varied from 2.2 to 3.2 exchanges per hour (Table 2). The low
variability of this parameter is due to legislative requirements. The size of the room is optimized in
terms of the number of people that can occupy it.

Table 2. Air exchange rates (1/τRT) and penetration factor (P) determined from the legislations
and regulations and calculated using methods based on CO2 mixing ratio and particulate matter
concentration analysis.

N◦ Air flux (m3/h) AER (reg) (1/h) AER (CO2) (1/h) AER (PM) (1/h) P

1 500 3.20 (0.26 ± 0.14) (0.19 ± 0.03) (0.58 ± 0.02)
2 380 2.82 (0.39 ± 0.30) (0.34 ± 0.05) (0.58 ± 0.03)
3 360 2.21 (0.18 ± 0.05) (0.13 ± 0.03) (0.44 ± 0.02)
4 460 2.57 (0.16 ± 0.03) (0.17 ± 0.04) (0.56 ± 0.06)
5 500 2.83 no data (0.76 ± 0.07) (0.63 ± 0.02)
6 600 2.86 (0.26 ± 0.17) (0.20 ± 0.02) (0.42 ± 0.02)
7 440 2.33 (0.35 ± 0.14) (0.27 ± 0.06) (0.55 ± 0.02)
8 320 2.93 (1.47 ± 0.22) 1 (0.38 ± 0.05) (0.61 ± 0.02)
9 440 2.38 (0.05 ± 0.01) (0.11 ± 0.04) (0.49 ± 0.09)
10 440 2.69 (0.65 ± 0.33) (0.77 ± 108.48) 1 (0.60 ± 0.16)

1 Outlier values.
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3.1. CO2

For each location, 4 to 10 analyses of the rate of CO2 mixing ratio decrease were carried out (see
Figure 1). In one of the locations, it was not possible to apply the above approach due to the intense
room ventilation by opening of the windows after lessons. Results were obtained in the range from
(0.05 ± 0.01) to (1.47 ± 0.22) air changes per hour. The value of 1.47 1/h was the outlier, and the second
highest value was (0.65 ± 0.33) air changes per hour. Using CO2 as a tracer, the relative uncertainties of
exchange rate at a confidence level of 95% were between 0.15 and 0.77 with a correlation coefficient
between the number of analyses performed and a relative uncertainty of −0.45. The declining number
of the performed analyses caused high relative uncertainties. It is worth underlining that this method
requires specific conditions to be applied. Due to the fact that the method is based on the decay of CO2

mixing ratio, it requires an initial high value of the carbon dioxide. It cannot be used when there are no
emissions in the room for a long time (cf. Figure 1). It is clear that on days Nov. 10 and 12, and Nov. 18
(weekend days), it was not possible to adjust the curves using the regression method. The length of the
data range to which the regression method curve was adjusted depends on the rate of air exchange.
It usually lasted from the moment pupils left the room until their return the next day (typically 12 h).
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Figure 1. CO2 mixing ratios and room temperature in the school in location N◦ 1. On the upper panel,
the measured CO2 mixing ratios are marked with a grey line, and the modeled mixing ratios decrease
with the dashed black line. The intensity of the grey background corresponds to the exceeding of CO2

levels over ambient air according to [10].

Inside the classrooms, the observed CO2 mixing ratios in each case temporarily exceeded 1500 ppm.
The maximum observed value was well over 3000 ppm. Such concentration can have a significant
impact on the level of human perception [17].

3.2. PM

Analyses using concentrations of particulate matter provided results of AER in the range
(0.11 ± 0.04) to (0.77 ± 108.48) 1/h. The uncertainty values obtained using Hessian are purely
mathematical and may therefore be overestimated in relation to the real variability of the parameters
determined. The uncertainties were therefore determined by means of an iterative method. Analyses
with a random subset of the record were repeated 100 times. Increasing the number of draws of a
subset of data no longer increased the significance of the results obtained. The mean values of the
coefficients determined by the iterative method were consistent with the values obtained from the
whole data set at the significance level of 0.01.
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In order to determine whether the two-week duration of the experiment was a sufficient time to
obtain reliable results, a study of the effect of the measurements duration on the spread of the obtained
results was performed. From the full set of data, sub-periods ranging from 2 days to full length were
sampled randomly. The length of all the sub-periods were equally represented, in these calculations,
forming a uniform distribution. The performed analyses revealed that, for all the measurement
locations, the measurement periods lasting longer than any 7 days showed constant variance of the
obtained AER values and were equal to that reported while estimating the uncertainty of AER. For
parameter P, the spread of values was stabilized for the measurements lasting over 9 days.

Even though a simple model to describe a complex system was used, the indoor particulate matter
concentrations determined by the model were consistent (Pearson correlation coefficient r2 > 0.96)
with the measurements (cf. Figure 2). In the optimization of the model, the periods were rejected for
which the influence of factors other than the typical room air exchange (e.g., intensive room airing,
resuspension caused by people) was suspected.
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Figure 2. Time series of PM10 concentrations outdoors and indoors and indoor temperatures in the
school in location N◦ 3. On the upper panel, the black line indicates the outdoor concentrations, the
continuous grey line indicates the indoor measured concentrations, and the dashed grey line indicates
the modelled indoor concentrations. Grey rectangles on the lower panel represent periods excluded
from modelling due to the influence of exceptional activities.

Determining the AER using box models is more efficient in cases where there are high dynamics of
concentration changes over time. For those cases, when the concentration was stable, the highest values
of the uncertainty were obtained. The relative uncertainties of the AER varied from 0.09 to 0.36 at a
confidence level of 95% when the anomalous uncertainty value for the analysis from location No. 10
was rejected. The Hessian uncertainty analysis of the results for location No. 10 also gave anomalously
high values of the uncertainty at a 95% confidence level equal to 14.02 1/h. The experiment in this
location was performed while the atmospheric variability of PM in the atmosphere was depressed
and the diurnal cycle was not present in the majority of cases. It underlines that not every location is
suitable for this method. It might be successfully applied in regions of high atmospheric pollution.
This is one of the reasons this method was not applied previously.

Comparison analysis of two independent methods revealed relative differences in the range of
0.06 to 1.18. As the experiment was performed in only 10 locations, the statistics cannot be routinely
applied. Our discussion in this case confined to the qualitative aspects. Most of the parameters received
by the two methods were consistent with each other at the 0.05 level of significance. Locations N◦ 8
and N◦ 9 were exceptions. For location N◦ 8, the analyses carried out by the CO2 method provided
abnormally high values of the determined coefficient. For the analysis at location N◦ 9, the lowest AER
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values were obtained with standard deviations similar to the remaining ones. For location N◦ 10, the
values were in compliance at the mentioned level, even without considering the high uncertainty of
the method based on PM analyses.

Analysing the particulate matter concentrations, the penetration factor was determined. The values
determined varied from (0.42 ± 0.02) to (0.63 ± 0.02). Surprisingly, there was no direct relationship
between the P value and the presence of the air purification system. The penetration factor in the
two locations, where mobile indoor air purifiers have been installed, also did not exceed the range of
variation from the other locations. Surprisingly, the highest P factor was found in the building, where
the central air purifier is installed. The results determined by the box model method were consistent,
within the uncertainty limits, with the results determined by calculating the ratio between indoor and
outdoor concentrations in the whole measurement set.

Studies performed using both CO2 and PM10 as markers have shown that the AERs obtained in
each case are even several times lower than those resulting from the standards. The factors determined
by two methods, for all except one location, were consistent. Both approaches have a good prognosis
for use as non-invasive air exchange rate analysis methods. The method based on PM measurements
is less sensitive to the space where the experiment was performed. It is possible to use it even in an
unutilized location. This is not possible with a method using CO2 concentration as it is necessary to
generate the initial concentration of the measured gas for analysis. To obtain a reasonable level of
uncertainty, the initial indoor concentration should be several times higher than the outdoor. However,
the method using PM measurement requires two instruments and is sensitive to their inter-calibration.
A positive advantage of both approaches is that it is not necessary to use an additional tracer (e.g.,
SF6) [18].

The study shows that the CO2 mixing ratios observed in the classrooms while people are in
them may permanently exceed safe values and may contribute to lower mental performance among
students [17].

4. Conclusions

The exchange rate of the air in a classroom can be reliably calculated from the results of the
measurements using a low-cost sensor, which is easy to install in every classroom. AERs received
from the presented approaches were consistent with each other and reflect the actual air exchange
rate, which is several times lower than the values required by the relevant legislation. The two-week
period of the measurements was proven to be a sufficient time for determination of AER values.
The method based on PM measurements requires a relatively high pollution incidence to provide the
reliable output. Here, we introduce the novelty of the application of a simple calculation based on
observations, even which can help in keeping a good indoor air quality. There is also no evidence that
the use of air purifiers in enclosed spaces in any way affects the concentration of particulate matter
inside, and the same is true for the central filtration system which reflects the highest penetration factor
observed. This means, that schools should use much more efficient filtration systems than anticipated.
Extremely high concentrations of CO2 can be observed in classrooms when pupils are present, which
is clearly due to poor ventilation efficiency. In this case, further action should be undertaken by a
building administration to meet the required air exchange rate. The application of that methodology
for continuous observations of the CO2 and PM concentration levels in the classrooms is applicable
with a variety of low-cost sensors and does not necessarily imply a high cost investment for the school
to gain better air quality standards.
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