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Abstract

Our paper presents a simplified model of carbon dioxide concentrations in classrooms equipped with

stack ventilation systems, based on experimental research. The test was conducted in six classrooms in

the building of the Faculty of Civil and Environmental Engineering of Biatystok University of Technology

in northeastern Poland. The research included both classrooms that were not mechanically ventilated

and classrooms that were ventilated by opening the windows during breaks between classes. In all

classrooms, a linear increase in the concentration of carbon dioxide during the classes was observed.

The increase of the concentration of carbon dioxide in spaces of this type depends mostly on the volume

of and the number of persons present in the space.
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Introduction

The concentration of carbon dioxide in classrooms
significantly influences the comfort of work. Classrooms
are often equipped only with stack ventilation systems.
Research on the quality of indoor air has been conducted
in many countries [1-10]. Dorizas et al. [4] studied
the concentration of CO, in classrooms of elementary
schools with stack ventilation systems in Athens in
a warm climate area. They analyzed the correlation
between the concentration of CO, and the number of
persons and the ventilation flux of stack ventilation
systems. The authors concluded that in most classrooms

*e-mail: k.gladyszewska@pb.edu.pl

the flow of ventilation air was satisfactory and greater
than recommended by ASHRAE [11] and the WHO
2000 standard [12].

Pereira et al. [10] conducted their research in a
secondary school located in a warm climate area. They
analyzed temperature, humidity, and CO, concentration.
They also conducted a survey among students and found
that TAQ was not noticed by the participants even though
the levels were several times higher than the values
specified in the standards. Almeida et al. [1] conducted
research in buildings of educational institutions in a
warm climate area. However, they focused on analyzing
the thermal comfort parameters using surveys and
concluded that using the PMV-PPD model leads to
different conclusions depending on whether the research
is conducted in a warm or cold climate. Numerical and
experimental research on the quality of indoor air in
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Table 1. Indoor air quality classification according to the PN-EN 13779:2008 standard [18].

CO,-level above level of outdoor air in ppm
Category Description
Typical range Default value
IDA1 High indoor air quality =<400 350
IDA2 Medium indoor air quality 400-600 500
IDA3 Moderate indoor air quality 600-1,000 800
IDA4 Low indoor air quality >1,000 1,200

university classrooms equipped with stack ventilation
systems were also conducted by [6-7]. The concentration
of CO, was equal to 2,400 ppm. In general, the thermal
comfort was acceptable and the classrooms conformed
to category C according to the EN ISO 7730:2005
standard [13].

The studies of the distribution of carbon dioxide
in closed spaces that have been published so far have
been based mostly on measurements performed in
real conditions [14]. Due to the limited number of CO,
sensors, measurements are usually taken at several
points. The research [14] has demonstrated the strongly
spatial nature of the distribution of carbon dioxide.
It was found that representative measurements of carbon
dioxide concentrations can be performed effectively
in the center of a space. Other papers [2, 15-17] present
results of research on I[AQ and modelling of the
distribution of carbon dioxide in different spaces.

The Polish and European standard PN-EN
13779:2008 [18] defines air quality categories IDA 1-4
(Table 1). Categories IDA 1-4 are determined also based
on the concentration of CO,.

The objectives of this research are to show changes
in the content of carbon dioxide in classrooms equipped
with stack ventilation systems and to create a simplified
model for estimating carbon dioxide levels as a function
of time, the number of persons, and the volume of the
classroom. A linear regression for CO, concentration
depending on the time is given, with the aim of offering
a very simple but accurate tool for engineers and
designers involved with indoor air quality in schools.
In the assumed linear approximation, the slope
coefficient of the function depends on the number
of students and the volume of the room, as well as the
intercept of the function as the initial value of the
carbon dioxide concentration in the classroom before the
beginning of the class.

Material and Methods

The content of carbon dioxide in the studied
classrooms was recorded with classes in progress and
during breaks between lessons. During the classes, the
windows were closed. Some of the classrooms were
naturally ventilated through open windows before class
by opening windows. The duration of the classrooms’

natural ventilation by opening windows is shown in
Table 2. The duration of natural ventilation through open
windows before classes ranged from 3 min to 720 min
(12 hours, or overnight).

At the Biatystok University of Technology, lectures
and classes are usually from 30 to 45 minutes long with
15-minute breaks between classes. Laboratory classes
are 90 minutes long and are often interrupted for 10
minutes after the first 20 minutes. The research was
conducted in the winter when in a moderate climate
and when weather conditions are the most stable [19].
The average outdoor CO, concentration during indoor
measurements was 389 ppm. The measurements were
performed using a Testo 435-4 recorder equipped with
an TAQ probe for indoor air quality measurements
located 1 m above the floor at 5 room points and then
average values were calculated.

The precision of the Testo recorder was as
follows: temperature in the range 20-50°C+0.3°C;
relative humidity in the range +2 to +98% RH: £2%
RH; carbon dioxide concentration in the range +0
to +5,000 ppm CO, £3% at concentrations below 50
ppm; and atmospheric pressure in the range +600 to
+1,150 hPa: £5 hPa. Air velocity in the range +0.25 to
20 m/s at the ventilation outlets was assessed by means
of a vane measurement probe with a precision of
+0.1 m/s or +1.5% of the measured value.

The parameters of the indoor environment were
measured in accordance with the recommendations
given in the literature [20]. At all times, the average
temperature of the air in the classroom was maintained
at 20.12°C and relative humidity was approximately
39%.

The studied classrooms are equipped with stack
ventilation systems and are located in various parts of
the building of the Faculty of Civil and Environmental
Engineering (Fig. 1). The common characteristic of
all the studied classrooms is their fairly small volume
and same height of 3 m. The measurements were
performed for a different number of students during
classes lasting from 30 to 60 minutes. Table 2 shows the
basic geometric characteristics of the classrooms, the
number of persons present in the classroom, the average
humidity, and the duration of the classes (i.e., the time of
the measurement).

The only type of ventilation in the classrooms
while classes were in progress was natural ventilation
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Table 2. Basic details of the studied classrooms.
Number of Number of Average Initial . .T1r.ne of
Volume . . Time | ventilation before
measurement | Classroom persons y=n/V relative concentration
. A% o t class through
series n humidity of CO, .
open windows

- - m’ person person/m’ % ppm min min
1 A 210.0 22 0.10 324 856 60 15
2 A 210.0 20 0.10 34.0 1,100 40 5
3 B 226.5 17 0.08 31.2 1,138 40 5
4 C 3184 6 0.02 209 551 40 720
5 C 318.4 6 0.02 24.0 763 40 5
6 D 201.8 16 0.08 37.5 1,872 30 0
7 D 201.8 21 0.10 41.2 1,594 35 0
8 D 201.8 23 0.11 36.7 1,070 35 5
9 E 200.5 39 0.19 40.6 532 45 720
10 E 200.5 34 0.17 47.0 1,649 20 0
11 F 417.0 43 0.10 32.0 1,333 45 3

(stack ventilation and infiltration through gaps around
doors into the large corridor). While measuring carbon
dioxide concentration we measured the velocity of the
air of stack ventilation in the ventilation grate using
TESTO, which was equipped with an anemometer. After
measuring the mean velocity of air in the ventilation
grille, a flux of air of 0.44 to 0.56 change per hour was
calculated. The publication was given an average of flux
of air equal to 0.50 change per hour. The changed air
flux inside the classrooms is definitely too small, which
most likely resulted in the low quality of the indoor air
in the analyzed classrooms. The measurements were
performed in January, when classroom ventilation is
difficult. However, performance of measurements in
the winter period has certain advantages. Both daily
and weekly outdoor conditions are more stable than any
other season of the year and analyses do not require any
corrections for differences in the outdoor conditions.
Measurements were performed for from 30 to 60
minutes of the classes, in different classrooms, with
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Fig. 1. Location of the classrooms in the building of the Faculty
of Civil and Environmental Engineering.
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different numbers of persons inside them. Recording
was performed every 5 minutes and the recorded value
was the arithmetic average of the samples taken every
30 seconds, i.e., from 10 measurements.

Results and Discussion

Measurements of the concentration of carbon
dioxide in classrooms were taken during classes and
during breaks, when the classrooms were naturally
ventilated through opening windows before class or
not (Table 2). Fig. 2 shows the indicator of the changes
in the concentration of CO, in the classroom for an
experiment with the classroom being ventilated and
not being naturally ventilated by windows opening
during breaks before class. The starting point (100%) is
the concentration of carbon dioxide before the classes
started (t = 0). The percentage value of the content of
carbon dioxide in the classroom increases throughout
the class. During the break, when the classroom was
not ventilated by opening windows before class, a small
increase or stagnation of CO, content was observed;
when the classroom was ventilated through opening
windows during breaks, the concentration of CO,
significantly decreased. Eventually, after two classes
with ventilation of the classroom during the break, the
percentage value of CO, content increased by about
30% compared to the initial value, while when the
classroom was not ventilated during the break, the CO,
concentration increased twofold. During breaks between
classes the rooms were empty and were not used by
teachers and students. A comparison of this data (Fig. 2)
highlights the importance of ventilation of classrooms
during breaks between classes. Similar results related to
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Fig. 2. Indicators of carbon dioxide concentration changes in the classroom during an experiment with ventilation of the classroom and

without ventilation of the classroom during breaks.

CO, concentration in classrooms were obtained in work
[4].

Fig. 5 depicts the functions of concentration of
CO, depending on the time spent during classes for
different volumes of rooms and numbers of students.
A summary of the volumes of rooms and the number
of students is given in Table 2. An analysis of the
diagrams (Fig. 5) with data for several classes and
breaks leads to the conclusion that in all classrooms the
concentration of carbon dioxide increased. Ventilation
of classrooms during breaks resulted in a drop
of carbon dioxide concentration by about 25% (see
Fig. 2, break with ventilation in time from 30 min to
60 min). In the measurement series (Table 2) performed
in classrooms that were ventilated during the breaks
between classes, the carbon dioxide concentration
function reaches its maximums at the end of the classes
(before the breaks). During the classes, a linear increase
of the concentration of carbon dioxide was observed,
which could demonstrate poor efficiency of the stack
ventilation (the concentration of carbon dioxide in
all measurement series did not reach the stabilization
point). The angle of inclination of the linear function
of carbon dioxide concentration (Fig. 5) in relation to
time depends most of all on the number of students in
the classroom and its volume. The smaller the volume
of the classroom and the smaller the number of students
in it, the larger the angle of inclination between the
CO, concentration function curve and the time axis.
In classrooms that are not ventilated between classes,
the concentration of carbon dioxide during the breaks
stabilized at a level equal to the value measured at the
end of the class before the break (Fig. 2).

Modelling Carbon Dioxide Content
in Classrooms

Our research demonstrated that the rate of increase
of CO, content in a classroom equipped with a

stack ventilation system depends most of all on two
parameters: the number of persons in the classroom and
classroom volume. Based on the results of measurements
that were performed, a model was prepared of the
content of carbon dioxide as a function of time,
depending on the volume of the classroom and the
number of students:

B n
aco,” Byt + Acoy =00 Y :; M
...where a_ represents concentrations of CO, (ppm), t
is the time (zmin), n is the number of persons present in
the classroom (person), V is the volume (m?), B = 180 is
a constant factor (m*ppm/person min), and 8co, o 18 the
initial concentration of CO, (ppm).

The error of the CO, model was determined using the
following formula:

Aco, exp ~ 8co,
dag, = 100%
2 a,
(,Oz,exp (2)
...where B0 exp is the concentration of carbon dioxide

measured in the classroom and a_, is the value of CO,
determined using Formula (1). The maximum average
relative error of the individual measurement series
did not exceed 10%, while the average error in all the
measurements is equal to 5%. Formula (1) is functional
for both classrooms ventilated and non-ventilated
through open windows. Fig. 3 show a comparison
of the numerical values (1) for the experiment with
the unventilated classroom and with the ventilated
classroom before class.

It should be emphasized that the elaborated model
(I) can be used only in the case of classrooms with
volume from about 200 to 420 m? Coefficient y
defines the relationship between the number of persons
in the classroom and the cubage of the classroom.
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Fig. 4. Therelationship between the increase of CO, concentration
in a classroom and the y coefficient.
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Fig. 4 shows the relationship between the increase in
the concentration of carbon dioxide in the classroom
during classes and . This relationship can be
approximated with a linear function with sufficient
accuracy. The concentration of carbon dioxide in a
classroom increases with an increase in the number of
persons in the classroom and a reduction in the cubage
of the classroom. The R2 determination coefficient
is the measure of the model’s fit. In the case of a
relationship between the y coefficient and an increase
in CO, concentration in the classroom, it is equal to
approx. 0.83, which indicates a close linear relationship
between the gamma coefficient and an increase of CO,
concentration (Fig. 4).
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Fig. 5. Comparison of the measured values of carbon dioxide concentrations in classrooms with results obtained from Formula (1).
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Fig. 5 also shows a graphic comparison of formula
(1) that defines the concentration of CO, as a function of
time in selected classrooms.

An analysis of the diagrams (Fig. 5) showing the
relationship between carbon dioxide concentration
and the duration of the classes leads to the conclusion
that in all classroom there was a linear increase of
carbon dioxide concentration, which may indicate poor
efficiency of the stack ventilation (the concentration
of carbon dioxide in none of the measurement series
reached the stabilization point). The angle of inclination
of the linear function of carbon dioxide concentration
in relation to time depends most of all on the number
of students in the classroom and its volume. The
smaller the volume of the classroom and the smaller
the number of students in it, the larger the angle of
inclination between the CO, concentration function
curve and the time axis. What makes the diagrams
different is also the vertical offset, which is due to the
initial value of carbon dioxide concentration (a, (t = 0))
in the classroom. In classrooms that were not
ventilated through opening windows before class (e.g.,
No. D, Fig. 5), the vertical offset is much larger than
in ventilated classes (e.g., No. C, Fig. 5). In classroom
No. A, the results obtained using Formula (2) are much
different than the results of the experiments. In this
case, the maximum error obtained when using Formula
(2) is as high as 19.5%. Such a big difference between
the results of the experiment and the elaborated model
is probably due to the fact that the door of the classroom
was opened several times.

The concentration of CO, reached the maximum
level of 2,347 ppm when the classroom was not
ventilated before the measurement (the initial
concentration was 1,738 ppm). The concentration of CO,
during other measurement series in all the classrooms
where measurements were performed, in Poland, which
has a temperate climate, reached a maximum level of
2,022 ppm.

Conclusions

The article presents a formula intended for
forecasting concentrations of carbon dioxide in rooms
equipped with stack ventilation and where carbon
dioxide is produced by people. The model was verified
based on the results of the research conducted in
classrooms during classes. It was found that:

1) The concentration of carbon dioxide in the classroom
increases throughout the duration of the classes (up to
2,300 ppm in classroom A).

2) In all measurement series, a linear increase in the
concentration of carbon dioxide in the classrooms was
observed (Fig. 5).

3) The rate of increase of carbon dioxide concentration
depends most of all on the volume of the classroom
and the number of students.

4) The classrooms naturally ventilated through open
windows before classes can be classified as belonging
to categories IDA1 and IDA2 (Table 1: 800-1,000
ppm; Fig. 5), while the classrooms not ventilated by
open windows during breaks belong to categories
IDA2 and IDA3 (Table 1: 1,000-1,400 ppm; Fig. 5)
according to the standard PN-EN 13779: 2008.

5) Ventilation of classrooms results in a decrease in CO,
concentration in the classrooms during the break
between classes, while lack of ventilation results in
a stagnation of CO, concentration. If windows are
opened during breaks, the concentration of carbon
dioxide in the classroom is significantly reduced.

In the future, tests will be conducted in air-
conditioned classrooms and the results will be compared
to the results of the tests conducted in classrooms
equipped with stack ventilation systems.
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