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MONITORING OF THE CARBON DIOXIDE CONCENTRATION AND TEMPERATURE OF
THE INDOOR ATMOSPHERE IN A LECTURE HALL WITH NATURAL VENTILATION
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ABSTRACT. One of the main indoor air pollutants and a key parameter in assessing indoor air quality is carbon dioxide (COe). Increasing its concentration over time
causes discomfort and worsens the quality of the occupants' work. In the particular case of school premises - classrooms and lecture halls, the increased CO:
content, which is two and sometimes more times than the accepted norm (400 ppm - 1200 ppm), adversely affects the concentration (sharpness) of the attention and
mental work of the students and the teacher (lecturer). This, in turn, affects the degree of perception of the content taught and the extent of learning at the moment.
To provide and maintain an acceptable level of CO2 concentration in the indoor air of the classrooms, it is necessary to ensure continuous or periodical air ventilation.
In our previous research the results of the study of spatial distribution of carbon dioxide concentration and temperature in a lecture hall with a volume of about 300 m3
with natural ventilation were analyzed and the evolution of the two parameters in dependence on the occupancy of the hall and the intensity of natural ventilation was
traced. The experiment was held in late spring (May - June).

The present paper repors the results of the study of the distribution of the air temperature and CO: concentration in the same lecture hall but in the heating
season(January), when central heating is used.
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PE3IOME. EfvH oT rnaBH1TE 3aMbpcuTeni Ha Bb3fyXa B MOMELLEHNE 1 OCHOBEH NapaMeTbp MpW OLigHsIBaHE Ha KaYeCTBOTO Ha Bb3AyXa € BbIMEePOAHNAT AUOKCHE,
(CO2). YBennyaBaHeTO Ha KOHLEHTpaLMATa My BbB BpeMeTO MpUYNHSABA AMCKOMCOPT W BOLABA kayecTBoTo Ha paboTa Ha obutaTtenuTe. B yacThus cnyyaii Ha
y4ebHM NOMELLEHNS - KNacHW CTan 1 NEKUMOHHN 3ank, NoBULLEHOTO cbabpxaHue Ha CO2 [Ba, a NoHsKora 1 noBeye MbTW Hag npuetata Hopma (400 ppm - 1200
ppm), BNusie HebnaronpusTHO BbPXY KOHLIEHTPaLWsATa (0CTpOTaTa) Ha BHUMaHWETO 1 yMcTBeHaTa paboTa Ha oby4aBaHuTe u npenofasatens. ToBa, OT CBOS CTpaHa,
pedhnekTpa BbpXy CTENeHTa Ha BbanpuemMaHe Ha NpenoaaBaHns Matepuan 1 ibnbounHaTa Ha YCBOSIBAHETO My B MOMEHTA.

3a fa ce ocurypu v nopabpxa NPUeMIMBO HUBO Ha KOHLEeHTpauusaTa Ha CO2 BbB BBTPELLHMS Bb3aYX Ha y4ebHuTe 3anu, e Heobxoaumo Aa Gbae ocbLyecTBABaHa
MOCTOSIHHO WNW NEPUOANYHO BEHTUNALMS Ha Bb3ayXa.

B npeavwHa Hawa paboTa 6sxa aHanuanpanu pesynTaTiTe OT U3CMeABaHETO HA MPOCTPAHCTBEHOTO pasnpefeneHne Ha KOHLEHTPaLMATa Ha BbINEepOaHIUS ANOKCUA
1 Temneparypata B y4ebHa 3ana ¢ obem okono 300 m3 ¢ ecTecTBeHa BeHTUNaLys. be npocneaeHa eBontoLMATa Ha TE3M NapamMeTpy B 3aBUCUMOCT OT 3aeTOCTTa Ha
3anata W MHTEH3VBHOCTTa Ha eCTECTBEHOTO NpoBeTpsiBaHe. EkcrepumeHTHT Belle NpoBeseH B KbCHa NPONET (Maik - 1oHM).

B Hactosiwara pabota ca AoknafBaHu pesynTaTuTe OT U3MEPBAHETO Ha pa3npedeneHneTo Ha TemnepatypaTa Ha Bb3flyxa W KoHLeHTpauus Ha CO:z B cbluata
NeKLMOHHa 3ana, HO B 3MMHWS CE30H (MeceL, SHyapu), kaTo 3a OTONNEHNETO 1 Ce M3MOII3Ba NapHO.

Kniouosu AyMu: BwrnepoaeH guokena, kayecTso Ha Bb3ayXa BbB BbTpelUHa cpefa, eCTeCTBeHa BeHTUnauua

Introduction
Indoor air quality is defined as required per person fresh and
The main purpose of educational institutions - schools and pleasant air that is not harmful to their health and has a
universities - is the learners to acquire a certain amount of positive impact, stimulates their work and increases their
theoretical content to master skills and gain experience to ~ Performance and productivity (Fanger, 2006). A number of
analyze practical problems, make decisions on how to apply studies devoted to the indoor air quality on human health have
their theoretical knowledge and successfully solve them. The shown a clear connection between polluted air and the quality
pr0|onged Stay in the premises leads to enrichment of the of activities that workers pel'form in this environment
indoor air with carbon dioxide (CO2). The main reason for the (Clements-Croome, 2004; Demianiuk et. al., 2010; Satish et
increase in CO; is the breathing of the inhabitants themselves al., 2012).
(students and people in the hall) during the class hours. CO2 Requirements for energy efficient buildings with a view to
content in the air exhaled from a human is about 4-5.6%, which reduce energy consumption and associated costs minimize the
is about 100-140 times more than that in the environment — natural airflow thrOUgh infiltration. In order to regU'ate the
0.04% (Kapalo et al., 2014). temperature and cleanliness of the air in the rooms, there
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should be a possibility for their additional controlled ventilation.
In most educational institutions, this is done by natural
ventilation, as the occupants themselves regulate the thermal
conditions by periodically opening the windows of the room.

Velichkova et al. (2016) investigated the quality of the indoor
atmosphere, predominantly the CO2 concentration, of a lecture
hall at the University of Mining and Geology during the spring-
summer season (May, June), where it was found that natural
ventilation can provide the necessary conditions for the
learning process, as long as the occupant density of the hall
does not exceed 0.15 m3. However, the intensity and duration
of natural ventilation under winter conditions, are rather limited
due to the need of creation of thermal comfort for the
occupants. The question arises whether natural ventilation is a
good enough way to ensure the right conditions - temperature
and air purity - in the lecture halls during this season.

The aim of this study is to analyze the air quality in a lecture
hall during the winter season and to assess the effectiveness
of natural ventilation (by means of window operation) in
controlling hall thermal conditions and indoor air quality.

Experiment

Lecturer hall

The experiments were carried out in the 346 lecture hall at
the Department of Geological Prospecting at the University of
Mining and Geology "St. Ivan Rilski". The location of the hall is
shown on Fig. 1.

Fig.1. A view to 346 lecture hall at the department of Geological
Prospecting at the University of Mining and Geology "St. Ivan Rilski"

The hall is located on the third floor, it is oriented to the
northeast, with its windows facing the courtyard of the
University, with forest vegetation.

Its dimensions are: width of 8.20 m, length of 13.50 m, height
at the place of the lecturer desk of 3.40 m and height at the
opposite edge of the hall of 210 m. The floor has a
displacement of 1.30 m. The room space is 304 m3. There are
8 windows, each with an openable area of 1.2x1.2 m2. The
diagram of the room with the points for measuring the
temperature (points from 1 to 6) and the concentration of
carbon dioxide (point 4 and point 6) is shown in Fig.2.
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Fig. 2. A scheme of 346 lecture hall: W-1 — W-8 are the windows, 1, 2, 3, 4,
5, 6 are the measurement points. For visibility only the first, medium (the
ninth) and the last school decks are shown

Used appliances

The dynamic (time dependence) characteristics of the CO:
concentration and temperature were determined at p.4 and p.6
(Fig. 2) by a portable air-logger analyzer TROTEC BZ30. The
device simultaneously measures and records the CO:
concentration (0 + 9999 ppm, with accuracy of + 5 %), the
temperature T (-5++50°C, with accuracy of £0.1°C) and the
relative humidity RH (0.1+99.9 %, +0.1%). The concentration
of carbon dioxide was obtained by averaging over the
measurements, recorded in 1 minute time interval.

The temperature and its behavior over time was also
measured in points 1, 2, 3, 5 by Thermo-data logger.

Only in point 6 and when the hall was empty the temperature
was measured at three different heights (levels): 0 m - floor
level, 1 mand 2 m.

Conditions of the experiments

The measurements were made at a height of 85 cm above
the floor of the room (the level of the exhaled air of the present
- respiratory zone). The reasons for this choice were described
in Velichkova et al. (2016).

The experiments were conducted during the same time
interval 14-16:30 h on three dates: on January 26, 2017, during
an exam, with 15 occupants in the hall; on January 30, 2017,
during a lecture, with 26 occupants and on February 1, 2017
during a lecture, with 13 students in the room. The ambient air
temperature was T=-3 +1°C.

The experiments were conducted as follows: the hall was
ventilated after the previous class, when empty, by opening the
eighth window, then the window was closed and the class
(lecture or exam) started. The hall was not ventilated for a
while. After that, the room was aired again by reopening the
eighth window for the experiments on 26t and 30" January
and also the door for the experiment on 1st February. For that
time interval the dynamic characteristics (i.e. the time
dependent changes of these quantities) of the CO:
concentration and temperature T were recorded in p.4 and p.6.

Students’ activity is as follow: on 26t January, an exam
(presentations), on 30t January — lecture, and on 1st February
- lecture. In all cases, students were unevenly seated in the
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room (and took their places) mainly in the front half of the hall,
near and slightly below the average desk where were the
points of measurements 2 and 5 (Fig. 2). Briefly, the conditions
(regimes) of the experiment are as follows:

o Regime MO, the hall was empty and it had been ventilated
by opening the last (W-8) window;

e Regime M1, the hall was empty and it had not been
ventilated;

o Regime M2, the hall was occupied and it had not been
ventilated;

e Regime M3, the hall was occupied and it had been
ventilated by opening W-8;

o Regime M4, the hall was occupied and it had been
ventilated by opening W-8 and the door;

e Regime M5, the hall was occupied and it had been
ventilated by opening W-1 and the door.

Processing the data

To analyze the experimental data, we have accepted that the
air in the halls is homogeneous. The equation for the mass
balance is
VdC = Gdt + QC, dt - QCdt, (1)
where G is the rate of CO2 generation which is a result of the
respiration of the occupants, Q - volumetric airflow rate into
(and out of) the space, i.e. it is the airflow exchanged with the
outside environment for one second, V — hall space, Cv - the
CO2 concentration in inflow air, and C - the indoor air CO;
concentration and respectively, CO2 concentration in the
outflow air.

When the hall was occupied and had not been ventilated
(Q=0) and if accepted that the generation rate of CO2 did not
change with time depending factors, CO2 concentration is a
linear function of time —

G

C=C,+—t. 2
0+V ()

Co in Eq. (2) is the room CO: concentration in the beginning of
the experiment.

When the hall has been ventilated (Q # 0), the carbon
dioxide concentration will change exponentially over time

G G o
C:Cv+6—(CV+6—Coje v 3)

Approximating experimental data in regime M2 with Eq. (2), the
rate of CO2 generation G could be estimated, and in regimes
MO, M3, M4 and M5 with Eq. (3) - the airflow rate Q.

Results and discussion

The temperature profile in height (Fig. 3) when a lecture hall
is empty (regime M1) indicates that it is stably stratified.
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Fig. 3. Stratification of temperature

It can be seen on the figure that in regime M1 the
temperature increases with 2.3°C with the increase of the
height . Its gradient also grows up with 0.3 K/m. Natural
ventilation for 30 minutes by opening W-8 (regime MO0) results
in a drop of the temperature from about 3°C at the level of the
floor to 5°C at 2 m height. At the end of the regime MO the
temperature at the three levels reaches about 17°C, while
maintaining its stratification. After shutting down the ventilation
(regime M1), the temperature rises twice as fast and 5 minutes
later it reaches 2/3 of its maximum value. Then it increases
slowly (during 35 minutes) to its previous values still
maintaining the stratification

The measurements of the temperature and CO:
concentration for the three dates show that after the initial
ventilation (regime MO0), the temperature in the upper inner part
of the room (p.4) was higher in comparison with the
temperature at the lecturer desk - the lowest inner part of the
room (p.6). The difference might range from 0,5-1,5°C
depending on the way and the duration of ventilation. When
the room was occupied by students located in its front half (as
was the case on 26" Jan and 1st Feb), the temperature
increase is the same for both points and it is not dependent on
the room displacement. On these days the number of students
was 13-15 and the respective occupant density of the hall was
0,043 - 0,050 m3. When the density of occupancy was almost
2 times higher (0,086 m-3, with 26 people on 30t Jan), the
temperature in the upper part of the room (p.4) increased by
about 1°C, while at its bottom (p.6) it remained almost
unchanged.

As expected, the number of students affected the change in
CO:2 concentration in the hall as the rate at which it grew was
proportional to the number of occupants. Carbon dioxide
concentration reached its highest value (1250 ppm) when the
number of students in the hall was the biggest (26 students).
This fact confirms the result obtained in (Velichkova et al.,
2016) that the only source of indoor air pollution with carbon
dioxide is the human presence.

The dynamic characteristics of the temperature and CO:
concentration in p.4 and p.6 were illustrated in Fig. 4 for 30th
Jan and in Fig. 5 for 1st Feb. The experimental data for
increase and decrease of CO2 were approximated by Eq.(2) in
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regime M2 and Eq.(3) in regimes M0, M3 - M5. The resulting
values of CO2 generation rate G and the airflow rate Q, are
shown in Table 1. In the same table the values of G and Q
obtained from the experiments during the spring-summer
season in 2016 are also shown.

The dynamic characteristic of temperature (Fig. 4, left) shows
that the changes in temperature in both measuring points in
regime MO are with the same speed, but the magnitude of this
change is 1°C greater in the upper inner part of the room. After
closing the window (regime M2) the temperature increases
relatively slower in p.6 and 50 min later its value is about 1°C
lower than the one in p.4. After subsequent ventilation by
opening W-8 and the door (regime M4), the temperature
decreases, but the rate of its reduction in p.4 now is more than
twice as high as the one in p.6. The observed behavior of the
temperature could be explained by taking into account the
circulation due to the higher temperature of the air exhaled by
the students in the respiratory area (around the middle of the
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room) and the additional circulation that appeared at opening
the door, because of the temperature difference between the
room and the corridor - about 2 - 3°C.

The described temperature behavior reflects on the dynamic
behavior of the CO2 concentration (Fig. 4, right). It can be seen
that the concentration grows up at a higher speed in the upper
inner part of the hall p.4, reaching a value of 150 ppm higher
than the one in p.6. The air circulation caused by its additional
heating in the respiratory area where the CO: content is
greater might explain such behavior of the dynamic
characteristics and respectively the higher value of the
generation rate in p.4, although there were no students in this
part of the hall.

The fact that the door was also opened at next ventilation
resulted in a slightly higher flow rate (see Table 1) and better
ventilation, respectively, so that the CO2 concentration reached
the external level - about 400 ppm, (Fig. 4, right).
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Fig.4.Dynamic characteristics of the temperature (left-hand) and the concentration of CO: (right hand), measured at p.4 (A ) and p.6 (m). The lines were
obtained by approximation of the experimental data for p.6 (solid line) and p.4 (dashed line) with Eq.(2) for regime M2 and Eq.(3) for regimes M0 and M4

The experiments on 26% Jan and 1st Feb, when the
occupants’ density of the room is half (0,043-0,050 m-3)
compared to 30t Jan (0.086 m-3), show an adequate change in
the growth of CO2 concentration. In both cases, the increase of
the temperature in regime M2 (without ventilation) is at
approximately the same rate for the two measuring points, and
the values of the CO2 concentration recorded in the upper
internal part of the room (p.4) and in the lower internal part of
the hall p.6 are practically the same. This fact indicates that as
a result of the air circulation when the number of people was
smaller, the air temperature and the CO. content were
uniformly distributed in the hall volume. The temperature in the
upper inner part remains higher than in the lower though with
only 0.5°C. . This temperature difference observed in all
experiments caused the greater amount of fresh air to move
around the windows where the temperature gradient is higher.

The lower value of the generation rate derived from the
approximation of the data from 26t Jan experiment might be
due to the fact that part of the students were leaving the room
and there was practically an unpredicted growth of the
ventilation when the door was opening. The situation on the 1st
Feb experiment was similar, when a little after the beginning of
the classes, CO: started to increase rapidly, leading to G = 173
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ml/(min.p) in p.4 and G = 242 ml/ (min.p) in p.6. These values
are similar to the ones obtained from the experiments on the
other two dates. Shortly after the start of the classes, the door
could not be well closed, which reflected the rate of the CO:
concentration increase. Since we do not have enough data to
correctly account for the air flowing through the door (perhaps
not very large due to the slight difference between the room
and corridor temperatures), we could not calculate correctly the
values of G. But this could create additional ventilation that
might explain the change observed in the increase of CO;
concentration.

Unlike the initial room airing by W-8 (regime MO, 1st Feb),
when the class ends additional ventilation is going through W-1
and the door (regime M5). Then the temperature in p.6, located
closest to the source of ventilation, drops by 3°C, while in p.4 -
only by 1.2°C. What is interesting is that when the ventilation is
done through the W-8 and the door (regime M4), the airflow
rate at p.4 (with a higher temperature) was 45 % lower than
that in p.6. In regime M5 (airing via W-1 and the door) - the
airflow rate in p.4 is 67 % higher than the one in p.6. This
difference is only 11-13% for the experiments of 26t and 30t
Jan.
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Fig. 5. Dynamic characteristics of the temperature (left-hand) and the concentration of CO: (right hand), measured at p.4 (A ) and p.6 (w). The lines were
obtained by approximation of the experimental data for p.6 (solid line) and p.4 (dashed line) with Eq. (2) for regime M2 and Eq.(3) for regimes M0 and M5

Table 1

Experimental conditions and calculated by the graph parameters: rate of CO2 generation G, airflow rate Q and specific airflow rate n,
obtained during the summer season experiments 2016 and winter season experiments in 2017

Data 2016 . 2017 g.

18 March 1 June 26 January 30 January 1 February
activity lecture exam exam lecture lecture
Number of students 16 31 153 26 13
Distribution lIrr_egu_Iar, more students were regular Irregular, more students were sitting in the front half of

sitting in the front half of the hall the hall

Occupant density, m3 0.053 0.103 0.050 0.086 0.043
G, ml/(min.p), | point 4 - - 240 | 204 | 232 | 227 242
regime M2 point 6 153 188 229 78 167 199 173
Q. s poi.nt 4 - - 646 964 | 704 | 312 569

' point 6 417 847 750 626 | 624 | 606 340
n:%, point 4 - - 0.129 0.113 |0.141] 0.062 0.114
!m3 /min ) ,

" point 6 0.083 0.169 0.152 0.125 10125 0.121 0.165

A= o~ Gusppm 260 w0 To0 G0

In all cases it could be clearly seen, that the reduction of
carbon dioxide is stronger at the location close to the opening
at the lower temperature. This shows that the airflows which
are refreshing the air in the process of ventilation depend
mainly on the difference between outdoor and indoor
temperatures which is almost the same for the three
experiments and does not depend on the number of occupants
and the COz concentration in the room atmosphere.

Comparing data for 1st Feb and 26t Jan shows that change
in CO2 concentration for the experiments on 1st Feb is less
than the one on 26t Jan (Table 1), although the number of
students is almost the same (13-15 students). According to
Lazovi¢ et al., 2015, the speed at which a person generates
CO2 depends on the duration and intensity of physical and
mental activities as well as on the stress. In our previous
experiment in case of a uniform distribution of the students in
the lecture hall, with a high enough density, we received that
G= 188 mf/(min.p). This value is very close to the value given
by Dubrovskii, 2002). The G values received at data
approximation in present experiments exceed those obtained
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by us in 2016 and also cited for normal mental activity. This is
possible, taking in account the fact that during classes, each
student presented their own project and after a discussion of
their work, the lecturer assessed their knowledge - the way
they defended their project and their activity in the discussion
of their colleagues’ projects. That increases the participants’
stress (more possibly its duration).

This situation, similar to an exam, leads to increase of mental
activity and undoubtedly causes some degree of stress. Higher
G values in comparison with experiments in 2016 might also
be interpreted as an indicator of more intense mental activity
during the winter season than in spring - summer.
Underestimation because of the though small ventilation by the
opened door could explain the smaller G values.

The results from the experiments on all dates show that at
given room occupancy and used ventilation regimes each
student receives fresh air, much more (2.5-4.5 times) than the
required one of 7+10 {/(s.p), according to the Bulgarian State
Standard (BDS/EN 15251, 2007).
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Conclusion

A necessary condition for a pleasant and effective work of
the students during the learning process is to provide an indoor
atmosphere of good quality in educational institutions. Our
study shows that the natural ventilation in the considered
lecture hall at usual occupancy density is perfectly suitable for
this purpose even in winter conditions, as well. For that
occupancy of the room and the ventilation regimes employed,
each student has received a sufficient amount of fresh air
which ensured good conditions for working and training.

It has been found that the way in which ventilation takes
place depends on the location of the ventilation source and on
the difference between outside and inside temperatures.
Therefore, to determine which source of natural ventilation
should be used without compromising students' thermal
comfort, it should be taken in account which are the preferred
seats in the hall.

The existence of a stable temperature stratification in the hall
is established.

Having in mind the students’ activities during the
experiments, the higher values of the generation rate of carbon
dioxide might be associated with activating their mental activity
and the state of stress.
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