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INTRODUCTION

For some time, many researchers have been 
addressing the values in the air in which people 
spend their time. Studies have considered the 
concentration of carbon contained in classrooms 
in a large measure (Norbäck et al., 2013; Oha et 
al., 2019; Tureková et al., 2022). The concentra-
tion of carbon contained in the enclosure affects 
the health of those in its presence. The type of 
air quality is influenced by the type of effects 
and air transmission, which is the effect (Azuma 
et al., 2018, Branco et al., 2019, Deng and Lau, 
2019). Many scientific studies conducted in Pol-
ish teaching rooms (Gładyszewska-Fiedoruk and 
Wiater, 2025; Jerominko and Cichowicz, 2025; 
Szczepanik-Ścisło and Ścisło, 2023) concluded 
that certain internal activities do not differ from 

the effects reported by researchers (Sakhi et al., 
2019; Sidorin, 2015; Fromme et al., 2005).

Studies on carbon dioxide distribution in 
closed rooms were mainly based on measure-
ments conducted under real conditions (Norbäck 
et al. 2013; Kapalo et al., 2021; Wilk et al., 2025; 
Lu, et al., 2021). Due to the limited number of 
carbon dioxide sensors, measurements are usu-
ally taken at several points in the room. On the 
other hand, numerical simulation ensures the dis-
tribution of carbon dioxide concentration at all 
points in the room. In the literature (Braun and 
Lawrence, 2006; Johnson, et al., 2018; Mahyud-
din and Awbi, 2012) one can find research based 
on numerical modeling of the spatial distribution 
of carbon dioxide in various rooms.

There is a lack of publications related to a 
mathematical description of the phenomenon 
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of carbon dioxide emission and dispersion in 
rooms. This prompted the authors to create and 
verify the mathematical model. Models pre-
sented in the literature are case studies. The 
presented model was created for passenger cars 
(a special case of rooms with a small cubic ca-
pacity and a relatively large number of people) 
(Gładyszewska-Fiedoruk, 2011), and after mod-
ification, it is suitable for rooms occupied by a 
significant number of people.

MATHEMATICAL MODEL

On the basis of the developed model, it is pos-
sible to determine the amount of exhaled carbon 
dioxide by a person performing a specific activity 
(specific physical or intellectual activity) under 
specific internal conditions at a given time. After 
taking into account the room volume, the model 
can be used to determine the carbon dioxide con-
centration in the room.

The ventilation air flow optimization prob-
lem was developed based on the energy cost 
analysis (Simanic et al., 2019) and in the pub-
lication by Mossolly et al. (2009) using genetic 
algorithm optimization.

When verifying the model and using it for 
simulation needs, it is necessary to provide the 
internal conditions at which the measurements of 
carbon dioxide concentration in the room were 
performed: temperature and relative humidity of 
air as well as atmospheric pressure. Under simu-
lation conditions, normative data for temperature 
and relative humidity were provide (parameters 
specified in standards (PN-83/B-03430 and PN-
EN 12599:2002/AC:2013) as optimal for a giv-
en type of room) and normal pressure (pressure 
equal to 101325 Pa, approximately corresponds 
to atmospheric pressure).

The following simplifications have been in-
troduced in the model used:
	• closed room,
	• humidity in the calculation room is deter-

mined and recorded at the beginning of the 
experiment,

	• humidity, temperature and pressure at a con-
stant level,

	• no airflow from leaks,
	• a constant amount of carbon dioxide inhaled 

by a human being at a given time, regardless 
of external conditions and human weight, but 
depending on the age and type of activity,

	• the amount of carbon dioxide exhaled de-
pends on the number of people in the room 
and is calculated as the sum of the compo-
nents of carbon dioxide emissions, the only 
carbon dioxide source in a given room is gen-
erated by humans.

The calculation algorithm of the presented 
model can be presented in the form of a block 
diagram presented in Figure 1.

METHODOLOGY

In order to verify the model, carbon dioxide 
concentration measurements were performed in 

Figure 1. Block diagram of the calculation model
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of the measured value for the range 0 to +50 °C 
(Teleszewski, Gajewski, 2020). Measurements 
were performed in the carbon dioxide concentra-
tion range of 440 ppm to 1800 ppm.

The deviation of the results obtained from the 
simulation and the results obtained during experi-
mental studies was calculated from the relation-
ship to the relative error Dn :
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where:	nEXP is the concentration of carbon diox-
ide obtained during experimental tests, 
whereas nMOD represents the concentration 
of carbon dioxide obtained from simula-
tion tests (Teleszewski, Gajewski, 2025).

RESULTS AND ANALYSIS

In the teaching room, the initial carbon diox-
ide concentration was not much higher than the 
carbon dioxide concentration in the external air 
(Table 1). This means that the teaching room was 
well aired before the measurements.

The maximum deviation between the results 
obtained from the model and the results obtained 
during the tests was 13.8% (room A) and 18.8% 
(room B). The largest deviation of the carbon 
dioxide concentration measurements from the 
simulation (always at the beginning and end of 
the tests) indicated a very similar course of the 
lectures in all measurement series. The air quality 
disturbances at the beginning of the experiment 
are caused by varying student activity levels at 

Figure 2. The analyzed rooms

two teaching rooms during the heating season. 
Experimental studies were carried out in rooms 
differing in existing ventilation systems. Teaching 
rooms A and B (Figure 2) were of similar dimen-
sions – about 52 m2 (about 156 m3). These are 
typical lecture and training rooms.

The room A was naturally ventilated through 
gravitational exhaust ventilation. Room B was 
equipped with mechanical. Mechanical ventila-
tion was operated periodically, depending on the 
needs. The room was ventilated during the break 
only through the corridor door; mechanical ven-
tilation was not turned off during the experiment.

The filling of the rooms during the measure-
ments in the first test cycle ranged from 60% to 
85% of the maximum number of students. In 
each of the measurement series included in the 
presented averages (five measurement series were 
made on the average), there were the same num-
ber of students.

Experimental research was conducted during 
lectures in the second research cycle, with a dif-
ferent number of students (lectures in room A – 
45 people – 75%, lectures in room B – 55 people 
– 90% of the room filling).

The measurements of carbon dioxide con-
centration were conducted at the height of the 
student’s head sitting at the bench (about 1.1 m 
from the floor surface level). The results of the 
experiment are presented in Figure 3. Measure-
ments of carbon dioxide concentration were car-
ried out using a Testo IAQ probe connected to a 
Testo 435 recorder, for which the error is ± 3% 
of the measured value for the range 0–5000 ppm, 
humidity for which the error is ± 1 %RH of the 
measured value for the range +10 to +98% RH 
and temperature for which the error is ±0.3 °C 
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the beginning of the class. One group of students 
enters the room, takes their seats, and is ready to 
participate in the class, while the other group en-
ters enthusiastically and needs more time to begin 
the class. The air quality disturbances at the end 
of the experiment are caused by a different factor. 
At higher carbon dioxide concentrations, the air 
quality pattern changes. Human carbon dioxide 
production is slower, and therefore carbon diox-
ide concentration does not follow a straight line. 
This phenomenon is observed in publications 
(Teleszewski and Gładyszewska-Fiedoruk, 2019; 
Gładyszewska-Fiedoruk and Wiater, 2025).

Consistent with the experimental design, the 
differences between the rooms are small, as evi-
denced by the mean model deviations, which are 
very similar in both rooms. However, it can be 
noted that in room B, equipped with mechanical 
ventilation, the agreement between the model re-
sults and the measurements was slightly better. 
This may be due to more stable air exchange con-
ditions and a more predictable ventilation airflow 
compared to natural ventilation.

The deviation of the results obtained from 
the simulation and the results obtained during 
experimental studies was calculated from the 
relationship (1). It was assumed that if the de-
viation is smaller than the error of experimental 
research, the model error is within the allowable 
error (Galas et al., 2019).

During the research cycle, the measurement 
series made during the lectures can be considered 
as fully verifying the created model. Although 
the model calculations and measurement results 
differ as much as possible: in the case of room 
A by 5.2%, and in the case of room B by 6.1%; 
nevertheless, the average deviation of the results 
is only 2.1% in the case of room A and 1.6% in 
the case of room B (Figure 3). Using the Pear-
son correlation coefficient test, it should be em-
phasized that in the case of both teaching rooms 
under consideration it is above 0.99 for the given 
analyzed measurement range. 

The results of the verification should be con-
sidered very good, considering the conditions of 
the experiment, where in the room A there was 
an exchange of air through the leaking window 
and door joinery. In turn, mechanical ventilation 
ducts were installed in room B, through which air 
flowed freely from the room in which the experi-
ment was conducted, to other teaching rooms and 
vice versa.

It should also be noted that both the results 
of measurements in very similar teaching rooms 
as well as the results of model calculations are 
lines parallel to each other. The displacement 
of the lines in Figure 3 results from the number 
of students participating in the classes during 

Table 1. Initial parameters of indoor

Parameter Unit
Room

A B

Temperature °C 22.6 17.7

Humidity % RH 57.7 45.8

Carbon dioxide concentration ppm 439 520

Area m2 52 52

Max the number of students number 60 60

Current number of students % 75 90

Figure 3. Results of verification of the mathematical model based on the results of measurements
of carbon dioxide concentration in teaching rooms A and B
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measurements of indoor air quality. The external 
conditions of the experiment did not disturb the 
nature of the changes in carbon dioxide concen-
tration in the room.

The greater the number of people in a small 
area, the more accurate the results of model veri-
fication. This relationship was best observed dur-
ing the experiment and simulations carried out in 
the same teaching room with different numbers 
of students.

In the literature (Vamsi Bankapalli et al., 
2025; Arya et al., 2025), researchers attempt to 
describe the phenomenon of carbon dioxide emis-
sions and concentration as precisely as possible in 
small spaces and with large occupancies. Many of 
the models presented in the literature describe this 
phenomenon very precisely (Azoulay Kochavi, et 
al., 2025; Dai et al., 2024). The presented model 
is of an engineering nature. The presented model 
can be used to develop the sensors that will reg-
ulate ventilation systems or simply monitor the 
indoor environment. This model can also be used 
to simulate other air pollutants, which will be the 
subject of future publications.

CONCLUSIONS

With the help of the described mathematical 
model, it is possible to determine the concentra-
tion of carbon dioxide exhaled by people, carbon 
dioxide at a specific physical activity and under 
certain internal conditions (temperature, relative 
humidity and atmospheric pressure).

During the verification, results of the experi-
ments were obtained, which met two conditions:
1.	Verification of the created model was carried 

out in the rooms where there was no air ex-
change phenomenon.

2.	The experiment was carried out continuously 
at a specified time (no instantaneous measure-
ment results).

The results of simulation calculations using 
the model can contribute to determining the re-
quired ventilation efficiency, i.e., the required size 
of the ventilated air stream, to ensure the indoor 
air quality.

In all model verifications presented in the 
study, the maximum average deviation was in the 
range of 1.6% ÷ 2.1%.

Simulation of carbon dioxide concentration 
in closed rooms using a model can be useful to 

determine the time of mechanical ventilation 
switching on or to determine its efficiency. The 
model can be used in the design of air quality 
monitoring systems, including the CO₂ sensors 
that control ventilation. It can also be useful for 
creating the tools for counting people in a room.
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