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Abstract
Based on an experimental study, a simplified model is constructed for the concentration of carbon dioxide in conference 
rooms with stack ventilation. The experiments were carried out in a conference room in the building of the Faculty of Civil 
and Environmental Engineering at Białystok University of Technology in Poland. Tests were performed with and without 
prior airing of the room by opening windows before sessions. The air supply was regulated by unsealing or opening of the 
windows. In all cases, a linear increase in the level of carbon dioxide was recorded during sessions. The increase in carbon 
dioxide concentration in rooms of this type is dependent primarily on the volume of the room, the number of people occupy-
ing it and the air change rate. In this work, a simplified comprehensive formula was developed to predict the concentration of 
carbon dioxide in rooms. The model may be applied for the design of systems of automatic regulation in ventilation instal-
lations and for analysis of carbon dioxide concentrations in closed rooms used by people. It is proposed that the model can 
be applied in the regulation of mechanical ventilation in rooms based on the concentration of carbon dioxide.

Keywords Carbon dioxide · Indoor air quality · Indoor microclimate · Simulation · Stack ventilation

List of symbols
a  The coefficient
aCO2

  Concentration computed
aCO2,ex

  External concentration of  CO2
aCO2,exp

  Measured concentration of carbon dioxide in 
the room

aCO2,t=0  The initial  CO2 concentration
ACH  Air change rate
B  Constant value
b  The coefficient
c  The coefficient
CFD  Computational fluid dynamics
d  The coefficient
e  The coefficient
G  The quantity of carbon dioxide generated by 

all persons in the room

g  Quantity of carbon dioxide exhaled by a 
person depending on action being performed

HVAC  Heating, ventilation and air-conditioning 
systems

IAQ  Indoor air quality
IEQ  Indoor environmental quality
k  Dimensionless factor depending on the air 

change rate
m  Air change rate
n  The number of persons
PACT-IAQ  Preliminary assessment and control of 

indoor air quality
PM2.5  Particulate matter—diameter smaller than 

2.5 µm
PM10  Particulate matter—diameter smaller than 

10 µm
Q  Rate of flow of air through the room
t  Time
TVOC  Total volatile organic compounds
V  The room volume
ΔaCO2

  Measured increase in carbon dioxide 
concentration
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Introduction

Contamination of the air within rooms may originate both 
from the ambient external air penetrating into the interior 
and directly from internal sources.

Contaminants regarded as harmful to health have been 
identified and selected in the form of a list of contaminants 
to be taken into account in determining the IAQ index, 
defined by Salis et al. (2017). The selected substances are 
acetaldehyde, acrolein, α-pinene, benzene, carbon diox-
ide, formaldehyde, naphthalene, nitrogen dioxide, PM10, 
PM2.5, radon, styrene, toluene, trichloroethylene, TVOC 
and mould (Salis et al. 2017). Some scientists view the 
IAQ index as an indicator of the concentration of  CO2 
(Khazaei et al. 2019; Zender-Świercz 2017, 2018).

Carbon dioxide is the most powerful predictor in the case 
of rooms occupied by large numbers of persons (Szczurek 
et al. 2015). Conference rooms belong to this category.

The permissible concentration of carbon dioxide in 
closed rooms is 1000 ppm. This is a minimum hygienic 
requirement recommended by standards (ASHRAE 2006; 
EN 13779: 2008; WHO 1990).

Small conference rooms often have only stack ventila-
tion, which produces a small, constant flow of air in the 
room. The level of carbon dioxide in conference rooms has 
a significant effect on the comfort of the working condi-
tions (Tham 2016).

In rooms occupied by numbers of people, the quality 
of the air is extremely important. In such rooms, tests are 
carried out for various biological (Weryszko-Chmielewska 
et al. 2018) and chemical (Rogula-Kozłowska et al. 2018) 
contaminants.

The rational use of natural ventilation favours improve-
ment in air quality inside rooms (Silva et al. 2017; Yu et al. 
2017; Mijakowski and Sowa 2017). In one study (Yao and 
Zhao 2017), field measurements were taken with the aim 
of understanding the static distribution of the natural ven-
tilation coefficient. The method was based on a nonlinear 
fit of the carbon dioxide concentration. An analysis was 
made of factors such as type of window, degree of open-
ing of window and area, in order to determine how they 
affect the rate of natural ventilation. It was found that the 
natural ventilation coefficient has a logistic distribution, 
with μ = 0.86 and σ = 0.88.

A study by Deng et al. (2018) aimed to determine, by 
experimental and simulation methods, how the air change 
rate affects the removal of carbon dioxide. A series of exper-
iments was carried out with different ACH values using 
sources of constant carbon dioxide contamination, in order 
to check the correctness of the simulations. The findings are 
important for practical applications in the design and control 
of ventilation systems from the health perspective.

Real-time monitoring of the thermal conditions in rooms 
requires dynamic models of temperature and air humidity. A 
computational fluid dynamics (CFD) model is too expensive 
in computational terms (Kong et al. 2015).

Wang et al. (2016) introduced a tool for preliminary 
assessment and control of room air quality (evaluation 
index), having the aim of obtaining concentrations of con-
taminants and simulating and estimating the contaminant 
loads. The simulation model was applied to industrial build-
ings, and measurements were taken for verification. Evalu-
ation index is a promising tool for use in the monitoring of 
contaminants in indoor air.

Baranowski and Ferdyn-Grygierek (2015) and Arendt 
et al. (2017) attempted to model natural ventilation in a 
small single-family building, school building and multi-
family building. They aimed to determine the value of the 
potential of natural ventilation, which can provide significant 
information for architects, enabling the correct design of 
natural ventilation strategies at the concept stage and when 
designing buildings.

Kusiak et al. (2010) presented a data-based approach to 
the modelling of sensors of internal air quality (IAQ). The 
paper includes the results of computations based on models 
constructed using various algorithms. Models built from 
data mining algorithms may serve as virtual IAQ sensors in 
buildings and may be used for online monitoring.

Szczurek et al. (2015) described an original method for 
analysing the effect of various factors on variation in room 
air parameters. It distinguishes three types of effects on such 
variation: promotion, delay and stabilisation. It was deter-
mined that all of these types of effect apply to variation in 
 CO2 levels. The method may prove useful in evaluating the 
susceptibility of a building environment to a wide range of 
internal factors, including carbon dioxide concentration.

A model described by Griffiths and Eftekhari (2008) was 
used for verification of their own experimental results. It 
can be used as a basis for the construction of a model taking 
account of the specific conditions of an experiment. The 
model was constructed and verified against weekly measure-
ment results. In spite of the small number of measurements, 
the authors identified the need to create a larger number 
of practical recommendations to ensure the good quality of 
indoor air in schools. They also pointed out the need to use 
 CO2 sensors in selected rooms for constant monitoring of 
the internal environment.

The present model was verified by means of field experi-
ments. The measurement results were also used to verify the 
model of Griffiths and Eftekhari (2008) and to compare the 
two models. In the paper (Teleszewski and Gładyszewska-
Fiedoruk 2018), a model was developed to give the carbon 
dioxide concentration in conference rooms with stack ven-
tilation as a function of time, number of persons present and 
room volume. This model was accurate for an air change rate 
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of 0.5 h−1. In the present work, the chief aim is to investigate 
the content of carbon dioxide in rooms having stack ventila-
tion systems of differing capacity, and to develop a simpli-
fied model of total emission of carbon dioxide as a function 
of time, number of persons present and room volume, being 
further dependent on the air change rate. The model may 
be used as a simple tool for predicting the concentration of 
contaminants produced by humans, particularly the carbon 
dioxide concentration. The proposed model may be useful in 
designing HVAC control elements. It will be used as a basis 
for the creation of an application for designers of natural 
and mechanical ventilation systems, serving to determine 
carbon dioxide concentration in a room depending on the 
air change rate.

Carbon dioxide levels were measured in a conference 
room in the building of the Faculty of Civil and Environ-
mental Engineering at Białystok University of Technology 
from April 2017 until February 2018.

Materials and methods

The investigation was conducted in two parts. In the first 
part, experimental measurements of temperature, humidity 
and carbon dioxide concentration were taken in the confer-
ence room. In the second part, a model for carbon dioxide 
concentration in rooms was constructed.

Measurements of carbon dioxide concentration 
in the conference room

Carbon dioxide levels were measured in a conference room 
in the building of the Faculty of Civil and Environmental 
Engineering at Białystok University of Technology (Fig. 1). 
This building is located in the city of Białystok, Poland, 

which lies in a temperate climatic zone, in an area with very 
clean external air (Peel et al. 2007a, b), and there are no 
industrial plants generating air pollution in the city or its 
neighbourhood. The annual average carbon dioxide concen-
tration in the external air is 370.34 ppm.

In the room under analysis, the occupation time (time 
spent listening to talks, without leaving the room) lasted 
from 60 to 120 min. The common interval in which analysis 
was carried out is marked on the graphs. Carbon dioxide 
concentration was recorded during a session over a time of 
90 min, with the windows closed, unsealed (Fig. 2a–b) and 
open (Fig. 2c). Analysis was carried out with and without 
airing of the room with open windows prior to sessions. 
The time of airing is given in the last column of Table 1, 
and it ranged from 60 to 720 min (12 h, i.e. the whole of the 
previous night). The air change rate in the room was regu-
lated by unsealing or opening of windows. In the analysed 
room, with the windows tightly closed, the air change rate 
in the room was close to zero. Measurements were taken 
for a whole year, on selected days (as given in Table 1) and 
at different external temperatures, which led to different air 
change rates. No measurements were taken in the summer 
period (on days when the outside temperature was above 
22 °C, since mechanical ventilation was then replaced with 
the opening of windows). Internal environmental param-
eters were measured in accordance with recommendations 
given in the literature (Recknagel et al. 2006). Measure-
ments were taken with a Testo recorder and IAQ probe, with 
parameters as described in the publications (Teleszewski 
and Gładyszewska-Fiedoruk 2018; Krawczyk et al. 2018). 
Probes were positioned at five measurement points situ-
ated 1.1 m above floor level, and this was assumed to be the 
height of a person’s head during sessions in the conference 
room. Next, mean values were computed. The mean external 
concentration of  CO2 at the time of the measurements was 

Fig. 1  Building of the Faculty of Civil and Environmental Engineering: a exterior view, b location of the analysed conference room on a plan of 
the building
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395 ppm. Results were recorded for each minute, each being 
the arithmetic mean of 30 measurements taken every 2 s.

For the whole of the time, the mean air temperature in the 
room was maintained at 21.10 °C, and the relative humidity 
ranged from 40.15% in winter to 55.71% in summer. The 
relative humidity in the room was lowest in winter due to the 
use of convection heaters. The room has a uniform height of 
3 m and a volume of 308.817 m3, and it seats a maximum 
of 65 persons. The only type of ventilation in use is natu-
ral ventilation (stack ventilation via ducts, and infiltration 
via slits around the door, which leads into a large corridor). 
The HVAC system in the conference rooms is equipped 
with temperature regulators. The window frames are air-
tight (U = 0.8 W/(m2K)) and made of PVC, and they were 
replaced in 2007. Table 1 gives the numbers and dates of 

the measurement series, the number of persons present, the 
mean humidity, the initial carbon dioxide concentration, the 
air change rate in the room, and the time for which the room 
was aired prior to the session.

Modelling carbon dioxide levels in conference 
rooms

A previous study (Teleszewski and Gładyszewska-Fiedoruk 
2018) has shown that the rate of increase in carbon dioxide 
levels in a conference room with stack ventilation depends 
primarily on the number of persons in the room and on the 
room volume. In the present work, analysis was also made of 
the dependence of  CO2 concentration on the air change rate. 
Based on the measurements, a model was constructed to give 

Fig. 2  Means used to regulate ventilation in the studied conference room: a, b unsealing of windows, c opening of windows

Table 1  Details of the studied conference room at the time of measurements

a Windows were opened after 22 min of the session, values relate to the periods t < 22 min/t > 22 min

Series no. Date Number of 
persons
n

γ = n/V Average relative 
humidity

Initial concentra-
tion of  CO2

Air change rate
m

Time of prior airing 
with open windows

– – person person/m3 % ppm h−1 min

1 12/04/2017 53 0.17 44.46 607 0.1 720
2 17/05/2017 48 0.16 48.82 457 0.001 720
3 05/07/2017 54 0.17 55.71 754 6.7 60
4 15/11/2017 59 0.19 45.84 553 2 720
5 13/12/2017 53 0.17 41.73 536 1 720
6 17/01/2018 56 0.18 42.90 1658 8.2 0
7 14/02/2018 53 0.17 40.15 549/2304 0/7.5a 720
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the carbon dioxide concentration as a function of time, room 
volume, number of persons and air change rate:

where B = 180 (Teleszewski and Gładyszewska-Fiedoruk 
2018) is a constant value  (m3 ppm/(person min)), t is time 
(min), n is the number of persons in the conference room, V 
is the room volume  (m3), aCO2,t=0 is the initial  CO2 concen-
tration (ppm), and k is a dimensionless factor depending on 
the air change rate m  (h−1) in the room:

where the coefficients a, b, c, d and e are given in Table 2. 
The coefficients a–d of the formula (2) were obtained by 
interpolating the experiment data with a polynomial, in 
accordance with the procedure presented in Press et al. 
(1992).

Figure 3 shows the relationship between the factor k and the 
air change rate m. The coefficient of determination R2 for the 
relationship k = f (m) is close to unity (R2 = 0.999).

It is noted here that the formula (1) is based on a formula 
derived in (Teleszewski and Gładyszewska-Fiedoruk 2018), 
where carbon dioxide concentrations in conference rooms 
were measured at a constant air change rate of m = 0.5 h−1.

The error of the  CO2 model is calculated using the follow-
ing formula:

(1)aCO2
= B�tk + aCO2,t=0

, � =
n

V

(2)k = f (m) = a + bm + cm1.5 + dm2 + em3

(3)�aCO2
=
|||
||

aCO2,exp
− aCO2

aCO2,exp

|||
||
100%

where aCO2,exp
 is the measured concentration of carbon diox-

ide in the room and aCO2
 is the concentration computed from 

the formula (1).

Results and discussion

The graphical results of measurements of carbon dioxide 
concentrations in the conference room are shown in Fig. 4. A 
linear increase in carbon dioxide was observed in all meas-
urement series, which may indicate that the capacity of the 
stack ventilation is too small (in all series the carbon diox-
ide concentration did not reach a stabilisation point). The 
concentrations of  CO2 ranged from 457 to 3800 ppm. Simi-
lar conditions, although in different rooms, were reported 
by Dorizas et al. (2015a). In the study (Teleszewski and 
Gładyszewska-Fiedoruk 2018), measurements were taken 
in different rooms with different numbers of persons present, 
but at a constant air change rate of 0.5 h−1. The gradient of 
the graph of carbon dioxide concentration in the rooms as a 
linear function of time depended primarily on the number 
of persons and the room volume.

The smaller the volume and the larger the number of 
persons in the room, the larger is the gradient (Telesze-
wski and Gładyszewska-Fiedoruk 2018). In the present 
work, measurements were taken for different values of 
the air change rate in the conference room, in the range 
0.001 h−1 < m < 8.2 h−1. Studies were carried out under 
similar conditions by Dorizas et al. (2015a) and Yao and 
Zhao (2017).

Figure 4 shows a clear indication of the large impact of 
the air change rate on the gradient of the graph of carbon 
dioxide concentration as a linear function of time. The larger 
the air change rate in the room, the smaller the gradient. 
Figure 4 also shows a comparison of the model with experi-
mental values obtained from six measurement series. The 
maximum mean relative error from individual series did 
not exceed 14.5%, and the mean error for all measurements 
was 7.2%. The formula (1) is functional both for rooms that 
have been aired prior to the session and for unaired rooms. 
It should be noted that the constructed model (1) may be 
applied only in the case of small conference rooms, with 
volumes up to 420 m3.

The above model is still applicable when the air change 
rate varies during a session, for example due to the open-
ing of windows. Such a case (measurement series 7) is 
shown on the fifth graph, where windows were opened 
after 22  min, causing the air change rate to increase 
from 0.001 to 7.5 h−1. To adapt the model to changing 
air flow conditions in the room, it is necessary to sup-
ply the variable air change rate at the current time t. Fig-
ure 5 also shows the graph of temperature as a function 
of time. Measurement series 7 took place during winter. 

Table 2  Coefficients of Eq. (2) used to determine the factor k 

Coefficients of Eq. (2)

a b c d e

1.35 − 1.261 0.945 − 0.236 0.005
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m [1/h]

Fig. 3  The factor k as a function of the air change rate m 
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The opening of the windows after 22 min of the session 
caused a sudden drop in temperature as cold outside air 
flowed into the room. A fall in temperature in the room 
also leads to an increase in the heat requirement of the 

system operating inside the room. Reducing the increase 
in carbon dioxide levels in a conference room by opening 
the windows undoubtedly leads to an increase in heating 
costs and is not a cost-effective method of improving the 
quality of air in the room.

Next the derived formula was compared with the experi-
mental results and with the most commonly applied model 
for  CO2 concentration in conference rooms (Almeida and 
Peixoto de Freitas 2014; Griffiths and Eftekhari 2008):

where G is the quantity of carbon dioxide generated by all 
persons in the room  (cm3/s), g is the quantity of carbon diox-
ide exhaled by a person depending on the action being per-
formed  (cm3/h), aCO2,ex

 is the external concentration of car-
bon dioxide (ppm), and Q is the rate of flow of air through 
the room  (m3/s).

(4)

aCO2,m
= aCO2,ex

+
G

Q
+

(

aCO2,t=0
− aCO2,ex

−
G

Q

)

e
−

Q

V
t
,

G = gn, Q = Vk∕3600

Fig. 4  Comparison of measured 
carbon dioxide concentrations 
in the room with values com-
puted from Eq. (1)
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Simulations were performed for measurement series 
2 and 6, which were subject to significantly different air 
change rates (0.0001 h−1 and 8.2 h−1, respectively). The 
experimental value of the air change rate is in accordance 
with (Dorizas et al. 2015a, b). In the model (4), based on 
the literature (Recknagel et al. 2006), two values were 
adopted for the carbon dioxide generated by a person 
performing specified activities: 14 dm3/h for a person at 
rest in a sitting position and 19 dm3/h for a person per-
forming light office work. In the case of measurement 
series 2 (Fig. 6a), using the value 14 dm3/h for carbon 
dioxide exhaled per person, the mean error computed for 
the model (4) was 7.2% (Fig. 6a), while for the value 
g = 19 dm3/h the mean relative error was 22.5% (Fig. 6a). 
The accuracy of the model (4) depends to a large degree 
on the value used for the quantity of exhaled carbon diox-
ide. In the case of measurement series 6 (Fig. 6b), for 
g = 14 dm3/h and g = 19 dm3/h the mean relative errors 
were 55.5% (Fig. 6b) and 49.5% (Fig. 6b), respectively. 
For large air change rates in the conference room, the 
cited model (4) has a fairly high relative error. The mean 
relative errors for measurement series 2 and 6 for the 
derived model (1) were, respectively, 4.7% and 1.6%, 
indicating the high accuracy of the model at both large 
and small air change rates.

Heinzerling et al. (2013) claim that indoor environ-
mental quality (IEQ) models may be a market driver and 
a motivating factor for designers, operators and owners of 
buildings. IEQ measurements may assist in the detection 
and correction of problems, but when such measurements 
are taken in a standard way, IEQ models can be applied 
to transform the measurements into results that can be 
used in evaluations and standards. Such standardised pro-
cedures enable the more appropriate use of IEQ models 
(Heinzerling et al. 2013).

Use of the simplified model of carbon 
dioxide concentration in systems 
for automatic regulation of ventilation 
in conference rooms

This study has concerned only stack ventilation with differ-
ent air change rates. Mechanical ventilation is undoubtedly 
more efficient than stack ventilation in maintaining adequate 
air quality, particularly when account is taken of the recov-
ery of heat from the air removed from the room. The model 
(4) has been applied in the modelling of both stack ventila-
tion (Almeida and Peixoto de Freitas 2014; Arendt et al. 
2017; Griffiths and Eftekhari 2008; Kong et al. 2015) and 
mechanical ventilation (Liang et al. 2017). The simplified 
model of carbon dioxide concentration in conference rooms, 
as derived in the present work, may be used as an additional 
algorithm for controlling the operation of mechanical venti-
lation depending on the carbon dioxide concentration.

Figure 7 shows a concept for a ventilation system with 
heat recovery. Standard automated control of mechanical 
ventilation systems with heat recovery is based on the inter-
nal temperature, which is read from a temperature sensor in 
the wall of the room. The air flow rate in the room may be 
regulated based on readings from a carbon dioxide sensor. 
Based on the measured increase in carbon dioxide concen-
tration ΔaCO2

 in time Δt, the known room volume V and the 
measured current air change rate m in the room, it is possi-
ble to determine the number of persons present in the room 
using the formula (1):

If the gradient of the increase in carbon dioxide concen-
tration is too great, or the concentration exceeds the standard 
permissible value, then—based on the number of persons 

(5)n =
ΔaCO2

V

ΔtBk
, k = f (m)
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in the room as computed from (5)—the regulator will cal-
culate a new air flow rate Q2 for which the increase in car-
bon dioxide concentration is close to zero ( ΔaCO2

/Δt → 0). 
The change of flow rate from Q1 to Q2 may be effected 
by increasing the rotational speed of the impeller (from 
rpm1 to rpm2) and creating a new fan flow characteristic 
(Fig. 8a–b) or by opening the air damper in the ventilation 
ducts (Fig. 9a–b).

Regulation of the fan air flow by changing the rota-
tional speed of the impeller and regulation of the capacity 
by adjusting the air damper are described in the literature 
(Design Guide for Heating 2006). A drawback of throttling 
the air damper is the additional hydraulic losses occurring 
at the damper. When regulation is performed by changing 
the rotational speed of the impeller, every change in rota-
tional speed causes the formation of new flow, efficiency and 

power characteristics. Reducing the rotational speed of the 
impeller leads to a decrease in power on the fan shaft. From 
an energy efficiency point of view, it is more advantageous 
to regulate the flow by varying the rotational speed of the 
impeller (Design Guide for Heating 2006).

Conclusion

A comprehensive formula has been developed for predicting 
the concentration of carbon dioxide in rooms with stack ven-
tilation where carbon dioxide is emitted by persons present 
in the room, taking account of the air change rate. Validation 
of the model was performed based on the results of measure-
ments made in conference rooms during sessions. The model 
may be used both for rooms that have been aired prior to 

Fig. 7  Conceptual diagram for a 
system of automatic regulation 
of ventilation with heat recov-
ery, with an additional sensor of 
carbon dioxide concentration in 
the conference room

Fig. 8  Conceptual diagrams for 
use of the described model (a) 
in conjunction with regulation 
of the fan capacity by vary-
ing the rotational speed of the 
impeller (b)



8039International Journal of Environmental Science and Technology (2019) 16:8031–8040 

1 3

sessions and for unaired rooms. The model was verified by 
measurements made in one conference room, but the amount 
of ACH was different, and at different times of the year of 
measurements. The model presented here may be used in 
the future for performing IAQ analyses, and to support the 
design (optimisation with retention of energy efficiency) 
and response of ventilation systems to the value of carbon 
dioxide concentration measurements and the development 
of IAQ control methods.

The following conclusions may be drawn from the empir-
ical measurements and simulations:

1. The concentration of carbon dioxide in a conference 
room increases throughout a session, most often in a 
linear manner.

2. Opening the windows significantly increases the effec-
tiveness of gravitational ventilation and reduces the 
increase in carbon dioxide levels. It should be noted 
that the opening of windows during session breaks in 
the winter period significantly reduces the concentra-
tion of carbon dioxide in the room, but at the same time 
increases heat losses.

3. The model presented is useful both for air change rates 
close to zero (tightly closed windows) and for high air 
change rates.

4. The developed model may be used in the design of auto-
matic regulation systems in ventilation installations and 
for the analysis of carbon dioxide concentrations in 
rooms.

This work also proposes an implementation of the pre-
sented algorithm in the regulation of mechanical ventila-
tion based on carbon dioxide concentration. The model will 
serve as a basis for the creation of an application for design-
ers of natural and mechanical ventilation systems, used to 
determine the concentration of carbon dioxide in a room 
depending on the air change rate. Further research will be 
carried out in rooms with mechanical ventilation, and the 
results will be compared with those obtained in the case of 
stack ventilation.
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