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A B S T R A C T   

Health problems and respiratory diseases are associated with poor indoor air ventilation. We 
investigated the air quality inside a classroom-laboratory where no ventilation is provided. The 
case of study, consisting of an internal enclosure, is located at the Escuela Técnica Superior de 
Edificación (ETSEM) of Madrid (Spain). The high height favours air stratification which is ana-
lysed in terms of temperature and CO2 spatial distribution. Temperature, air humidity, atmo-
spheric pressure and CO2 concentration measurements were taken in time at three different 
height locations. A CFD numerical model was established to analyse air quality. Flow circulation 
is derived by solving full 3D Navier – Stokes governing equations, coupled with the thermal 
problem. The diffusion problem of the CO2 produced by the inner occupants is then derived from 
the kinematics solution. Three scenarios were taken into account: occupants seated (1), standing 
(2), half seated, half standing (3). Results clearly show the air stratification as a result of density 
gradient, which is in turn determined by temperature difference between the occupants and the 
surrounding air. Temperature prediction maximum relative error is contained to 3.5 %. As ex-
pected, CO2 concentration increases over time, reaching maximum values depending on the 
configuration considered and height location.   

Abbreviation Term 

ΔCO2 Difference in CO2 concentration. 
ACH Air changes per hour 
CO Carbon Monoxide 
CO2 Carbon dioxide 
CTE Technical Building Code, Spain 
ETSEM Escuela Técnica Superior de Edificación (Higher Technical School of Construction) 
EN European Standards 
F Statistical test F (Ronald Fisher) 
HS Basic documenton salubrity 
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(continued ) 

Abbreviation Term 

IAQ Indoor Air Quality 
IEQ Indoor Environmental Quality 
IEQcat Indoor Environmental Quality category for design 
NOX Oxides of nitrogen 
ns Crowding index per unit area 
O3 Ozone 
OMS (WHO) World Health Organization 
p Significance value 
PM Particulate Matter 
ppm parts per million 
qB ventilation rate for building materials 
Qop specific external air flow per person 
qp ventilation rate for people 
qv minimum flow for housing 
SARS-CoV-2 Severe acute respiratory syndrome Coronavirus 2 
SIMA Italian Society of Environmental Medicine 
SO2 Sulfur dioxide 
UNE Spanish Association for Standardisation 
UNESCO United Nations Educational, Scientific and Cultural Organization. 
UNI Italian national unification body   

1. Introduction 

Approximately 80 % of our time is allocated to indoor environments, rendering the surveillance of indoor air quality indispensable 
due to its direct correlation with human health [1]. 

Moreover, research has demonstrated that substandard indoor environmental quality is not only linked to health complications [2], 
but also to the deterioration of cognitive functions, leading to a reduction in productivity by as much as 50 % [3–6]. The importance of 
both indoor and outdoor air quality has been amplified and is garnering heightened attention in the wake of COVID-19 [7–13]. 

As per the UNE 171330:2008 standard, indoor air quality is characterized by the levels of chemical and microbiological 
contamination, in addition to the values of physical parameters such as temperature, humidity, acoustics, or luminescence. 
Contamination can originate from external air introduced into the building, or from internal sources such as occupancy, the type of 
activity conducted, furniture, construction materials, or combustion occurring indoors [14]. 

Given the substantial amount of time spent in indoor environments, there has been a progressive escalation in indoor CO2 con-
centrations and associated health hazards. CO2 levels exceeding 1000 parts per million (ppm) are correlated with diminished venti-
lation rates in classrooms, leading to a higher incidence of headaches, amplified inattentiveness, altered respiratory patterns, and an 
elevated probability of asthma attacks among students. Furthermore, suboptimal ventilation rates, reduced relative humidity, and 
elevated temperatures adversely impact the cognitive capabilities of students within classroom settings [15]. 

Furthermore, Goal 13 of the United Nations’ 2030 Agenda for Sustainable Development mandates immediate measures to mitigate 
climate change and its planetary repercussions [16]. As per the International Energy Agency’s reports, the construction sector is 
responsible for approximately 36 % of global carbon dioxide emissions, thereby positioning it as a pivotal component in the pursuit of 
environmental sustainability [17]. 

Conventional building energy models predominantly concentrate on energy efficiency and cost-effectiveness, potentially 
neglecting other parameters that could not only facilitate a reduction in consumption but also enhance the quality of life for occupants. 
In the context of indoor air quality, these traditional models have primarily focused on temperature, humidity, and particulates, often 
underestimating the role of CO2 [18]. The importance of CO2 in indoor air quality is multifaceted. Firstly, elevated levels of CO2 can 
precipitate cognitive dysfunction and health complications. Secondly, CO2 concentrations can serve as an indicator of the adequacy of 
ventilation within a building. Therefore, the incorporation of CO2 into building energy models is vital for the attainment of sustain-
ability objectives and the assurance of occupant health and comfort. 

The study of CO2 in indoor air quality presents a multitude of challenges. One of the primary challenges is the complexity of the 
models. Buildings are intricate systems exhibiting properties of nonlinearity, multicollinearity, and stochasticity. Another challenge is 
the requirement for cross-disciplinary knowledge and collaboration. It extends beyond understanding the physics of buildings to 
encompass the chemistry of CO2 emissions and the economics of energy utilization. Moreover, real-time monitoring of CO2 levels in 
indoor air quality necessitates the development of advanced cyber-physical systems [19]. 

Given the significance of indoor air quality, in conjunction with the prevailing climate crisis and the environmental footprint 
engendered by the energy consumption of the building sector, it is imperative to meticulously design systems predicated on specific 
needs. Furthermore, it is crucial to integrate energy conservation strategies with the objective of augmenting their efficiency and 
expediting their contribution towards decarbonization [20,21]. 

In light of the aforementioned factors, the surveillance of indoor air quality is of paramount importance. This research presents an 
opportunity to augment our comprehension of the impact of escalating energy efficiency standards, air quality, and mechanical 
ventilation, contingent upon the headroom of the enclosure. 
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Empirical evidence suggests that thermal stratification is a prevalent phenomenon in expansive living spaces during winter. This is 
attributed to natural buoyancy, which propels warmer, less dense air towards the ceiling. Typically, the relatively elevated temper-
ature beneath the ceiling results in a substantial dissipation of heating energy [22–27]. This stratification has been described as one of 
the main causes of energy loss in buildings, so it is very important to take it into account when designing an installation [28–34]. 

Among various case studies, air infiltration emerges as the third most significant factor influencing energy consumption, ac-
counting for 15–50 % of the annual energy expenditure for heating and cooling in commercial buildings within the United States [35]. 
Long-term CO2 measurements have also been conducted, for instance, at an Australian college where data collected over an entire 
academic year averaged between 657 ppm and 2235 ppm [36–39]. Detailed analyses have been performed to understand how 
temperature stratification varies depending on different air-conditioning systems [30,40–42]. However, the stratification of CO2 
relative to occupants and effective practices to maintain satisfactory Indoor Air Quality (IAQ) is less understood. Few models in the 
current literature and practice consider dynamic occupancy behavior and indoor air quality. To address this gap, a dynamic indoor CO2 
model has been developed using machine learning algorithms to predict CO2 concentrations over a range of prediction horizons. These 
systems are instrumental in conducting studies on building air conditioning to identify optimal energy savings and thermal efficiency, 
as well as to investigate the movement of particulate pollutants [43–46]. 

To the best of our knowledge, no existing study has conducted an in-depth examination of the coupled effects of thermal strati-
fication on the dispersion of pollutants, CO2, and humidity within a high-rise room. Consequently, the objective of this research is to 
ascertain the conditions of thermal stratification, CO2 concentration, and humidity within a classroom-laboratory at the ETSEM School 
of Building Engineering, using field measurements. To this aim, a Computational Fluid Dynamics (CFD) model is developed the nu-
merical solution of the coupled problem of heat transfer, laminar flow and transport of diluted species. 

2. Methodology 

2.1. Experimental method 

2.1.1. Study case description 
The classroom-laboratory under scrutiny serves as a venue for practical instruction, featuring seating arrangements for students in 

the center of the room. The room can accommodate up to 80 seated individuals. The classroom is equipped with models and simulators 
displayed on all its walls, facilitating the practical components of the courses and subjects imparted. It is situated on the basement floor 
− 1 of the Escuela Técnica Superior de Edificación (ETSEM) in Madrid, Spain. The dimensions of the classroom-laboratory are 15 m 
(length) × 15 m (width) × 6 m (height). A distinguishing characteristic of the classroom is its considerable free height from the floor to 
the ceiling. (Fig. 1). 

The classroom is an interior enclosure, surrounded by other classrooms around its perimeter. For this reason, it has no windows or 
grilles to the outside for natural ventilation. It has no mechanical or natural ventilation system. It is therefore of interest to analyse the 
indoor air quality in this room. 

More specifically, owing to its tall 6-m height, it is interesting to analyse the stratification of the variables: temperature, humidity, 
pressure and CO2 concentration. 

2.1.2. Measuring system and sensors adopted 
Brand new and factory-calibrated sensors for collecting data on temperature, relative humidity, air pressure and CO2 concentration 

Fig. 1. Classroom-Laboratory under study. Left. Photo during a master class. Right. Infographic of the classroom with a 3-m-high section.  
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were installed. The sensors were supplied by PCE Iberica S.L. Instrumentation dedicated to measurement, regulation, laboratory and 
weighing. The technical characteristics of the equipment can be seen in Table 1. 

The sensors have been placed at the midpoint of one of the sides. About 7 m from the access to the classroom. It is a strategic point 
for analysis, as it is not only a place where students are seated, but also a transit point to access the classroom. 

To analyse indoor air stratification, 3 sensors have been placed at different heights. Sensor number 1 is located 1.10 m above the 
floor, sensor number 2 at 2.90 m above the floor and sensor number 3 at 4.70 m above the floor (Fig. 2). 

The data collection period for this study spanned from May 15, 2022, to June 15, 2022. Throughout this timeframe, the classroom 
environment varied significantly due to different operational states. 

There were specific days when the school was not operational, and consequently, the classroom was unoccupied with all equipment 
powered down. These non-operational days were May 15, 21, 22, 28, 29, and June 4, 5, 11, 12. 

On certain days, the classroom-laboratory remained open despite being unoccupied. During these periods, only the maintenance 
technician was present, and minimal lighting was maintained. The use of simulators or any other electrical equipment was not 
recorded on these days. 

Finally, there were eight specific days when the classroom was fully operational due to a course being conducted for 20 partici-
pants. On these days, all necessary equipment and lighting systems were activated. These operational days were May 18, 19, 25, 26, 
and June 7, 8, 24, 25. This variation in operational states provides a unique perspective on energy usage patterns in an educational 
setting (Table 2). 

2.2. Numerical method 

2.2.1. Physical model 
A 3D CFD numerical model, FEM based, was developed to simulate velocity field, pressure, unsteady temperature distribution and 

CO2 concentrations for the inner air. The commercial solver COMSOL Multiphysics v 6.1 was used for this aim [47]. The solver allowed 
coupling three physical phenomena: heat transfer, laminar flow and transport of diluted species. The computational domain of the 
classroom-laboratory was generated as a closed box with insulated and impermeable walls and without a ventilation system. Domain 
was discretized using unstructured tetrahedral grid. The maximum element size is 0.9 m whereas the minimum allowed size is 0.27 in 
order to prevent the generation of many elements around small curved parts of the geometry; the maximum rate at which the element 
size can grow from a region with small elements to a region with larger elements was set to 1.5, so the element size can grow by at most 
50 % (approximately) from one element to another. A boundary layers mesh with dense element distribution in the normal direction 
along no-slip boundaries was set (2 layers, thickness 0.5 m). 

A grid convergence analysis was conducted by testing two mesh cases with 28128 and 346434 elements, respectively. The 
maximum local temperature difference was found to be 0.005 ◦C. This indicates that the results are convergent and do not vary 
significantly with increased mesh resolution. The convergence analysis by reducing the relative difference in temperatures is also 
adopted for Case 4 of Annex C of UNI EN ISO 10 211 [49]. 

2.2.2. Numerical details and boundary conditions 
Fluid dynamics was coupled with heat transfer, because flow occurred naturally due to temperature gradients. The pressure p and 

Table 1 
Technical specifications of the sensors.  

TECHNICAL SPECIFICATIONS OF THE SENSORS 

Temperature 
Range 0 … +50 ◦C 
Resolution 0,1 ◦C 
Accuracy ±0,15 ◦C @ 0 … +20 ◦C  

±0,1 ◦C @ +20 … +50 ◦C 
Air humidity 
Range 0 … 100 % H.r. 
Resolution 0,1 % H.r. 
Accuracy ±1,5 % H.r. @ 0 … 80 % H.r.  

±2 % H.r. @ 80 … 100 % H.r. 
Atmospheric pressure 
Range 300 … 2000 hPa 
Resolution 0,1 hPa 
Accuracy ±2 hPa @ 25 ◦C y 750 … 1100 hPa  

±4 hPa @ 0 … +50 ◦C y 300 … 1200 hPa 
CO2 concentration 
Range 0 … 40 000 ppm 
Resolution 1 ppm 
Accuracy ±(30 ppm + 3 % del valor) @ 400 … 10 000 ppm @25 ◦C  

±(6 … 10 % del valor) @ 0 … 400 ppm o 10 000 … 40 000 ppm 
Temperature stability 2,5 ppm/◦C @ T = 0 … 50 ◦C, 400 … 10000 ppm 
Sensor type NDIR sensor  
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the velocity components u, v, w are the solution of the Navier-Stokes equations, while the temperature T is solved through the heat 
equation. Conjugate heat transfer was simulated by imposing [18] the following set of equations: 

ρCp
∂T
∂t

+ ρCp u • ∇T+∇ • (− k∇T)+ τ S −
T
ρ

(
∂ρ
∂T

)

p

(
∂pa

∂t
+ u • ∇pa

)

=Q (1)  

Fig. 2. Location of the sensors in the Classroom-Laboratory.  

Table 2 
Classroom-laboratory monitoring Calendar. 
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ρ
(

∂u
∂t

+(u • ∇)u
)

= − ∇p+∇ •

[

μ
(
∇u+(∇u)T)

−
2
3
(∇ • u)I

]

+ F (2)  

where ρ = ρ(p,T) is the varying density (compressible flow), μ = μ(T) is the dynamic viscosity, k = k(T) is the thermal conductivity, F 
is the buoyancy force. The hydrodynamic and temperature fields were required inputs to estimate concentrations c of the n diluted 
species by imposing following equations: 

∂c
∂t

+∇ • J + u • ∇c = R (3)  

J= − D∇c (4) 

For each diluted species it was necessary to define concentration variable, diffusion coefficient D
[

m2

s

]

, initial value and flow J
[

mol
m2s

]

relative to the equivalent section. 
Fig. 3 illustrates the model geometry. Twenty students were placed following the classic pattern of desks in classrooms. 
The domain was bounded by impermeable walls. The applied no-slip condition resulted in zero velocity at the walls and in cor-

respondence with inner occupants (cylinder objects in Fig. 3). Since in a cavity surrounded by walls system, pressure level is not 
uniquely determined, the pressure was fixed at a point to set a boundary condition for this variable [48]. 

In order to determine the occurrence of turbulent or laminar flow according to specific critical value, Grashof number was esti-
mated because it is a measure of the buoyancy with respect to the viscous forces: 

Gr= g β∞(Tw − T∞)
L3

ref

ν2  

where g is the gravity acceleration [m s − 2], β∞ = is thermal expansion coefficient [K− 1], Tw is cylinder temperature [K], T∞ is air 
temperature, Lref is average reference length [Hc] of the hot cylinder [m], ν is kinematic viscosity [m2 s − 1]. When external convection 
is induced by the temperature difference between the solid body (cylinder) surrounded by the air filling the cavity, the Grashof number 
was estimated using the average temperatures of the hot body (Tw = 37 ◦C) and the air (T∞ = 20 ◦C). For a vertical cylinder, the height 
is the appropriate characteristic length because the heated air near the surface of the cylinder tends to rise, creating a velocity and 

Fig. 3. The adopted mesh, consisting of an unstructured tetrahedral grid.  
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temperature profile that extends along the height of the solid. Furthermore, the temperature difference between the cylinder and the 
fluid causes a vertical density gradient, which in turn induces vertical convective motion. Finally, many empirical correlations for 
calculating the Nusselt number in natural convection for vertical cylinders are based on the height of the cylinder. In this case, the 
reference length was taken to be the height of the cylinder in the configuration in which the occupant is seated. Air properties were 
evaluated at 29 ◦C, being the average temperature between warm body and the cold fluid. This expression is useful for calculating the 
Rayleigh number, which remains below 109, allowing turbulence in the room to be neglected. The laminar flow and heat transfer 
interfaces have been fully coupled. 

Temperature evolution during a period of 8 h was simulated, coincident with students’ occupancy. According to the European 
standard, inner thermal loads are counted as constant heat sources estimated as 80 W/m2 for student, counted as metabolic energy. 
People have been modelled like cylinders, whose thermo-physical properties are similar to those of water. Edges of the adopted 
simplified objects representing the occupants, consist of higher-than-ambient-temperature sources in a cavity. Temperature drop 
produces density variation that drives the buoyant flow. According to Boussinesq’s term, it was set a volume force proportional to the 
temperature difference between hot surfaces and the inner air, both monitored by numerical contour and domain probes, respectively. 

Similar to the convective problem, a source of CO2 was considered on the top of cylinders. Emitted carbon dioxide depends on the 
frequency and volume of breaths, as well as the person’s metabolism and environmental conditions. In general, the breathing rate of an 
adult at rest is about 12–20 breaths per minute, and the average volume of each breath is about 0.5 L. According to the percentage of 
CO2 in the exhaled air (4 % of 0.5 l), the average respiration rate (3 s), and the evaluated equivalent exchange area (1 m2), a constant 
flux of 1.82 • 10− 4 mol m− 2s− 1 was estimated to simulate CO2 diffusion. It was necessary to consider the molar volume of the pollutant 
as the temperature and pressure is time dependent. 

2.2.3. Adopted simulation scenarios 
Three configurations were set up: two scenarios consider that all occupants are seated or standing, arranged in a 4 × 5 rectangular 

grid. Based on body surface area and height (Hc), the latter assumed 1.70 m for standing configuration and 1.30 m for seated 
configuration, the radius (R) of the equivalent heat source was calculated, see Table 3. The third assumed configuration assumes half of 
the occupants standing, half seated in the room, see Table 4. 

3. Results and discussion 

3.1. Field results, experimental part 

The objective of this study is to analyse the indoor air quality and the stratification behavior of a classroom-laboratory. This 
analysis is conducted through the measurement of four key variables: temperature (in ◦C), relative humidity (in %), atmospheric 
pressure (in hPa), and CO2 concentration (in ppm). 

Stratification is a well-documented thermal phenomenon that occurs within enclosed spaces, driven by the differential densities of 
warm and cold air. The less dense warm air tends to ascend towards the upper regions of the space, displacing the denser cold air 
towards the lower regions. This stratification effect is evidenced by the temperature readings from sensors placed at different heights 
within the room. The sensor at the top (represented by the blue line) records the highest temperatures, while the sensor at the bottom 
(represented by the green line) records the lowest temperatures. 

Furthermore, during periods when the classroom is occupied by 20 individuals (indicated by the green bands), the highest tem-
perature values are observed. This data provides an opportunity to examine the variation in temperature during active class sessions 
and the subsequent drop in temperature during mid-day breaks. This analysis contributes to a comprehensive understanding of the 
thermal dynamics within an occupied educational setting (Fig. 4). 

Relative humidity stratification refers to the vertical distribution of the amount of water vapour in the atmosphere as a function of 
height above ground level. 

For relative humidity, the opposite is true as for temperature. The highest values are recorded at the sensor located at the bottom 
and the lowest humidity values are recorded at the sensor located at the top of the classroom-laboratory (Fig. 5). It can be stated that it 
manifests itself cyclically in the opposite direction to temperature variations, since the higher the temperature, the less humidity. 
Furthermore, it is observed that the relative humidity values are not close to 100 %, so condensation cannot occur on the surfaces, 
which would cause problems with mold, corrosion, rot and other deterioration related to humidity. 

The atmospheric pressure measured by the three sensors is the same, regardless of the height at which they are placed. The pressure 
in the classroom-laboratory is between 936 ppm and 954 ppm (Fig. 6), which represents acceptable values in temperate regions. 

Regarding CO2 concentration, it is interesting to note that the highest concentrations are found in the sensor placed at a medium 
height, with a difference with respect to the sensor placed at the top and at the bottom of up to 400 ppm (Fig. 7). However, no 
measurement shows high concentrations of CO2, since particularly when it is above 1000 ppm, it causes numerous negative effects on 

Table 3 
Geometric equivalent parameters.  

Geometric equivalent parameters Standing Seated 

Hc [m] 1.30 1.70 
R [m] 0.19 0.15  
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people’s health in the short and long term such as respiratory diseases and reduced lung capacity. 

3.2. Simulation results 

The model simulated the effect of 20 occupants inside the room during the day 2022/05/18 from 7 a.m. to 3 p.m., when laboratory 

Table 4 
Simulated scenarios.  

Configurations N◦ students 

Standing Seated 

1 0 20 
2 20 0 
3 10 10  

Fig. 4. Temperature graph (◦C) during the analysis period.  

Fig. 5. Relative humidity graph (%) during the analysis period.  
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was effectively occupied for a lesson. In order to compare experimental data and numerical results, the configuration with all occu-
pants seated is next considered. 

The finite element analysis returned the temperature of the indoor environment, the velocity field and the concentration of CO2 
inside the cavity. 

Fig. 8 represents air velocity inside the laboratory during the analysis period. Velocity increases with time and is greatest near the 
occupants, where the buoyancy forces are higher. The difference in air density triggers convective motions, even though the velocities 
are low in magnitude, as expected. The fluid flow occurs in the form of a large recirculation loop [20]. 

Speed range does not seem to have changed significantly from scenario 1 to 3. 
Students, who have an initial temperature higher than air’s, resulted in an average temperature increase of two degrees in 8 h, 

estimated by means of fluid domain probe. In addition, three numerical probes were positioned in the fluid domain at the same hight of 
the temperature sensors. 

Natural air recirculation tends to equalise the temperature in the room in 8 h. However, stratification due to the density difference 
is visible, as shown by the Ti evolutions in Table 5 and Fig. 9. Therefore, the highest temperatures are detected by the probe at 4.7 m. 
The curves of Fig. 9, quantitatively displayed in Table 6 for selected points, show that the numerical solution matched the experimental 
data. Suggested model tends to overestimate the inner temperature, especially in the final phase of the period considered, but the 

Fig. 6. Atmospheric pressure graph (hPa) during the analysis period.  

Fig. 7. Graph of CO2 concentration (ppm) during the analysis period.  
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maximum relative error is generally contained within the 3.5 %. 
Table 6 shows the relative error between the experimental data and the numerical results e, in percent. The data obtained belong to 

configuration 1. 
The finite element analysis returned the temperature and pressure of the indoor environment, consequently, allowed to calculate 

CO2 molar volume; the instantaneous concentration of pollutant can be immediately obtained. 
Fig. 10 depicts 4 horizontal section planes of the laboratory with seated students. The model did not consider any ventilation, so the 

pollutant accumulates towards the walls surrounding the students. 
Tables 7 and 8 shows the average indoor ambient temperature for the selected times and positions for both configuration 2 and 3. 
In good agreement with the experimental data collected, the highest CO2 concentrations are found at an average height of 1.1–2.9 

m, where students are present. The greater value reached is around 1101 ppm, being recorded in the occupied area at 1.30 m, while the 
lowest value at the same hight above the floor, is 326 ppm after 8 h. Into fluid domain, the average concentration value after analysis 
period is 535 ppm. 

Fig. 11 shows the numerical model with the distribution of CO2 concentration (ppm) for different heights (m) above the ground 
after 8 h. 

Tables 9–11 below show average, minimum and maximum values of the CO2 concentration for given floor heights and for selected 
times according to the other proposed configurations (mean value was calculated integral on section plane). 

According to the results given in the above Tables, there is the formation of thermal stratification in the room, whereby the internal 
temperature only varies along the height of the room and increases over time, since the active sources are limited during the inves-
tigation period. Consequently, the differences in the heat source distribution are negligible. The inner temperature does not seem to 
change significantly, considering the three scenarios. 

On the other hand, the CO2 concentration is not uniform in the x-y plane, reaching high values in the most fully loaded zone. In line 
with the recorded values of the velocity field, the buoyancy forces fail to even and smooth out the concentration in the horizontal 
plane. Furthermore, there is no upward stratification of pollutants, but the concentration is highest at the level of the human sources. 
As it can be seen, the concentration increases over time and cumulates, as expected, in the head zone. The highest value is recorded by 
the second sensor, considering that the people are all standing, while for the mixed configuration, the first sensor detects the maximum 
one. 

In order to design a correct air-conditioning system, it usually requires the involvement of specific software and algorithms that are 
more cumbersome and expensive to purchase. Within this context, a simple and easy-to-handle, yet accurate, thermal model to 
evaluate the unsteady thermal and fluid dynamics response of inner air was developed. However, it is important to emphasise that this 
model takes into account a single load (both for heat and CO2) due to the presence of occupants. 

Further developments of the present work are intended to include effects of the thermal and ventilation plants and the introduction 

Fig. 8. Velocity field inside the cavity (configuration 1).  

Table 5 
Inner average temperature (configuration “seated”).  

time 
position 

9 a.m. 
Ti [◦C] 

11 a.m. 
Ti [◦C] 

1 p.m. 
Ti [◦C] 

3 p.m. 
Ti [◦C] 

1.1 m 22.69 23.02 23.23 23.37 
2.9 m 22.70 23.03 23.24 23.39 
4.7 m 22.74 23.06 23.26 23.40  
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Fig. 9. Inner temperature during the analysed period: comparison with experimental data (configuration 1).  

Table 6 
Relative error between experimental data and numerical results (configuration 1).  

time 
position 

9 a.m. [%] 11 a.m. [%] 1 p.m. [%] 3 p.m. [%] 

1.1 m 0.72 2.24 0.14 2.08 
2.9 m 0.40 0.89 0.18 2.13 
4.7 m 0.02 0.76 0.86 1.76  

Fig. 10. Temperature CFD results on different heights (configuration 1).  

Table 7 
Indoor environment average temperature for selected times and positions (configuration 2).  

time 
position 

9 a.m. 
Ti [◦C] 

11 a.m. 
Ti [◦C] 

1 p.m. 
Ti [◦C] 

3 p.m. 
Ti [◦C] 

1.1 m 22.77 23.01 23.13 23.24 
2.9 m 22.76 23.02 23.14 23.25 
4.7 m 22.80 23.04 23.16 23.27  
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Table 8 
Indoor environment average for selected times and positions (configuration 3).  

time 
position 

9 a.m. 
Ti [◦C] 

11 a.m. 
Ti [◦C] 

1 p.m. 
Ti [◦C] 

3 p.m. 
Ti [◦C] 

1.1 m 22.80 22.98 23.06 23.09 
2.9 m 22.81 22.99 23.07 23.10 
4.7 m 22.84 23.00 23.09 23.12  

Fig. 11. Numerical model: CO2 concentration distribution (ppm) for different heights above the floor after 8 h.  

Table 9 
Maximum and minimum values of CO2 concentration for selected times and positions (configuration 1).  

time 
position 

9 a.m. [ppm] 11 a.m. [ppm] 1 p.m. [ppm] 3 p.m. 

Cmin Cmax Cave Cmin Cmax Cave Cmin Cmax Cave Cmin Cmax Cave 

1.1 m 40 245 215 99 428 377 215 612 435 323 848 629 
2.9 m 43 113 98 113 268 234 238 395 276 349 509 457 
4.7 m 46 102 82 118 248 201 251 364 271 363 458 424  

Table 10 
Maximum and minimum values of CO2 concentration for selected times and positions (configuration 2).  

time 
position 

9 a.m. [ppm] 11 a.m. [ppm] 1 p.m. [ppm] 3 p.m. 

Cmin Cmax Cave Cmin Cmax Cave Cmin Cmax Cave Cmin Cmax Cave 

1.1 m 34 70 53 86 133 123 136 186 177 204 243 225 
2.9 m 40 90 63 101 163 117 152 210 169 211 264 248 
4.7 m 41 78 59 106 141 129 156 199 166 214 254 240  

C. Concilio et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e32721

13

of random thermal loads that create more realistic boundary conditions. 

4. Conclusion 

In this work, the air quality of a laboratory classroom with a singular characteristic, which is the height of the room, was inves-
tigated experimentally and numerically, giving the option to analyse the air stratification in detail. 

For this purpose, 3 sensors were installed at different heights during the months of May and June and a 3D CFD model was also 
built. The numerical results were compared with available measurements of temperature, air humidity, atmospheric pressure, and CO2 
concentration, showing in general a satisfactory agreement. 

The results clearly show the stratification of the air because of the density gradient, which in turn is determined by the temperature 
difference between the occupants and the surrounding air. 

The temperature has its maximum values in the upper part of the classroom, and in the simulation we have obtained that the 
maximum relative error of temperature prediction is contained in 3.5 %. Relative humidity is the opposite of temperature, with its 
highest values in the lower part of the classroom. 

As expected, the CO2 concentration increases with time, reaching maximum values depending on the configuration considered and 
the location in height. It is important to mention that the part where the highest CO2 concentrations are collected is the intermediate 
sensor. 

This study sheds light on the air stratification inside the classroom, providing valuable information on the distribution of tem-
perature, humidity, and CO2 at different heights. The agreement between numerical simulation and measurements demonstrates the 
reliability of this tool for further analysis and optimisation of indoor air quality in such environments. This research provides relevant 
information that can contribute to a better understanding and design of indoor spaces, ensuring healthier and more comfortable 
conditions for their occupants. 
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Edificación (ETSEM) of the Universidad Politécnica de Madrid (Spain) and to the Environmental and Maritime Hydraulics Laboratory 
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