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Abstract: The indoor climate quality in classrooms at the University of Coimbra, Portugal,
was investigated as part of the 3SqAir project, supported by the Interreg SUDOE program.
This research focused on two equipped classrooms with different ventilation systems:
natural and mechanical ventilation. Both classrooms were continuously monitored for IEQ
parameters: thermal comfort, indoor air quality, noise, and lighting during heating and
cooling seasons. Air temperature, relative humidity, CO2 concentration, particulate matter,
nitrogen dioxide, volatile organic compounds, formaldehyde, sound pressure level, and
illuminance were measured. Outdoor weather conditions were also recorded. The primary
focus was on air temperature, CO2 concentrations, and relative humidity, while air change
rates (ACH) were estimated using the Tracer Gas Method. The results showed inadequate
thermal conditions in both classrooms, particularly during the heating season. Most weekly
mean CO2 concentrations were within acceptable limits, while ACH were below standard
recommendations in four CO2 decay phases. Simulations of CO2 decay revealed further
air quality gaps in each room. Corrective measures within the 3SqAir project framework
were suggested for approval and implementation while monitoring continues. This work
represents the first phase in an evolving study towards developing sustainable strategies
for improving indoor air quality in classrooms.

Keywords: indoor air quality; thermal comfort; classrooms

1. Introduction
1.1. IAQ and Its Relevance in School Buildings (SBs)

Indoor air quality (IAQ) is a key parameter in evaluating indoor environmental
quality (IEQ), together with thermal comfort, visual comfort, and acoustic comfort [1,2].
IEQ assessments have been carried out in different built environments like office build-
ings [3,4], hospital buildings [5,6], shopping malls/nonresidential buildings/commercial
buildings [7], including transport cabins [8–12], with suggestions and recommendations
on improving IAQ including adequate ventilation strategies. Several studies have been
conducted on IAQ in school buildings (SBs) and their impact on students’ health, perfor-
mance, or comfort [13–16] while assessing other IEQ parameters; their main goal centered
around occupants’ health and well-being by improving IAQ conditions. Air quality can
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directly or indirectly affect public health, as highlighted by Tham [17] in a reflective review
conducted between 1986 and 2016. The study reiterates concerns about indoor air pollution
and how contaminants interact and contribute to accentuating adverse effects on humans
in different built environments. This is particularly critical for built environments with
high population density for long hours, such as offices, buses, school buildings, etc. SBs are
important indoor spaces for pupils/students: in terms of occupancy duration, they rank
second, only next to their homes [18]. This is because they spend an extended period within
the SB, interacting with other students and teachers while taking classes. SBs and other
educational facilities, where students converge for educational purposes, are commonly
crowded spaces. SBs include kindergartens, with young children whose immune systems
are still developing [19], primary schools, secondary schools, and tertiary schools, with
young adults. The age range and vulnerability category in SBs underscore the importance
of evaluating their indoor conditions.

Over the past 20 years, several EU projects on IEQ in SBs have been carried out to
monitor, analyze, identify, and address possible challenges that impact students’ health
and performance. The European Indoor Air Monitoring and Exposure Assessment project
(AIRMEX) is one of the many EU projects. It was conducted to evaluate the relationship
between indoor air pollutants and chronic human exposure to these pollutants, especially in
public buildings, including schools, across different locations [20,21]. This study focused on
high-density public buildings, especially locations with a high frequency of children. SBs in
eleven European cities were monitored indoors and outdoors as they fit these requirements.
The goal was to identify and quantify principal air pollutants in public buildings [22]
while focusing on a few chemical families. Their results indicated that personal exposure
concentration was either higher or similar to the indoor air pollution values. Also, both
personal exposure and indoor pollution values were found to be higher than outdoor
pollution values for the study chemicals. The SEARCH project, School Environment and
Respiratory Health of Children project, is another project that prioritized air quality and
children’s health [23]. The pan-European SEARCH II project, the second phase of the
SEARCH initiative, which included countries like Belarus, Kazakhstan, Tajikistan, and
Ukraine, was developed to expand the monitoring of children’s health and air quality and
to assess energy use in selected schools in 10 countries. They identified key sources of
indoor air pollutants in the classrooms and made recommendations such as the siting of
SBs away from places directly impacted by heavy traffic or industry; the use of appropriate
ventilation regimes; the use of water-resistant paints in classrooms; and the avoidance of
crowdedness in classrooms [23]. The Schools Indoor Pollution and Health- Observatory
Network project (SINPHONIE) [24] was also conducted in schools. The SINPHONIE
project aimed to improve air quality in school buildings and kindergartens, deploying steps
to reduce the risk and burden of respiratory disease in children and teachers from both
outdoor and indoor pollution through recommendations, policy actions, risk management
options, etc. Studies were conducted in 54 cities across 23 countries to monitor and collect
data on the distribution of indoor air pollutants and thermal parameters to determine their
association with some health symptoms in the occupants [25]. The initial results, pending
further confirmation, indicated an association between indoor air pollutants in SBs and
health problems in children. The INAIR project titled “Transnational Adaption Actions
for Integrated Indoor Air Quality Management” was conducted between 2016 and 2019 in
64 primary SBs across Hungary, Italy, Slovenia, the Czech Republic, Poland, etc. The project
aimed to assess the impact of IAQ on vulnerable school children and to seek to improve
the health of the school environment through policy development and practical actions to
reduce the adverse effects of poor IAQ [26,27]. The results showed that Particulate Matter
2.5 (PM2.5), radon, formaldehyde, and carbon dioxide (CO2) in the classrooms are the air
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pollutants of most concern due to their concentration levels. It also highlighted the need to
reduce the concentration of air pollutants like benzene, acetaldehyde, and ethylbenzene [14].
Other studies have highlighted the impact of IEQ on students’ learning outcomes. A recent
review by Toyinbo 2023 [28] appraised the importance of IEQ to pupils and how poor
IEQ impacts learning outcomes. Another study in Finnish elementary schools showed
the association between ventilation rate and learning outcomes, and the influence of the
ventilation type in use and ventilation rate in classrooms. They were able to associate lower
test results in mathematics in schools with poor ventilation rates [29].

1.2. The 3SqAir Project

The present study is an outcome of the 3SqAir project [30] “Sustainable Smart Strategy
for Air Quality Assurance in Classrooms”. The project was funded and conducted within
the Interreg Sudoe program. The project was carried out with six pilots located in Spain,
France, and Portugal. The pilots included SBs with different educational levels, identified
as demo sites 1–6. All demo sites presented good diversity both in geographical locations
and teaching cycles. In Spain, the CIFP Usurbil LHII—Usurbilgo Lanbide Eskola in Usurbil-
Gipuzkoa served as demo site 1, while the Donostia School of Architecture at the Univer-
sity of the Basque Country in Donostia-San Sebastián was designated as demo site 2. In
France, demo sites 3 and 4 were represented by the Université Toulouse III- Paul Sabatier
and the College Gérard Philipe, respectively. In Portugal, demo site 5 was the Instituto
Superior Técnico (IST) Alameda Campus in Lisbon, and demo site 6 was the Department
of Mechanical Engineering at the University of Coimbra, Polo II campus.

At the Department of Mechanical Engineering (DEM-FCTUC), three specific locations
were monitored: a naturally ventilated room (6.3), a mechanically ventilated room (3.3),
and a corridor. This diverse selection of pilot sites ensured a comprehensive examination
of indoor air quality across different educational environments and ventilation systems.
The study conducted in demo site 6, DEM-FCTUC, in rooms 6.3 and 3.3 alone is explored
in the presented work. It evaluates the data obtained during the school year 2022 and
2023. The results obtained are presented for heating and cooling seasons to describe each
room’s thermal and air quality conditions for regular teaching periods and non-teaching
periods (school breaks, exams, Christmas, and summer breaks). Indoor climate quality
(ICQ) gaps are identified, and recommendations within the framework of the 3SqAir project
are suggested for implementation.

1.3. Research Novelty and Article Structure

This study contributes to the existing body of knowledge on IAQ in educational set-
tings by providing a comprehensive analysis of both naturally and mechanically ventilated
classrooms in a university environment. Unlike previous studies that often focused on
primary or secondary schools, this research offers insights into IAQ conditions in higher
education facilities. Furthermore, the continuous monitoring approach used in this study
allows for a more nuanced understanding of IAQ variations across different seasons and
occupancy patterns. Finally, the study offers practical corrective measures that are im-
plementable to improve indoor climate conditions. Section 2 describes the materials and
methods used in the study, including a detailed description of the 3SqAir project and the
case study location. Section 3 presents the monitoring results, focusing on thermal comfort
parameters and CO2 levels. Section 3 also discusses the implications of these findings and
suggests potential corrective measures. Finally, Section 4 concludes the study and outlines
future research directions within the framework of the 3SqAir project.
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2. Materials and Methods
2.1. 3SqAir Description

The 3SqAir project, which spanned about 30 months, started in November 2020 amidst
the COVID-19 pandemic [31]. This global health crisis has further emphasized the impor-
tance of adequate IAQ in the built environment [32,33]. The main objective of the 3SqAir
project was to develop a common strategy to ensure optimal IAQ in educational buildings,
implementing innovative, sustainable, and intelligent solutions, including passive and ac-
tive IAQ teams, low-carbon technologies, and automatic and manual actions that included
changes in human behavior. To implement these objectives, the project utilized the Research
and Innovation Strategies for Smart Specialization strategy (RIS3), which helped promote
smart specialization and competitiveness at regional, national, and transnational levels
through collaborative networking between R&D centers, enterprises, decision-making
bodies, and higher education. The intelligent solutions designed to improve the IAQ
included efficient equipment to reduce emissions, collaborative platforms for smart energy
management, recommendations to minimize polluting components in classrooms, and
tools to engage end-users. The results of pilot studies carried out in partner countries
ensured the creation of new networks of experts. The dissemination of good practices also
increased the support of stakeholders, leading to the development of a common action plan
to ensure IAQ in SUDOE classrooms.

2.1.1. 3SqAir Specific Objectives

To achieve the primary goal of developing a common strategy for ensuring optimal
IAQ in classrooms, the 3SqAir project outlined the following specific objectives:

1. Design an intelligent and sustainable strategy that guarantees classroom air quality to
promote smart solutions and change students’ and teachers’ behavior. The aim is to
improve IAQ, emissions, and energy efficiency in the SUDOE space’s classrooms.

2. Ensure intelligent classroom management, measurement, and visualization of IAQ
using open-source and open-hardware tools.

3. Demonstrate the impact of improving classroom air quality on students’ performance
and SBs’ energy efficiency.

2.1.2. Demo Sites

The 3SqAir project selected six diverse demo sites across Spain, France, and Portugal to
implement and evaluate the proposed strategies. These sites represent various educational
levels, building types, and geographical locations, providing a comprehensive view of IAQ
challenges in different settings.

1. Spain: Demo site 1—CIFP Usurbil LHII—Usurbilgo Lanbide Eskola is a Vocational
School built in 1989 with six buildings over 6550 m2. Two rooms were monitored
at CIFP Usurbil LHII—Usurbilgo Lanbide Eskola. Demo site 2—Donostia School
of Architecture is a university building built in 1992. It has a total covered area of
4620 m2. Two rooms were monitored in demo site 2.

2. France: Demo site 3—Université Toulouse III—Paul Sabatier, built in 1969. Two class-
rooms in two buildings on the university campus were monitored. Demo site
4—College Gerard Philipe is a high education building constructed in the 1970s,
with renovation work completed in 2008. It has a total functional area of 7800 m2,
eight buildings, and eight monitored areas.

3. Portugal: Demo site 5—Instituto Superior Técnico—Campus da Alameda was con-
structed in 1980 and has a total covered area of 26,900 m2. The monitored areas were
a civil pavilion building and a Kindergarten. Demo site 6—Department of Mechanical
Engineering at the Polo II campus of the University of Coimbra was constructed
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in 1995 and has a covered area of 7000 m2. A corridor and two classrooms were
monitored areas.

2.2. Case Study Presentation

DEM-FCTUC, located at the Polo II engineering campus of the University of Coimbra,
serves as demo site 6 for this study. Constructed in 1995, the building spans about 7000 m2

and houses classrooms, offices, meeting rooms, laboratories, administrative rooms, a
library, and a cafeteria. The facility accommodates about 1000 students, 60 teachers, and
10 administrative and nontechnical workers. The red arrow indicates the building where
the investitated took place as shown in (Figure 1).
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Figure 1. DEM-FCTUC aerial view–the arrow points at the studied rooms’ locations.

Three areas were selected for monitoring within the Mechanical Engineering Depart-
ment’s didactic block (Figures 2–5): Room 6.3, Room 3.3, and a corridor. Room 6.3 is a
naturally ventilated classroom, with no fan, measuring 6m by 10 m and covering a total
area of 60 m2. It features four east-facing windows with a total glazed area of 10 m2. The
room is heated by warm-water radiators connected to a centralized natural gas boiler.

Room 3.3 is also a classroom on the ground floor of the didactic block, measuring
6.5 m by 6.5 m, with an area of 42 m2. This classroom also has east-facing windows and is
equipped with a mechanically ventilated all-air HVAC system. The entrance door faces
west into a corridor that allows for direct interaction with outdoor conditions. It has a total
glazed area of 8 m2.
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The monitored corridor is on the first floor, adjacent to room 6.3. It has an outdoor
performance. It was decided to monitor this corridor for its semi-outdoor characteristics,
which enable it to provide valuable information about external climate conditions without
being directly influenced by sunlight, wind, or rain (Figure 5). This diverse selection of
monitoring locations within DEM-FCTUC allowed for a comprehensive assessment of IAQ
under varying ventilation conditions within the SB.
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2.3. Methods

The study employed a mixed-methods approach, combining subjective and objective
methods to assess IAQ. A survey was used to sample occupants’ perceptions, while objec-
tive monitoring and data collection were carried out in Building 1 of the didactic block at
DEM-FCTUC. To analyze the IAQ, the concentrations of the following contaminants were
measured including carbon dioxide (CO2), volatile organic compounds (VOC), formalde-
hyde, nitrogen dioxide (NO2), and particulate matter (PM10, PM4, PM2.5, and PM1). Air
temperature (Ta) and relative humidity (RH) were also measured to assess the thermal
environment. Sound pressure and illuminance were also measured to characterize the
acoustic and visual indoor conditions. All IEQ parameters were sampled using a 10 min
time step. The collected data were recorded, saved in the cloud, and accessed via a web
platform. During this process, outdoor weather conditions such as air temperature, wind
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direction and speed, relative humidity, precipitation, and solar radiation were monitored
by a meteorological station locally installed at the DEM-FCTUC premises [34].

2.3.1. Monitoring Systems

Two types of monitoring devices were used for the IEQ assessment. The first device
is the Catie IEQ station box, developed by CATIE (Centre Aquitain des Technologies de
l’Information et Electroniques, Talence, France), a project partner. As shown in Figure 6a,
the Catie station box was equipped with sensors, electronic cards with microcontrollers, and
a radio interface, all encased in a rugged external box casing. It features a Zest_sensor_P-
T-RH to measure air temperature (Ta), atmospheric pressure, and relative humidity (RH).
This sensor integrates an external 1-wire temperature sensor through a J4 connector and
controls an external fan through a microcontroller. Data are exchanged between the sensors
using the inter-integrated circuit bus via specific addresses 0 × 48, 0 × 40, and 0 × 70
for Ta, RH, and atmospheric pressure, respectively. The Catie IEQ station operates on a
12V power source, which is stepped down to 3.3 V by an ADP7118 low-dropout voltage
regulator. Also, it includes a Zest_sensor_CO2 for measuring CO2 concentration and a
Zest_sensor_Dust for detecting particulate matter (PM). Four Catie boxes were deployed at
DEM-FCTUC, labeled Measurement System (Meas. Sys.) 5, 6, 7, and 8.

The second device used is the GreenMe cube, manufactured by the French company
GreenMe (Paris, France). This sophisticated plastic cube collects environmental data
through its internal sensors, as seen in Figure 6b. Small perforations on the cube allow
air to reach the sensors. It collects data on approximately 10 environmental parameters,
including volatile organic compounds (VOCs), Ta, noise levels, and others. Two units of
GreenMe cubes, labeled Cube 35 and Cube 42, were used at DEM-FCTUC.
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A Supervisory Control and Data Acquisition (SCADA) control system (Figure 7)
was used for data visualization and supervision, with temperature setpoints at 22 ◦C.
Additionally, an outdoor meteorological weather station, Vantage Pro2™ (6152, 6153)
and Vantage Pro2™ Plus (6162, 6163) Wireless Weather Stations, manufactured by Davis
Instruments an American company, based in Hayward, CA, USA, (www.davisinstruments.
com accessed on 10 February 2025) sited at the DEM-FCTUC, were used to measure the
outdoor weather conditions, as portrayed in Figure 8a,b.

The project partners verified the metrological quality of the measuring systems before
beginning operations. The sensorsquality assurance and control tests (QA/QC) showed
R2 values of 0.88–0.93 for PM10, 0.91–0.94 for PM2.5, and 0.94–0.98 for CO2. These results
confirmed that the sensors were satisfactory, and that the monitoring system offered a good
quality-to-price ratio.

www.davisinstruments.com
www.davisinstruments.com
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2.3.2. Monitoring System Distribution

The monitoring devices were strategically installed on the 1st of June 2022 for a con-
tinuous data collection campaign. In Room 6.3, three monitoring devices were positioned
(two Catie boxes and one GreenMe cube): Cube 35 was placed on the lecturer’s desk in the
front right corner at about 0.73m from the floor. Meas. Sys. 5 was placed a short distance
from cube 35 in the right-hand corner of the classroom at a height of about 1.0 m, as shown
in Figure 9a. Meas. Sys. 6 was mounted at the back of the room, at the side of the classroom
cabinet. Both stations (in front and at the back of room 6.3) were observed to record quite
similar values for the measured parameters in the same time frame. Similarly, Room 3.3 had
two monitoring devices (One Catie box and one GreenMe cube): Cube 42 was positioned at
the front of the class, approximately 0.73 m above the floor next to the lecturer’s desk, and
Meas. Sys. 7 was placed at the back of the classroom, on the side of the classroom cabinet,
Figure 9b. To complete the monitoring setup, Meas. Sys. 8 was mounted in the first-floor
semi-outdoor corridor area, positioned 3 m above the floor, Figure 9c.
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2.4. Monitoring Campaign

The continuous monitoring and data collection campaign started on 1 June 2022, at
the end of the 2021/2022 academic session. The data collected will be analyzed for the
monitored zones to describe the conditions in each room.

2.4.1. Campaign Duration

This study focuses on the continuous data collected between November 2022 and
October 2023 for occupied and unoccupied periods. This duration was selected to ensure
data for each season is presented in a continuous format. Below is a summary of the
University of Coimbra’s (UC) calendar for the 2022/2023 and 2023/2024 academic sessions
in Table 1 [35] showing teaching and non-teaching periods at the DEM-FCTUC.

Table 1. A snapshot of the UC academic calendar for 2022/2023 and 2023/2024.

2022/2023 2023/2024

1st Semester Start End Start End
Classes 12.09.2022 17.12.2022 11.09.2023 16.12.2023

Suspension of Classes|Latada 05.10.2022 07.10.2022 04.10.2023 08.10.2023
Christmas Holidays Exams (regular and re-sit periods) 17.12.2022 03.02.2023 18.12.2023 02.02.2024

2nd Semester
Classes 06.02.2023 21.05.2023 05.02.2024 23.05.2024

Easter Holidays 03.04.2023 10.04.2023 25.03.2024 01.04.2024
School break/Exams/ 22.05.2023 28.07.2023 24.05.2024 26.07.2024

Occupied period—This is the class period with regular teaching activities. Monday
through Friday, between 9 a.m. to 8 p.m. (9:00–20:00), excluding Christmas holidays, exams
(regular and re-sit), Easter holidays, school breaks, and summer breaks. In two months
of regular teaching activities, the average occupancy level in room 3.3 was estimated to
be 10 people, with the highest recorded number of occupants being 28. In room 6.3, the
average occupancy was estimated to be 18 people, and the highest recorded number was 50.

2.4.2. Coimbra Historical Climate

Coimbra’s historical climate is presented to define the heating or cooling seasons.
Climatological data for Coimbra from 1981 to 2010 is used to determine the monthly tem-
perature range over 30 years. The record high temperature, average maximum temperature,
average minimum temperature, and record low temperature are presented for each month
in Table 2 [36]. In Table 2, periods with rising temperatures (from 6 ◦C) are highlighted in
orange, with higher temperatures being darker shades. While temperatures below 6 ◦C are
highlighted in lighter colours from white to blue. Also, an average temperature value, Tavg,
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is derived from the mean of the average maximum and minimum temperatures for each
month. Based on the Tavg values, each month is categorized as a heating or cooling season.
Tavg values below 15 ◦C are classified as the heating season, while Tavg values above 15 ◦C
are categorized as the cooling season. Tavg values against each month are presented in
Table 3.

Table 2. Climatological data for Coimbra between 1981 and 2010.

Month Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Record high Temp (◦C) 23.5 25.50 30.20 33.00 37.50 41.60 40.20 40.50 40.00 33.50 27.60 25.20

Average maximum
Temp. (◦C) 14.8 16.20 18.90 19.90 22.40 26.20 28.40 28.70 27.30 22.70 18.00 15.40

Average minimum
Temp. (◦C) 5 5.80 7.60 9.10 11.40 14.30 15.60 15.10 14.10 11.80 8.60 6.50

Record low Temp (◦C) −4.5 −3.20 −3.00 0.20 2.00 6.40 8.00 6.50 5.30 2.50 −0.50 −3.00
Tavg (◦C) 9.9 11 13.25 14.5 16.9 20.25 22 21.9 20.7 17.25 13.3 10.95

Table 3. Mean of the average max and average min temperature by months for Coimbra (1981–2010).

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Tavg 9.9 11 13.25 14.5 16.9 20.25 22 21.9 20.7 17.25 13.3 10.95

The values of Tavg are plotted against each month to determine, as presented in the
bar chart below.

Figure 10 presents a chart of Tavg against month, and as earlier defined, the heating
season is every month with a Tavg value below 15 ◦C, while the cooling season includes
the months with a Tavg value above 15 ◦C. The blue colour denotes low temperatures
(cold) while the red colour denotes warm or hot temperatures. The red horizontal broken
line cutting across the chart from the 15 ◦C point separates the heating and the cooling
months. January, February, March, April, November, and December are the heating seasons,
denoted in blue bars, as Tavg is below 15 ◦C, while May, June, July, August, September,
and October are the cooling seasons, denoted in red bars, with Tavg above 15 ◦C.
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3. Results and Discussion
3.1. Results

Results are presented for campaign periods between November 2022 and October
2023, with the heating season being November 2022–April 2023 and the cooling season
being May 2023–October 2023. Based on the results, corrective measures will be suggested
for implementation within the framework of the 3SqAir project while monitoring continues.
To describe the conditions in each monitored zone, data for carbon dioxide (CO2), air
temperature (Ta), and relative humidity (RH) were analyzed for two seasons, the heating
and cooling seasons.

The result is based on the outcomes from monitoring equipment measurement system
5 (Meas. Sys. 5) and measurement system 7 (Meas. Sys. 7) in room 6.3 and room 3.3 alone
to describe the IAQ and thermal conditions. The period “Classes” from Table 1 was defined
as the period of occupancy, i.e., the period of regular teaching activities. In Figures 11–14
below, each period is highlighted and labeled at the top of the chart area and separated
by vertical broken lines. The class period is labeled “Regular teaching period”, and the
unoccupied periods are labeled “Christmas break /Exams”, “Easter break”, or “School
break/Exams/Summer break”. For the heating season, the following weeks fall within the
regular teaching period: the 1st to 7th week, the 16th to 22nd week, and the 24th to 26th
week. The cooling season weeks are the 1st to 3rd weeks and the 21st to 27th weeks. Each
parameter is represented with points marking the mean weekly value (mean-Ta, mean-RH,
and mean-CO2), the maximum weekly value (max-Ta, max-RH, and max-CO2), and the
minimum weekly value (min-Ta, min-RH, and min-CO2). The mean weekly value is the
average of all the recorded readings for a given parameter in a week. The maximum weekly
value indicates the highest recorded reading for a parameter in the referenced one-week
period. In contrast, the minimum weekly value is the lowest recorded reading for the same
parameter in the same week. The red points indicate the maximum weekly values, the
black points indicate the mean weekly values, and the green points indicate the minimum
weekly values.

3.1.1. Heating Season-1st of November 2022 Until 30th of April 2023

The results obtained in the naturally ventilated room 6.3 (Meas. Sys. 5) during the
heating season (1st of November 2022 until 30th of April 2023), between 9 a.m. and 8 p.m.
(9:00–20:00) are presented in Figure 11, by three parameters: air temperature (Ta), carbon
dioxide concentration (CO2), and relative humidity (RH). Ta parameter is presented in
Figure 11a, CO2 in Figure 11b, and RH in Figure 11c. During this period for room 6.3, the
maximum air temperature was recorded in week 26 (late afternoon with Ta at about 24.7 ◦C;
this week is within the regular teaching activity period with classroom occupation. This air
temperature reading was recorded between 17:00 and 18:00 on the 16th of April 2023). The
lowest air temperature recorded was in week 14, during the school exam period outside
the regular teaching activity, while the lowest classroom temperature during occupancy
was in week 18, with Ta at 15.5 ◦C on the 3rd of March 2023. We observed the highest
recorded CO2 concentration in the classroom in week 4 during the regular teaching period,
9432 ppm. The highest CO2 conc was 3614 ppm outside the regular teaching period in
week 12.

The result from Meas. sys.7 in room 3.3 is presented below in Figure 12 for 26 weeks,
indicating Ta, CO2, and RH results. It shows the highest air temperature in room 3.3 during
the occupancy period in week 26 at about 24.9 ◦C. This occurred between 15:00 and 16:00
on the 27th of April 2023, while the lowest air temperature during occupancy was 15 ◦C in
week 18. The CO2 conc did not exceed 4700 ppm.
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The result for the mechanically ventilated room 6.3, (Meas. sys 5), Figure 13. During
the cooling season, the air temperature was highest in week 24, at above 28 ◦C for the
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occupied period. This occurred on the 12th of October 2023 between 15:00 and 16:00. The
lowest air temperature was 19.1 ◦C on Monday the 30th of October 2023, during the regular
teaching activity period with occupancy. The CO2 conc was highest during occupancy at
3951 ppm in week 26.
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In Figure 14 above, the results in room 3.3 are presented with the highest air tempera-
ture in week 24, about 28.2 ◦C on the 9th of October 2023 between 16:00 and 17:00, and the
lowest air temperature of 19.6 ◦C in week 27. This occurred on the 31st of October 2023
between 9:00 and 10:00 during the occupancy period. An unusual CO2 level of 11,807 ppm
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was recorded in week 4, outside the regular activity period, notably during the “Queima
das Fitas” student party week [35]. Also, in week 19, CO2 peaked at 8920 ppm.

It is essential to highlight the following in the results presented:

1. In the heating season, week 1 has 5 days as the month starts on a Tuesday. Week 27 has
1 day, the final day of the analyzed period. After excluding weekends, only 26 weeks
were presented for the heating season.

2. In the cooling season, week 1 has 6 days as the month starts on a Monday, while week
27 has only 3 days.

3. Data between November 18th, 2022, at 21:30 and 21 November 2022, at 14:24 were not
captured due to interruptions in both classrooms.

4. Also, there were no recorded readings between the 25th of November 2022 at 17:24
and the 28th of November 2022 at 10:51.

5. Due to an interruption, no readings were recorded between the 2nd of October 2023
at 15:04 and the 6th of October 2023 (15:24).

6. No readings were recorded from the 21st of Oct 2023, at about 19:54, until Monday,
the 23rd of Oct 2023, at about 12:59.

The interruptions are noteworthy but are not expected to alter the overall results
describing the conditions in each room. The interruptions occurred in both studied rooms
at approximately the same time and duration.

To further describe the indoor conditions in each room, the air change rate (ACH), or
λ (h−1), is estimated using CO2 decay for one week within the regular teaching period in
both the heating and cooling seasons. For the heating season, week 2 (06 November 2022
to 12 November 2022) is considered, while week 22 (24 September 2023 to 30 September
2023) is considered for the cooling season. The ACH will be estimated using the Tracer
Gas Method (TGM) by applying the concentration decay method, which measures the
effective fresh ACH [37,38]. In this case, naturally emitted CO2 from occupants is our tracer
gas. The TGM is well described and applied in a study conducted at the University of
Coimbra by Dias Pereira et al. 2019, “Experimental analysis of the ventilation rate in an
amphitheater operating under the COVID-19 pandemic constraints” [33]. According to
a study, “Evaluation of Air Exchange Rate and Particulate Matter Deposition Rate in a
Classroom” carried out at the University of Coimbra, the authors stated that in a uni-zone,
the concentration of a pollutant can be modeled using an exponential equation, such as
the type in Equation (1), when the rate of emission of the pollutant in the uni-zone and the
flow of fresh air remain constant [39].

C(t) = Cequi + (C0 − Cequi)× e−λt, (1)

where

C(t) is the pollutant concentration at time t.
Cequi is the asymptotic value of the concentration when equilibrium is reached.
C0 is the initial concentration value.
λ is the infiltration rate of the indoor compartment (ACH)

Equation (1) can also be written as

C(t)− Cequi = (C0 − Cequi)× e−λt, (2)

Taking the natural logarithm of Equation (2) gives

ln(C(t)− Cequi) = ln(C0 − Cequi)− λt, (3)
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Equation (3) can be compared to
Y = mX + b, (4)

This implies,
Y ⇔ ln(C(t)-Cequi).

This represents the excess concentration of CO2 at each time point relative to the value of
the equilibrium concentration.

Where Cequi is the concentration of CO2 outdoors.

X ⇔ t.
m ⇔ −λ.
b ⇔ ln(C0-Cequi).

We, therefore, obtain the ACH by plotting the natural logarithms of the excess concen-
tration of CO2 to the outdoor air (ln(C(t) − Cequi) against hours (h).

From the equation of the linear regression of the decay curve, Y = mX + b comparable
to ln(C(t)−Cequi

)
= ln(C0 − Cequi

)
− λt and λ is obtained.

Figure 15 shows CO2 decay in four phases in one week, between 6 and 12
November 2022.

Atmosphere 2025, 16, x FOR PEER REVIEW 19 of 31 
 

 

Figure 15 shows CO2 decay in four phases in one week, between 6 and 12 November 
2022. 

Figure 16 presents CO2 decay in four phases over one week between 24 and 30 Sep-
tember 2023. 

 

Figure 15. Air change rate- CO2 decay in rooms 6.3 (Meas. sys 5), 3.3 (Meas. sys 7)—heating season. 

 

Figure 16. Air change rate- CO2 decay in rooms 6.3 (Meas. sys 5), 3.3 (Meas. sys 7)—cooling season. 

3.2. Discussion 

The results at the DEM-FCTUC demo-site 6 were presented for the heating and cool-
ing seasons in rooms 6.3 and 3.3 to describe the indoor climate conditions. The results 
were presented for three parameters—Ta, CO2, and RH—over a 26 and 27-week period. 

3.2.1. Heating Season—1st of November 2022 Until 31st of October 2023. 

Room 6.3, a naturally ventilated classroom with an area of 60 m2, was analyzed for 
its indoor air quality (IAQ) and thermal comfort parameters. Figure 11a–c illustrates the 
conditions in this room, presenting data on air temperature, CO2 levels, and relative hu-
midity. These measurements were evaluated against the comfort categories established in 
the EN 16798–1 standard [40] to assess the room’s overall environmental quality. The anal-
ysis aimed to determine the extent to which the monitored parameters aligned with 

Figure 15. Air change rate- CO2 decay in rooms 6.3 (Meas. sys 5), 3.3 (Meas. sys 7)—heating season.

Figure 16 presents CO2 decay in four phases over one week between 24 and 30
September 2023.

Atmosphere 2025, 16, x FOR PEER REVIEW 19 of 31 
 

 

Figure 15 shows CO2 decay in four phases in one week, between 6 and 12 November 
2022. 

Figure 16 presents CO2 decay in four phases over one week between 24 and 30 Sep-
tember 2023. 

 

Figure 15. Air change rate- CO2 decay in rooms 6.3 (Meas. sys 5), 3.3 (Meas. sys 7)—heating season. 

 

Figure 16. Air change rate- CO2 decay in rooms 6.3 (Meas. sys 5), 3.3 (Meas. sys 7)—cooling season. 

3.2. Discussion 

The results at the DEM-FCTUC demo-site 6 were presented for the heating and cool-
ing seasons in rooms 6.3 and 3.3 to describe the indoor climate conditions. The results 
were presented for three parameters—Ta, CO2, and RH—over a 26 and 27-week period. 

3.2.1. Heating Season—1st of November 2022 Until 31st of October 2023. 

Room 6.3, a naturally ventilated classroom with an area of 60 m2, was analyzed for 
its indoor air quality (IAQ) and thermal comfort parameters. Figure 11a–c illustrates the 
conditions in this room, presenting data on air temperature, CO2 levels, and relative hu-
midity. These measurements were evaluated against the comfort categories established in 
the EN 16798–1 standard [40] to assess the room’s overall environmental quality. The anal-
ysis aimed to determine the extent to which the monitored parameters aligned with 

Figure 16. Air change rate- CO2 decay in rooms 6.3 (Meas. sys 5), 3.3 (Meas. sys 7)—cooling season.



Atmosphere 2025, 16, 584 19 of 30

3.2. Discussion

The results at the DEM-FCTUC demo-site 6 were presented for the heating and cooling
seasons in rooms 6.3 and 3.3 to describe the indoor climate conditions. The results were
presented for three parameters—Ta, CO2, and RH—over a 26 and 27-week period.

3.2.1. Heating Season—1st of November 2022 Until 31st of October 2023

Room 6.3, a naturally ventilated classroom with an area of 60 m2, was analyzed for
its indoor air quality (IAQ) and thermal comfort parameters. Figure 11a–c illustrates
the conditions in this room, presenting data on air temperature, CO2 levels, and relative
humidity. These measurements were evaluated against the comfort categories established
in the EN 16798–1 standard [40] to assess the room’s overall environmental quality. The
analysis aimed to determine the extent to which the monitored parameters aligned with
recommended comfort ranges, providing insights into the effectiveness of the natural
ventilation system in maintaining a suitable indoor environment for occupants [36].

Each parameter’s weekly mean, maximum, and minimum values were indicated over
26 weeks. In Figure 11c, mean-RH is between Category I and II (Cat I-II) in 26 weeks except
in week 18, which is at Cat III. These are acceptable comfort category zones, although
max-RH and min-RH have their highest and lowest points at 75% and 15%, respectively.
The standard deviation from the mean is minimal, keeping RH mainly between Cat II.
Relative humidity in room 6.3 for both occupied and unoccupied periods is, therefore,
acceptable [41]. Also, the RH conditions during the regular teaching period and the
unoccupied period were not notably different.

The CO2 concentration (conc) in Figure 11b shows mean-CO2 between Cat I and III for
the 26 weeks. During the regular teaching period—that is, the occupancy period—mean-
CO2 is mainly between Cat II-III, with standard deviations up to Cat IV and the Discom-
fortable zone. This differs from the Christmas break/Exams/Easter break period with little
to no occupancy, whereas mean-CO2 is mainly in Cat I. The max-CO2 during occupancy
shows high values above the comfortable range, between Cat IV-Discomfortable, and a
peak above 9000 ppm in the 4th week. Despite max-CO2 being above 2000 ppm during
the occupied period, mean-CO2 indicates CO2 levels were mostly acceptable at Cat I-III. It
is important to note that the CO2 concentration alone may not give an overall picture of
the IAQ conditions in the room, as there are other IAQ-influencing pollutants indoors [42].
The rate of CO2 buildup and decay process can inform the effectiveness of the ventilation
system in the room. The air change rate (ACH) will be considered to describe the IAQ
conditions in the room further.

The thermal condition in the room is presented in Figure 11a, which shows the mean-
Ta between Cat I-III during the regular teaching period. Max-Ta is between Cat I-III, and
min-Ta is between Cat III and the Discomfortable zone, highlighting a few times when the
air temperature was below the acceptable comfort level. During other periods with little
or no occupancy, the mean-Ta was mainly between Cat IV and the Discomfortable zone.
During occupancy, the overall thermal conditions are average. Improvements are needed
to keep the air temperature in the room always between Cat I and II.

Room 3.3 is a mechanically ventilated classroom with an area of 42 m2. Figure 12a–c
describes the conditions in room 3.3. Like the conditions in room 6.3, Figure 12c shows the
RH in room 3.3 to be acceptable with mean RH at Cat I for 26 weeks. Max RH and min RH
remained between Cat I and III. The standard deviation of the mean RH is minimal and
has little influence on the comfort category.

In Figure 12b, the mean CO2 was mainly between Cat I and III for 26 weeks. The
standard deviation of mean CO2 fell between Cat I and IV, not exceeding 2000 ppm. Max
CO2 was between Cat IV and the zone of discomfort, with a peak on the 16th week at
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4700 ppm. Based on the mean CO2 values in Figure 12b, the average CO2 concentration
was good. The ACH will be used to describe the IAQ conditions in the room further.

Figure 12a presents the thermal conditions in room 3.3 for the heating season, where
the mean-Ta is across four comfort categories, Cat I-IV, during the regular teaching period.
The regular teaching period is about 17 weeks out of the 26 weeks, with 10 weeks out of
the 17 weeks between Cat II and III. The min-Ta is between the Cat IV-Discomfortable zone,
indicating low temperatures possibly due to inadequate heating in the room. At the same
time, the max-Ta is between Cat I-IV during the occupancy period, with max-Ta at peak
value, 24.6 ◦C. During the heating season, the thermal condition in room 3.3 is mostly fair.
Still, it requires improvement, such as improving classroom heating to keep the indoor
temperature consistent at Cat I and II throughout the season.

To further describe the IAQ conditions in the rooms, we estimate the ACH (λ) using
the Tracer Gas Method (TGM) [43], whereas the naturally emitted CO2 is the tracer gas.
ACH estimation is obtained over one week, throughout the day, including Saturday and
Sunday. The result is presented in Figure 15, where the CO2 decay trendline is plotted
against time, and the ACH is obtained from the linear regression of the time series of the
natural logarithms of the excess concentration of CO2 relative to outdoor air in rooms 6.3
and 3.3. Meas. Sys. 7 is represented by the blue decay line, while meas. Sys 5 is represented
by the orange decay line in Figure 15. The selected period is during a regular teaching
period when occupancy is expected to be high during the day. The obtained ACH (λ) (h−1)
is presented in Table 4 for each room, divided into four decay slopes: D1, D2, D3, and D4.

Table 4. ACH λ in rooms 6.3 and 3.3—heating season.

Air Change Rate (ACH)/λ (h−1) Room 6.3 Room 3.3

D1 λ 0.103 0.176
D2 λ 0.061 0.074
D3 λ 0.077 0.103
D4 λ 0.109 0.143

ACH per hour in rooms 6.3 and 3.3 is shown in Table 4 for the D1, D2, D3, and D4

decay phases. Two things can be immediately noticed from the Table 4 results:

1. The infiltration rates obtained during the night decay in each room are less than the
value suggested by ASHRAE for non-occupancy periods (0.5–1) [44].

2. In each decay phase, the infiltration in room 3.3 with mechanical ventilation is higher
than in room 6.3 with natural ventilation.

With the ACH values obtained in Figure 15 and Table 4 for D1, D2, D3, and D4, a
MICROSOFT EXCEL CO2 decay simulator was used to predict the decay trend after 8 h, if
a 1200 ppm (2160 mg/m3) of CO2 is introduced with no occupants, where Cext is 390 ppm
(720 mg/m3).

Below, Figure 17 presents the simulation results in both rooms after 8 h of unoccupied
time. The orange dotted line (Meas. sys 5) is for room 6.3, and the blue dotted line (Meas.
sys 7) is for room 3.3.

After 8 h, D1 CO2 conc is 747.77 ppm (1346 mg/m3) in room 6.3 and 591.66 ppm
(1065 mg/m3) in room 3.3, a 38% and 51% decay, respectively. D2 CO2 conc is 886.66 ppm
(1596 mg/m3) and 842.77 ppm (1517 mg/m3), D3 CO2 conc is 831.66 ppm (1497 mg/m3) and
747.77 ppm (1346 mg/m3) and D4 CO2 conc is 732.77 ppm (1319 mg/m3) and 652.11 ppm
(1172 mg/m3) in rooms 6.3 and 3.3, respectively. From the results, the D1, D2, D3, and D4

phases would take 76 h, 128 h, 103 h, and 72 h, respectively, for a complete CO2 decay to
an outdoor level of 400 ppm (720 mg/m3) in room 6.3. Meanwhile, it would take 44 h,
107 h, 76 h, and 55 h for a complete decay to 400 ppm (720 mg/m3) in room 3.3. The ACH
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in room 3.3 is higher than in the naturally ventilated room 6.3. Given the duration for
complete decay in both rooms, indoor air is insufficiently replaced with fresh outdoor air.
Notably, the decay evaluated for ACH in the study rooms was impacted by infiltration
and air exchange parameters. Moreover, several factors can be responsible for low ACH,
such as an inadequate or faulty ventilation system, as highlighted by [45], and cost-cutting
measures [46]. Closed windows and doors are also influencing factors. The situation of
closed windows and doors highlights the need for awareness among teachers, students,
and school workers on the impact that timely window opening can have on IAQ. For room
6.3, with only natural ventilation, the potential impact of closed windows or doors on
the room’s air replacement rate is higher. Although a significant difference in ACH was
observed between the rooms, with higher values in room 3.3, it is still well below ASHRAE
recommendations [44]. It is important to add that poor fresh air replacement in the room
influences the increased risk of airborne infection [47] and contributes to extended exposure
to higher levels of CO2, including other indoor air pollutants that can impact cognitive
function [48–51].
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3.2.2. Cooling Season—1st of May 2023 Until 31st of October 2023

Figure 13a–c describes the indoor climate conditions in room 6.3 for the cooling season.
The relative humidity condition shown in Figure 13c indicates that mean-RH is between Cat
I-II for 27 weeks. Max-RH and min-RH are between Cat I and III for all periods. Given these,
the relative humidity conditions are good and acceptable based on the comfort category.

The CO2 conc from Figure 13b shows mean-CO2 mostly between Cat I-II during
the regular teaching period, where mean-CO2 is only in Cat III for 2 out of 10 weeks of
occupancy. During the regular teaching period, the max-CO2 is mainly between Cat III and
the Discomfort zone. The peak max-CO2 is at 4750 ppm outside the regular teaching period
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in week 11 (during the exam period), while the peak max-CO2 during the regular teaching
period is 3951 ppm. Overall, the CO2 concentration is acceptable considering the mean-
CO2 values, although max-CO2 values were mainly in the Cat IV and the Discomfortable
zones. Estimating the ACH in the room will help to describe the IAQ conditions in this
room better.

The thermal condition in the room is shown in Figure 13a. The regular teaching
period is of more importance as this describes the thermal situation during periods of
occupancy, weeks 1 to 3, and weeks 21 to 27 (10 weeks). Mean-Ta is across all comfort
zones, between the Cat I and the Discomfort zone, where 8 weeks are between Cat I-III, and
2 weeks are between Cat IV and the Discomfortable zone. Max-Ta is between Cat I and the
Discomfortable zone during this period, highlighting air temperature being uncomfortably
high a few times in the room. Min-Ta is mainly between Cat III and the Discomfortable zone.
The overall thermal condition in the room is fair, but there is a need for improvement, as
adequate cooling will reduce periods of max-Ta having unacceptable elevated temperatures
or overcooling with min-Ta falling below 22 ◦C. The goal is to improve thermal conditions
to ensure Ta is between Cat I and II.

Figure 14a–c also describes the indoor climate conditions in room 3.3 for the cooling
season. Figure 14c shows the mean-RH, max-RH, and min-RH for 27 weeks. RH is
acceptable with mean-RH at Cat I for the 27 weeks, while max-RH and min-RH are between
Cat I-III. Figure 14b describes the CO2 concentration level in the room. The mean-CO2

is between Cat I-II for the 10 weeks of the regular teaching period. Max-CO2 during this
period is mostly between Cat II and IV, with only 2 weeks in the Discomfortable zone. The
peak max-CO2 recorded is 11,807 ppm, which happened in week 4, during the student
party week (Queima das Fitas), while the peak max-CO2 during occupancy is 2891 ppm.
The mean-CO2 values show an acceptable CO2 concentration in the room. The ACH in the
room will help to describe better the room’s IAQ conditions. Figure 14a shows the thermal
conditions in room 3.3. The focus is on the regular teaching period (10 weeks), from weeks
1 to 3, and weeks 21 to 27. Mean-Ta cuts across the five comfort categories, with 7 weeks
between Cat I-III, and the other 3 weeks between Cat IV and the Discomfortable zone.
Max-Ta shows 8 weeks in Cat I and III, and 2 weeks between Cat IV and the Discomfortable
zone. Min-Ta lies mainly between Cat IV and the Discomfortable zone, with only 2 weeks
in Cat II-III. These min-Ta values in Cat IV and the Discomfortable mostly occur in the
mornings between 9:00 and 10:00. The overall thermal condition is fair, with a need to
improve to keep air temperature between Cat I and II. Table 5 below presents the ACH for
the cooling period between the 24th of September 2023 and the 30th of September 2023, as
estimated in Figure 16.

Table 5. ACH λ in rooms 6.3 and 3.3—cooling season.

Air Change Rate (ACH)/λ(h−1) Room 6.3 Room 3.3

D1 λ 0.055 0.103
D2 λ 0.079 0.135
D3 λ 0.046 1.187
D4 λ 0.084 1.072

The ACH in room 3.3 is higher than in room 6.3 and is at least twice the rate for each
phase. Figure 18 shows the results obtained using the Microsoft Excel CO2 decay simulator
to predict the decay trend over 8 h when 1200 ppm (2160 mg/m3) of CO2 is introduced.



Atmosphere 2025, 16, 584 23 of 30Atmosphere 2025, 16, x FOR PEER REVIEW 24 of 31 
 

 

 

Figure 18. Decay simulation in rooms 6.3 and 3.3 for the cooling season. 

The extended period for the complete decay of CO2 to outdoor levels in rooms 6.3 
and 3.3 highlights poor ventilation, amounting to stale indoor air. The age of air describes 
how long it takes for fresh outdoor air to replace the old indoor air, and classrooms with 
low ACH typically have stale air [52]. Some studies investigating air quality in classrooms 
observed an association between poor ventilation, stale air, extended exposure to elevated 
CO2 concentration, and heightened health issues [53–56]. 

3.2.3. Comparative Assessment of Rooms 6.3 and 3.3 

Table 6 compares the overall conditions in rooms 6.3 and 6.3. Both rooms show RH 
is suitable for the two seasons. Air temperature conditions appear to be better in room 6.3 
than in room 3.3 during the heating season, with mean-Ta at Cat I-II in 10 occupied weeks 
compared to only 5 weeks in Cat I-II for room 3.3. Thermal conditions in both rooms need 
improving; min-Ta was consistently in Cat IV and the Discomfortable range, falling to as 
low as 16 °C and 15 °C in rooms 6.3 and 3.3, respectively. During the cooling season, both 
rooms perform similarly, with almost identical patterns, although room 6.3 reflects a 
slightly better Ta, with mean-Ta in Cat I-II for 7 weeks compared to 5 weeks in room 3.3. 
Ta peaked at 28 °C in room 6.3 and 28.2 °C in room 3.3. To better understand the impact 
of these temperature readings, a subjective survey of the occupants’ perception is re-
quired, as used in several studies [57–62]. On average, the CO2 conc level is adequate in 
rooms 6.3 and 3.3. However, room 6.3 recorded an unusual peak at 9432 ppm in the heat-
ing season. In comparison, room 3.3 recorded an unusual CO2 peak in the cooling season 
at 11,807 ppm, although this occurred outside the regular teaching period. Overall, room 
3.3 appears to have better CO2 conditions in both seasons. It is essential to mention that, 

Figure 18. Decay simulation in rooms 6.3 and 3.3 for the cooling season.

The orange dotted line in Figure 18 represents room 6.3, and the blue dotted line
represents room 3.3. Figure 18 shows D1 CO2 conc at 913.76 ppm (1644.78 mg/m3) in room
6.3 and 747.3 ppm (1345.14 mg/m3) in room 3.3 at the end of 8 h. D2 CO2 conc is 823.43 ppm
(1482.19 mg/m3) and 668.12 ppm (1202.62 mg/m3) in rooms 6.3 and 3.3, respectively. D3

CO2 conc is 951.12 ppm (1712.03 mg/m3) in room 6.3, but complete decay occurred earlier
in room 3.3 due to higher ACH. D4 CO2 conc is 806.93 ppm (1452.49 mg/m3) in room 6.3
after 8 h and completely decayed earlier in room 3.3. It will take 131 h, 91 h, 156 h, and 86 h,
respectively, in D1, D2, D3, and D4 phases for CO2 to decay to the outdoor level of 400 ppm
(720 mg/m3) in room 6.3. In comparison, complete decay will occur in room 3.3 after 69 h,
53 h, 5 h, and 6 h, respectively, for the D1, D2, D3, and D4 decay phases.

The extended period for the complete decay of CO2 to outdoor levels in rooms 6.3
and 3.3 highlights poor ventilation, amounting to stale indoor air. The age of air describes
how long it takes for fresh outdoor air to replace the old indoor air, and classrooms with
low ACH typically have stale air [52]. Some studies investigating air quality in classrooms
observed an association between poor ventilation, stale air, extended exposure to elevated
CO2 concentration, and heightened health issues [53–56].

3.2.3. Comparative Assessment of Rooms 6.3 and 3.3

Table 6 compares the overall conditions in rooms 6.3 and 6.3. Both rooms show RH
is suitable for the two seasons. Air temperature conditions appear to be better in room
6.3 than in room 3.3 during the heating season, with mean-Ta at Cat I-II in 10 occupied
weeks compared to only 5 weeks in Cat I-II for room 3.3. Thermal conditions in both rooms
need improving; min-Ta was consistently in Cat IV and the Discomfortable range, falling
to as low as 16 ◦C and 15 ◦C in rooms 6.3 and 3.3, respectively. During the cooling season,
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both rooms perform similarly, with almost identical patterns, although room 6.3 reflects a
slightly better Ta, with mean-Ta in Cat I-II for 7 weeks compared to 5 weeks in room 3.3. Ta

peaked at 28 ◦C in room 6.3 and 28.2 ◦C in room 3.3. To better understand the impact of
these temperature readings, a subjective survey of the occupants’ perception is required, as
used in several studies [57–62]. On average, the CO2 conc level is adequate in rooms 6.3
and 3.3. However, room 6.3 recorded an unusual peak at 9432 ppm in the heating season. In
comparison, room 3.3 recorded an unusual CO2 peak in the cooling season at 11,807 ppm,
although this occurred outside the regular teaching period. Overall, room 3.3 appears to
have better CO2 conditions in both seasons. It is essential to mention that, during these
monitoring periods, neither the teachers nor the students were informed of the CO2 levels
reached during occupancy. Therefore, the process and decision to open windows or doors
were entirely based on the subjective perception of the occupants for air quality, thermal
comfort, or noise.

Table 6. Comparative conditions in rooms 6.3 and 3.3.

Characteristics Room 6.3 Room 3.3

Measurement system Measurement System 5 Measurement System 7
Ventilation Natural ventilation Mechanical ventilation

HVAC system Warm water radiator heating system All-air HVAC system
Area and windows 60 m2 useful floor area, 10 m2 glazed area. 42 m2 useful floor area, 8 m2 glazed area

Parameters Heating season Cooling season Heating season Cooling season

RH Good relative
humidity conditions

Good relative
humidity conditions

Good relative
humidity conditions

Good relative
humidity conditions

CO2

The CO2 conc level
was good during

occupancy, mainly
Cat I-II, except for
one week (Cat III).

Peak CO2 at
9432 ppm

The CO2 conc level
was better. Cat I-II

except for two weeks
(Cat III). Peak at

3951 ppm

The CO2 conc level
was good during

occupancy, Cat I-III.
Peak CO2 at
4447 ppm.

The CO2 conc level
was good during

occupancy, Cat I-II.
Peak CO2 at
2891 ppm.

Unusual reading
CO2 range above

8000 ppm (4th, and
16th week)

No usual CO2
reading

No usual CO2
reading

CO2 ranges above
8000 ppm (4th, 5th
and 19th week). At

11,807 ppm in week 4
(outside the regular

teaching period)

Ta Cat I-III for the
occupied.

Cat I- Discomfortable
zone. 8 weeks (Cat
I-III), 2 weeks (Cat

IV—Discomfortable)

Cat
I—Discomfortable

zone

Cat
I—Discomfortable

zone

ACH Too low Too low Too low Fair needs
improvement

The estimated ACH for one week shows low CO2 infiltration rates in both classrooms,
below recommendations for classrooms [44]. Room 3.3 notably had a higher ACH in both
seasons. Given that room 3.3 is mechanically ventilated, the low ACH may be associated
with reduced airflow due to blockage in the air filters. The presence of clogs or dirt in
the filters has an impact on the mechanical ventilation system’s performance [63]. It is
important to note that a low infiltration rate comes with a higher risk of infection [64]. Also,
underperforming mechanical components in the ventilation system can account for the
observed low infiltration rate in the room. Scheduling routine cleaning or replacement of
the filter, including general service, can help improve outcomes. In addition, the situation
of the mechanical ventilation system being turned off during the period of non-occupancy
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in a bid to reduce energy cost may contribute to the low ACH [65]. These findings highlight
the need to improve ACH to increase the rate of fresh air inflow. IEQ gaps were identified,
and corrective measures within the framework of the 3SqAir project were suggested to be
implemented in each room while monitoring continues in Table 7.

Table 7. Corrective measures in Room 6.3 and Room 3.3.

Room 6.3 (Natural Ventilation) Room 3.3 (Mechanical Ventilation)

Conduct an IAQ awareness campaign Commissioning process of the installed
ventilation System

Carry out a Subjective perception of
occupants Replacement of the programmer

Assessment of the influence of window
opening on the air change rate

Calibration of CO2 sensors of the
Demand-controlled ventilation system

Use of CO2 traffic light meters Vigilance phase of the retrofitted system

With ongoing monitoring in the rooms, corrective measures will be implemented
subject to approval, marking a new phase for evaluation. Data from the new phase will be
processed and analyzed to determine the impact of the implemented corrective measures on
both measured and perceived IAQ. This provides a basis for further recommendations for
evolving IAQ solutions. The results will serve as guidelines for implementing a sustainable
smart strategy for indoor climate quality assurance in school buildings.

The study’s results are limited by these factors:

• The use of only three parameters to describe the conditions in each room- Ta, CO2, and
RH; other pollutants such as PM10, PM2.5, and NO2 were excluded from the results.

• Although data for sound pressure level and illuminance were monitored to char-
acterize acoustic and visual comfort, the study focused only on thermal and
IAQ parameters.

• The study reports data processed from only one measuring system out of the two or
three devices installed in each classroom.

• The result of the subjective evaluation of occupants was also not included in this study,
as occupants’ responses may have been influenced during the survey delivery and
collection process.

For a more holistic evaluation, the occupant’s perception will be included in the next
evaluation phase.

4. Conclusions
The study was carried out within the framework of the 3SqAir project, which started in

November 2020 as a relevant and timely project amid the COVID-19 pandemic. The 3SqAir
project was conducted in Spain, France, and Portugal, with two demo sites in each country.
This study serves as an overview, reporting the preliminary investigation of the IAQ and
thermal conditions in two classrooms at Demo site 6, DEM-FCTUC, for two seasons, the
heating and cooling seasons. The classrooms, rooms 6.3 and 3.3, employ different ventila-
tion systems: natural ventilation and mechanical ventilation, respectively. The analyzed
parameters are the weekly mean, maximum, and minimum values of measured temper-
ature Ta, Carbon dioxide (CO2), Relative humidity (RH), and air change rate (ACH) for
both occupied and unoccupied periods to describe the conditions in each room. The results
showed similar good RH conditions in both rooms between Category I-II (Cat I-II) and the
EN 16798–1 standard in the two seasons. Ta levels in the heating season suggest the need for
improvements, with min-Ta consistently in Cat IV and the Discomfort range. However, the
naturally ventilated room 6.3 performed better than the mechanically ventilated room 3.3.
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During the cooling season, thermal conditions were ok in both rooms, although Ta in a few
weeks had uncomfortable peaks about 28 ◦C and lows below 20 ◦C. An adequate cooling
strategy is required to keep the air temperature between Cat I and II without compromising
air quality and energy efficiency. The CO2 concentration level during the heating season in
room 6.3 was adequate, considering the mean weekly values of CO2. However, max-CO2

was consistently above 2000 ppm, with an unusual peak above 9000 ppm during occupancy.
The conditions were better during the cooling season, considering the flexibility of opening
the doors and windows. A similar acceptable CO2 concentration level was observed in
room 3.3 for both seasons, although CO2 peaked at an unusual concentration of 11,807 ppm
outside the regular teaching period in the cooling season. The air change rate (ACH) was
estimated in one week for each room in the two seasons over four decay phases: D1, D2,
D3, and D4. The results showed inadequate ACH in both rooms, below the recommended
values by ASHRAE for classrooms. The mechanically ventilated room 3.3 had higher ACH
than the naturally ventilated room 6.3, almost twice the ACH values for each analyzed
decay phase. A simulation of CO2 decay in each room using the estimated ACH values
further highlighted the IAQ gaps in the rooms.

Conclusively, both rooms were observed to have thermal comfort gaps, especially
during the heating season, and IAQ gaps due to low ACH; adequate corrective measures
have been suggested for implementation to improve the rooms’ performances. Upon
implementation, a new phase of evaluation will be carried out. These findings inform
preliminary recommendations for evolving solutions towards a sustainable smart strategy
for classroom climate quality assurance. As corrective measures are being implemented,
subjective assessment of occupants’ perceptions will be included in the next phase for a
holistic evaluation of classroom conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

ACH Air change rate
AIRMEX European Indoor Air Monitoring and Exposure Assessment project
Cat Category
Conc Concentration
CO2 Carbon dioxide
DEM-FCTUC Department of Mechanical Engineering, University of Coimbra
D1 Decay phase 1
D2 Decay phase 2
D3 Decay phase 3
D4 Decay phase 4
EU European Union
IAQ Indoor air quality
ICQ Indoor climate quality
IEQ Indoor environmental quality
Meas. Sys Measurement system
Max-CO2 Maximum weekly carbon dioxide
Max-Ta Maximum weekly temperature
Max-RH Maximum weekly relative humidity
Mean-CO2 Mean weekly carbon dioxide
Mean-Ta Mean weekly temperature
Mean-RH Mean weekly relative humidity
Min-CO2 Minimum weekly carbon dioxide
Min-Ta Minimum weekly temperature
Min-RH- Minimum weekly relative humidity
NO2 Nitrogen dioxide
Ta Air temperature
TGM Tracer Gas Method
PM1 Particulate matter 1
PM2.5 Particulate matter 2.5
PM10 Particulate matter 10
QA/QC Quality assurance/Quality control
RH Relative humidity
RIS3 Research and Innovation Strategies for Smart Specialization
SB(s) School building(s)
SCADA Supervisory Control and Data Acquisition
SEARCH School Environment and Respiratory Health of Children
SINPHONIE Schools Indoor Pollution and Health- Observatory Network project
UC University of Coimbra
VOC Volatile organic compounds
3SqAir Sustainable Smart Strategy for Air Quality Assurance in Classrooms
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