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Abstract

Indoor air quality (IAQ) and thermal comfort influence the health and cognitive perfor-
mance of school occupants. This study investigated carbon dioxide (CO2), nitrogen dioxide
(NO2), thermal comfort, and ventilation rates (VRs) in eight naturally ventilated (NV)
primary school classrooms in Ireland during October 2024, combining environmental mon-
itoring with teacher surveys. Mean CO2 concentrations ranged from 796 ppm to 2469 ppm,
exceeding national guidelines in seven of the eight classrooms. NO2 levels ranged from
3.4 µg/m3 to 7.2 µg/m3, with indoor/outdoor ratios increasing with VRs and influenced
by window orientation and road proximity. Indoor temperatures remained within recom-
mended limits, while relative humidity ranged from 53% to 78% mirroring CO2 trends
and exceeding guideline levels in classrooms with lower VRs and temperatures. Occupied
VRs ranged from 1.2 L/p/s to 4.1 L/p/s with window opening behaviours, reliant on
teachers’ perceptions of thermal comfort, accounting for 84% to 96% of VRs. Ventilation in
NV classrooms is often insufficient, yet increasing VRs can compromise thermal comfort
and increase ingress of outdoor pollutants and noise. The findings highlight the ineffec-
tiveness of current school ventilation standards, which rely heavily on user operation.
Integrating occupant-led strategies, including scheduled purging, awareness campaigns,
and pre-emptive air quality alerting, into policy offers practical, immediate pathways to
improving IAQ, fostering healthy, sustainable learning environments.

Keywords: indoor air pollutants; thermal comfort; natural ventilation strategy; primary
schools; healthy classrooms; carbon dioxide exceedance; nitrogen dioxide; ventilation rates;
occupant behaviour; teacher perception

1. Introduction
Providing adequate indoor air quality (IAQ) in schools is critical for protecting the

health [1,2] and cognitive performance [3,4] of children, a population particularly vul-
nerable to air pollutants due to their developing lungs and higher respiratory rates [5].
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IAQ is primarily influenced by ventilation rates (VRs), which are essential for diluting
indoor pollutants, reducing airborne virus transmission, and ensuring occupant health,
comfort and performance [6–8]. Schools in mild temperate climates commonly rely on
natural ventilation (NV) due to its simplicity, cost-effectiveness, and alignment with design
guidelines [9–12]. VRs in NV classrooms depend on occupant behaviour, building design,
and outdoor conditions, making IAQ highly variable [12–14]. This variability is especially
significant when schools are located near outdoor air pollution sources, where infiltration
of air pollutants can pose additional health risks [7]. While carbon dioxide (CO2) is com-
monly used as an indicator of ventilation adequacy and the cautious assessment of IAQ,
its interplay with thermal conditions and outdoor pollutant infiltration is complex and
impacted by local conditions [6,7,15].

CO2 concentrations above 1000 parts per million (ppm) indicate inadequate ventila-
tion [7]. The current European standard (EN 16798-1:2019) [16] sets the Category I limit
for indoor CO2 at 1000 ppm (assuming an outdoor level of 450 ppm) [16]. The Health and
Safety Authority (HSA) of Ireland [17] defines 1000 ppm and 1400 ppm as action thresholds
for indoor CO2, serving as key benchmarks for assessing ventilation adequacy in Irish
classrooms. National school design guidelines require that window systems must provide
VRs capable of delivering 8 litres per person per second (L/p/s), which typically maintains
classroom CO2 concentrations below 1000 ppm at design occupancy levels [9,11]. Interna-
tionally, a universal standard for IAQ does not exist [18]. Many international guidelines
refer to the 1000 ppm threshold; the United Kingdom (UK) Building Bulletin (BB)101 school
guidelines set a higher mean CO2 limit of 1500 ppm for NV classrooms [18]. Although
published data on IAQ in Irish schools remains limited [19], international evidence suggests
that NV schools frequently experience significant IAQ challenges. A systematic review
involving 2444 NV classrooms across 1264 primary schools in mild climates revealed a
median CO2 concentration of 1487 ppm, with 81% of classrooms exceeding the 1000 ppm
threshold [18].

CO2 levels in NV schools have been linked to a range of indoor pollutants, including
particulate matter, volatile organic compounds, bioeffluents, microbial agents, bacteria,
and fungi, all of which can negatively affect occupant health [18,20]. Elevated CO2 con-
centrations have been associated with increases in health symptoms such as fatigue and
headaches (odds ratio: 1.1) [21], with each 100 ppm increase associated with a 5% rise in
the incidence of dry cough and rhinitis [22]. In Scottish schools, Gaihre et al. [23] reported
a 0.2% improvement in annual student attendance for every 100 ppm reduction in CO2,
while Shendell et al. [24] found that a 1000 ppm increase corresponded to a 0.5–0.9% decline
in attendance in U.S. schools. Wargocki et al. [4] synthesised evidence linking CO2 levels to
academic performance, concluding that reducing concentrations from 2300 ppm to 900 ppm
could improve test scores by approximately 5%.

While increased VRs can reduce indoor CO2 and associated pollutants, they may
also raise exposure to outdoor contaminants [18,25]. CO2 is a limited proxy for outdoor
pollutant ingress, particularly from traffic and industrial sources, for which nitrogen dioxide
(NO2) serves as a more reliable indicator [7,26]. NO2 is primarily produced by fossil
fuel combustion in transport, power generation, and industry [27]. Ireland’s ambient air
quality standards, based on the Clean Air For Europe (CAFE) Directive (2008/50/EC),
align with World Health Organisation (WHO) guidelines that set an annual average limit
of 40 µg/m3 [28,29]; however, no specific regulatory limits exist for indoor NO2. In
schools, NO2 exposure has been associated with eye and throat irritation, fatigue [30], and
exacerbation of asthma symptoms in children at concentrations as low as 19 micrograms
per cubic metre (µg/m3) [31].
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VRs in NV spaces exhibit high variability, with occupant behaviours (window and door
opening) reported to account for 63 to 87% of total VRs [32,33]. No consistent CO2 threshold
has been identified as a trigger for window operation; instead, indoor temperature, relative
humidity (RH), draft sensation and external noise play a more significant role in influencing
ventilation behaviour [11,34–37]. Studies have consistently reported higher CO2 levels
during the heating season, with VRs showing strong correlations with both indoor and
outdoor temperatures [18]. In UK schools, Korsavi et al. [38] reported a 66% reduction
in window opening area during the heating season compared to non-heating periods.
Similarly, Santamouris et al. [11] observed that higher outdoor temperatures increase the
likelihood of window opening, resulting in higher VRs.

EN 16798-1:2019 recommends an operative temperature range of 20 degrees Celsius
(◦C) to 24 ◦C for classrooms, extendable by ±2 ◦C [16]. In Ireland, the HSA mandates that
workplaces involving limited physical activity must reach a minimum indoor temperature
of 16 ◦C within the first hour of occupancy [17]. National school design guidelines (TGD-
020) further specify that classroom temperatures should not exceed 25 ◦C for more than 5%
of the school year [9]. For RH, the HSA advises a range of 40% to 70% to ensure comfort
and reduce health risks, with the 70% upper limit also reflected in school guidelines to
mitigate mould growth [9,17].

Elevated temperatures (≥25 ◦C) have been linked to lower arousal, increased dis-
traction, and reduced cognitive performance, whereas cold conditions can have negative
effects on manual dexterity [39]. Lowering indoor temperatures from 25 ◦C to 20 ◦C has
been shown to improve task performance by 4% to 5%, with optimal performance typically
observed below 22 ◦C in temperate climates [40]. Jiang et al. [41] found that learning
performance peaked when students reported feeling slightly cool, approximately 1 ◦C
below thermal neutrality. Notably, thermal neutrality differs between children and adults.
Primary school children have a 15% to 20% higher metabolic rate due to increased activity
levels, and they tend to prefer classroom temperatures 2 ◦C to 3 ◦C lower than those
favoured by adults [40,42].

Maintaining adequate VRs is essential not only for IAQ but also for regulating class-
room temperature and RH, both of which significantly affect thermal comfort, well-being
and performance in NV classrooms [43–45]. However, excessive VRs through open win-
dows and doors can lead to draft sensation and unwanted cooling effects, especially
problematic during colder months [46]. These thermal discomforts can prompt occupants
to close windows, reducing VRs and exacerbating indoor pollutant accumulation [47].

Improved VRs in existing NV classrooms can be achieved through design enhance-
ments and behavioural interventions. Cross-ventilation can accelerate air exchange, reduc-
ing CO2 concentrations up to three times faster than single-sided ventilation [48]. Vasella
et al. [49] found that promoting ventilation awareness lowered median CO2 levels from
1600 ppm to 1097 ppm and increased the proportion of teaching time with CO2 below
1400 ppm from 40% to 70% in 100 NV classrooms. Wargocki and Da Silva [50] reported that
CO2 monitors with alerts led to more frequent window opening, maintaining average CO2

levels at or below 1000 ppm. Avella et al. [51] observed CO2 reductions of up to 42% in
classrooms equipped with low-cost alerting systems. Similarly, Geelan et al. [52] recorded
a 24% drop in the duration CO2 exceeded 1000 ppm, concluding that such alerting systems
are effective and affordable solutions, especially in settings where ventilation upgrades
are not feasible. In addition, Griffiths and Eftekhari [12] demonstrated that a ventilation
strategy involving a 10-min purge could lower CO2 by approximately 1000 ppm with-
out compromising thermal comfort, although two daily purges were required to sustain
adequate average levels in their study involving UK classrooms.
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VRs in NV classrooms are often inadequate [11,18]; however, increasing VRs can com-
promise thermal comfort [12] and introduce external pollutants [27] and street noise [53].
Therefore, the design of ventilation enhancement strategies must strike a careful balance
between IAQ, thermal comfort, and the risks associated with outdoor pollutant and noise
ingress [54].

This study evaluates IAQ (CO2 and NO2), thermal comfort (temperature and RH),
and ventilation parameters in a sample of NV primary school classrooms in Ireland, using
objective environmental measurements and teacher survey responses collected during a
field campaign in October 2024. It aims to (i) assess compliance with relevant national and
international standards, (ii) explore relationships between environmental parameters and
classroom characteristics, and (iii) examine the alignment between measured IAQ data and
teacher perceptions. The findings aim to inform the development of targeted, evidence-
based ventilation strategies that specifically support Irish conditions for improving IAQ in
NV classrooms.

2. Methodology
2.1. Sample Selection

A sample of four Irish primary schools were invited to participate in this study through
the Environmental Protection Agency of Ireland (EPA) Clean Air Together (CAT) citizen
science project in collaboration with Limerick City and County Council [55]. Sampling
was conducted across the schools (A to D), which were anonymised, with two classrooms
selected per school. Within each school, classroom selection was undertaken collaboratively
by the primary researcher and school representatives. In schools with multiple buildings,
classrooms were chosen from different buildings to capture a broader range of character-
istics. Distance to the nearest main road (one classroom near, one further away) was also
considered to assess the potential influence of classroom proximity to local traffic-related
pollution. The characteristics of each classroom are provided in Table 1 and include: the
year the room was built, its distance from the nearest roads, ventilation provisions, window
orientations, floor area, room height, and occupancy details.

Table 1. Summary of Building, Ventilation, and Occupancy Characteristics of Monitored Classrooms.

Classroom Year
Built Ventilation

Floor
Area
(m2)

Room
Height

(m)

No. of
Pupils

Pupil
Age

No. of
Adults

Occupied
Period

A1 2019 N&E Windows only 68 3.1 19 5 1 09:00–13:40
A2 1990 S Window only 72 3.2 30 9 1 09:00–14:40
B1 1979 E Window & 1 Wall Vent 71 3.1 23 10 1 09:00–14:30
B2 1979 W Window only 68 3.5 27 8 1 09:00–14:30
C1 1950 SE Window & Wall Vent (closed) 51 3.8 23 5 2 09:00–13:40
C2 1950 SE Window & 2 Wall Vents 43 3.7 27 8 2.5 09:00–14:40
D1 2000 S&E Window & Wall Vent 76 2.8 28 11 1 09:00–14:45
D2 2000 N&W Window 76 2.8 24 12 1.5 09:00–14:45

The school buildings varied in age, enhancing the samples’ representativeness of the
Irish national primary school building stock. All classrooms relied on NV, with a variety
of window configurations, including single-sided and two-sided layouts, with differing
window orientations. Classrooms were heated via wall-mounted radiators supplied with
hot water from centralised oil or gas-fired boilers. Heating controls ranged from individual
room temperature control via wall-mounted thermostats in School A to no individual
room control in Schools B, C, and D. The participating schools also reflected a diversity
of socio-economic and geographic contexts within Limerick city and its surrounding
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suburbs. Weather data (wind speed and outside temperature) were obtained from the
nearest meteorological station at Shannon Airport, located an average of 20 kilometres (km)
from the four schools.

2.2. Data Acquisition

The four-week NO2 sampling campaign aligned with the EPA CAT project, between
the 2 and 25 October 2024. Preliminary site visits were conducted at each school to review
the experimental design, complete consent forms, collect building-related data, agree NO2

sampling locations, and deliver the NO2 diffusion tubes.
Follow-up visits occurred at the end of week three to install CO2 sensors for the final

week of the campaign, and equipment was removed at the end of week 4. Further data was
gathered on these visits, including sampling of external CO2 levels and a field assessment of
classroom characteristics. During the monitoring period, it was determined that Classroom
A1 was unoccupied on Day 3 due to teacher absence, and therefore, data for this day
were excluded from the statistical analysis. Consequently, a total of 2530 measurements,
recorded at 5-min intervals across the eight classrooms over 39 school days, were retained
for formal analysis.

In addition to the measured air quality data, teachers from each classroom completed
a seven-question online anonymous survey (see Supplementary Materials, S.M.) to provide
feedback relating to perceived IAQ and thermal satisfaction in the respective classroom. Stu-
dent numbers and ages were anonymously obtained from the teachers based on enrolment
figures during the sampling period.

2.2.1. CO2 & Hygrothermal Monitoring

CO2, temperature, and RH were measured using Aranet4 (SAF Tehnika, Riga,
Latvia) [56] sensors, strategically positioned at a height of 1.5 metres (m) centrally on
an internal wall at least 2 m from occupant breathing zones. This positioning was chosen
based on best practice, e.g., Zhang et al. [57], aligning with the EN ISO 16000-26 standard
for indoor CO2 sampling [58]. Outdoor CO2 measurements were also taken on the school
grounds at a height of 1.5 m.

CO2 levels were recorded at 5-min intervals using Non-Dispersive Infra-Red (NDIR)
technology, providing good levels of accuracy and precision (±30 ppm plus 3% of read-
ing), as per the manufacturer’s statements [56] and meeting pre-deployment calibration
guidelines [59]. In addition, temperature and RH data were measured at the same 5-min
intervals using these sensors, which operate within reasonable accuracy ranges for these
parameters [56]. The data was stored in the internal memory of the device and exported
via Bluetooth at the end of the campaign.

A post-monitoring co-location exercise was conducted over a 3-day period to observe
any drift or errors in CO2 measurement. Table 2 presents each sensor’s mean absolute error
(MAE) relative to the overall group average, as well as the number of measurements (n = 93)
exceeding the sensor’s stated accuracy range out of the total sample count (n = 3294). A
correlation matrix was generated from the sensor readings, including regression plots,
R-values, and MAE between sensor pairs. The R-values were consistently high, averaging
0.997 (range 0.995 to 0.998), with MAE values between sensor pairs averaging 16 ppm
(range 9 ppm to 38 ppm).
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Table 2. Co-location Analysis of CO2 Sensors: Mean Absolute Error Relative to Group Average and
Frequency of Measurements Outside Manufacturer-Specified Accuracy (n = 3294).

Classroom A1 A2 B1 B2 C1 C2 D1 D2

MAE (ppm) 15 −23 1 9 0 −4 0 2
<−30 ppm − 3% 0 76 0 0 0 0 0 0
>+30 ppm + 3% 3 0 0 14 0 0 0 0

Similar to findings by previous studies adopting CO2 sensors for air quality monitoring
(e.g., Villanueva et al. [60]), only 2.8% of measurements (93 of 3924 data points) fell outside
the manufacturer’s stated accuracy range (±30 ppm + 3% of reading), the majority for
one sensor (A2), with five of the eight sensors recording all measurement values within
this threshold.

2.2.2. NO2 Monitoring

NO2 concentrations were measured using passive diffusion tubes supplied by Gradko
International [61], with the results analysed by their accredited laboratory. This method
carries an associated uncertainty of ±25% [62]. One diffusion tube was mounted outdoors at
a height of approximately 2 m above the ground in an area with unrestricted air circulation,
following best practice guidelines [62,63]. Two diffusion tubes were positioned indoors,
centrally located on an internal wall of each designated classroom, at a similar height of 2 m.
All classrooms were verified to be free of potential contaminants, including fuel-burning
appliances, photocopiers, and air fresheners.

2.2.3. Participant Surveys

A seven-question online survey was administered to teachers in each classroom to
capture their level of satisfaction with temperature, RH, and air quality in comparison
to the monitored conditions. The survey also gathered information on window opening
operations, including influencing factors, frequency and responsibility.

2.3. Data Cleaning

Before statistical analysis, the data underwent a rigorous manual cleaning and quality
control process to ensure the reliability of findings. The following systematic approach
was adopted: (i) sensor recordings were analysed to verify the stated occupancy periods
of the school day; (ii) teachers were consulted to confirm whether the classroom was
fully occupied, partially occupied, or empty, during periods when CO2 trends suggested
deviations occurred; (iii) data screening to identify outliers, defined as CO2 increases
exceeding 500 ppm compared to the preceding and subsequent values, due to localised
exhalations close to sensors [64]; and (iv) data screening for erroneous readings due to
sensor malfunction, defined as CO2 values below 400 ppm.

2.4. Statistical Analysis

The data analysis incorporated a hierarchical structure with multiple temporal reso-
lutions, including continuous classroom-specific characteristics at 5-min (n = 2530), daily
(n = 39), and weekly (n = 8) intervals.

2.4.1. Descriptive

The data was analysed for each classroom to determine the daily and weekly mean,
maximum, and minimum values using the 5-min interval readings collected during the
occupied period. Daily CO2 build-up and decay rates were calculated, along with occu-
pied and unoccupied VRs for each classroom. To fully characterise the continuous CO2

data, the standard deviation (St. Dev.), and interquartile range (IQR) were also reported.
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Indoor–Outdoor (I/O) NO2 ratios were calculated to account for variations in ambient
concentrations at each school site, enabling a standardised comparison of infiltration levels
across classrooms [65].

2.4.2. Inferential and Statistical Analysis

Given the potential for misleading results when applying multilevel analysis to non-
interval scale variables [66], separate databases were created for daily and weekly parame-
ters. These databases were used for the inferential analysis to examine the determinants
and relationships between CO2, NO2, temperature, RH, VRs, classroom characteristics, and
occupancy factors.

A series of correlation matrices (see S.M.) were generated using Microsoft Excel (Mi-
crosoft Corporation, 2022) to examine the relationships between measured, observed,
reported, and calculated parameters for each temporal resolution. Spearman’s rank cor-
relation coefficient (ϱ) was used to evaluate monotonic associations between variables,
due to the non-normal distribution that typically occurs for CO2 distribution in classroom
settings [67]. Correlations with |ϱ| ≥ 0.5 were considered moderate to strong, based on
established guidelines [68], and were further tested for statistical significance (p < 0.05).

2.5. Calculation of Ventilation Rates
2.5.1. Occupied Period Ventilation Rates

The daily average occupied period VRs (VRocc), in litres per second (L/s), were
determined for each classroom using CO2 measurements and occupant-averaged individual
CO2 generation rates, following the method developed by Finneran and Burridge [69]. This
approach enables reliable estimation of VRocc, expressed in L/p/s, using Equation (1):

VRocc =
Focc × GCO2

Cx
(1)

where

Focc =
Tocc

T1−T0
;

Tocc = Total occupied time;
T1 = End time;
T0 = Start time;
GCO2 = Occupant averaged individual CO2 generation rate;
Cx = measured mean excess CO2.

Occupant-averaged CO2 generation rates were calculated based on the number and
age of occupants in each classroom, using age-specific emission values from Batterman [70],
developed in accordance with the Standard Guide for Using Indoor CO2 Concentrations to
Evaluate IAQ and VRs [71]. The corresponding CO2 generation rates from Batterman’s [70]
table were applied to each class group and weighted according to age and occupancy counts
to obtain a classroom average. Teachers were assigned a metabolic equivalent of task (MET)
level of 1.7 MET, and pupils 1.4 MET, reflecting light physical activity and post-exercise
recovery periods typical in primary classrooms [70]. Batterman’s values are consistent with
estimates from several comparable studies, as highlighted in a UK-based investigation by
Korsavi [66], reinforcing their suitability for estimating VRs in primary school environments.
Mean excess CO2 levels (Cx) were obtained by subtracting external CO2 concentrations from
internal CO2 measurements in ppm. Following the approach used by Korsavi et al. [72], the
CO2 concentration (Cx) in ppm was converted to grams per litre (g/L) using Equation (2):

W =
10−6(ppm)(12.187)(MW)

(273.15 + toC)
(2)
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where

W = Density of CO2 levels (kg/m3);
MW = Molecular weight;
t = Temperature.

The total supply air flow rate during the occupied period was calculated by multi-
plying the occupant-specific supply air flow rate (VRocc, Equation (1)) by the number of
occupants in each classroom (Table 1).

2.5.2. Unoccupied Period Ventilation Rate

The unoccupied period air exchange rate (AER) was determined for each classroom
using the concentration-decay method, with metabolic CO2 as a tracer gas [70]. The decay
period was selected based on a visual inspection of the CO2 decay curve. The time interval
for decay was chosen to align with the period displaying exponential behaviour (Figure 1),
typically starting at the end of the school day (when occupants leave the classroom) and
ending when indoor and outdoor CO2 concentrations nearly equalise or when the classroom
is reoccupied, whichever occurs first. The AER was determined using Equation (3) [70].

AER =
1
T

ln
(

C0 − CR0

C1 − CR1

)
(3)

where

T = Decay period (in seconds);
C0 = CO2 inside initial;
CR0 = CO2 outside initial;
C1 = CO2 inside final;
CR1 = CO2 outside final.

The unoccupied period VR (VRun) in L/s was obtained by multiplying the AER
(Equation (1)) by the room volume (V) in m3 as shown in Equation (4):

VRun = AER × V × 1000 (4)

Figure 1. Profile of CO2 Concentration in the eight classrooms during the campaign (amber and red
dashed lines indicate 1000 ppm and 1400 ppm action thresholds set by Health & Safety Authority [17].
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2.5.3. Estimation of User-Influenced Ventilation Rates

To estimate the user-influenced VRs (VRUI), a comparative method adapted from
Kvisgaard et al. [32] was employed. As direct measurement of ventilation induced by
user actions (e.g., window and door opening) was not feasible, VRUI was calculated as the
difference between the weekly average VR during the occupied period and the unoccupied
period. This approach assumes that VRun represents the baseline air exchange attributable
to background ventilation and infiltration, where windows and doors remained closed,
while VRocc reflect the combined influence of both baseline and user-influenced VRs. The
proportion of VRUI was then derived and expressed as a percentage of total occupied
ventilation using Equation (5):

%VRUI =

(
VRocc − VRun

VRocc

)
× 100 (5)

3. Results
3.1. CO2 Levels
3.1.1. CO2 Concentration Profiles in Classrooms

Figure 1 presents time series plots of CO2 concentration profiles observed in each
classroom. CO2 levels fluctuated throughout the day, with classrooms exhibiting broadly
similar build-up and decay profiles. CO2 levels increased rapidly during occupied periods,
decreased during breaks, and gradually declined toward ambient levels overnight. The
slow CO2 decay rates observed during unoccupied periods are due to the reduction in VRs
when windows and doors are closed. In some classrooms (e.g., D2), after-school activities
resulted in additional late-day CO2 peaks (e.g., 1443 ppm at 15:42), further extending the
decay period.

3.1.2. Descriptive Statistics & Compliance with HSA Guidelines

A summary of CO2 levels during the five-day occupied period is presented in Table 3.
The mean CO2 concentration across the eight classrooms during occupied hours was
1632 ppm, ranging from 796 ppm (C1) to 2469 ppm (B1). Table S1 in S.M. provides the daily
range of CO2 values for each classroom.

Table 3. Summary of weekly CO2 concentrations (ppm) in each classroom during occupied periods.

Classroom
CO2 Level

(Occupied Period)
Percentage of Time CO2 (in ppm)

Above a Given Threshold

Mean Max Min IQR St. Dev. 1000 1400 1500 3000

A1 1074 1704 505 522 305 55% 18% 11% 0%
A2 1414 2587 467 673 497 79% 50% 42% 0%
B1 2469 5414 715 1636 1111 87% 81% 78% 34%
B2 1891 3684 637 981 670 89% 73% 69% 5%
C1 796 1401 464 293 197 18% 0% 0% 0%
C2 1535 2712 572 699 507 84% 56% 48% 0%
D1 1633 2874 648 796 518 87% 64% 61% 0%
D2 1857 3276 585 1129 676 86% 70% 65% 3%

Mean CO2 levels exceeded the HSA guideline of 1000 ppm in all but one classroom
(C1) during periods of full occupancy. On average, CO2 levels surpassed the 1000 ppm
and 1400 ppm action thresholds 72% and 52% of the time, respectively. These exceedances
varied from 18% and 0% in C1 to 89% and 81% in B2.

Peak CO2 concentrations across classrooms ranged from 1401 ppm to 5414 ppm. The
highest concentration was recorded in Classroom B1 shortly before the lunch break on
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Day 3. In this classroom, CO2 levels exceeded the upper HSA action [17] threshold for 81%
of the occupied period. Notably, CO2 concentrations surpassed 3000 ppm for 34% of the
occupied time, a level exceeded only in two other classrooms, B2 (5%) and D2 (3%).

3.1.3. CO2 Build-Up Rates

Table S2 in S.M. presents daily CO2 build-up times from the start of class, along with
CO2 accumulation gradients, intercepts, and R2 values for each classroom. CO2 build-up
rates varied in response to VRs and occupancy levels. A moderate correlation was observed
between CO2 build-up time and VRs (ϱ = 0.68, p < 0.001), while a strong correlation was
found between the rate of change of CO2 build-up and occupancy-related CO2 generation
rates (ϱ = 0.76, p = 0.028).

Classroom C1 showed the greatest variability in CO2 build-up times, exceeding
1000 ppm on four of the five days. On days when this threshold was exceeded, the
time to reach 1000 ppm ranged from 55 min to 260 min on the coldest (22 October) and
warmest (24 October) days of the sampling period, respectively. In contrast, classrooms A1
and B1 consistently exceeded 1000 ppm within 30–40 min and 5 min, respectively, on the
days of full occupancy. Across all classrooms, the time to reach 1000 ppm showed strong
negative correlations with mean daily CO2 concentrations (ϱ = −0.81, p < 0.001), maximum
daily CO2 levels (ϱ = −0.84, p < 0.001), and the percentage of occupied period time that
CO2 concentrations remained above the 1000 ppm (ϱ = −0.78, p < 0.001) and 1400 ppm
(ϱ = −0.77, p < 0.001) thresholds.

3.1.4. CO2 Decay Rates

Unoccupied period (end-of-day) CO2 decay rates were much slower than occupied
period build-up and decay rates. End-of-day decay rates exhibited a moderate correlation
with average CO2 levels (ϱ = 0.54, p < 0.001) and the percentage of occupied period time that
CO2 concentrations remained above the 1400 ppm threshold (ϱ = 0.60, p < 0.001) across all
classrooms. Table S3 in S.M. presents daily CO2 decay times from the end of the scheduled
class time for each classroom. Where CO2 levels exceeded 1000 ppm at the end of scheduled
class time, the time required for concentrations to return to 1000 ppm ranged from 1672 min
(B1) to 5 min (A1 and C1), with a median decay time of 90.5 min across all classrooms.

Classroom C1 recorded the lowest CO2 levels and fastest decay times, returning to
1000 ppm in an average of 10 min on the three days when CO2 levels exceeded 1000 ppm
at the end of the occupied period, while in Classroom B1, CO2 concentrations remained
above 1000 ppm overnight following the day on which the highest occupied-period CO2

levels were recorded.
Over the weekend, CO2 levels in all classrooms approached ambient concentrations

(approximately 430 ppm). However, mid-week measurements often showed incomplete
overnight decay, as illustrated in the time series plots in Figure 1.

3.2. Determinants of Classroom CO2 Levels
3.2.1. Ventilation Rates

Table 4 presents the mean daily VRs for each classroom during both occupied and
unoccupied periods. VRocc across classrooms ranged from 15.1 L/s in Classroom B1 to
153.4 L/s in Classroom C1. When averaged over the week, VRocc ranged from 27.9 L/s
(B1) to 102.8 L/s (C1). The daily VRs for each day of the sampling period are presented in
Table S4 in S.M. During the occupied period, the per-person VRs ranged from 0.6 L/p/s in
Classroom B1 (Day 3) to 6.1 L/p/s in Classroom C1 (Day 4). Weekly average per-person
VRs were highest in Classroom C1 at 4.1 L/p/s (range: 3.0–6.1 L/p/s) and lowest in
Classroom B1 at 1.2 L/p/s (range: 0.6–2.2 L/p/s).
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Table 4. Average, maximum, and minimum ventilation rates (L/s) during occupied and unoccu-
pied periods, along with the average per-person ventilation rates and the proportion of ventilation
attributable to user-influenced actions for each classroom.

Classroom
Average Max Min Average

VRocc VRun VRocc VRun VRocc VRun L/p/s %VRUI

A1 45.6 3.7 65.6 4.6 35.5 3.1 2.3 92%
A2 61.9 9.8 83.3 12.8 44.1 6.4 2.0 84%
B1 27.9 3.9 51.8 5.9 15.1 2.4 1.2 86%
B2 33.6 4.8 45.4 6.7 24.5 0.8 1.2 86%
C1 102.8 3.6 153.4 5.8 74.7 −0.5 4.1 96%
C2 51.2 4.2 66.1 6.1 34.4 1.0 1.7 92%
D1 57.8 5.3 97.1 7.0 36.4 3.6 2.0 91%
D2 50.2 7.4 83.9 11.0 29.3 4.5 2.0 85%

The daily VRocc showed no correlation with VRun, but exhibited a very strong corre-
lation with overall 24 h ventilation rates (ϱ = 0.91, p < 0.001). VRun ranged from 0.8 L/s
in classroom B2 to 12.8 L/s in classroom A2, with weekly averages ranging from 3.3 L/s
(Classroom A1) to 9.8 L/s (Classroom A2).

A strong negative correlation was found between mean daily VRocc and mean CO2

concentrations (ϱ = −0.88, p < 0.001). A very strong negative correlation was found between
the weekly means of per-person VRs and CO2 levels (ϱ = −0.93, p < 0.001). VRocc also
showed a strong positive correlation with daily CO2 build-up times (ϱ = 0.68, p < 0.001).

Weather conditions did not strongly influence VRs during the measurement period.
VRocc did not correlate with the I/O temperature ratio and showed only a weak correlation
with daily wind speed (ϱ = 0.33, p = 0.04).

3.2.2. User-Influenced Ventilation Rates

Table 4 presents the weekly mean percentage VRui for each classroom. VRui ac-
counted for an average of 89% of classroom VRs, ranging from 84% in classroom A2 to
96% in classroom C1. VRui exhibited strong negative correlations with classroom vol-
ume (ρ = −0.82, p = 0.01) and the weekly average rate of CO2 build-up for each classroom
(ϱ = −0.7, p = 0.05). Additionally, a statistically significant positive correlation was ob-
served between VRui and teacher-reported draft sensation (ϱ = 0.72, p = 0.04).

3.2.3. Occupancy Generation Rates & Class Duration

Total occupancy CO2 generation rates for each classroom correlated moderately with
mean daily CO2 levels (ϱ = 0.51, p = 0.001). The duration of the school day varied across
schools. All classes began at 09:00, both infant class groups A1 & C1 finished at 13:40, and
the other class groups finished between 14:30 and 14:45. The duration of the school day
presented strong correlations with mean weekly CO2 levels across all classrooms (ϱ = 0.71,
p = 0.05) and the percentage of time that CO2 exceeded the HSA guideline thresholds of
1000 ppm (ϱ = 0.76, p < 0.028) and 1400 ppm (ϱ = 0.67, p = 0.046).

3.2.4. Self-Reported Window Opening

Teachers were asked to report the approximate duration that windows remained open
during the occupied period on a five-point scale of never (0%) to always (100%). Classroom
B2 reported the lowest duration of window open time (approximately 25%), which aligns
with the resulting highest value across all classrooms for duration of time CO2 spent above
1000 ppm. Classroom C1, which recorded the lowest mean CO2 levels, had windows
open for 100% of the occupied period. Teachers were responsible for window opening
behaviours in all classrooms, with pupils allowed to perform window opening operations
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in three of the classrooms B1, D1 & D2. The reported percentage of window open duration
of the school day presented a strong correlation with mean weekly VRs (ϱ = 0.70, p = 0.05)
and the percentage of time that CO2 remained below 1000 ppm (ϱ = 0.68, p = 0.066).

3.3. Thermal Comfort Parameters
3.3.1. Temperature

Table 5 presents classroom temperatures recorded during the week-long sampling
period 18 to 25 October 2024. Mean occupied period temperatures ranged from 17.6 ◦C
in Classroom B2 to 21.4 ◦C in Classroom C2, remaining within regulatory and comfort
guideline thresholds. Overall temperature values ranged from 15.1 ◦C (B2) to 22.8 ◦C (C2)
during the occupied period. Temperature variation between classrooms within the same
school averaged 1.2 ◦C, with differences ranging from 0.2 ◦C in School A to 2.8 ◦C in School
C. The larger variation observed in School C corresponded with differences in OD, VRs,
CO2 and temperature levels. Classroom C1 had a 28% lower OD, 101% higher VRs, 48%
lower CO2 levels, and 13% lower temperatures than C2.

Table 5. Mean, maximum, and minimum temperature and relative humidity during occupied periods,
along with the percentage of time these values fell outside the national guideline thresholds.

Classroom
(Occupied Period)

Temperature Relative Humidity

Mean Max Min Mean
(Ti-To) <16 ◦C Mean Max Min >60% >70%

A1 19.4 20.5 17.8 5.4 0% 65 73 60 93% 19%
A2 19.6 20.9 17.8 5.5 0% 63 72 56 81% 7%
B1 18.7 21.1 16.4 4.6 0% 71 78 65 100% 60%
B2 17.6 19.3 15.1 3.5 3% 73 78 69 100% 98%
C1 18.6 22.7 16.6 4.6 0% 63 75 53 62% 13%
C2 21.4 22.8 19.7 7.4 0% 64 74 55 92% 6%
D1 19.8 20.7 16.8 5.8 0% 68 78 61 100% 24%
D2 20.5 22.3 18.3 6.6 0% 66 74 60 99% 12%

While not in breach of the HSA guidelines, the temperature in Classroom B2 fell below
16 ◦C for 15 to 20 min at the start of classes on the three coldest days. Outdoor temperatures
during the week, ranged from 10.3 ◦C on Tuesday, 22 October, to 16.9 ◦C on Thursday,
24 October. All classrooms recorded their lowest pre-class temperatures on Monday,
21 October, (the second coldest day), due to heating inactivity over the preceding weekend.

Mean daily classroom temperatures moderately correlated with the I/O temperature
differential (ϱ = 0.49, p = 0.002), and weakly correlated with CO2 build-up gradients
(ϱ = 0.31, p = 0.05) and CO2 decay times (ϱ = 0.32, p = 0.05). Mean occupied temperatures
correlated strongly with class duration (ϱ = 0.73, p = 0.039), and presented a moderate
negative correlation with occupancy density (OD) measured in m3 per person (ϱ = −0.6,
p = 0.12).

3.3.2. Relative Humidity

Table 5 presents a summary of the weekly classroom RH levels during the occupied
period. Across all classrooms, RH averaged 67%, ranging from 53% in classroom C1 to
78% in classrooms B1, B2, and D1. The mean RH across all classrooms exceeded the EN
16798 standard’s upper threshold, and two of the eight classrooms surpassed the HSA’s
70% guideline [17]. In classroom B1, RH exceeded the 70% threshold for 98% of the
occupied period.

Mean daily RH values showed moderate negative correlations with occupied-period
VRs (ϱ = −0.48, p = 0.002) and the I/O temperature difference (ϱ = −0.56, p < 0.001). RH also
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had moderate correlations with maximum daily occupied CO2 levels (ϱ = 0.45, p = 0.004),
external temperature (ϱ = 0.46, p = 0.003), and wind speed (ϱ = 0.51, p < 0.001).

Mean weekly RH values exhibited strong negative correlations with VRs (ϱ = −0.86,
p = 0.007), the percentage of time CO2 levels were below 1000 ppm (ϱ = −0.90, p = 0.002),
and the percentage of time windows were reported open (ϱ = −0.80, p = 0.017).

3.4. Nitrogen Dioxide (NO2) Levels

Table 6 presents the indoor and outdoor NO2 concentrations recorded at each school.
The average outdoor NO2 levels ranged from 7.1 µg/m3 at School A to 13.6 µg/m3 at
School D. Indoor NO2 concentrations ranged from 3.4 µg/m3 (D2) to 7.2 µg/m3 (C1). I/O
ratios are presented to mitigate the confounding influence of ambient NO2 variability,
allowing a more meaningful comparison of NO2 infiltration across each classroom.

Table 6. Outdoor and Indoor NO2 levels, I/O ratios, distance (m) and orientation to the nearest
main road.

Outdoor Samples A B C D

µg/m3 NO2 7.1 12 10.1 13.6
Distance from Road 18.5 35.6 34.9 0.9

Road location Northeast East South Southeast

Indoor Samples A1 A2 B1 B2 C1 C2 D1 D2

µg/m3 NO2 3.9 4.5 4.8 4.5 7.2 5.8 4.2 3.4
I/O Ratio 0.55 0.63 0.4 0.38 0.72 0.57 0.31 0.25

Distance from Road 16 81 41 83 26 65 20 65

In three of the four schools, classrooms located further from the road had lower
I/O ratios. The average I/O ratio across the classrooms was 0.48, with the lowest in D2
(0.25, 65 m from the road, windows facing north and west, opposite to the main road and
prevailing wind direction) and the highest in C1 (0.72, 26 m from the road, windows facing
southeast, facing the road and prevailing wind direction).

Classrooms with higher VRs exhibited higher NO2 I/O ratios. Classroom C1, which
had the highest VRs and the lowest CO2 levels during both occupied and unoccupied
periods, also recorded the highest NO2 I/O ratio. NO2 I/O ratios showed a positive
correlation with VRs (ρ = 0.67, p = 0.07) and the percentage of time CO2 levels remained
below 1000 ppm (ρ = 0.76, p = 0.03). In contrast, NO2 I/O ratios negatively correlated
with mean occupied CO2 levels (ρ = −0.71, p < 0.05), mean RH (ρ = −0.79, p = 0.02), and
classroom floor area (ρ = −0.69, p = 0.058).

3.5. Alignment of Teacher Perceptions with Measured Data

Table 7 presents the teacher survey responses on thermal comfort, IAQ, external noise
ingress and window opening frequency. Figure 2 shows a Spearman correlation matrix
illustrating statistically significant associations between measured environmental variables
and teacher-reported perceptions.

Teachers’ perceptions of temperature averaged 3.6 (median = 4) on a five-point scale
(1 = too cold, 5 = too hot), ranging from 2 in classroom C1 to 5 in classroom D2. The teacher
in C1, who perceived the room as cold (rating 2), kept windows open 100% of the time.
This classroom had the highest VRs and lowest CO2 levels, yet the teacher reported the
lowest ratings for perception of odour (1) and stuffiness (2). Conversely, in B2, the room
with the lowest VR and highest percentage of time CO2 exceeded 1000 ppm, the teacher
perceived the air as fresh (4), odour-free (4), and thermally neutral (3), despite limited
window opening (25%).
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Table 7. Teacher Self-Reported Perceptions of Thermal Comfort, Air Quality, External Noise Ingress
and Window Opening Frequency.

Classroom Temperature a RH b Stuffiness c Odour d Draft
Sensation e

External
Noise f

Windows
Open g

A1 4 4 2 2 2 3 75%
A2 4 3 2 1 2 3 100%
B1 4 3 3 3 2 1 50%
B2 3 3 4 4 2 1 25%
C1 2 2 2 1 3 3 100%
C2 4 3 3 4 3 2 75%
D1 3 3 4 4 3 4 75%
D2 5 3 1 2 1 3 100%

a 1 = Too cold, 5 = Too warm; b 1 = Too dry, 5 = Too humid; c 1 = Stuffy, 5 = Fresh air; d 1 = Strong odour,
5 = No odour; e 1 = No draft, 5 = Too much draft; f 1 = No external noise, 5 = Excessive external noise; g Percentage
of class time windows were open during occupied hours.

Figure 2. Spearman Correlation Matrix of Teacher Perceptions and their Significant Correlates.

In classroom D2, the teacher rated the temperature as too warm (5). This classroom,
with north and west-facing windows, recorded the second-highest weekly average tem-
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perature (20.5 ◦C, range 18.3 ◦C to 22.3 ◦C) and spent 85% of the occupied period above
20 ◦C.

Teacher-reported temperature perceptions had a negative correlation with draft sensa-
tion (ϱ = −0.69, p = 0.06). RH perceptions averaged 2.9 (1 = too dry, 5 = too humid), ranging
from 2 to 4. Teachers’ perceptions of RH did not correlate with measured RH values but
showed associations with occupant density per m2 (ϱ = 0.65, p = 0.08) and school building
age (ϱ = 0.72, p = 0.04).

Perceptions of stuffiness averaged 2.6 (1 = stuffy, 5 = fresh), ranging from 1 in D2
to 4 in B2 and D1. Despite reporting the air as fresh, B2 recorded the second-highest
mean CO2 levels, the highest RH levels, and the lowest mean temperature. Stuffiness
perception correlated with maximum weekly RH levels (ϱ = 0.72, p = 0.04) and negatively
with the percentage of time CO2 was below 1000 ppm (ϱ = −0.70, p = 0.05) and the reported
percentage of time that windows were opened (ϱ = −0.79, p = 0.02).

Teacher perceptions of odour averaged 2.6 (1 = strong odour, 5 = no odour), ranging
from 1 in A2 and C1 to 4 in B2, C2, and D1. Perceived odour strongly correlated with
teacher perceptions of stuffiness (ϱ = 0.82, p = 0.01). It also correlated with mean weekly
RH levels (ϱ = 0.69, p = 0.06) and negatively with the percentage of time CO2 was below
1000 ppm (ϱ = −0.78, p = 0.03), per-person VRs (ϱ = −0.68, p = 0.06), and window opening
times (ϱ = −0.77, p = 0.03).

Draft sensation ratings averaged 2.25 (1 = no draft, 5 = excessive draft), ranging from 1
to 3. While not correlated with VRs, draft sensation showed moderate negative correlations
with occupant density per m2 (ϱ = −0.67, p = 0.07), perceived temperature (ϱ = −0.69,
p = 0.06) and a strong correlation with VRui (ϱ = 0.72, p = 0.04).

Perceptions of external noise averaged 2.5 (1 = minimal, 5 = high), ranging from 1
in B1 and B2 (where windows were open 50% and 25% of the time, respectively) to 4 in
D1, which was closer to a main road and had windows open 75% of the time. External
noise perception correlated with reported window opening times (ϱ = 0.64, p = 0.08) and
per-person VRs (ϱ = 0.74, p = 0.04).

4. Discussion
4.1. CO2 Concentrations and Determinants

Elevated indoor CO2 concentrations were prevalent across all classrooms, with weekly
averages exceeding the 1000 ppm HSA lower action threshold [17] in all but one classroom.
Moreover, exceedances of the 1400 ppm upper action threshold occurred 52% of the time
these classrooms were occupied, aligning with previous research findings [18,73].

The per-person VR was the strongest predictor of indoor CO2 concentrations. VRs var-
ied considerably across classrooms, with none achieving the Irish school design guideline
minimum of 8 L/p/s [9] or the European standard of 7 L/p/s [16]. However, classroom
C1 maintained a mean weekly CO2 concentration of 796 ppm with a corresponding per-
person VR of 4.1 L/p/s. In this case, CO2 levels exceeded 1000 ppm for only 18% of the
occupied period and never surpassed the HSA’s [17] upper threshold of 1400 ppm. The
results from this classroom suggest that single-sided NV can yield adequate VRs under the
monitored conditions.

Peak CO2 concentrations across classrooms further highlight the extent of the issue
with inadequate VRs during occupied periods. Peak CO2 concentrations in the majority of
classrooms were observed on Day 3 (22 October 2024), which coincided with the lowest
recorded mean outdoor temperature (10.8 ◦C) during the monitoring period. Similarly,
Day 3 also registered the highest mean CO2 levels in six out of seven classrooms (Classroom
A1 was excluded from this observation as it was unoccupied on Day 3) and the fastest
CO2 build-up rate in Classroom C1. This pattern suggests a likely reduction in ventilation



Sustainability 2025, 17, 9873 16 of 24

behaviours, such as window opening, in response to colder outdoor conditions, an effect
widely reported in previous studies [11,38].

Daily CO2 profiles closely followed occupancy patterns, characterised by sharp in-
creases during classroom use, rapid declines during breaks, and slower decay rates after
the end of the school day. The steep rises at the onset of occupancy indicate inadequate
VRs, which could be addressed through pre-emptive increases in ventilation provision,
potentially guided by alerting systems based on CO2 build-up rates. Notably, CO2 build-up
rates correlated with mean and peak CO2 levels, %VRui, temperature, RH, and duration
above guideline CO2 thresholds, further supporting their utility as real-time indicators
for pre-emptive ventilation management. The rapid reductions observed during breaks
demonstrate the effectiveness of short unoccupied periods in resetting indoor CO2 con-
centrations, a benefit that could be further enhanced through targeted purging strategies,
as demonstrated by Griffiths and Eftekhari [12]. In contrast, the slow CO2 decay rates
observed after school hours resulted in elevated baseline levels the following morning in
some classrooms. CO2 decay dynamics were influenced by building airtightness, peak CO2

levels, and the adequacy of background ventilation provision. This issue may be addressed
structurally by increasing background ventilation provision or behaviourally through the
implementation of an end-of-day purge ventilation regime. Given the extended overnight
period, such purging is unlikely to compromise thermal comfort due to adequate time for
thermal rebalancing before occupancy resumes. Additionally, noise infiltration is not a
concern when implementing purge regimes during teaching breaks or after school hours.

While OD was not directly assessed due to the use of weekly average figures, it
correlated strongly with school age, with newer schools hosting larger rooms. However, no
consistent association was found between school age and indoor environmental conditions,
suggesting that ventilation efficacy is driven more by behavioural and operational factors
than by building age. Room volume was a stronger predictor of CO2 concentration than
floor area, as floor area alone does not account for the third dimension, room height, which
influences the total air volume available for dilution. CO2 generation rates, accounting for
occupant age and activity, moderately correlated with mean CO2 concentrations, reinforcing
the need to consider contextual and temporal factors, including OD, pupil age, activity
levels, and occupancy schedules when designing ventilation strategies.

Estimated VRui values emphasise the substantial influence of occupant behaviours on
NV classroom VRs consistent with the findings of Iwashita and Akasaka [33]. The highest
VRui was observed in Classroom C1, which also recorded the highest VRocc and lowest
CO2 levels, aligning with the teacher-reported 100% window opening frequency during
occupancy. While the calculation of VRui did not account for external variables such as
I/O temperature differentials or wind speed, these conditions did not strongly influence
VRs during the measurement period. Correlation analysis further indicates that smaller
classrooms with greater occupant-driven ventilation exhibited more effective CO2 removal,
albeit with an associated increase in teacher-reported draft sensation.

As with the findings of [11,34,35,38], window opening operations emerged as a key
behavioural factor influencing VRs. In classrooms B1, D1, and D2, pupils were permitted
to open windows, likely a function of their older age (10 to 12 years), which may influence
observed ventilation patterns. The teacher reported window opening durations correlated
positively with VRs and negatively with CO2 levels, further reinforcing the importance of
occupant behaviour in maintaining adequate VRs. Lower self-reported window opening
durations alongside elevated CO2 and RH levels coincided with lower-than-average mean
temperatures in classrooms B1 and B2, suggesting that thermal discomfort may discourage
occupant-driven ventilation. However, the teacher in classroom C1 appears to prioritise



Sustainability 2025, 17, 9873 17 of 24

ventilation over thermal comfort, resulting in a classroom environment that complied with
CO2, temperature, and RH recommendations.

4.2. Relationship Between Teacher Perceptions and Measured Data

Teacher perceptions of classroom temperature averaged on the warm side of thermal
neutrality. However, measured temperatures were generally at the lower end of both na-
tional and EU guideline ranges. When considered alongside previous research showing that
children experience optimal thermal comfort at temperatures 2 ◦C to 3 ◦C lower than those
preferred by adults [40,42], and demonstrate peak cognitive performance at temperatures
approximately 1 ◦C cooler still [41], these findings reinforce the need for the development
of thermal comfort guidelines that are specifically tailored to classroom environments.

Teacher-reported perceptions of air quality and thermal comfort often diverged from
objective measurements, reflecting the subjectivity of occupant feedback. Some teachers
reported acceptable conditions despite high CO2 and RH levels, while others noted dis-
comfort in objectively compliant spaces. Although these perceptions showed weak and
inconsistent correlations with measured parameters, they aligned in some instances with
VRs, RH, and noise levels. The teachers in classrooms B1 and B2, with the lowest VRs and
highest CO2 and RH levels, reported relatively positive air quality perceptions, while the
teacher in classroom C1, with the highest recorded VRs and lowest CO2 levels, reported
more negative ratings. This divergence highlights the influence of personal sensitivity,
expectations, and perhaps awareness of IAQ issues. In effect, teachers who are more sen-
sitive to air stuffiness and odour may be more proactive in managing ventilation. These
findings align with previous research [73], and support the need to integrate sensor data
with occupant perceptions, which may encourage more responsive ventilation strategies,
i.e., window opening management, particularly when thermal comfort conflicts arise.

4.3. Outdoor Pollutants and Ventilation Trade-Offs

While NO2 measurements provide valuable insight into outdoor pollutant infiltration,
the uncertainty associated with passive sampling necessitates cautious interpretation of
results. Additionally, factors such as local wind patterns and infiltration pathways may
significantly influence NO2 levels indoors, potentially confounding the relationship with
ventilation rates. The results indicate that increased VRs and lower CO2 levels were
associated with greater infiltration of outdoor NO2, highlighting a potential trade-off
between indoor and outdoor air quality. Classroom C1, which recorded the highest VRs,
also exhibited the highest I/O NO2 ratio of 0.72, compared to a ratio of 0.40 in classroom
B1, which had the lowest VRs. Additionally, classrooms located further from traffic sources
and upstream of the prevailing wind direction exhibited lower I/O ratios.

Although both ambient and indoor NO2 concentrations remained well below WHO
guideline thresholds [29], in areas where outdoor air pollution is a concern, balancing CO2

reduction with the exclusion of outdoor pollutants may require targeted interventions.
Potential measures include scheduling ventilation during periods of lower traffic intensity,
implementing local strategies such as staggered drop-offs, anti-idling policies, and installing
air filtration systems [74], or adopting nature-based solutions like green barriers [18].

4.4. Effects on Thermal Comfort

Thermal comfort indicators varied between classrooms but remained within national
guidelines. Classroom temperatures increased with occupancy and class duration, showing
a moderate correlation with the I/O temperature differential, and a weak but statistically
significant correlation with CO2 build-up gradients and decay times, affirming the inverse
relationship between VRs and heat retention. Classroom C1, with the highest VRs, recorded
weekly average temperatures 1.1 ◦C below the sample average on a week when the external
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temperature averaged 12.6 ◦C, illustrating the potential challenge of maintaining both
optimal VRs and thermal comfort during colder periods in NV classrooms that are not
equipped with thermostatic heating control. Nevertheless, teacher-rated thermal comfort
in C1 was only slightly below neutral (2), which aligns more closely with the student
preferences reported in prior studies [40,42].

RH levels exceeded EN 16798-1 guideline limits in all classrooms, with some exceed-
ing the HSA’s and school design guidelines upper limit of 70% for most of the occupied
period [16,17]. RH fluctuations mirrored CO2 patterns, as occupant respiration and perspi-
ration are key contributors to elevated indoor RH levels [75]. Higher RH levels moderately
correlated with elevated CO2 levels and lower VRs, reinforcing the association between
inadequate VRs and excess indoor moisture. Confounding factors such as rising damp
or moisture ingress to the building were not a factor in this sample of classrooms. These
findings emphasise the importance of maintaining adequate VRs in mitigating IAQ issues
associated with elevated RH levels.

4.5. Implications for Ventilation Management and Policy

This study highlights the limitations of relying on background and occupant-controlled
ventilation to maintain acceptable VRs in NV classrooms. While none of the monitored
classrooms achieved the school design guidelines VR capacity of 8 L/p/s [9], this does
not necessarily indicate non-compliance with design standards. Rather, it highlights a gap
within the standards themselves, in which ventilation performance is largely dependent
on user operation, often without adequate awareness, guidance, or alerting regarding
the specific ventilation needs of their classroom. The frequency and extent of CO2 and
RH threshold exceedances suggest that current NV strategies are insufficient to ensure
healthy classroom environments. Weak overnight decay rates emphasise the need for
additional background or end-of-day purge ventilation, especially in classrooms that are
used for after-school activities. The findings support the development of evidence-based
ventilation enhancement measures that integrate the following behavioural, technological,
architectural, and policy measures:

• Enhanced teacher training on IAQ, thermal comfort and ventilation principles with a
specific focus on the physiological needs of primary school children.

• CO2 and hygrothermal monitoring and alerting systems for real-time pre-emptive
ventilation management.

• Provision of adequate background ventilation.
• Implementation of ventilation protocols, including break-time and end-of-day purge

ventilation, supported by schedules that take cognisance of local noise and outdoor
air quality variations.

• Occupancy management to prevent sustained overcapacity.

4.6. Limitations

Sample size, measurement duration, use of average occupancy figures, and unmea-
sured variables like activity levels should be considered when interpreting these findings.
The diversity of classrooms within the sample further complicates direct comparisons of
IAQ across similar settings and conditions. Teacher perceptions and behavioural data
were self-reported and susceptible to individual sensitivities and biases. It is also recog-
nised that correlating ordinal Likert-scale perceptual data with continuous environmental
measurements may affect the strength and interpretability of observed associations. The
modest sample size limits generalisability, and the potential for overinterpretation in some
areas cannot be discounted due to the complexity of correlating multiple environmental
and behavioural parameters. Therefore, findings should be interpreted with caution and
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viewed as indicative rather than definitive, pending validation with larger, more diverse
school samples. CO2 and NO2 do not account for the full range of indoor or outdoor
pollutants that may affect classroom air quality, but are considered a proxy only for a range
of other potential contaminants.

4.7. Considerations for Future Research

Future research should involve a larger and more diverse school sample, capturing a
broader range of building types, locations, and socio-environmental contexts to improve
generalisability. Longitudinal monitoring across heating and non-heating seasons would
clarify seasonal variations in VRs, IAQ, and thermal comfort. Using psychometrically
validated tools or alternative analytical approaches to align subjective perceptions with
objective measurements could inform an integrated IAQ and thermal comfort standard for
NV schools.

Assessments should also incorporate local wind patterns, infiltration pathways, and
continuous measurement techniques to refine our understanding of NO2 dynamics, along-
side the testing of targeted interventions to mitigate outdoor air pollutant ingress. Ex-
panding pollutant monitoring to include particulate matter (PM2.5, PM10), volatile organic
compounds (VOCs), and allergens would broaden the evaluation of classroom environ-
mental health risks.

Finally, while this study did not quantify the impact of VRs on heating demand,
the influence of ventilation on classroom temperatures, particularly in colder climates,
warrants detailed evaluation. Future work should assess the combined effects of VR
adjustments, occupancy, and building characteristics on energy use, costs, and comfort to
inform balanced, sustainable ventilation strategies.

5. Conclusions and Recommendations
CO2 concentrations reveal inadequate classroom VRs during typical occupancy. Com-

bining the data set for the eight classrooms, occupied period CO2 levels averaged 1632 ppm,
exceeding the HSA 1000 ppm and 1400 ppm action thresholds 73% and 52% of the time,
respectively. CO2 levels were strongly correlated with VRs, which in turn were closely
linked to self-reported window opening durations. In the classroom (C1) with the highest
mean occupied-period VR (4.1 L/p/s), windows were reported open 100% of the time,
resulting in an average CO2 concentration of 796 ppm, with exceedances above 1000 ppm
during 18% of occupied hours and none above 1400 ppm. In contrast, the classroom (B1)
with the lowest VR (1.2 L/p/s), where windows were reported open 50% of the time,
recorded an average CO2 level of 2469 ppm, exceeding 1000 ppm and 1400 ppm during
89% and 73% of occupied hours, respectively. These findings demonstrate that providing
adequate VRs with current ventilation design standards is achievable but heavily depends
on occupant window opening behaviour, an operational practice that, in seven of eight
classrooms, was insufficient to maintain CO2 within recommended limits.

Classroom NO2 levels remained well below CAFE directive limits, with I/O ratios
correlating strongly with VRs, as illustrated by the high I/O ratio of 0.72 in classroom
C1. Beyond VRs, I/O ratios were influenced by classroom location relative to pollution
sources, proximity to roads, and orientation in relation to the prevailing wind direction.
The findings emphasise the importance of accounting for outdoor pollutant ingress when
designing classroom ventilation enhancement measures. Effective solutions must consider
the type, source, and concentration of outdoor air pollutants, spatial context, wind direction,
and temporal patterns to align ventilation periods with times of lower outdoor pollution.

Teachers across all classrooms reported broad satisfaction with indoor temperatures,
which were consistently at the lower end of regulatory and comfort guideline thresholds.
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Given that children experience optimal thermal comfort at temperatures 2 ◦C to 3 ◦C lower
than adults, these findings emphasise the need for thermal comfort guidelines tailored
specifically to the needs of primary school classrooms.

RH levels were closely linked to VRs, with temporal RH patterns mirroring those
of CO2 across classrooms. RH levels ranged from 53% to 78% in the classrooms with
the highest and lowest VRs, respectively. Mean RH levels in all classrooms exceeded the
60% EN limit, and two surpassed the 70% national threshold, further highlighting the
inadequacy of classroom VRs and the associated risk to occupant comfort and health,
including increased potential exposure to mould growth.

Occupied-period CO2 patterns were consistent across classrooms, shaped by occupant
generation rates and occupancy dynamics, with window opening behaviours playing a key
role in elevating VRs and moderating CO2 levels. Rapid CO2 declines during class breaks
in all classrooms highlight the effectiveness of temporary classroom vacancies in resetting
pollutant concentrations. For example, a 58% CO2 reduction was observed during the first
class break on day two in Classroom A1, highlighting the impact of vacating classrooms
during breaks. The implementation of a purge ventilation regime during scheduled class
breaks could effectively reset CO2 levels while minimising the effects of noise intrusion and
thermal discomfort associated with fully opening all windows during the occupied period.

Classroom VRs were largely driven by occupant window and door opening be-
haviours, with user influence accounting for 84% to 96% of VRs. However, these be-
haviours are primarily guided by teachers’ thermal comfort preferences rather than air
quality considerations. Given that adults’ thermal preferences differ from the optimal
thermal conditions for young children, this misalignment may exacerbate inadequate VRs.
Furthermore, teacher-reported perceptions of IAQ and comfort were found to diverge
from objective measurements, highlighting the limitations of relying solely on subjective
assessments. Together, these findings emphasise the importance of increasing teacher
awareness regarding both ventilation and thermal comfort needs for all classroom oc-
cupants. They also highlight the value of supporting teacher decision-making through
the provision of real-time CO2 and hygrothermal monitoring systems that offer proactive
ventilation guidance.

The strong correlation between CO2 build-up rates and metrics such as mean and peak
CO2 levels, as well as the percentage of time CO2 exceeded guideline thresholds, suggests
that CO2 alerting based on rates of change of CO2 could offer a proactive alternative to
traditional threshold-based alerts. This approach would enable pre-emptive ventilation
management, allowing for timely adjustments to VRs before guideline exceedances occur.

Background ventilation (windows and doors closed) accounted for just 4% to 16%
of overall classroom VRs. Background ventilation alone is insufficient for maintaining
classroom CO2 levels within recommended guideline limits, as demonstrated by slow
end-of-day CO2 decay rates across all classrooms. In some cases, CO2 levels failed to
reset overnight, a problem further exacerbated in classrooms that are used for afterschool
activities. The findings reinforce the need for increased background VRs and support the im-
plementation of an end-of-day ventilation purge regime to remove accumulated indoor air
pollutants after classrooms are vacated. This simple regime would enable effective resetting
of CO2 levels without impacting occupant comfort from noise or thermal discomfort.

Although the modest sample size limits the generalisability of the findings and some
risk of overinterpretation remains, this study contributes valuable evidence to inform
ventilation design standards and occupant-led ventilation management in the pursuit
of healthy, sustainable learning environments. The results emphasise the importance of
targeted ventilation strategies that maintain IAQ without compromising thermal comfort or
increasing exposure to outdoor pollutants and noise. Practical, low-cost measures such as
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scheduled purging, real-time air quality monitoring and alerting, and occupant awareness
offer immediate pathways to improving environmental conditions for health and learning
in NV classrooms in Ireland.
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27. Demirel, G.; Özden, Ö.; Döğeroğlu, T.; Gaga, E.O. Personal exposure of primary school children to BTEX, NO2 and ozone in
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