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A B S T R A C T   

Addressing indoor air quality (IAQ) and thermal comfort issues in school buildings is challenging 
but relevant. Firstly, their primary occupants are more vulnerable than adults. Secondly, school 
buildings are often inadequate being too old or designed to prioritise energy-efficiency targets. 
Thirdly, occupants have often little control over the indoor environmental quality (IEQ). Lastly, 
the SARS-CoV-2 pandemic highlighted the complexity and vulnerability of existing decision- 
making processes in relation to making timely and well-informed decisions about IEQ threats. 
Standards and guidelines vary over time and among similar countries despite targeting similar 
occupants, evaluate IAQ and thermal comfort independently, and do not include any specific 
adaptations to children. Thus, the aim of this research is to compare different available standards 
to evaluate IAQ and thermal comfort in school buildings. By analysing with different standards 
(EN16798, BB101, and ASHRAE 55 and 62.1) the data collected in schools in northern Italy, this 
research evaluated the consequences of different limits and approaches, and proposed improve-
ments. The conclusions are that (i) thresholds and methods inconsistency within the same stan-
dard should be avoided; (ii) upper- and lower-bounded operative temperature scales are the most 
appropriate means to design and verify thermal comfort in classrooms; (iii) IAQ metrics that give 
an upper limit per a certain amount of consecutive time might prevent the build-up of indoor 
pollutants, even with high emissions from the building fabric; (iv) no standard proposes a com-
bined IAQ and thermal comfort analysis which could enable more informed trade-off decisions 
considering IAQ, thermal comfort, and energy targets.  

List of abbreviation 

ACH Air Change Rate 
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 
BB101 Building Bulletin 101 
BMR Basal Metabolic Rate 
EQ-OX Environmental Quality bOX 
HE High Emitting 
IAQ Indoor Air Quality 
IEQ Indoor Environmental Quality 

* Corresponding author. 
E-mail address: francesco.babich@eurac.edu (F. Babich).  

Contents lists available at ScienceDirect 

Journal of Building Engineering 

journal homepage: www.elsevier.com/locate/jobe 

https://doi.org/10.1016/j.jobe.2023.106405 
Received 24 October 2022; Received in revised form 27 February 2023; Accepted 26 March 2023   

mailto:francesco.babich@eurac.edu
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2023.106405
https://doi.org/10.1016/j.jobe.2023.106405
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jobe.2023.106405&domain=pdf
https://doi.org/10.1016/j.jobe.2023.106405
http://creativecommons.org/licenses/by/4.0/


Journal of Building Engineering 71 (2023) 106405

2

LE Low Emitting 
MRT Mean Radiant Temperature 
PMV Predicted Mean Vote 
PPD Predicted Percentage of Dissatisfied 
RH Relative Humidity 
VLE Very Low Emitting 
WHO World Health Organization  

1. Introduction 

Over the past two decades numerous indoor environmental quality (IEQ) studies have been carried out in European school 
buildings, the majority of which have highlighted serious problems with the indoor air quality (IAQ) and thermal comfort [1–8]. The 
recent SARS-CoV-2 pandemic has further emphasised the role that poor IAQ in schools plays in the transmission of airborne viruses [9]. 
Despite the growing awareness of these issues and the impacts they exert on the lives of students and staff, both designers and later 
school management authorities are often unsure how to respond to such issues in a timely and effective manner due to unclear and 
sometimes contradictory indications and guidelines. 

Addressing air quality and thermal comfort issues in educational buildings is particularly challenging but also relevant for several 
reasons. Firstly, pupils spend a relevant time in classrooms [10–12] which can have an occupancy density four times higher than office 
buildings [12,13]. Research has shown that the conditions in schools are often inadequate [14] being old school buildings sometimes 
in a poor state of repair and newly built or recently refurbished schools often designed to prioritise energy-efficiency targets, with scant 
attention paid to indoor environmental quality (IEQ) [15]. Secondly, schools’ primary occupants are children and adolescents whose 
respiration rates are higher than adults and whose organs and immune systems are still developing, which means they are more 
vulnerable to indoor pollutants [5] and adverse thermal environments [16]. Thirdly, good IAQ and thermal comfort in classrooms are 
essential because they can affect students’ learning performance and ability to concentrate [17,18]. Fourthly, pupils, but also teachers 
and other school personnel often have little or no control over the IEQ [19,20]. In particular, pupils may not actively adjust the 
classroom environment due to limited permission from their teacher and may not be able to change their activity level and clothing 
insulation because they are required to sit quietly and wear uniforms [21]. Lastly, the current SARS-CoV-2 pandemic has highlighted 
the complexity and vulnerability of existing school management and decision-making processes in relation to making timely and 
well-informed decisions about threats to IAQ [22]. Research has shown that adopting an efficient ventilation strategy is crucial in 
terms of IAQ and risk of airborne infections in schools [23]. On one hand, the top-level management structures are ill-prepared to 
address urgent needs, and on the other hand teachers frequently feel under too much pressure (due to their burgeoning workload) or 
confused by too much (and often contradictory) information. 

Different methods and indications to design and assess IAQ and thermal comfort in school buildings are provided by standards such 
as the European standard EN16798-1 [24], the British Building Bulletin 101-BB101 [25], and the ASHRAE (American Society of 
Heating, Refrigerating and Air-Conditioning Engineers) Standards 55 [26] and ASHRAE 62.1 [27]. These standards are based on the 
findings of studies with adult subjects [28–30] and assume that the determinants of IAQ and thermal comfort are similar in children 
and adults [31]. However, previous studies reported systematic discrepancies between the actual thermal perception reported by 
students and the predictions made according to the current thermal comfort standards [31–34]. The available evidence suggests that 
the thermal sensation of children and adults might be different, with a tendency in children towards a warmer sensation compared 
with what the models predict [35]. Mors et al. [36] reported that the Predicted Mean Vote (PMV) - Predicted Percentage of Dissatisfied 
(PPD) method underestimates thermal sensation for children by up to 1.5 point. Dias Pereira et al. [37] found that in general students 
accept temperature ranges higher than those which are given by the norms. Moreover, although the occupants of school buildings have 
comparable needs for healthy and comfortable indoor spaces, standard and guidelines vary considerably over time and among similar 
countries or even within the same country (with regional and local regulations) [14]. Metrics and their acceptability thresholds may be 
considerably different, and this often is a cause for confusion and uninformed decisions. 

Furthermore, standards evaluate IAQ and thermal comfort independently although previous studies have highlighted the combined 
effects of environmental factors on human perception and especially how the occupants’ perception of IAQ varies according to thermal 
environment [38]. Occupants’ thermal sensation can change according to CO2 concentration [39] and vice versa [40]. 

Thus, there is a need to evaluate the indications provided by the different standards to facilitate the design and management of 
school buildings. Many field studies assessed the classrooms’ conditions according to one standard [8]. However, there is a lack of 
studies comparing the thresholds provided by standards. The aim of the research presented in this paper is to compare different 
available standards to evaluate IAQ and thermal comfort in school buildings by focusing especially on the possible alternative metrics 
and approaches to identify the most suitable options, on the possible inconsistency within the same standards or frameworks, and on 
the potential gaps that have not been covered by standards yet. This comparison is performed using several thermal and IAQ mea-
surements conducted in four schools in South Tyrol (Italy) and simulating three contaminants’ emission scenarios based on building 
materials with different level of emissions. The study concludes with a combined thermal comfort and IAQ analysis for real-time 
decision making. 
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2. Methods 

This study comprises two main parts, namely the indoor environmental data collection in school buildings and the analysis of this 
data using different standards and metrics to evaluate IAQ and thermal comfort. 

2.1. Field study 

In this study, indoor environmental data was collected from February 2022 to April 2022 in four schools located in the province of 
Bolzano (northern Italy). To define the heating season (period in which the use of heating is allowed), Italy has been divided in six 
climatic zones,1 and most of Bolzano province falls into zone F (the coldest; for locations with more than 3000 heating degree days) for 
which there are no limits for the use of heating systems in terms of dates and number of hours of per day. All schools included into this 
study fall into zone F, and therefore had the heating system active during the whole data collection period. All classrooms were 
naturally ventilated, and no mechanical ventilation system was available. Measurements were taken in two classrooms per school 
(Table 1 and Fig. 1). 

Measurements were collected by using an in-house developed multi-sensor device called “Environmental Quality bOX” (EQ-OX). 
EQ-OX was conceived to be a portable low-cost device that enables to measure multiple IEQ parameters such as hygro-thermal pa-
rameters, lighting level, and some IAQ parameters. The case and the board for the sensors are tailor-made, while the single sensors 
have been selected among those currently available on the market. EQ-OX uses a low-power wide-area networking protocol 
connection, and this enables to save and check the data in real time. In this study, EQ-OX was used to measure air temperature (Tair), 
globe temperature (Tglobe), relative humidity (RH), pressure (pair) and CO2 as IAQ indicator (Table 2). 

To ensure the correctness of the measurements performed, prior to the monitoring campaign the sensors integrated into EQ-OX 
were tested. Air temperature sensors were tested in a climatic chamber in the range of 10–35 ◦C and compared to a high accuracy 
RTD Pt100 1/10 DIN sensor, whereas the RH sensors were tested in the range of 20–80% and compared to E + E EE060 previously 
calibrated by an accredited calibration laboratory. In both cases, correlations between the sensor and the reference instruments were 
high (R2 > 0.99). CO2 sensors were compared with a IAQ datalogger HD21ABE17 (Deltaohm, Italy) previously calibrated by moni-
toring the same room for a week. In this case, Pearson squared correlation coefficient (R2) ranged from 0.91 to 0.92 whereas the mean 
absolute error varied between 42 and 44 ppm, demonstrating an acceptable performance of the K-30 CO2 sensors used in this study. 

The whole acquisition system comprises three essential components, namely the EQ-OX (i.e. the box which contains the sensors), a 
gateway which enables to connect multiple EQ-OX at the same time, and a 4G modem for internet connection (Fig. 2). Gateway and 
modem can be freely located within the building as long as the gateway has a reliable connection with the EQ-OX and the modem has a 
stable connection to the internet. In each school, one gateway and one modem were installed in a storage room or a corridor. On the 
other hand, the position of the EQ-OX is crucial to ensure high-quality and representative data. In this study, in all classrooms, it was 
located at a 0.7 m–1.5 m height (above the floor) to assess the sitting position of the students and attention was paid to avoid direct 
sunlight and proximity to other sources of interference (e.g. radiators). Furthermore, it was located considering points that did not 
disturb the normal operation of the classrooms, typically in one of the four corners of the classroom. 

EQ-OX system gathers multiple readings within 1 min. However, for all analysis conducted in this study, data was previously 
resampled using 10-min average values. All calculations were performed using Python (version 3, Anaconda distribution) scripts 
developed by the authors using commonly used libraries such as Pandas and Matplotlib (for visualization). 

2.2. IAQ and thermal comfort metrics and analysis 

In this study, in order to evaluate IAQ and thermal comfort in classrooms, three regulatory frameworks were considered, namely 
European standard EN16798-1 [24], British guidelines on ventilation, thermal comfort and IAQ in schools (Building Bulletin 101 – 
BB101) [25], and the American standards ASHRAE 62.1 [27] (focused on ventilation for acceptable IAQ) and ASHRAE 55 [26] (for 
thermal comfort). The reasons for considering these three standards are that they all refer to Western northern-hemisphere countries 
(basically Europe and north America), and thus in principle comparable (climate and habits) and suitable for the analysis of data 
collected in northern Italy. 

2.2.1. European standard EN16798-1 
EN16798 provides indoor environmental input parameters for design and assessment of energy performance of buildings 

addressing different aspects of IEQ, namely IAQ, thermal environment, lighting, and acoustics. This standard replaced the previously 
used EN 15251 [41], and, like its predecessor, it provides different criteria for different types of buildings including schools. EN16798 
includes two annexes, namely Annex A and B. The former presents all national recommended criteria for indoor environment, and 
therefore it varies from country to country in Europe. The latter contains default criteria and does not vary at national level. In most 
cases, the national variations included in Annex A enable to better capture national peculiarities and to harmonize EN16798 to other 
national regulations. 

For thermal comfort, this standard defines four categories based on PPD index (Table 3). The way in which categories are defined 
however implies that there is a fifth category for all points with PPD equal or higher than 25%. PPD is derived from the PMV calculated 
according to EN ISO 7730 [42]. Moreover, threshold values of the indoor operative temperature (Toperative) are given for different types 
of indoor spaces (values for classrooms in Table 4). These thresholds were defined assuming 50% relative humidity level, low air 

1 D.P.R. n. 412 del 26 agosto 1993 (reference Italian law). 
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velocity level (<0.1 m/s), typical winter clothing (1.0 clo) and sedentary activity (1.1 met). Lastly, indoor operative temperature limits 
for energy calculations are also included in this standard. It is worth noting that the lower limit of Category IV in Table 5 is different 
(17 ◦C) from the corresponding value in Table 4 (18 ◦C). 

A similar approach based on categories is used in EN16798 also for IAQ. The standard provides three different methods for the 
evaluation of the IAQ, and assumes complete air mixing in the room (concentration of pollutants is equal in extract and in occupied 
zone). In the first method, ventilation rates for sedentary, adults, non-adapted persons for diluting emissions (bio effluents) from 
people (Table 6) as well as ventilation rates for diluting pollution from the building and systems (Table 7) for different categories are 

Table 1 
Classrooms’ features.  

Classroom ID School Pupils age Average occupancy Type of room heating system 

0217 High school (Technical institute) 14 17 Underfloor radiant heating 
07 Primary school 10 18 Heating radiators 
08 Primary school 10 21 Heating radiators 
09 High school 14–15 15–20 Heating radiators 
11 High school 14–15 15–20 Heating radiators 
15 High school (Technical institute) 15 16 Underfloor radiant heating 
16 Middle school 11–13 20 Heating radiators 
10 Middle school 11–13 20 Heating radiators  

Fig. 1. Classrooms layout.  

Table 2 
EQ-OX sensors’ specifications (* encapsulated into a 40 mm black globe).  

Parameter Sensor Range Accuracy 

TAir Littlefuse 11492 − 50 to 150 ◦C ±0.2 ◦C 
Tglobe Littlefuse 11492* − 50 to 150 ◦C ±0.2 ◦C 
RH Sensirion SHT31 0 to 100 RH % ±2% 
pair Bosch BMP388 300 to 1100 hPa ±0.5 hPa 
CO2 CO2meter K30 0 to 10000 ppm ±(30 ppm ± 3% of reading)  

Fig. 2. Monitoring system which comprises three components (exemplary photo taken in our premises).  
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provided. The total design ventilation air flow rate for a room is calculated as the sum of both ventilation rates and can be expressed as 
l/s, l/(s person) and l/(s m2). The second method establishes limits for CO2 concentration above outdoor concentration (Table 7) for 
each category. The third method is based on predefined air flow rates. However, this standard only reports the values for an office, thus 
limiting its use for other spaces. 

Furthermore, the standard says that the ventilation rate should always be higher than 4 l/s per person during occupied time. For the 
unoccupied time, two cases are considered. In case the ventilation is shut off, the minimum amount of air to be delivered prior to 
occupation of a given zone is 1 vol within 2 h. In case the ventilation is lowered for unoccupied periods, the total air flow rate for 
diluting emissions from building should be minimum 0.15 l/s m2 of floor area in all rooms. No specific indications are given for schools 
nor for occupants different than adults. Like for thermal comfort, also for IAQ it is worth noting that Table 6 (and also Table 7) 
explicitly indicates four categories, but implies the existence of a fifth category. However, the same does not happen in Table 8 where 
the use of the same limit for category III and IV leaves in the latter all points in time above this limit. 

Lastly, EN16798 remarks that the categories are related to the level of expectations the occupants may have. A normal level would 
be category II. A higher level may be selected for occupants with special needs (children, elderly, persons with disabilities, etc.). A 
lower level will not provide any health risk but may decrease comfort. 

2.2.2. The UK Building Bulletin 101 
BB101 [25] sets out regulations, standards and guidance on ventilation, thermal comfort and IAQ for school buildings. This 

Table 3 
Default categories for design of mechanical heated and cooled buildings.  

Category PPD [%] PMV 

I <6 − 0.2 < PMV < +0.2 
II <10 − 0.5 < PMV < +0.5 
III <15 − 0.7 < PMV < +0.7 
IV <25 − 1.0 < PMV < +1.0  

Table 4 
Default design values of the indoor operative temperature in winter (values for classrooms).  

Category Minimum Toperative for heating [◦C] 

I 21 
II 20 
III 19 
IV 18  

Table 5 
Temperature ranges for hourly calculation of heating energy in four categories of indoor environment.  

Category Toperative ranges for heating [◦C] 

I 21–23 
II 20–24 
III 19–25 
IV 17–25  

Table 6 
Design ventilation rates for sedentary, adults, non-adapted persons for diluting bio-effluents.  

Category Expected percentage dissatisfied [%] Air flowrate [l/(s person)] 

I 15  10.0 
II 20  7.0 
III 30  4.0 
IV 40  2.5  

Table 7 
Design ventilation rates for diluting emissions from different type of buildings.  

Category Very low polluting building, LPB-1 [l/(s m2)] Low polluting building, LPB-2 [l/(s m2)] Non low-polluting building, LPB-3 [l/(s m2)] 

I 0.50 1.0 2.0 
II 0.35 0.7 1.4 
III 0.20 0.4 0.8 
IV 0.15 0.3 0.6  
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document considers different ventilation strategies ranging from a completely natural system to a completely mechanical system. For 
naturally ventilated spaces, the driving forces are the wind and the stack effect. It includes single sided ventilation, cross ventilation or 
stack ventilation systems, and openings can be manual, automatic or both. Mechanical ventilation systems are fan driven and can be 
either centralized or single-room systems. Hybrid or mixed-mode systems use both natural driving forces of the wind and the stack 
effect and fans to supplement these driving forces. 

For teaching and learning spaces, BB101 sets different IAQ requirements for different ventilation strategies. For mechanical systems 
and hybrid systems when used in mechanical mode, sufficient outdoor air should be provided to achieve a daily average concentration 
of CO2 of less than 1000 ppm during the occupied period. In addition, the maximum concentration should also not exceed 1500 ppm 
for more than 20 consecutive minutes each day during the occupied period. 

For naturally ventilated spaces and for mixed-mode system when natural ventilation is used, the daily average concentration of CO2 
should not exceed 1500 ppm during the occupied period, and the maximum concentration should also not exceed 2000 ppm for more 
than 20 consecutive minutes each day. In addition, different design targets are given for new construction and refurbishments. In the 
former case, the system should be designed to achieve a CO2 level for most of the time of less than 1200 ppm (800 ppm above the 
outside level, taken as 400 ppm) while this limit is raised at 1750 ppm for the latter case. This is equivalent to category II and category 
III of EN16798 (Table 7), respectively. In BB101, both average and maximum thresholds are always specified adding that they apply 
only when occupancy is equal to design occupancy or lower. 

In BB1010, no specific ventilation rates are given based on the different emissions levels from building materials. Nevertheless, this 
bulletin states that the removal of pollution sources is more effective to maintain an acceptable IAQ than diluting the pollutant 
concentrations by ventilation and recommends the use of low-polluting building materials or products such as glass, stone and ce-
ramics or other materials which have one of the recognised labels for low emissions in the European Union (i.e. European Ecolabel,2 

EMICODE®,3 etc). 
For thermal comfort, BB101 still refers to category descriptions from EN15251. Like in EN16798, there are four categories, namely I 

(the highest level - recommended for spaces occupied by very sensitive and fragile persons with special requirements like some dis-
abilities, sick, very young children and elderly persons), II (normal), III (moderate expectation level), and IV (low level of expectation – 
acceptable only for a limited part of the year). Furthermore, BB101 says that for refurbished buildings, the minimum standard is 
category IV where category III cannot be met for reasons of practicality and due to the extent of refurbishment. However, after 
refurbishment the criteria should not be worse than before refurbishment in any aspect affecting thermal comfort. 

For spaces with normal level of activity, including teaching, study, exams, admin and staff areas, and computer suites, the rec-
ommended operative temperatures during the heating season are 20 ◦C (normal maintained operative temperature) and 25 ◦C 
(maximum operative temperature during the heating season at maximum occupancy). These values should be measured at seated head 
height (1.1 m for primary schools; 1.4 m for secondary schools) in the centre of the room. 

2.2.3. ASHRAE standards 
ASHRAE reference standards for thermal comfort and for ventilation requirements are standard 55 “Thermal Environmental 

Conditions for Human Occupancy” [26] and 62.1 “Ventilation for Acceptable Indoor Air Quality” [27], respectively. 
For thermal comfort, compliance is achieved if − 0.5 < PMV < +0.5. ASHRAE 55 includes two different ways to calculate the PMV 

according to average air speed. For low air speed values (below 0.2 m/s) the PMV calculation is identical to the ISO 7730 calculation. 
On the other hand, if the occupants have activity levels result in average metabolic rates between 1.0 and 2.0 met, clothing insulation is 
between 0.0 and 1.5 clo, and average air speed is greater than 0.2 m/s, then it is permissible to apply the elevated air speed comfort 
zone method. This method better captures the effect of elevated air movement on thermal comfort. 

For IAQ, the minimum ventilation rates based on people in the breathing zone in classrooms is 5 l/(s person). The limit is the same 
regardless of the ventilation system (natural, mechanical or mixed-mode) and the age of pupils. This ventilation rate must then be 
increased by an additional term (0.6 l/(s m2)) that is based on the surface of the classroom. In Italy, the minimum classroom floor-area 
per pupil is 1.80 m2 (from preschool to middle school) and 1.96 m2 (high school),4 and thus the additional term becomes 1.1 l/(s 
person) and 1.2 l/(s person), respectively. 

ASHRAE 62.1 has not contained a limit value for indoor CO2 since the 1989 edition of the standard. ASHRAE has intentionally 
removed the previously used threshold (1000 ppm) to avoid an overestimate of the significance of this limit as an indicator of 
acceptable IAQ in general, while this concentration is at best an indicator of outdoor air ventilation rate per person [43]. Comparing 

Table 8 
Default design CO2 concentrations above outdoor concentration.  

Category CO2 concentration above outdoor [ppm] 

I 550 
II 800 
III 1350 
IV 1350  

2 https://environment.ec.europa.eu/topics/circular-economy/eu-ecolabel-home_en. 
3 www.emicode.com. 
4 Decreto Ministeriale del 18/12/1975 (reference Italian law). 
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ASHRAE 62.1 with EN16798, it appears that the current ASHRAE minimum ventilation rate for classrooms is half the EN threshold (5 
as opposed to 10 l/(s person)). On the other hand, the old and no longer in-use 1000 ppm value would be approximately equivalent to 
EN16798 Category I limit (950 ppm assuming 400 ppm outdoor concentration). 

2.2.4. Application of the international standards 
In the present study, for EN16798 application, values from Annex B were adopted. Values from Tables 3 and 4 were used for the 

analysis of the thermal comfort, while values from Table 8 were used to evaluate IAQ. A 400 ppm outdoor CO2 concentration was 
assumed [44]. Moreover, category I was assumed to be the target for classrooms, and the percentage of occupied time in each category 
was calculated. 

For the IAQ analysis according to BB101, average and maximum CO2 limit values only for naturally ventilated buildings are used as 
none of the analysed classrooms had mechanical ventilation systems. Furthermore, an estimation of the indoor pollutant concentration 
when using building materials with different levels of emissions was performed to highlight the impact of building material selection 
on IAQ. To evaluate thermal comfort, in this study, the percentage of occupied time with operative temperature below 20 ◦C, between 
20 ◦C and 25 ◦C, and above 25 ◦C is calculated. 

ASHRAE thermal comfort analysis is based on PMV whose calculation includes air speed as an input. However, this was not directly 
measured. Moreover, multiple measurement points would have been required to have an acceptable estimate of the values in the 
different parts of the room due to the erratic nature of air speed, but this type of measurements is not feasible in occupied classrooms 
for long periods. As the focus was on winter conditions and anecdotal evidence did not suggest any issues about elevated air speed, 
PMV was calculated assuming a constant value of 0.1 m/s. Clothing and metabolic rate were assumed to be 1.0 clo (typical winter 
value) and 1.1 met (reading and writing), respectively. For IAQ analysis, since ASHRAE does not provide any CO2 threshold, but the 
aim of this study is to evaluate IAQ applying different standards, two limit values were chosen, namely 1000 ppm and 1320 ppm. The 
latter was defined assuming that 6.2 l/(s person) (which is 5 plus 1.2 l/(s person)) is in between EN16798 Category II and III limits 
(whose respective CO2 limits are 1200 ppm and 1750 ppm – see Table 7). 

In this study, for the numerical calculations performed according to the standards, classrooms were assumed to be occupied from 
7:00 to 18:00 and from Monday to Friday. Thus, night and weekend data was not considered in the analysis. 

2.2.5. Additional thermal calculations 
A key parameter to evaluate thermal comfort in indoor environments is the operative temperature which considers both the 

convective and radiative heat transfer between a person and the surrounding thermal environment [45]. In most practical cases, 
including the current study, if the relative velocity is small (0.2 m/s or less) or where the difference between the mean radiant 
temperature (MRT) and air temperature (Tair) is small (up to 4 ◦C), the Toperative can be calculated as the mean value of MRT and Tair 
according to EN ISO 7726 [46]: 

Toperative =
MRT + Tair

2  

In this study, the Tair was directly measured, while the MRT was calculated from the measured values of air and globe temperature 
according to EN ISO 7726 [46] (temperatures in Celsius; diameter of the globe D = 0.04 m; emissivity of the globe ϵglobe = 0.95 for matt 
black paint): 

MRT =

[
(
Tglobe + 273

)4
+

0.25 × 108

εglobe

(⃒⃒Tglobe − Tair
⃒
⃒

D

)1 /

4

×
(
Tglobe − Tair

)
]1 /

4

− 273  

2.2.6. Simulation of different emission scenarios 
CO2 concentrations provided in standards are generally related to the perception of human bioeffluents and the level of acceptance 

of their odors. However, there are many other relevant indoor air pollutants that are not related to number of occupants, and CO2 
concentration is not a good indicator of those contaminants [43]. To evaluate the potential implications that different CO2 concen-
tration thresholds have on the levels of other indoor pollutants, three exposure scenarios were simulated for each classroom using 
building materials and furniture with different levels of emissions. Formaldehyde (HCHO) was selected as model pollutant to represent 
emissions from materials due to its frequent occurrence in school buildings and known carcinogenic effects [47]. 

To simulate the different scenarios, the air change rate (ACH) in each classroom was estimated using the CO2 decay method. This 
method was selected to estimate the ACH over other methods such as build-up methods because of the lack of accurate hourly oc-
cupancy data or methods based on the blower door test due to budget restrictions. The decay method is based on the decrease of CO2 
levels after the occupation period. Since the ACH in the classrooms can be affected by time-varying factors (i.e. wind speed and di-
rection, outdoor-indoor temperature difference, etc.), this method was applied using data from different days of the monitoring period 
to obtain an average air exchange for each classroom representative of the ACH over the whole monitoring period. Assuming a single 
and well mixed zone, the sequence of CO2 concentrations over a time interval of the decay period is described by the equation [48]: 

Ct =(Css Cout)exp(− ADt) + Cout  

where Ct is the CO2 concentration at the time t, Cout is the background CO2 concentration (assumed to be 400 ppm), AD is the estimated 
air exchange rate, t is the time and Css is the steady-state CO2 concentration. This equation can be easily linearized to calculate the air 
exchange rate as follows: 
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ln(Ct − Cout)= − ADt + ln (Css − Cout)

For each classroom, CO2 and formaldehyde concentrations over time were estimated considering the classroom occupation 
(number and age of the pupils), building characteristics (room volume, air infiltration) and building materials with different levels of 
emissions. 

The simulation of both CO2 and formaldehyde levels over time served to associate the real CO2 levels measured in the classrooms 
with a formaldehyde concentration depending on the type of building materials and furniture used in the three scenarios. To estimate 
CO2 and HCHO concentrations, the following contaminant mass balance equation based on a single zone fully mixed mass balance 
model was used [49]: 

V
dC
dt

=Q(Cout − C) + E  

where V is the volume of the classroom (m3), C is the concentration of the contaminant in the room (mg/m3), Cout is the concentration 
of the contaminant in outdoor air (mg/m3), Q is the flow rate of outdoor air (m3/h), and E is the emission rate of indoor sources (mg/h). 
Note that CO2 concentration in outdoor air levels was assumed to be 400 ppm whereas for formaldehyde, the average outdoor con-
centration was assumed to be 5 ppb according to previous studies on long-term measurements of formaldehyde at European moni-
toring sites [50]. 

By using the previous, several assumptions were made. This single zone mass balance equation ignores sorption and desorption 
processes into and from sinks, and also the concentration differences between building zones and the contaminant transportation 
between zones. Q, Cout , and E are generally functions of time, although here they are assumed to be constant. Furthermore, air density 
differences between indoors and outdoors are neglected and the same value of Q was assigned for the airflow into and out of the room. 
Considering these assumptions, the analytical solution of the previous equation is: 

C(t)=C(0)e−
Q
V t + Css

(
1 − e−

Q
V t
)

where C(t) is the indoor concentration at t = t, C(0) is the indoor concentration at t = 0 and Css is the steady-state indoor concentration. 
Assuming steady-state conditions, in a ventilated space with a uniform contaminant concentration, the ventilation rate and 
contaminant concentration are related as follows [49]: 

Css =Cout +
E
Q 

The CO2 generation rate in each classroom was estimated using the approach proposed by Persily and de Jonge that considers the 
basal metabolic rate of the individuals of interest combined with their level of physical activity [51]. For these calculations, the pupils 
were assumed to be 50% females and 50% males with a level of physical activity equal to 1.1 met corresponding to activities performed 
while sitting such as reading or writing whereas the teacher was assumed to have an age between 21 and 60 and a level of activity of 
1.2 met. Based on the generation rates for people in that age range, an average CO2 generation rate was calculated. The CO2 generation 
rate employed in this study are listed in Table 9. 

Building materials are the main source of formaldehyde in indoor air. Formaldehyde levels were not directly measured this study. 
However, to evaluate the potential implications different CO2 thresholds have on the levels of other indoor pollutants, three exposure 
scenarios were simulated for each classroom by using building materials and furniture with different levels of emissions, namely high- 
emitting (HE), low-emitting (LE), and very low-emitting (VLE) building. The materials employed in each scenario are presented in 
Table 10. 

Formaldehyde emission rates of each material were extracted from data obtained in schools with similar air exchange rates 
0.03–0.22 h− 1 [52]. In this study, the emission rates were assumed to be constant over time. The selection of the different configu-
rations was made based on the classification of formaldehyde emission according to the M1 building materials labelling system (the 
voluntary Finnish emission classification of building materials5). This system was chosen because it classifies the materials directly by 

Table 9 
CO2 generation rates at 273 K and 101 kPa for ranges of ages and level of physical activity.  

Age (years) Mean body mass (kg) BMR (MJ/day) Physical activity (met) CO2 generation rate (l/s) 

Females 
6 to < 11 31.7 4.73 1.1 0.0025 
11 to < 16 55.9 6.03 1.1 0.0032 
21 to < 60 75.3 6.23 1.2 0.0036 
Males 
6 to < 11 31.9 5.14 1.1 0.0028 
11 to < 16 57.6 5.02 1.1 0.0038 
21 to < 60 88.0 8.00 1.2 0.0047  

5 https://cer.rts.fi/. 
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their emission rates instead of the concentration measured in a test chamber after 28 days. According to that system, materials can be 
classified in three categories: M1, M2 and M3, whose formaldehyde emission thresholds are <50 μg/m2h (M1), <125 μg/m2h (M2) and 
>125 μg/m2h (M3), respectively. Furniture and flooring were low emitting materials (M1 class) in every scenario whereas the ceiling 
and wooden chairs emissions increased from one scenario to another, being both M1 class in the LE building and M3 and M2 class, 
respectively, in the HE building scenario. As the occupancy in the investigated classrooms were similar, the same surface of furniture 
and chairs was selected for each classroom while the surface of the floor and the ceiling was adjusted according to the dimensions of the 
classroom. The total HCHO emission rate for each scenario in each classroom was calculated by multiplying these emission rates by the 
material surface. 

3. Results 

3.1. Overview of the measured indoor environmental parameters 

As opposed to what previous research in classrooms from the same region found [53], in this case, in all classrooms CO2 was below 
1000 ppm for most of the time and below 2000 ppm for over 95% of the time in six out of eight classrooms (all apart from classrooms 7 
and 10). For both CO2 and operative temperature, the maximum values appear to be outliers that are likely to be due to unwanted 
interactions by the occupants with the measurement device (e.g. breathing intentionally on it). For operative temperature, peak values 
are particularly elevated especially in classroom 8, and they occurred all in three mornings in February approximately from 8am to 
11am. As the air temperature during the same time was considerably lower (around 10–12 ◦C less), these picks are likely to be due to 
the usage of some very hot devices in the view field of the globe sensor. Fig. 3 shows CO2 (above) and operative temperature (below) 
trends for one week in classroom 8. The time between 18:00 and 7:00 is assumed to be unoccupied and was not considered in any 
analysis. (periods marked in blue in Fig. 3). 

It is also worth noting the reliability of the entire monitoring system. During the three-month period, considering occupied and 
unoccupied time, measurements are missing in less than 4% of the time for most classrooms. Only in two classrooms (15 and 0217) the 
percentage is considerably higher being nearly 40%, and this was due to manual interference of the occupants with the devices. During 
unoccupied time, the system never stopped to work in any classrooms. 

3.2. Results according to the international standards 

3.2.1. European standard EN16798-1 
In all classrooms, the majority of occupied time is in category I (Table 11). However, in three classrooms (7, 8 and 10) this happens 

Table 10 
Emission rates from building materials and furniture used in the calculation of formaldehyde levels (a Floor and ceiling surface in classrooms 7, 8, 9 and 11 b Floor and 
ceiling surface in classrooms 0217 and 15).  

Materials Formaldehyde emission rate (μg/m2h) Surface (m2) 

VLE Building LE Building HE Building 

Ceiling 14 114 252 30a/40b 

Furniture 15 15 15 12 
Wooden chairs 15 39 66 7 
Floor 5 5 5 30a/40b  

Fig. 3. CO2 (above) and operative temperature (below) trends for one week in classroom 8. The time between 18:00 and 7:00 is assumed to be unoccupied and was not 
considered in any analysis. 
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just slightly above 50% of the time, and in two of them (7 and 10) the CO2 concentration exceeded 1750 ppm in over 10% of the time. 
All other classrooms are at least in category II for over 80% of the time. Thus, no classrooms fully met the EN16798 target (that is 
category I), but the exceedance distribution varies considerably among the classrooms. 

Focusing on thermal comfort, results obtained from the analysis of temperature (Table 12) and PMV (Table 13) are considerably 
different. Looking at categories based on operative temperature, the results are very good for 7 out of 8 classrooms. In these classrooms, 
most time is in category I, and the remaining part is mostly in category II. Only classroom 10 has only 49.1% of values in category I, but 
still most of the others in II (34.2%) and III (11.2%). For all classrooms, there are times in which the operative temperature was below 
18 ◦C. 

PMV results (Table 13) seem instead to present a less comfortable situation as the percentage of time in category I is much lower 
(compared with Table 12). However, the main difference is that category I based on temperature includes whatever was at least equal 
to 21 ◦C, while category I based on PMV has an upper limit. A possible means to enable a better comparison is combining together all 
values that are in category I or above (last line of Table 13), but this would still not match the figures of Table 12 for category I. 

The main advantage of PMV based categories is that they enable to evaluate both too cold and too hot situations, while operative 
temperature categories give information only on the cool-to-cold side of the scale. On the other hand, PMV calculations are affected by 
the choice of clothing and metabolic rate values which cannot be measured directly in real time during a lecture, and may vary among 
pupils and school personnel. Combining this with the fact that these PMV-based categories are quite narrow, even small variations in 
the clothing and metabolic rate values might imply the change from one category to another. Thus, it is worth noting that most values 
are in category I or II also in a PMV-based analysis. 

3.2.2. The UK Building Bulletin 101 
The analysis of CO2 levels according to BB101 limits for naturally ventilated buildings shows that in 6 out of 8 classrooms the daily 

average during occupied time was always not greater than 1500 ppm (Table 14). Only in two classrooms this target was not met, but 
for a small number of days (6% and 4%). This means that 6 out 8 classrooms fully met the first criterium set by BB101. 

However, only one classroom (number 9) also meets completely the other requirement (Table 15). In other three classrooms (11, 
15, 16) CO2 concentrations exceed 2000 ppm for more than 20 min, but only in a very limited number of occasions. This might be due 
to special circumstances such as severe rain, external uncommon noises or an examination that caused a delay in opening the windows. 
Classrooms 7 and 8 are instead those with the most critical situations having several and long periods above 2000 ppm, and the 
likelihood that this could be due to special events is very low. 

The analysis of the temperature (Table 16) shows that the classrooms were thermally comfortable during the monitored period 
according to BB101. However, two classrooms often suffered from overheating (9 and 0217) while two from being too cold (10 and 
16). Likewise the previous PMV categories, the main advantage of having upper and lower limits is that it is possible to have a more 
sound picture of the thermal situation in both directions. 

3.2.3. ASHRAE standards 
Using the CO2 thresholds derived from ASHRAE approach to IAQ design and evaluation, classrooms can be split into three groups 

(Table 17). Classrooms 9, 15 and 16 have the best values being CO2 lower than 1000 ppm for over 80% of the time and lower than 
1320 ppm for over 90% of the time. The situation is a little worse in classrooms 11 and 0217, while it drops in 7, 8 and 10 (with 40% of 
more time above 1000 ppm). 

ASHRAE uses fewer but wider PMV bands (compared to EN16798) to evaluate thermal comfort, and as a result the percentage of 
values in the desired central band is higher (Table 18). The most critical classrooms are 16 and 10 which were too cold in 25.5% and 
35.0% of the time respectively, and the 9 which was overheated for 17.9% of the monitored period. In the remaining classrooms, the 

Table 11 
CO2 EN16798 categories during occupied time (percentage of time in each category).  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

EN16798 – Cat I (<950 ppm) [%] 56 56 90 75 81 83 54 71 
EN16798 – Cat II (950–1200 ppm) [%] 13 18 6 11 9 7 12 9 
EN16798 – Cat III (1200–1750 ppm) [%] 19 19 4 11 9 8 16 15 
EN16798 – Cat IV (>1750 ppm) [%] 12 7 0 3 1 2 18 5  

Table 12 
Operative temperature EN16798 categories during occupied time (percentage of time in each category).  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

EN16798 - Cat I (>21 ◦C) [%]  89.4  90.8  98.4  85.2  88.3  71.9  49.1  91.1 
EN16798 - Cat II (20–21 ◦C) [%]  5.9  4.3  1.2  6.3  5.6  14.7  34.2  5.2 
EN16798 - Cat III (19–20 ◦C) [%]  1.7  2.1  0.3  4.3  3.2  5.9  11.2  1.4 
EN16798 - Cat IV (18–19 ◦C) [%]  1.2  0.8  0.1  2.3  1.8  3.7  3.5  1.2 
Below 18 ◦C [%]  1.8  2.0  0.0  1.9  1.1  3.8  2.0  1.1  
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thermal environment was within comfortable ranges for most of the time, and mainly too cold (PMV < − 0.5) in the remain time. 

3.3. Estimated CO2 and formaldehyde levels in the different emission scenarios 

CO2 and formaldehyde levels (Fig. 4) were estimated over time based on the occupancy in the classrooms and the different emission 
scenarios. To illustrate the results, a 60min period was selected as it is the typical duration of a lesson in Italian schools. As shown in 

Table 13 
PMV EN16798 categories during occupied time (percentage of time in each category).  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

PMV < − 1.0 [%]  2.8  2.7  0.1  3.9  2.5  6.2  3.3  2.2 
EN16798 - Cat IV (− 1.0 < PMV < − 0.7) [%]  2.2  2.5  0.8  5.8  4.1  6.9  10.7  1.8 
EN16798 - Cat III (− 0.7 < PMV < − 0.5) [%]  5.9  3.8  1.1  5.4  5.2  12.4  21.0  4.8 
EN16798 - Cat II (− 0.5 < PMV < − 0.2) [%]  21.4  11.5  4.8  16.5  23.4  33.6  43.8  17.2 
EN16798 - Cat I (− 0.2 < PMV < +0.2) [%]  44.2  45.8  27.3  41.5  54.2  29.0  21.2  30.9 
EN16798 - Cat II (0.2 < PMV <0.5) [%]  17.3  28.8  48.1  20.7  9.5  9.8  0.0  31.2 
EN16798 - Cat III (0.5 < PMV <0.7) [%]  4.2  2.8  14.0  4.4  1.0  1.9  0.0  10.1 
EN16798 - Cat IV (0.7 < PMV <1.0) [%]  1.8  0.6  3.3  1.6  0.0  0.0  0.0  1.7 
PMV >1.0 [%]  0.2  1.5  0.6  0.1  0.0  0.0  0.0  0.0 
PMV > -0.2 [%]  67.7  79.5  93.3  68.3  64.7  40.7  21.2  73.9  

Table 14 
CO2 BB101 daily average vales: percentage of days in which the average was above the threshold.  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

Daily average above 1500 ppm [%] 6 4 0 0 0 0 0 0  

Table 15 
CO2 BB101 time intervals above 2000 ppm (number of occurrences).  

Duration (time) Classroom ID 

7 8 9 11 15 16 10 0217 

20 min 10 8 0 4 1 0 3 4 
30 min 15 4 0 2 1 0 1 2 
40 min 6 5 0 2 0 0 2 2 
50 min 10 2 0 0 1 0 1 1 
60 min 3 2 0 0 0 1 3 0 
70 min 2 0 0 0 0 0 0 0 
80 min 3 0 0 0 0 0 1 0 
90 min 1 2 0 0 0 0 1 1 
100 min 2 0 0 0 0 0 1 0 
110 min 1 2 0 0 0 0 2 0  

Table 16 
BB101 operative temperature distribution during occupied time (percentage of time in each category).  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

BB101 – above 25 ◦C [%]  8.4  5.9  34.8  9.6  2.0  3.3  0.0  17.4 
BB101 – 20–25 ◦C [%]  86.9  89.2  64.8  81.9  91.8  83.3  83.3  78.9 
BB101 – below 20 ◦C [%]  4.7  4.9  0.4  8.6  6.2  13.4  16.7  3.7  

Table 17 
ASHRAE: CO2 concentration distribution during occupied time (percentage of time in each category).  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

CO2 < 1000 ppm [%] 59 60 91 78 83 85 58 74 
1000 ppm < CO2 < 1320 ppm [%] 16 22 6 12 10 8 12 10 
CO2 > 1320 ppm [%] 25 18 3 10 7 7 30 16  
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Fig. 4, when the classrooms are not ventilated during the whole duration of a lesson, CO2 levels could exceed 2000 ppm (classrooms 7, 
8, 15 and 0217) or even 3000 ppm (classrooms 9 and 11). The CO2 threshold of 1000 ppm could be reached after 13–18 min without 
any ventilation whereas 1500 ppm might be exceeded after 23–35 min for all the schools if no ventilation is conducted. The CO2 
concentrations measured in the classrooms were below 1000 ppm for most of the time: >85% in classrooms 9 and 16, >74% and 
classrooms 0217, 11 and 15 and 58% in classrooms 7, 8 and 10. Comparing these CO2 concentrations with the ones estimated, it is very 
likely that doors or windows were often opened 2–4 times per lesson. The CO2 threshold of 2000 ppm was rarely exceeded (0–2% in 
classrooms 9, 11, 15, 16 and 0217 and 4–13% in classrooms 7, 8 and 10) indicating that classrooms were ventilated at least once per 

Table 18 
ASHRAE: PMV distribution during occupied time (percentage of time in each category).  

Parameter Classroom ID 

7 8 9 11 15 16 10 0217 

PMV < − 0.5 [%]  10.9  9.0  2.0  15.1  11.8  25.5  35.0  8.8 
− 0.5 < PMV < +0.5 [%]  82.9  86.1  80.1  78.7  87.1  72.6  65.0  79.4 
PMV >0.5 [%]  6.2  4.9  17.9  6.2  1.1  1.9  0.0  11.8  

Fig. 4. CO2 and HCHO concentrations in the different emission scenarios in classrooms 7 (A), 8 (B), 9 (C), 11 (D), 15 (E) and 0217 (F).  
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lesson. 
As expected, CO2 levels increased faster in classrooms 9 and 11 than in other classrooms with similar occupancy since their size was 

smaller or had more aged pupils which have higher CO2 generation rates. 
Formaldehyde levels estimated according to the different emission scenarios were fairly similar in all the classrooms. However, in a 

certain classroom, the levels can be completely different depending on the emission level of the building materials and furniture used. 
In the scenario with high emission materials, formaldehyde concentrations can reach up to more than 110 ppb in most cases (class-
rooms 7, 8, 9, 11) and up to 80–90 ppb for classrooms 2 and 15. For the low emitting scenario, formaldehyde levels are between 40 and 
60 ppb in all schools whereas in the very low emitting scenario, they were always below 20 ppb. 

Appendix A lists the estimated formaldehyde concentrations obtained for the CO2 thresholds proposed in each standard according 
the three emission scenarios. As can be observed, the values obtained for EN16798 Class I limit (950 ppm) and the old threshold from 
ASHRAE (1000 ppm) are fairly similar ranging from 2.6 to 3.7 ppb (very low emission), 12.1–16.0 ppb (low emission) and 24.6–32.8 
ppb (high emission). For EN16798 Class II limit (1200 ppm), formaldehyde concentrations are slightly higher varying from 3.7 to 5.0, 
17.2–21.7 ppb and 35.6–44.5 ppb for very low, low and high emission scenarios, respectively, and similar to the second CO2 threshold 
from ASHRAE (1320 ppm) where the formaldehyde levels range from 4.6 to 5.9 ppb in the very low emission scenario, 20.2–25.4 ppb 
in the low emission scenario and 41.4–52.1 ppb in the high emission scenario. At the threshold of 1500 ppm set in the BB101 standard 
for naturally ventilated classrooms, the formaldehyde concentrations slightly increase varying from 5.3 to 6.9 ppb, 24.2–29.9 ppb and 
50.1–61.4 ppb for very low, low and high emission scenarios, respectively. Significantly higher values are observed at a CO2 threshold 
of 1750 ppm (EN 16798 Cat III) and 2000 ppm (BB101) where the formaldehyde concentrations ranged from 7.6 to 10.1 ppb (very low 
emission), 35.1–43.7 ppb (low emission) and 72.6–89.7 ppb (high emission). 

4. Discussion 

Different standards prescribe different limits and methods for thermal comfort and IAQ evaluation, and therefore the analysis 
provided comparable but not identical results. Thus, the aim of this section is to address three main aspects, namely (i) a critical 
comparison among thermal comfort evaluation approaches, (ii) comparison of indoor air quality approaches and their impact on 
occupant’s exposure, and (iii) a combined thermal comfort and IAQ analysis for real-time decision-making. 

4.1. Comparison among thermal comfort evaluation approaches 

This study focuses on the approaches that are commonly used to design and later evaluate thermal comfort in school buildings at 
room level. The thermal environment is evaluated either by using the operative temperature or the PMV/PPD as in almost all previous 
field studies [8]. The former explicitly considers air and mean radiant temperatures, and indirectly also the air speed since the 
calculation varies according to the air speed (with the radiant part becoming less relevant as the air speed increases). The latter 
calculation instead also includes the relative humidity, clothing insulation and metabolic rate as inputs. It potentially is a more ac-
curate comfort metric since it gives the most likely thermal sensation, but the use of too narrow bands might become a limiting factor. 
Even minor variations in the clothing or metabolic rate values might lead to a shift from one band to another (e.g. PMV from 0.15 to 
0.25), and this is even more critical in schools for two reasons. Firstly, the PMV algorithm was originally developed for adults [30] and 
none of the standards considered in this study includes any means to adapt this to pupils, although previous studies have highlighted 
the importance to adjust the metabolic rate using correction factors such as students’ body surface area [34,54,55]. Moreover, due to a 
lack of research, it is unclear the applicability of adults’ clo values to pupils. Secondly, even assuming that adults’ values are applicable 
to younger people, depending on the type of activity (e.g. examination vs normal lecture) the metabolic rate is likely to slightly varies 
(e.g. 1.2 vs 1.0) and this might cause the change of band. In general, the limits of the PMV method to predict students’ thermal 
sensation found in this study further support previous research. When comparing PMV with the actual thermal sensation, previous 
comparable studies reported under estimation in primary classrooms [55,56] while over estimation was mainly reported in secondary 
and high schools [57,58] and a better compatibility was only observed in universities [59,60]. 

Considering the two metrics, this study therefore suggests that the application of the PMV/PPD method should be carefully 
considered. In absence of evidence-based modifications to adapt the calculation to pupils, the use of very narrow categories (e.g. in 
EN16798) looks a forcing. Wider bands (e.g. in ASHRAE 55) partially limit this issue. 

Operative temperature thresholds are also not specially developed for pupils. ASHRAE 55 and BB101 do not provide specific limits 
according to the students’ age, although there can be large differences in neutral temperatures between the different educational stages 
[8,15] and EN16798 does not even differentiate between children and elderly. Furthermore, using acceptability bands could be 
confusing. In particular, EN 16987 recommends Toperative > 21 ◦C, and BB 101 recommends 20 ◦C > Toperative > 25 ◦C, even if literature 
reports lower thermal neutral temperatures for younger students (e.g. even less then 18 ◦C in some European primary schools studies 
[15]). However, EN 16987 at least uses wider acceptability bands, and this partially limit the overestimate of the thermal discomfort. 
In this case, especially in the EN16798, the main limits are the lack of an upper threshold (Table 4), and the fact that there is a very 
considerable difference in distribution of measured values in the categories depending on whether this is done using the operative 
temperature or the PMV/PPD. 

Operative temperature thresholds are also easier to verify in real buildings. In many cases, research showed that the different 
between mean radiant and air temperature is negligible [61–63]. In the others, periodic short-term more accurate monitoring can 
enable the calculation of the MRT from the air temperature, and hence of a more accurate operative temperature. In both cases, a 
long-term (ideally permanent) measurement would eventually be sufficient to estimate the operative temperature and thus the comfort 
level. Thus, upper- and lower-bounded operative temperature scales seem to be the most appropriate means to design and verify (in the 
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actual classroom) thermal comfort in classrooms. Very narrow limits should be carefully evaluated. 

4.2. Comparison of indoor air quality approaches and their impact on occupant’s exposure 

Indoor air quality in school buildings is commonly assessed through a variety of methods. The goal of this study is to compare the 
different methods used for building design and evaluation of IAQ and their impact on the occupant’s exposure to indoor pollutants. 
Current norms and guidelines for the ventilation of schools differ among countries and regions [14]. However, IAQ is often designed 
and evaluated by defining minimum ventilation rates for a specific room or CO2 concentration thresholds. Minimum ventilation rates 
are typically defined per person and/or per-unit floor area based on the space type or application (educational, residential, etc.), 
number of occupants and their characteristics (age, adapted/non-adapted) [64]. The former is meant to dilute human bio effluents 
while the latter aims at diluting emissions from building materials. These emissions are variable depending on the material, thus 
ventilation rates per-unit floor area need to be adapted according to the emissions of the building materials used, which are often 
unknown. In some cases, buildings are categorized according different level of emissions (very low, low and non low-polluting 
buildings) and ventilation rates per square meter are defined based on these categories (e.g. EN16718 – Method 1) but sometimes 

Fig. 5. Combined CO2 and operative temperature categories. The dotted lines represent the category limits for operative temperature (vertical lines) and CO2 

(horizontal lines). EQ-OX is the monitoring device that was installed in each classroom (e.g. EQ-OX 10 was installed in classroom 10). 
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only a single value is provided depending on the space type and occupants (e.g. ASHRAE 62.1 – Ventilation rate procedure), being 
higher for building with vulnerable occupants such as a day-care, or where activities conducted might result in additional emissions 
such as an art classroom. More detailed calculations to dilute an individual substance are also used (e.g. EN16718 – Method 2, ASHRAE 
62.1 – IAQ procedure). Nevertheless, this requires knowing the emission rates from all the building materials, which could be likely in 
the case of new buildings whereas it might be not possible in existing buildings. Using ventilation rates may be convenient during 
building design, but its verification during building operation requires measurement techniques that are intrusive and imply the use of 
specific equipment by qualified professionals. 

Alternatively, CO2 thresholds remain the primary indicator for IAQ in buildings, even if other pollutants or respiratory airborne 
transmission contaminants pose higher risks to the occupants [14]. These thresholds are calculated based on similar design ventilation 
rates based using the mass balance equation (e.g. EN16718, BB101). Surprisingly, the ventilation rates equivalent to these thresholds 
seem only to consider emissions from occupants and no additional CO2 thresholds are given based on building materials emissions. CO2 
thresholds are expressed in different ways and the maximum concentration might vary by different standards, however, the upper 
threshold is always about 1000 ppm. In some cases, categories are defined based on the percentage of time that CO2 concentration 
exceeds a certain level (e.g. EN16718) while in some others, the requirements are expressed as daily average concentration (e.g. 
BB101), both during the occupied periods. Both thresholds differ 500 ppm in the case of naturally ventilated schools which could result 
in significantly higher exposures in case of high emission scenarios. Also, a maximum CO2 concentration not to exceed for more than 
20 consecutive minutes is defined. This metric might prevent the build-up of indoor pollutants, even in case of high emission scenarios 
(Fig. 4), limiting pupils exposure and facilitating the compliance with the guideline value set by the World Health Organisation (WHO) 
for formaldehyde indoors (100 μg/m3 (≈80 ppb) for 30 min). 

Although minimum ventilation rates that consider occupant-related and building materials emissions are probably the most 
appropriate method to consider IAQ during building design, the recent emergence of CO2 low-cost sensors [65] make the use of CO2 
thresholds a most practical approach to verify IAQ in classrooms during operation. However, their use requires to carefully consider 
several parameters such as the classroom geometry, outdoor ventilation rate and number of occupants and their characteristics and 
ideally, to have a general idea on the materials emissions. 

4.3. Combined thermal comfort and IAQ analysis for real-time decision-making 

Anecdotal evidence suggests that school personnel balances the need for acceptable IAQ and thermal comfort, and acts accordingly. 
In the last two school years (2020-21 and 2021–22) IAQ often was prioritized to minimize the risk of SARS-CoV-2. In certain cases, the 
use of higher ventilation rates led to an increase in energy consumption but with a limited impact on thermal comfort [64]. In other 
cases, when this was not possible for reasons such as a limited heating power available, either a lower temperature or a higher risk of 
infection was accepted. Fabric-related air contaminants’ sources can be removed in new construction and during renovation projects, 
but this is clearly not possible for occupant-driven contaminants (either generated or brought inside by people). Thus, balancing IAQ 
and thermal comfort will be essential also beyond SARS-CoV-2 pandemic. The main issue is that school personnel typically is not IAQ 
and hygro-thermal experts, and hence is likely to struggle in presence of separate (IAQ vs thermal comfort) or inconsistent (operative 
temperature vs PMV evaluation) indications. 

Since thermal comfort and IAQ are both mutually affected by the way in which heating, cooling and ventilation (mechanical, 
natural or mixed-mode) systems are operated, the use of visual means to combine both IEQ components might be effective in guiding 
school personnel. Moreover, evidence shows that CO2 concentration can influence occupants’ thermal sensation [39] and that the 
thermal environment can influence air quality perception [40]. 

A possible combination of IAQ and thermal comfort levels is presented in Fig. 5. For thermal comfort, operative temperature was 
chosen over PMV as is easier to understand and to be measured in real buildings. In many cases, it can be approximated with the air 
temperature (thus, directly measurable at limited costs), and, for more accuracy, periodic checks with the support of experts can be 
performed. Upper and lower limits were defined according to Table 5 instead of Table 4 since the latter does not set upper thresholds 
which are important to avoid overheating problems in classrooms. All points beyond Category III boundaries were classified as 
Category IV. For IAQ, CO2 was selected as it is widely used as indicator for occupancy-related air contaminants, and also for its ease to 
be measured compared with other contaminants. In the current graphs, CO2 thresholds were defined according to Table 8. In Fig. 5, 
points are in Category I if both IAQ and thermal comfort are in this category (dark green). Otherwise, a certain point falls into the lower 
category according to either IAQ or thermal comfort. 

The main advantage of this approach is that it enables school personnel to make informed trade-off decisions. Depending on the 
context, either IAQ or thermal comfort might be maximised (so targeting Category I), but the combined analysis shows the extent to 
which the other gets worse and which implications this has on health and comfort. For instance, using the data collected in Bolzano, the 
combined analysis highlights immediately how only a minor part of points with IAQ in Category II or worse (threshold is 950 ppm) 
have also a low temperature, being only a few below 20 ◦C and very few below 19 ◦C. This means that, in these classrooms, IAQ might 
have been improved by ventilating more without any additional energy consumption as temperature could have been decreased (due 
to the higher ventilation rates) without reducing thermal comfort, and perhaps even improving it when the classroom was overheated. 

In Fig. 5, the thresholds (i.e. the vertical and horizontal dotted lines) were defined according to the EN16798 Annex B values. 
However, this approach could be applied in different geographical regions by adapting the boundaries of each category with evidence- 
based robust thresholds defined for that specific area. Likewise, categories’ thresholds might also need to be adapted over time as 
preferences (e.g. thermal preferences) or needs might be different in the future, but this would not modify the overall approach (i.e. 
doing a combined evaluation of IAQ and thermal comfort). 
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5. Conclusions 

The aim of study was to compare different available standards to evaluate IAQ and thermal comfort in school buildings, to evaluate 
the consequences of different limits and approaches, and to propose possible improvements. The main conclusions are as follows.  

• Thresholds and methods inconsistency within the same standard should be avoided to minimize confusion. EN16798-1 includes 
both operative temperature and PMV thresholds leading to different thermal comfort results, and different operative temperature 
limits for different purposes. Moreover, four IEQ categories are defined, but the given thresholds imply the existence of a fifth band 
in certain cases.  

• For thermal comfort, upper- and lower-bounded operative temperature scales seem to be the most appropriate means to design and 
verify thermal comfort in classrooms. If PMV is used for thermal comfort assessment, the use of too narrow bands might make the 
calculation too dependent on assumptions such as clo, met and MRT, and thus lead to overestimate discomfort. Moreover, no means 
to adapt PMV calculation to children is included in any standards.  

• For IAQ, having metrics that give an upper limit per a certain amount of consecutive time (e.g. 2000 ppm of CO2 for no longer than 
20 min – BB101) might prevent the build-up of indoor pollutants, even in case of high emission from the building fabric, limiting 
pupils exposure and facilitating the compliance with the WHO guideline values.  

• No standard proposes a combined IAQ and thermal comfort analysis. The main advantage of this approach would be to enable to 
take more informed trade-off decisions considering IAQ, thermal comfort, but also energy targets. 

5.1. Limitations 

This study focused on the evaluation of the indications provided by the different standards, and on the consequences of different 
limits and approaches. None of the considered standards currently explicitly suggest or impose the use of building simulation methods 
(e.g. dynamic thermal modelling coupled with air flow modelling for evaluating long-term average room performances, computational 
fluid dynamics for finer spatial resolution, etc.), and therefore simulations were not included in this study. However, research is needed 
to provide guidelines for the use of simulations both in the design phase and potentially in the operational phase. 

Moreover, this study did not aim at providing an overview of current levels of IAQ and thermal comfort in schools. Data from four 
schools was used only to exemplify the consequences of using different methods and means to treat exceedance. Data enables to make 
considerations on the current situation in those four schools, but not to draw any broader conclusions on current levels of IAQ and 
thermal comfort in schools in general for which a larger sample of cases studies would have been required. 
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Appendix A  

Table 19 
Estimated HCHO levels in each classroom obtained for the CO2 thresholds set in EN16798  

CO2 Threshold Building Emissions Estimated HCHO concentration in each classroom [ppb] 

07 08 09 11 15 0217 

EN16798 - Cat I (950 ppm) Very Low  3.5  2.9  2.6  2.9  2.9  2.9 
Low  15.1  13.2  12.2  13.2  12.9  12.1 
High  30.9  27.1  25.2  27.3  26.7  24.6 

EN16798 - Cat II (1200 ppm) Very Low  5.0  4.3  3.7  4.0  4.2  4.3 
Low  21.7  19.1  17.2  18.2  8.9  17.7 
High  44.5  39.3  35.6  37.7  38.9  36.1 

EN16798 - Cat III (1750 ppm) Very Low  8.5  7.0  6.3  6.8  6.9  7.4 
Low  37.0  31.6  29.2  31.2  31.2  30.7 
High  75.8  65.1  60.4  64.5  64.5  62.5   

Table 20 
Estimated HCHO levels in each classroom obtained for the CO2 thresholds set in BB101 for naturally ventilated classrooms  

CO2 Threshold Building Emissions Estimated HCHO concentration in each classroom [ppb] 

07 08 09 11 15 0217 

BB101 (1500 ppm) Very Low  6.9  5.8  5.3  5.5  5.6  6.1 
Low  29.9  25.9  24.2  25.2  25.5  25.0 
High  61.4  53.3  50.1  52.2  52.6  51.0 

BB101 (2000 ppm) Very Low  10.1  8.3  7.6  8.0  8.2  8.7 
Low  43.7  37.2  35.1  37.1  36.9  36.1 
High  89.7  76.7  72.6  76.8  76.3  73.4   

Table 21 
Estimated HCHO levels in each classroom obtained for the CO2 thresholds according to ASHRAE 62.1  

CO2 Threshold Building Emissions Estimated HCHO concentration in each classroom [ppb] 

07 08 09 11 15 0217 

ASHRAE (1000 ppm) Very Low  3.7  3.2  2.9  3.1  3.0  3.3 
Low  16.0  14.1  13.2  14.2  13.7  13.5 
High  32.8  29.2  27.3  29.4  28.2  27.5 

ASHRAE (1320 ppm) Very Low  5.9  4.9  4.4  4.6  4.7  4.9 
Low  25.4  22.0  20.2  21.2  21.1  20.4 
High  52.1  45.3  41.9  43.9  43.5  41.6  
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