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Abstract: Characterization of indoor air quality in school classrooms is crucial to 

children’s health and performance. The present study was undertaken to characterize the 

indoor air quality in six naturally ventilated classrooms of three schools in Cassino (Italy). 

Indoor particle number, mass, black carbon, CO2 and radon concentrations, as well as 

outdoor particle number were measured within school hours during the winter and spring 

season. The study found the concentrations of indoor particle number were influenced by 

the concentrations in the outdoors; highest BC values were detected in classrooms during 

peak traffic time. The effect of different seasons’ airing mode on the indoor air quality was 

also detected. The ratio between indoor and outdoor particles was of 0.85 ± 0.10 in winter, 

under airing conditions of short opening window periods, and 1.00 ± 0.15 in spring when 

the windows were opened for longer periods. This was associated to a higher degree of 

penetration of outdoor particles due to longer period of window opening. Lower CO2 levels 

were found in classrooms in spring (908 ppm) than in winter (2206 ppm). Additionally, a 
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greater reduction in radon concentrations was found in spring. In addition, high PM10 

levels were found in classrooms during break time due to re-suspension of coarse particles. 

Keywords: classroom; Ni/Nout ratio; airing by opening windows; particle number 

concentration 

 

1. Introduction 

The indoor air quality (IAQ) has become a significant interest recently. Numerous studies from 

across the world have reported that greater levels of indoor pollutants can be found than in the 

outdoors [1–3]. Due to the adverse effects of air pollution on human health [4,5], levels of particulate 

matter (PM) in indoor environments are of great interest. Many epidemiological studies indicated that 

fine particles, PM2.5 (particles with aerodynamic diameter smaller than 2.5 µm) may have a greater 

potency to cause negative health effects [6–9] than larger particles, PM10 and PM2.5–10 (particles with 

aerodynamic diameter smaller than 10 µm and between 2.5 and 10 µm, respectively), due to their 

increased deposition rates in lower respiratory tract [10] and higher transition metal content [11,12]. 

Furthermore, recent attention has pointed towards ultrafine particles (UFPs, particles with diameter 

smaller than 100 nm), which have also been suggested to be more toxic due to their smaller sizes, 

larger surface areas available for biologic interactions with lung cells [13], and high lung deposition 

fraction [14]. 

Associations between urban UFP exposures and adverse cardiovascular health outcomes have been 

reported in several epidemiological studies [15–17]. The evidence of adverse effects on respiratory and 

central nervous systems has also been of interest [18–21], suggesting UFP as a potential PM2.5 

constituent to reflect health effects. 

In view of the evidence on the negative health impact of UFPs, a great effort has been made based 

on the characterization of the main sources and processes that can affect their levels [22–24], but still 

much need to be done. Thus far, UFPs are still poorly controlled in urban areas. The air quality 

measurement networks commonly measure the mass concentrations, to which UFPs contribute 

slightly, due to their size. Therefore the data that many epidemiological studies rely on to represent the 

air quality in schools does not accurately represent the contribution of UFPs to air pollution. 

There is increasing evidence that the IAQ exposure is the cause of adverse health impacts on human 

beings including morbidity and mortality [25,26], however, the attention paid to the measurement of 

air quality at indoor school environments has been limited. Based on the knowledge of the authors, the 

majority of previous effort on the IAQ in schools has been focused on a number of airborne pollutants 

(e.g., carbon dioxide (CO2), radon, volatile organic compound, formaldehyde, particles from indoor 

sources) [27–32], but there is limited information available on airborne particles. In fact, many studies 

have measured indoor particle concentrations at schools in fine and coarse particle ranges [33–38], 

while only few studies have examined UFP levels in school classrooms [39–42]. 

A number of studies have recently been carried out in assessing IAQ in school classrooms, 

including in Europe. However, limited information is available for IAQ in Italian schools. Considering 

that air quality in general and IAQ in particular depends on the environmental factors and is specific to 
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each study area, this pilot study provides useful information on the indoor air pollutant levels in Italian 

schools. 

The ratio between indoor and outdoor particle concentrations (Ni/Nout) has been identified as an 

important research topic as it depends on different parameters: the air exchange rate between the 

indoor and outdoor air, the deposition rate of aerosols, the penetration factor, and the indoor activities 

that release UFPs (cooking, writing with chalk, vacuuming etc.) [43]. The results in Zhu et al. [44] and 

Chao and Tung [45] showed that the Ni/Nout ratio with windows open was higher than the ratio with 

windows closed. However, the results of Guo et al. [46] showed the opposite conclusion. Also, the 

Ni/Nout ratios under natural ventilation were compared with ratios under mechanical ventilation [47–

50]. However, there is no uniform conclusion on this issue. The penetration factor (fraction of particles 

that pass through the building shell) has been identified as an important influential factor on Ni/Nout 

ratio. It varies depending on the ventilation mechanisms used in buildings (e.g., natural ventilation by 

opening windows or by infiltration) [51] and it is a strong function of air exchange rate, particle size 

and the geometry of cracks in the building envelope [52]. 

Therefore, the investigation of the relationship of Ni/Nout as function of the mechanism of natural 

ventilation (by opening windows), which also depends on the perceived indoor thermal comfort of the 

occupants, is of crucial interest in the recent scientific literature because of its multidisciplinary aspect 

(IAQ, ventilations characteristics, and indoor thermal comfort). Children represent a highly susceptible 

population group to air pollution [53] due to their higher inhalation rates resulting in larger specific 

doses while their organs and tissues are growing [54] and they spend most of their day at school 

[55,56] so that a major part of their daily exposure to air pollution could occur at schools. Therefore, 

studies focusing on the IAQ in typical school classrooms need to be carried out, in order to guarantee 

the minimum requirements for acceptable indoor air quality levels in classrooms and to prevent 

children’s exposure to risk. 

In this context, the aim of this study is to characterize the indoor air quality in typical Italian 

naturally ventilated classrooms in terms of particle concentrations, black carbon, CO2, and radon 

levels. Additionally, to investigate the influence of indoor and outdoor sources, as well as the effect of 

airing by opening windows on indoor air pollutant levels. 

2. Materials and Methods 

2.1. Sampling Site 

Air quality data were collected in six classrooms (hereinafter called IS1, IS2, IS3, IS4, IS5 and IS6) of 

three public primary schools (hereinafter called S1, S2 and S3) selected in the urban area of Cassino 

(Central Italy, 41°30′0′′ N–13°50′0′′ E). The selected classrooms were equipped with standard school 

tables and chairs, and a blackboard with chalk at the front. The classroom’s floor surface covering was 

made of marble. 

The school buildings ranged in age from about 30 to 60 years old. The sizes of the classrooms 

varied from 41 to 82 m2. During the measurement period, classrooms were occupied by 16–27 

children. 
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The selected schools were investigated during two experimental campaigns. The first was during 

the cold season (fall/winter period), from November 2014 to March 2015, and the second was during 

the warm season (spring period), from May to June 2015. 

All the schools under investigation were naturally ventilated (by opening windows). It is of note  

that the mechanism of natural ventilation by opening windows is named as “airing” by the  

UNI EN 12792 [57]. For this reason, the term “airing” will be used hereafter in this work to indicate 

the mechanism of natural ventilation by opening windows. 

All the schools were equipped with a radiator heating system in operation during the cold season. 

The authors point out that the first experimental campaign was carried out during the fall/winter period  

(November–March), the “heating season” in Cassino. During this season, schools as well as all the 

public and residential buildings and houses kept the heating systems in operation. In contrast, during 

spring (March–June), due to the warm outdoor temperatures, heating systems, air conditioning, and 

fans were not in use at schools or in the public and residential buildings (“non-heating season”). 

Particle number, mass concentration, black carbon, and CO2 levels were measured in five of the 

selected classrooms (IS1, IS2, IS3, IS4 and IS5) on a regular school day (from the start to the end of 

school day: 8:30 a.m.–13:00 p.m. for S1 and S2 and 8:30 a.m.–13:30 p.m. for S3) during winter and 

spring seasons. Therefore, one regular school day in winter and one in spring were selected for 

sampling in each selected classroom. Particle mass concentration and black carbon were measured 

only during the experimental campaign carried out in spring. A further experimental campaign was 

carried out in order to investigate indoor radon concentrations in school classrooms. Measurements were 

performed over five consecutive days (three weekdays, plus the weekend) in three classrooms (IS1, IS5 

and IS6) during winter and spring season. 

Thermal parameters such as temperature and relative humidity were measured in all the selected 

classrooms during school hours during winter and spring season. 

Data were collected at indoor and outdoor sites. The classrooms were selected as indoor sampling 

sites. The instruments for indoor sampling were placed on a desk, close to the walls, away from 

blackboards (to avoid direct exposure to chalk), and away from windows (to avoid influence from 

outdoor levels), at a distance of 0.8 m above the ground, in proximity to the student seating area. 

The outdoor site was set at the schools entrance gate, facing the closest busy road to represent 

traffic effects on school air quality as best as possible. The instruments for outdoor sampling were 

placed at the same height as the indoor sampling height. 

During both measurement campaigns, traffic intensity was monitored and recorded by video 

cameras placed on the busiest and closest road around each school during school hours. 

Cleaning activities were carried out after school hours, and no cooking activities occurred at the 

studied schools. 

2.2. Instrumentation and Quality Assurance 

The following instruments were used at the indoor sampling sites: 

- A Diffusion Charger Particle Counter (Testo DiSCmini) to measure particle number 

concentration in the 10–700 nm size range, based on the electrical charging of the aerosols, with 

a time resolution of 1 s. 
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- A DustTrak™ DRX Aerosol Monitors (Model 8534, TSI Incorporated, St. Paul, MN, USA) to 

measure different PM fractions (PM10, PM2.5, and PM1) operating on the base of a light 

scattering technique, where the amount of scattered light is proportional to the aerosol particle 

volume concentration. Data were obtained with a 1-min time resolution. The instrument was 

calibrated by comparison with the PM10 mass concentration measurement obtained using 

gravimetric time-integrated sampler (Zambelli 6000 Plus). Additionally, the instrument was 

calibrated daily to a zero filter, used to re-zero the units and ensure reading accuracy. 

- An Aethalometer (AE51, Magee Scientific) to detect black carbon (BC) concentration operating 

through light’s absorption (attenuation) of optically absorbing particles technique with a time 

resolution of 1 min. 

- A non-dispersive infrared analyzer (Testo—Ambient CO2 probe) to measure temperature, 

humidity, CO2 and pressure with 1-min time resolution. 

- An Alpha Guard Professional Radon Monitor (Genitron, Germany) to measure radon activity 

concentration through a 0.6 L ionization chamber where the radon gas enters by spontaneous 

diffusion. The instrument was calibrated through the INMRI ENEA Radon reference 

measurement system before the experimental campaign. Radon concentration was measured in 

“diffusion mode” with a 60-min sampling time. 

At the outdoor site, a second Diffusion Charger Particle Counter was used to measure particle 

number concentrations at school scale simultaneously with the indoor particle number sampling. Data 

were obtained with the same time resolution that was set indoors. 

The counters were calibrated at the beginning of the experimental campaign, in order to allow for 

data quality assurance, by comparison with a Condensation Particle Counter (CPC, TSI Model 3775) 

to measure particle number concentration. The calibration was carried out within a closed volume 

space (about 16 L), with uniform and stationary particle number concentration. Details are reported in 

a study carried out by Buonanno et al. [58]. Quality assurance of the CPC measurements was 

conducted through flow checks at the start of the monitoring period in each school. The CPC was 

calibrated in the European Accredited Laboratory at the University of Cassino and Southern Lazio by 

comparison with a TSI 3068B Aerosol Electrometer [59]. 

All of the instruments used in the experimental campaign at schools were connected to main power 

and operated during school hours. 

In order to monitor meteo-climatic parameters, a David Vantage Pro weather station, recording 

outdoor temperature (Tout) and relative humidity (RHout) with a 15-min resolution, was placed on the 

rooftop of University of Cassino and the Southern Lazio building. Data related to the experimental 

campaign days were collected and averaged during school hours. 

2.3. Methodology Description 

Indoor particle number, mass (PM1, PM2.5, PM10) concentrations, BC and CO2, were simultaneously 

measured on a regular school day in classrooms, as well as indoor temperature (Tin), and relative 

humidity (RHin). Average values during school hours of such parameters were reported in the Results 

section. Data of radon concentrations were averaged both on school hours and 24 hours. 
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During the indoor measurement campaign, a logbook reporting length of window/door opening 

period and opening frequency, as well as classroom empty periods (e.g., break time or recreational 

activities performed in other rooms), was filled out by teachers within school hours and taken into 

account during data post processing. 
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3. Results 

3.1. School and Classroom Characteristics 

A detailed summary of the school and classroom characteristics as well as the average traffic 

density and peak times for each school is shown in Table 1. 

Table 1. Summary of the school and classroom characteristics: description, location, traffic 

density and peak times, classrooms floor area and volume as well as the sampling period of 

the experimental campaigns. 

School Description Location 

Traffic Density and 

Peak Times 

(Vehicles·min−1) 

Classroom 

Floor 

Area 

(m2) 

Volume 

(m3) 

Study 

Period 

S1 

Public school 

Built in 1980 

One-story building 

V: 3960 m3 

Enrollment: 111 

Classrooms equipped with  

aluminum windows single-glazed 

Low trafficked 

zone (traffic 

allowed only 

during peak 

times)  

Not available IS1 59 216 

10 

February 

and 15 

May 2015 

S2 

Public school 

Built in 1980 

Two-story building 

V: 12,300 m3 

Enrollment: 530 

Classrooms equipped with  

aluminum windows single-glazed 

Urban road  

(no heavy  

duty vehicles) * 

36 ± 2 

44 ± 1; 08:30 a.m. 

54 ± 2; 13:30 p.m. 

IS2 41 151 

16, 20, 21 

January 

and 

13,20,21 

May 2015 

IS3 45 165 

IS4 82 302 

S3 

Public school 

Built in1960/70 

One-story building 

V:13,950 m3 

Enrollment: 615 

Classrooms equipped with  

aluminum windows single-glazed 

Urban road 

(7.7% of heavy 

duty vehicles) 

** 

37 ± 11 

IS5 47 151 11 

February, 

20 March 

and 28–29 

May 2015 

46 ± 10;08:30 a.m. 

55 ± 11; 13:30 p.m.

 

IS6 47 151 

* Heavy-duty vehicles do not transit that area; ** % of heavy-duty vehicles counted at this site during the study 

period. 

A negligible traffic density was detected around S1 because it was situated on a low traffic zone and 

the number of enrolled students was fewer than the other schools. Traffic density around S2 was  

36 vehicles min−1 and traffic peak times were detected at 08:30 a.m. and 13:30 p.m.. All roads around 

S2 were occupied primarily by cars (50% of diesel cars). Three school buses were used to transport 

children to this school. Traffic density around S3 was comparable with that of S2, however, the type of 

vehicle traffic was different. S3 was placed on a road with a non-negligible percentage of heavy duty 

(HD) vehicles (7.7% of heavy duty vehicles, typically buses) [60]. 

3.2. General Air Quality Characteristics 

Average indoor and outdoor particle number concentrations found at each studied schools  

(S1, S2 and S3) for both campaigns were summarized in Table 2. 
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Table 2. Average indoor and outdoor particle number concentrations at schools  

(S1, S2 and S3) over the two experimental campaigns. 

Schools Nin (cm−3) Nout (cm−3) 

S1 8.94 ± 1.82 × 103 1.14 ± 0.27 × 104 
S2 1.08 ± 0.36 × 104 1.25 ± 0.36 × 104 
S3 1.48 ± 0.50 × 104 1.41 ± 0.94 × 104 

As expected, outdoor particle number concentrations for the three schools (S1, S2 and S3) were 

higher than indoors because the main sources of UFPs (main road traffic) were located outside the 

buildings. Among the studied schools, the highest outdoor concentration was found at S3, which was 

placed on the urban road with 7.7% of heavy-duty vehicles while the lowest was found at S1, which 

was placed on the low traffic zone. Similarly, the indoor particle number concentration was highest at 

school with the highest level of traffic (S3) and lowest at school with the lowest level (S1), confirming 

the influence of traffic emission on the UFP levels at school-scales as previously found in a study 

carried out in the urban area of Cassino [39]. 

Focusing on the IAQ monitored in classrooms, school-hours average data in terms of indoor particle 

number (Nin) and mass concentration (PM1, PM2.5, PM10), black carbon (BC) and CO2, are given in  

Table 3 for IS1, IS2, IS3, IS4 and IS5, distinguishing the two measurements campaigns (winter and 

spring) for each monitored classroom. Outdoor particle number concentration (Nout) and the ratio 

between indoor and outdoor particle number concentrations (Ni/Nout) are also reported in Table 3. 

Table 3. School-hours average (and standard deviation) indoor particle number and mass 

concentration, BC, CO2, outdoor particle number concentration and Ni/Nout ratio for each 

classroom during school hours in winter (W) and spring (S). 

Classroom  

(Storey Level) 
Season 

Nin  

(cm−3) 

PM1  

(µg m−3) 

PM2.5  

(µg m−3) 

PM10  

(µg m−3) 

BC  

(µg m−3) 
CO2 (ppm) Nout (cm−3) Ni/Nout 

IS1 (ground floor) 
W 8.24 ± (1.81) × 103 -- -- -- -- 1503 ± 405 -- -- 

S 9.65 ± (1.79) × 103 11.6 ± 2.3 12.0 ± 2.3 19.4 ± 5.4 -- 501 ± 35 1.14 ± (0.27) × 104 0.85 

IS2 (first floor) 
W 1.29 ± (0.27) × 104 -- -- - -- 3130 ± 1283 1.72 ± (0.46) × 104 0.75 

S 1.17 ± (0.41) × 104 15.4 ± 8.2 16.3 ± 8.7 30.1 ± 21.0 1.8 ± 0.6 900 ± 301 1.08 ± (0.26) × 104 1.08 

IS3 (first floor) 
W 9.17 ± (3.03) × 103 -- -- -- -- 2746 ± 1235 1.03 ± (0.30) × 104 0.89 

S 6.00 ± (1.84) × 103 23.3 ± 14.8 24.7 ± 16.0 46.6 ± 43.2 1.4 ± 0.4 858 ± 169 6.57 ± (2.14) × 103 0.91 

IS4 (ground floor) 
W 1.38 ± (0.18) × 104 -- - - -- 1907 ± 463 1.78 ± (0.25) × 104 0.77 

S 1.11 ± (0.26) × 104 16.5 ± 5.2 17.3 ± 5.5 30.7 ± 12.3 -- 858 ± 217 -- -- 

IS5 (ground floor) 
W 1.60 ± (0.47) × 104 -- -- -- -- 1747 ± 559 1.65 ± (1.04) × 104 0.98 

S 1.36 ± (0.33) × 104 19.3 ± 3.8 20.2 ± 3.9 36.7 ± 6.9 2.9 ± 1.5 1423 ± 308 1.17 ± (0.22) × 104 1.17 

On average, outdoor particle number concentration, measured in the five classrooms, was  

1.54 ± 0.35 × 104 cm−3 in winter and 1.01 ± 0.24 × 104 cm−3 in spring, indicating that exposure levels 

of particle number concentration were slightly higher in winter than in spring. This result could be 

explained by the fact that during winter, more outdoor particle sources such as heating systems were in 

operation in the city, rather than in spring when heating systems were off and the outdoor temperatures 

were not high enough to have the air conditioning on. Moreover, the higher outdoors particle number 

concentration in winter was also possibly related to the temperature inversion phenomena, which 

frequently occurred in wintertime with stable cold conditions. In fact, low winter incoming solar 
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radiation often results in near neutral boundary layer conditions during daytime. Therefore, under these 

conditions, peaks of ground level aerosol concentrations, emitted during morning rush hours and by 

heating systems, could remain relatively high throughout the day due to inefficient ventilation. 

However, the higher exposure levels of particle number concentration found in winter in this study 

was in accordance with the background pattern of particle number concentration (city-scale) in Cassino 

reported in a previous study [39]. 

Similarly, indoor particle number concentrations were also found to be higher in winter  

(1.20 ± 0.33 × 104 cm−3) than in spring (1.04 ± 0.28 × 104 cm−3). Particle number concentrations 

ranged from 8.24 ± 1.81 × 103 cm−3 to 1.60 ± 0.47 × 104 cm−3 during winter and from 6.00 ± 1.84 × 

103 cm−3 to 1.36 ± 0.33 × 104 cm−3 during spring among the studied classrooms. 

Indoor particle number concentrations were also found to be lower than in outdoors, with Ni/Nout 

average value below 1. However, ratios of indoor to outdoors particle concentrations varied between 

the seasons; in particular, it was observed to increase during springtime. The Ni/Nout ratios were of  

0.85 ± 0.10 in winter and 1.00 ± 0.15 in spring. 

PM1, PM2.5 and PM10 concentrations measured in the five classrooms during spring were, on 

average, 17.2 ± 4.4, 18.1 ± 4.7, 32.7 ± 10.0 µg m−3 respectively. The 24-h threshold values suggested 

recently by WHO [53] for indoor spaces for PM2.5 and PM10 are 25 μg m−3 and 50 μg m−3, 

respectively. Even if a proper comparison with the WHO threshold values was not carried out in this 

study because of different average exposure times, the authors highlighted that a high exposure level to 

PM concentration was found during school hours. In particular, high PM10 values were found in the 

classrooms indicating the presence of a significant coarse particles fraction (PM2.5–10) related to major 

PM indoor sources such as blackboard dust and organic matter of children [61,62], as well as the re-

suspension phenomena of particles [63,64]. Conversely, the average indoor PM2.5 mass concentration 

was found to be close to PM1. Considering PM1 as a better indicator for vehicular emissions [65], this 

result indicated the influence of the traffic emissions in classrooms. 

On average, BC concentration measured in IS2, IS3, and IS5 during spring, was 2.0 ± 0.8 µg m−3.  

The highest level of BC was found at IS5 classroom (2.9 ± 1.5 µg m−3) of S3, which had the greatest 

traffic problem. 

The average CO2 concentrations measured at IS1, IS2, IS3, IS4 and IS5, were higher in winter  

(2206 ± 696 ppm), rather than in spring (908 ± 330 ppm). The highest CO2 values were found in 

winter at IS2 and IS3, which were the classrooms with the smaller floor area and volume compared to 

the others. Moreover, in winter, all the studied classrooms were found to have exceed the CO2 

ASHRAE Standard 62.1 (equal to 1000 ppm) and the threshold value of good air quality proposed by 

EN 13779 (equal to 1200 ppm) [66,67]. Lower levels of CO2 concentrations were conversely found in 

spring. 

In Table 4, average values of indoor temperature (Tin) and relative humidity (RHin) within school 

hours are reported for each classroom in winter (W) and in spring (S). School-hours average values of 

outdoor temperature and relative humidity are also reported in Table 4. 

The average indoor temperature was 21.5 ± 1.8 °C and 25.9 ± 2.1 °C in winter and spring 

respectively, while the outdoor temperature was, of 8.7 °C and 15.5 °C respectively. Similar indoor 

relative humidity values were measured in the classrooms between the seasons: an average value of 

50% was found both in winter and spring. 
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Indoor temperature values suggested by the Italian technical standard UNI TS 11300 [68] for school 

buildings are 20 °C during winter and 26 °C during spring. Similar values for thermal comfort range 

were recommended by ASHRAE (from 20 °C to 26 °C Tin and from 20% to 60% RHin) [69]. 

The indoor temperatures found in this study were slightly above the Italian reference values in 

winter, but thermal parameters such as temperature and relative humidity are difficult to control in 

naturally ventilated classrooms, where the ventilation is totally controlled by the user. 

Table 4. Average values (and standard deviation) of indoor temperature (Tin) and relative 

humidity (RHin) for each classroom during school time in winter (W) and spring (S) 

season. School-hours average values of outdoor temperature (Tout) and relative humidity 

(RHout) are also reported. 

School Classroom Season Tin (°C) RHin (%) Tout (°) Rhout (%) 

S1 IS1 
W 21.7 ± 1.6 45.2 ± 5.3 6.2 ± 1.2 80.0 ± 3.8 

S 27.1 ± 0.4 45.3 ± 1.5 18.4 ± 2.2 61.5 ± 5.9 

S2 

IS2 
W 20.7 ± 1.2 67.4 ± 3.4 9.2 ± 1.6 92.1 ± 6.4 

S 25.4 ± 0.6 52.5 ± 5.0 13.5 ± 1.8 85.8 ± 7.5 

IS3 
W 19.8 ± 1.1 67.7 ± 3.1 9.6 ± 0.5 91.2 ± 1.5 

S 29.0 ± 1.5 47.8 ± 2.4 13.2 ± 1.4 86.6 ± 5.6 

IS4 
W 24.2 ± 2.2 40.1 ± 3.0 4.7 ± 2.7 94.4 ± 3.4 

S 26.5 ± 0.7 49.2 ± 1.8 15.6 ± 1.7 85.5 ± 3.4 

S3 

IS5 
W 19.7 ± 1.5 46.5 ± 2.8 8.5 ± 1.2 80.0 ± 3.8 

S 24.0 ± 0.8 47.8 ± 2.6 16.5 ± 2.6 80.7 ± 9.1 

IS6 
W 23.3 ± 1.3 30.1 ± 2.1 13.0 ± 1.0 72.0 ± 3.8 

S 23.5 ± 0.5 53.9 ± 7.5 15.8 ± 2.2 82.6 ± 6.4 

From the notes reported in the logbook, two different modes in terms of airing were detected 

between the seasons, as expected. Since the airing (by opening windows) is associated with thermal 

comfort reasons for the occupants, it was not surprising to find that in winter the occupants did not 

frequently open the windows due to cold air coming in from outside, while in spring the windows were 

kept open for the most of school hours. 

In particular, short window opening periods with a low opening frequency were found in winter, 

while in spring a longer opening period (and low opening frequency) was detected. 

3.3. Temporal Variation of Indoor Air Quality during School Hours 

In order to analyze in depth the findings previously summarized in Table 3, the indoor temporal 

variations of CO2 and particle number concentrations were hereafter shown with the aim to explain 

their variability within school hours. 

For this purpose, the authors showed the temporal variation of indoor CO2 and particle number 

concentrations measured in one of the monitored classrooms for both the two measurements 

campaigns (winter and spring). 

Figure 1 shows the temporal variation of indoor particle number and CO2 concentrations within 

school hours in IS2 during winter. The outdoor particle number concentration measured over the same 

period within school hours is also reported. 
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The outdoor particle number concentration showed variations with the time. Peaks could be 

identified around 08:30 a.m. (3.3 × 104 cm−3), 10:30 a.m. (2.8 × 104 cm−3) and 13:00 p.m. (2.3 × 104 

cm−3), correlating with the traffic pattern around the school with peaks in the morning at 08:30 a.m. 

and at 13:30 p.m. as reported in Table 1. It was not surprising that high particle loadings were reported 

at these hours because of the high traffic in proximity to pick up and drop off school zones. However, 

the highest particle number event was detected at the start of school day (08:30 a.m.). 

 

Figure 1. Temporal variation of indoor particle number (Ni) and CO2 concentrations 

within school hours in IS2 during winter. The outdoor particle number concentration (Nout) 

and the window/door opening periods are also indicated. 

The indoor particle number concentrations were observed to be lower than the outdoors’, indicating 

the main influence of the outdoor particle number concentrations. However, as shown in Figure 1,  

short-term increases of indoor particles were observed at 08:30 and 10:15 a.m.. As reported in the 

classroom logbook, these times corresponded to window and door opening periods during school hours. In 

particular, for the studied school day, two door opening periods were reported in the logbook: the first one 

occurred from 08:30 (start of the school day) to 08:55 a.m., and the second one from 10:15 to 10:30 a.m. 

(break time). In addition, a window-opening period was also reported from 10:15 to 10:30 a.m.. 

In particular, a significant increase of indoor particles was observed during the second period  

(door and window opening from 10:15 to 10:30 a.m.) rather than the first period (only door opening). 

During the short window-opening period (15-min), concentrations were two times higher than the 

average level in the classroom. This could be associated to the higher penetration of outdoor UFPs 

from traffic during the airing period. 

When windows were closed, the indoor concentration decreased with time. This could be explained 

by the ventilation, the absence of specific indoor sources, and deposition. 

The CO2 minimum concentration value (572 ppm) was found before students entered the classroom 

(08:30 a.m.). Afterwards, the CO2 started to build up and reaching a concentration of 4000 ppm until 

the opening window period (10:15 a.m.). During the opening window period, CO2 concentration 
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decreased, but subsequently it increased again when the window was closed, reaching a value of 5500 

ppm until the end of school day. Similar variations in CO2 and indoor particle number levels, related to 

the usage of classrooms, were observed in all the monitored classrooms. 

Figure 2 shows the temporal variation of indoor particle number and CO2 concentrations within 

school hours in IS2 during spring. The outdoor particle number concentration measured over the same 

period within school hours is also reported. 

 

 

Figure 2. Temporal variation of indoor particle number (Nin) and CO2 concentrations 

within school hours in IS2 during spring. The outdoor particle number concentration (Nout) 

and the periods during which window/door were “mostly open” are also indicated. 

The concentration of outdoor particle number measured in spring was observed to vary within 

school hours as found for winter, even though this was in a relatively narrow range. 

Conversely, a greater variation of the indoor particles with respect to the outdoors was found in 

spring rather than in winter. In fact, as shown in Figure 2, indoor and outdoor particle concentrations 

were very similar and only higher in the indoors when window/door were “mostly open” (from 09:30 
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to 10:25 a.m. and from 10:45 to 13:00 p.m.). This could be due to a greater penetration of particles 

from outdoors as the windows were opened for a longer period. The Ni/Nout averaged ratio, for this 

analyzed classroom, was in fact higher in spring (1.08) than in winter (0.75). 

Furthermore, a wider variability of indoor and outdoor levels with not simultaneous short period 

peaks was observed in Figure 2 between 10:45 a.m. to 13:00 p.m.. During this period, windows/doors 

were reported to be “mostly open”, not continuously open. Therefore this variability was explained by 

the transient effect due to possible temporary window/door closing. The CO2 trend also suggested that  

short-terms window closings (and then sudden CO2 increases) were performed during that period 

causing this variation. 

However, it should be noted that further investigations are required to fully explain this 

phenomenon, including indoor and outdoor particle size distributions and particle chemical 

composition. The CO2 concentration level fluctuated between minimum value of 500 ppm and 

maximum value of 1600 ppm without reaching the high levels found in winter. This was because the 

windows were kept open most of the time during school day. However, high CO2 values were detected 

when windows were mostly closed. 

In Figure 3, the statistics (minimum value, 1st quartile, median, 3rd quartile, and maximum value) 

obtained from indoor and outdoor particle number, as well as the measured indoor CO2 concentrations 

in classrooms during school hours are given for winter and spring. 

 

Figure 3. Minimum and maximum values, 1st (Q1) and 3rd (Q3) quartile and median value of 

indoor (Ni) and outdoor (Nout) particle number concentrations as well as the measured 

indoor CO2 concentrations in classrooms during school hours for winter (W) and spring 

(S). Upper (U) and lower (L) whiskers were evaluated as U = Q3 + 1.5 × (Q3 − Q1) and L = Q1 − 

1.5 × (Q3 − Q1), respectively. Measurement data higher than the “upper whisker” or lower 

than the “lower whisker” were considered outliers and are not showed here. 

The purpose of Figure 3 was to highlight the influence of airing (by opening windows) on the IAQ 

in classrooms in relation to indoor and outdoor particles and CO2 levels, giving an indication to the 

range of measured concentrations in all of the studied classrooms. 

The median value of indoor concentration in winter (1.2 × 104 cm−3) was significantly lower than 

outdoors (1.7 × 104 cm−3). Similar variations were seen both in indoor and outdoor. This indicated the 

absence of main UFP indoor sources, as the building filtrated a substantial fraction of outdoor UFPs. 
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Conversely, the data of particle number concentrations were similar for both indoor and outdoor in 

spring, with median values equal to 9.9 × 103 cm−3. This indicated a higher degree of penetration of 

outdoor UFPs. 

In terms of CO2 concentrations, the median values were lower in spring than in winter (900 and  

1800 ppm, respectively) with higher variation in winter. The higher variation in winter was associated 

with the effect of windows opened for short periods of time during cold months. 

3.4. Indoor PM Concentrations within School Hours 

To better identify the influence of indoor particle sources on the particle mass concentration, the 

indoor PM2.5 and PM10 concentrations measured at classrooms during spring were apportioned within 

each class of school day, including break time: the first class (08:30–09:30 a.m.) which includes the 

traffic peak time (08:30 a.m.), the second (09:30–10:15 a.m.), the break (10:15 to 10:30 a.m.), the third 

(10:30–11:30 a.m.) and the final class of school day (11:30 a.m.–13:00 a.m. for S1 and S2 and 11:30 

a.m.–13:30 p.m. for S3). 

Figure 4 shows the statistics (minimum value, 1st quartile, median, 3rd quartile, and maximum 

value) obtained from indoor PM2.5 and PM10 mass concentrations, measured in IS1, IS2, IS3, IS4 and IS5 

in spring, within each class of school day. 

 

Figure 4. Minimum and maximum values, 1st (Q1) and 3rd (Q3) quartile and median value 

of indoor PM2.5 and PM10 mass concentrations, measured in spring in IS1,IS2, IS3, IS4 and 

IS5 and apportioned within each class of school day. Upper (U) and lower (L) whiskers 

were evaluated as U = Q3 + 1.5 × (Q3 − Q1) and L = Q1 − 1.5 × (Q3 − Q1), respectively. 

Measurement data higher than the “upper whisker” or lower than the “lower whisker” were 

considered outliers and  are not showed here. 

The median indoor PM2.5 mass concentrations for the first class, the second, the break, the third and 

the final one were, respectively, of 16, 17, 20, 17, 17 µg m−3 while median PM10 values were of 27, 29, 

37, 28 and 30 µ m−3. 

As shown in Figure 4, the highest particle mass concentrations were found during the break when 

major indoor activities occurred, rather than during class time when children were seated at their 

tables. The indoor activities performed during break time were: movement of children going in and out 
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of the classrooms, and recreational activities inside the building (as running, playing and eating their 

morning lunch inside classrooms). 

High values of PM10 were also detected during the final class of school day, before the children’s 

departure, highlighting the effect of the indoor activities on the indoor PM concentrations. 

Moreover, increases of PM10 concentrations were higher than PM2.5 during break time and the final 

class, and higher variations were also observed. A significant concentration of coarse particle fraction, 

PM2.5–10 was found especially during break time (17 µg m−3 as median value). Considering the major 

movement of children and recreational activities during break time, the significant concentration of 

coarse particle fraction found during this period could indicate the effect of the re-suspension 

phenomena of particles previously emitted by writing with chalk and organic matter of children. This 

result was also in accordance with the evidence of re-suspension phenomena due to children’s 

movements and physical activities in schools recently reported in the literature [70]; for example, 

Buonanno et al., 2012 found that the particle re-suspension produced by the activity of exercising 

pupils was the dominant source in 12 schools gyms in Cassino and, among the various PM fractions, 

the effect on coarse particles, was found to be the most important with concentrations of 4.8 ± 2.0 

times higher than the background (outdoor) [71].  

3.5. BC Concentrations within School Hours 

In order to better assess the influence of outdoor particle sources on the indoor concentrations, the 

indoor BC concentrations measured at school classrooms during spring were also apportioned within each 

class of school day, including break time: the first class (08:30–09:30 a.m.) which includes the traffic peak 

time (08:30 a.m.), the second (09:30–10:15 a.m.), the break (10:15 to 10:30 a.m.), the third (10:30–11:30 

a.m.) and the final class of school day (11:30 a.m.–13:00 p.m. for S1 and S2 and 11:30 a.m.–13:30 p.m. for 

S3). 

BC concentration data, averaged on the duration of each class, for the three monitored classrooms 

(IS2, IS3 and IS5) are shown in Figure 5. 

 

Figure 5. Average values of BC concentrations within the duration of each class of school 

day for IS2, IS3 and IS5. 
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The highest BC concentrations were found at the classroom IS5 of school S3 that was located on the 

road with the highest traffic conditions in respect to the others classrooms (IS2 and IS3) indicating the 

relationship between the spatial variation of BC with the location of the schools and thus, its proximity 

to high traffic conditions. 

Furthermore, the highest values of BC occurred, for all the classrooms, during the first class of 

school day coinciding with morning traffic peak hour (08:30 a.m.). Also, among the analyzed 

classrooms, the highest BC value was found at IS5 (3.8 µg m−3). Considering BC concentrations are a 

proxy of traffic emissions [72,73], this result suggested further support that indoor particle level in 

classrooms was greatly affected by traffic emissions. 

3.6. Characteristics of Radon Concentration 

In order to investigate the influence of airing on radon levels in classrooms, the radon 

concentrations were measured within school hours and 24 h in weekdays and during weekends. Table 

5 summarizes the averaged school hours and 24 h radon concentrations measured at IS1, IS5 and IS6 

during winter and spring campaigns. 

Table 5. School-hours and 24-h average radon concentrations for IS1, IS5 and IS6 for 

weekdays and weekends during winter and spring campaigns.  

Classroom 
Radon Concentrations (Bq m−3) 

Story Level Season Weekdays (School Hours) Weekdays (24 h) 

IS1 Ground floor 
W 174 ± 63 156 ± 58 
S 41 ± 48 115 ± 128 

IS5 Ground floor 
W 

29 ± 9 25 ± 9 
S 

IS6 Ground floor 
W 21 ± 12 28 ± 9 
S 24 ± 12 28 ± 16 

On weekdays, the averaged 24 h radon concentrations ranged from 25 to 156 Bq m−3 between the 

investigated classrooms, while the averaged school hours values varied from 21 to 174 Bq m−3. The 

school hours and 24-h average radon concentrations complied with the European limit reference value, 

which is 300 Bq m−3 [74]. 

In addition to the averaged values of radon concentrations measured at schools, the authors also 

aimed to investigate the influence of airing on indoor radon levels within school hours between winter 

and spring season. For this purpose, 1-h time resolution of radon concentrations measured on 

weekdays and weekends in the monitored classrooms were analyzed. 

In Figure 6, the daily trends of radon concentration, calculated using all the data collected at IS1, IS5 

and IS6 classrooms are reported for weekdays and weekends during winter and spring season. 
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Figure 6. Average daily trends of indoor radon concentration, as measured in the 

classrooms (IS1, IS5 and IS6) on weekdays and weekends during winter (W) and spring (S). 

As expected, radon concentrations were continuously high in winter and spring during weekends. 

Conversely, during weekdays, decreases were observed upon school opening and they were markedly 

higher in spring than in winter. 

For this purpose, the reduction of radon concentration within school hours (08:30–13:00 p.m.), with 

respect to school opening hour was evaluated; it was found to be 81% in spring and 21% in winter. 

The greater reduction, seen in spring, was associated with longer opening window period rather than 

the short window opening periods in winter. This result confirmed the effect of different seasons’ 

airing mode on the reduction of radon concentrations within school hours. 

4. Discussion 

This study investigated the indoor air quality in Italian naturally ventilated classrooms. For this 

purpose, particle number and mass concentrations, black carbon, CO2, and radon levels were measured 

in indoor classrooms and data were given within school hours for winter and spring season. In order to 

evaluate the relationship of indoor and outdoor number based particles, the outdoor particle number 

concentration was also measured. The influence of indoor and outdoor sources as well as the effect of 

airing on indoor pollutants was analyzed. 

As expected, this study found the outdoor particle number concentrations at schools were related to 

the peak traffic times, and also higher in winter than in spring, according to the background pattern of 

particle number concentration (city scale) in Cassino reported in a previous study [39]. 

The concentrations of indoor particle number were also found to be higher in winter than in spring. 

Few studies have reported average indoor particle number concentration levels during school hours. 

Zhang and Zhu [42] reported average indoor and outdoor particle number concentrations of  

0.6 ± 29.3 × 103 cm−3 and 1.6 ± 16.0 × 103 cm−3 respectively, for five schools with different ventilation 

systems in South Texas. While in Ontario, Weichenthal et al. [75] found averaged values of 5.0 × 103 

(indoors) and 9.0 × 103 cm−3(outdoors)  for 37 classrooms areas during wintertime.  

Fromme et al. [63] reported daily averaged indoor levels of 6.5 × 103 cm−3, measured in 36 schools in 
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Munich, while Guo et al. [46] reported an average of 3.2 × 103 cm−3 (indoors) and 2.6 × 103 cm−3 

(outdoors) from one school in Brisbane. The indoor and outdoor levels in 39 schools in Barcelona were 

respectively, 1.88 × 104 cm−3 and 2.31 × 104 cm−3 in spring and 1.37 × 104 cm−3 and 2.35 × 104 cm−3 in 

winter [76]. It is difficult to make a direct comparison, because of different sampling time and 

measuring instrument used (with different lowest particle size limit) between studies. However, the 

concentrations found in this study tended to be higher than those reported in the studies mentioned 

above, except for the study performed in Barcelona. 

In relation to PM levels, results found in this study were similar to studies carried out in  

schools in Germany and in Poland, which reported averaged indoor PM2.5 concentrations, respectively, 

of 22 µg m−3 [63], and 14 µg m−3 [77] during warm season, and it was lower than those reported in 

classrooms in Northern Italy [78]. Furthermore, this study highlighted that coarse particle fraction 

could reflect the indoor activities better than the finer fraction, since high coarse particle levels were 

found during break time of the school day, when the majority of children’s movements and activities 

occurred. Similar values of PM2.5 and PM1 indicated the influence of outdoor combustion source, and 

this suggested PM1 was a better indicator for vehicular emissions than PM2.5. 

The influence of traffic emissions on indoor levels was also highlighted in this study by the highest 

indoor BC concentration, which was detected at the classroom with the highest traffic impact and during 

the first class of school day (including the morning traffic peak time). In addition, averaged indoor BC 

concentrations recorded in this study (2.0 ± 0.8 µg m−3) were similar to other studies carried out in 

European school classrooms, which found equivalent black carbon, EBC ranged from 1.5 to 2.0 µg m−3 

[76,79,80]. 

The authors point out that the PM and BC concentrations discussed in this study were measured 

during the experimental campaign carried out in spring season. Data were not available for the winter 

season, which was when higher particles concentrations were expected. It was therefore, recommended 

to carry out further investigation on this matter. 

No significant indoor UFP sources were detected within the school hours, even though possible 

contributions to indoor formation of secondary particles and/or activities like painting, or printers 

(placed in others rooms) was not considered in this analysis. 

Regarding the relationship between indoor and outdoor particles, particle number concentrations 

were usually higher outdoors than indoors, indicating that no major indoor UFP sources were in 

operation during the experimental campaign. Therefore, indoor particle number concentrations were 

consequently driven by outdoor particles (mainly from traffic emissions). However, averaged ratios of 

indoor to outdoors particle concentrations were higher in spring than in winter. When temporal 

variations of indoor and outdoor particle concentrations were considered, it was found that the airing 

directly influenced the relationship between indoor and outdoor particles and CO2 levels. In particular, 

this study found Ni/Nout ratio of 0.85 ± 0.10 in winter associated with a low airing (short opening 

window periods and low frequency), while Ni/Nout ratio of 1.00 ± 0.15 in spring was associated with a 

longer airing (longer opening window periods and low frequency). The increase of Ni/Nout ratio in 

spring was related to a much higher degree of penetration of outdoor particles from traffic (due to 

longer opening window periods). Conversely, Ni/Nout ratios found in winter was comparable with the 

average penetration ratios (0.6–0.9) based on infiltrating airflows through leakage reported in previous 

studies [44,81,82]. 
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In relation to the CO2 levels, lower indoor CO2 values were found in spring (due to longer window 

opening periods), however high concentrations were also measured when children were in classrooms 

with windows closed, this indicated that the longer airing was insufficient to maintain good air quality 

during the full school day, even if the windows were kept open for most of the school time. 

Conversely, high indoor CO2 values were found in winter (due to the low airing) within school hours. 

Short opening window periods led to short-term decrease in CO2. Moreover, the averaged CO2 values 

found in this study were similar to the majority of studies carried out in European naturally ventilated 

schools, ranging from 600 to 1500 ppm [83–87]. 

The influence of airing was also detected, in terms of indoor radon concentrations within school 

hours. Significant reductions (81%) of radon concentrations were found when the windows were 

opened for a longer period of time. The averaged school-hours radon concentrations found in this 

study complied with the European limit reference value, which is 300 Bq m−3 [74]. However, a 

reference level of 100 Bq m−3 has been proposed by the World Health Organization (WHO) in order to 

minimize the health hazards due to radon exposure [53]. 

In the light of these results, it can be concluded that the mechanism of ventilation based on the 

airing in classrooms was not efficient, as it significantly influenced the penetration of outdoor particles 

in classrooms. Additionally, it was not effective in ensuring good air quality at all times in a full school 

day, in terms of indoor CO2 concentrations. 

To this purpose, the use of new and more efficient ventilation strategies should be adopted in order 

to guarantee the minimum requirements for acceptable indoor air quality levels in classrooms, and to 

prevent children’s exposure to risk. Instead of opening window with low frequency or keeping the 

window open for quite a long period of time, the best method of airing could be short opening time and 

a relatively high opening frequency, also mentioned by Heiselberg and Perino [88], which highlighted 

the transient behavior of short-term window airing reporting that it was most effective at the 

beginning. Alternatives could also be the integrations with natural ventilation devices such as 

motorized windows and louvers, or the installation of “CO2 traffic lights” in classrooms in order to 

alert teachers to open windows when the CO2 concentration reaches the limit value. 

5. Conclusions 

Epidemiological studies have shown a clear association between urban UFP exposures and adverse 

health outcomes. Few studies have reported indoor particle number concentrations at school 

classrooms, and there is a lack of understanding between the relationship of the levels and influential 

factors. Since children represent the most susceptible group to air pollution, studies focusing on the 

IAQ in schools need to be developed in order to address these issues. 

In this context, indoor measurements for number and mass concentration, black carbon, CO2, and 

radon levels were carried out in six classrooms of three schools located in the urban area of Cassino. 

Indoor and outdoor sources as well as the effect of airing were discussed to explain the variability 

of indoor air pollutant levels. 

The main results from this study can be summarized as follows: 

- The concentrations of indoor particle number within school hours were mainly influenced by 

the concentrations of outdoor particle number. This was attributed to two aspects: 
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1. The proximity of schools to trafficked roads: the averaged indoor and outdoor particle 

concentrations were higher at school that was placed near the highest traffic conditions. 

Highest indoor BC values were also detected during the first class of school day coinciding 

with morning traffic peak hour. This result underlined the impact of urban planning decisions 

on children’s exposure to particles from traffic emissions. 

2. The effect of airing: differences in terms of Ni/Nout ratios were found between the cold and 

warm season, this indicated the influence of penetration of outdoor particles. Ratio value of 

0.85 ± 0.10 was found in winter under short opening window periods and low opening 

frequency; this was comparable with penetration ratios (0.6–0.9), based on infiltrating 

airflows through leakage reported in previous studies. While in spring, the Ni/Nout ratio was 

1.00 ± 0.15, under longer opening window periods and low opening frequency, and this was 

related to a higher degree of penetration of outdoor particles. 

- Higher level of CO2 was recorded in classrooms in winter than in spring. However, the airing 

that was performed by the occupants, was not effective neither in winter nor in spring at 

maintaining good air quality (CO2 < 1000 ppm) in classrooms at all time during a full school 

day. 

- Children movement and recreational activities led to re-suspension of mainly indoor coarse 

particles and greatly contributed to the increase of PM10 in classrooms especially during break 

time. Large particles indeed appeared to play a greater role in PM exposure in classrooms than 

the finer fraction. PM2.5 was also found to be very close to PM1, indicating PM1 was a better 

indicator for traffic emission in school classrooms. 

- A greater reduction of radon concentrations (81%) was found, within school hours in spring. 

This was associated with longer opening window period rather than the short window opening 

periods in winter. 
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