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A B S T R A C T

The quality of the classroom environment has a great impact on the physical and mental health of
students and teachers. The COVID-19 pandemic has highlighted the need for new measures and
ventilation strategies to be implemented in educational buildings, to ensure indoor air quality in
classrooms and to minimise the risk of airborne virus transmission. However, these ventilation
protocols can influence the acoustic quality of classrooms and negatively affect students’ speech
perception and learning performance. This study presents the results obtained from a field mea-
surement campaign carried out to assess the acoustic characteristics of classrooms of the
Fuentenueva Campus (University of Granada) and Azurém Campus (University of Minho). Differ-
ent ventilation operating scenarios (active and inactive) were assessed to evaluate their impact
on the indoor acoustic conditions. The reverberation time (RT), the only parameter used in both
countries' regulations to assess acoustic conditions, was found to be higher on both campuses
than the RT limits values. Comparison of the measured Speech Transmission Index (STI) and
background noise values in the active and inactive ventilation scenario showed a clear variation
of the indoor acoustic conditions. The background noise was higher in the active ventilation sce-
narios (40–57 dBA) than in the inactive ventilation scenarios (34–48 dBA). The average STI val-
ues obtained on both campuses for the inactive and active scenarios were 0.54 and 0.51, respec-
tively. In some classrooms an STI difference of 0.1 was found between scenarios. The results ob-
tained in this study provide a broader understanding of the acoustic conditions in university
classrooms in Spain and Portugal. The results evidence the need of consider the synergies be-
tween the indoor acoustic and air quality conditions to ensure both: the spaces are safe and the
acoustic conditions do not interfere with students' learning. The findings show that compliance
with the current RT requirements does not ensure that classroom acoustic conditions do not inter-
fere with student performance, and therefore, regulations need to be revised to include additional
factors to ensure proper acoustic performance.

1. Introduction
The quality of the indoor environment in educational buildings is essential for modern societies to pursue excellence in education.

The learning capacity of students can be greatly influenced by the absence of good indoor environmental conditions [1]. The acoustic
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conditions in classrooms are among the most concerning environmental factors in educational buildings. Poor acoustic quality, such
as reverberation or excessive noise, can negatively affect speech perception by students and teachers [2], reading speed scores [3], re-
sponse times [4] and memory [5]. This situation is particularly worrying for students who have hearing impairments or who are
studying in a language other than their mother tongue [2]. These negative effects also lead to a perception of mental and physical dis-
comfort [6], reducing students’ attention, motivation and well-being [7,8].

However, despite the impact of acoustic conditions on student satisfaction and performance, current research is mostly focused on
the impact of indoor environmental conditions on the performance and health of workers. This fact was noted by Fang and Luo [9],
who conducted a reviewed research on indoor environmental health in classrooms. They identified this research gap and stated that
the indoor environmental indicators relating to physical and mental health in classrooms are being systematically ignored. Recent
studies have also highlighted the significance of acoustic conditions on other indoor environmental factors and human perception.
Wu et al. [10] analysed the relationships between different indoor environmental parameters (i.e. acoustics, thermal and lighting)
and concluded that, in terms of the contributions of each of these individual factors to overall satisfaction, acoustic satisfaction played
the most important role. In fact, individual factor satisfaction showed a one-vote veto tendency over the overall satisfaction, with the
acoustic rating having the most obvious one-vote veto tendency.

In view of the influence of acoustic conditions on the performance and satisfaction of students and teachers, many countries and
international organisations have developed standards and guidelines for the design of educational buildings [11–14]. However, there
is still no agreement on the preferred acoustic criteria for a successful learning environment, not only with regard to the parameters
but also with regard to their values and acquisition features, such as background noise levels in the time window or reverberation
time (RT) frequency averaging [15,16]. Moreover, Minelli et al. [16] pointed out that many educational buildings were built before
these standards were published and, therefore, they do not met the minimum requirements. This fact is evidenced by the results of
dissatisfaction with acoustic conditions in educational buildings reported by previous studies. Pinho et al. [17] conducted acoustic
measurements in eight schools in Portugal and found that only two of the studied school buildings complied with the Portuguese legal
requirements; the remaining six revealed disabled constructive aspects in relation to their acoustic requirements, thus compromising
the quality of education. Escobar and Morillas [18] analysed the acoustic performance of 17 auditoria and multi-purpose conference
rooms at the University of Extremadura (Spain) and concluded that the RT values measured in their study were generally higher than
those proposed in the five recommendations analysed. Tang et al. [19] conducted a post-occupancy evaluation of indoor environmen-
tal quality in ten non-residential buildings in Chongqing (China) and found that the lowest average satisfaction score in schools was
related to acoustic conditions. Furthermore, the reported results showed that the sound pressure level was higher than 45 dBA in
these buildings. Sadick and Issa [20] assessed the building elements’ physical conditions on indoor environmental quality in 52 class-
rooms in new, renovated and non-renovated schools. They found that acoustic parameters (RT at 1 kHz and 2 kHz) were, statistically,
significantly higher in non-renovated schools than in the renovated ones. The acoustical survey carried out at the University of British
Columbia showed that the equivalent background noise level exceeded 45 dBA in 12 occupied classrooms and exceeded 35 dBA in 29
unoccupied classrooms [21]. Choi [22] reported similar results in a recent study conducted in 12 university classrooms at Kangwon
National University (Korea); the mean background noise levels for occupied and unoccupied rooms were 41.2 dBA and 40.2 dBA, re-
spectively. High background noise values are especially important in teaching learning spaces. The reviewed research on indoor envi-
ronmental health in primary and secondary classrooms conducted by Fang and Luo [9] found that noise is an environmental indicator
to which children and adolescents are more sensitive compared to adults. Prior studies concluded that, for excellent speech condi-
tions, the speech-to-noise level difference should exceed a value of about 15 dB [23], above which no improvement in quality has
been observed. Therefore, not exceeding 35 dBA of background noise in classrooms is often recommended, given typical teacher
speech levels [24].

In the same context, several experimental and theoretical studies conducted by Hodgson, Bradely and Bistafa [2,21,25] analysed
the acoustic quality in university classrooms. Hodgson [2] found that classroom quality is not correlated with classroom size, speech
level, or early decay time, while a strong correlation was found with the background-noise level and signal-to-noise level difference.
Bradley et al. [26] concluded that the most significant factor in understanding speech is the ambient noise, while the most important
parameter for speech intelligibility is the signal to noise ratio. Nevertheless, other aspects of the classroom are factors that also affect
the acoustic quality of these spaces [23]. Among these factors, the ventilation system has a fundamental role in achieving proper in-
door air quality (IAQ). Its importance has become more evident since the COVID-19 outbreak, as it is not only used to prevent poor air
quality conditions that can affect students’ cognitive function [27], cognition [28] and health [14], but improved ventilation also pre-
vents the transmission of airborne viruses [29]. International organisations have published guidelines and recommended ventilation
control measures after recognising the potential for indoor airborne hazards [30,31]. The spreading of an airborne virus can be pre-
vented by increasing window opening times in naturally ventilated buildings [32]. The World Health Organisation (WHO) recom-
mended effective ventilation by frequently opening windows and doors [33].

These ventilation protocols were implemented because of the COVID-19 pandemic but they could change the acoustic quality of
classrooms. However, these international guidelines and recommendations do not consider the possible effects that these protocols
may have on the acoustic environment and, consequently, on the students’ performance and well-being [34]. This fact reveals the
lack of integration concerning the different interrelationships of indoor environmental factors in the international guidelines and
standards [35]. Similarly, building codes and international standards often require that doors and windows remain closed when as-
sessing acoustic parameters such as background noise and RT in educational buildings [13,36,37], without considering that the open-
ing of doors and windows in naturally ventilated classrooms is necessary to ensure adequate IAQ and prevent the spread of airborne
viruses. The focus on a single indoor environmental factor is an aspect of standards and practice guidelines that has been pointed out
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in previous studies [38]. As a consequence, end-users (i.e. students and teachers) are responsible for choosing which environmental
factor to prioritise over others, which can lead to potential health and cognition risks [35].

In this context, few studies have been found on indoor acoustic conditions in university classrooms in Southwest Europe: Escobar
and Morillas [18] analysed the acoustic performance of auditoria and multi-purpose conference rooms at the University of Ex-
tremadura (Spain), Pinho et al. [17] conducted acoustic measurements in different educational buildings (from kindergarten to col-
lege) in Viseu (Portugal) and Chiara Visentin et al. [39] conduced speech-in-noise tests were conducted in a university classroom
(University of Bozen-Bolzano, Italy). However, these studies did not analysed indoor acoustic performance after implementing venti-
lation strategies. Since most educational buildings in Europe do not have mechanical ventilation systems, increasing ventilation rates
in these spaces can only be achieved through natural ventilation [40] and so a special focus will be given to this issue. Up to now,
there are no previous studies in which measurement results were reported on acoustic conditions or an assessment made of speech in-
telligibility for young adult listeners in university classrooms, before and after implementing strategies to minimise airborne virus
transmission. To cover this gap, the objectives of this study are: (i) to carry out field measurement campaigns to assess the acoustic
conditions of Portuguese and Spanish university classrooms in different ventilation operating scenarios, (ii) to analyse the influence
of different acoustic parameters (RT, background noise, STI and C50) for both scenarios and (iii) to analyse the correlation between
these measured acoustic parameters. For this purpose, in-situ objective measurements and assessments of acoustic characteristics of
classrooms on the Fuentenueva Campus (University of Granada) and Azurém Campus (University of Minho) were conducted. The
analysis of the acoustic parameters enables the identification of some prominent features of the classroom acoustics in Southern Eu-
rope and the practical challenges related to the ventilation strategies that ensure that classrooms are healthy spaces. The results
shown in this study can serve as a guidance to perform an assessment of the impact of the application of ventilation measures in edu-
cational buildings to ensure both air quality and acoustically-suitable spaces, and to include some measurements in the protocols or
guidelines developed for ventilation in classrooms.

2. Materials and methods
2.1. Buildings and selected classrooms

In this study, educational buildings were selected from two universities located in Southern Europe: the Azurém Campus of the
University of Minho (Guimarães, Portugal) and the Fuentenueva Campus of the University of Granada (Granada, Spain). The location
of both campuses is shown in Fig. 1. They combined a series of characteristics that make them of special interest: previous studies
have shown that outdoor environmental conditions influence the ventilation strategies implemented in indoor spaces, so campuses
with climates typical of the Iberian Peninsula were selected (Azurém Campus with Csb climate and Fuentenueva Campus with Csa cli-
mate). In addition, these campuses constitute two representative examples of typical university building locations: the Azurém Cam-
pus is located on the outskirts of the city of Guimarães, surrounded by a green area, while the Fuentenueva Campus is in the centre of
the city of Granada, next to a principal road of the city and a green-pedestrian university area.

A representative sample of teaching learning spaces were selected for the analysis of the indoor acoustic quality of both campuses.
The study comprised 6 buildings and 16 classrooms. Table 1 shows the characterisation of the studied classrooms. The classroom se-
lection process was based on the identification of the different ventilation systems (natural ventilation through doors and windows
and mechanical ventilation) present on both campuses. Central mechanical ventilation system brings fresh air into the classrooms.
This process is controlled by central appliance. In addition, a set of representative classrooms was selected, in terms of size, classroom
shape and occupancy. Two types of classrooms were identified on the Azurém Campus: classrooms with a rectangular geometry and
flat floor, and auditorium type classrooms with a rectangular shape and stepped floor. On the Fuentenueva Campus, all classrooms are
rectangular in shape and have a flat floor.

Fig. 1. Location of the selected Campuses. a) Azurém Campus, b) Fuentenueva Campus.
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Table 1
Characterisation of the studied classrooms.

Campus Building Class Ventilation
System

Window
orientation

Area
(m2)

Volume
(m3)

Occupation
(seat)

Occupation ratio
(m2/student)

Type of
window

Finishing materials

Wall Ceiling Floor

Azurém A1 A1-1 MS SE 132 470 130 1.02 AGW GP + WP APC V
A1-2 NV SE 48 151 30 1.60 AGW GP MSC V

A2 A2-1 MS SW 85 287 80 1.06 – GP + WP APC W
A2-2 NV SE 76 218 48 1.58 AGW GP + WP GP V

A3 A3-1 MS SW 50 148 60 0.79 – GP + WP GP W
A3-2 NV SE 68 185 30 2.27 AGW GP GP V

A4 A4-1 MS NW 127 341 122 1.04 AGW GP + C APC CT
A4-2 NV NW 68 196 41 1.66 MGW GP C CT

Fuentenueva F1 F1-1 NV W 265 796 45 5.89 AGW CT APC NS
F1-2 NV N 172 518 78 2.21 AGW CT APC NS
F1-3 NV S 174 522 78 2.23 AGW CT APC NS
F1-4 NV E 206 643 70 2.94 AGW CT APC NS

F2 F2-1 NV SW-NE 175 500 35 5.00 AGW GP GP T
F2-2 NV W 167 524 48 3.48 AGW GP RSC T
F2-3 NV S 106 319 38 2.79 AGW GP GP T
F2-4 NV W 164 542 62 2.65 AGW GP APC T

NV: natural ventilation; MS: mechanical ventilation system; AGW: Aluminium glazed windows; MGW: Metal glazed windows; GP: Gypsum plaster; WP: Wood panel;
APC: Acoustic plasterboard ceiling; MSC: Metal suspended ceiling; V: Vinyl coating; W: Wood; GPB: Gypsum plasterboard; C: Cork; CT: Ceramic tile; NS: Natural stone;
T: Terrazzo; RSC: Registrable suspended ceiling.

2.2. Measurement procedures and acoustic parameters
The acoustic parameters RT, clarity (C50), background noise and STI were measured in the selected classrooms. Impulse responses

were recorded in the unoccupied classrooms. The frequency-dependent RT30 and the C50 were calculated based on the recorded sig-
nal. These parameters were calculated according to ISO 3382–2:2008 [41]. The selected source signal was a logarithmic sine sweep
which was radiated from an Omni-directional dodecahedron loudspeaker (Brüel & Kjaer) into the classroom. Two source positions
were selected in each classroom, located more than 1.0 m away from the walls and at 1.6 m above the floor. Twelve measurement po-
sitions were selected, evenly distributed among the seats in each classroom, at a height of 1.5 m and separated more than 1 m from
the walls. Appendix A shows the distribution and position of the different microphones and sources in the classrooms tested in this
study (see the figures in Appendix A).

The average background noise levels were measured from the 125 Hz to 8 kHz octave band in unoccupied classrooms. These mea-
surements were carried out in two ventilation operating scenarios: (i) with doors and windows closed and, for those classrooms which
were mechanically ventilated, the ventilation system was turned off; (ii) with the ventilation protocols implemented because of the
COVID-19 pandemic. Two different scenarios were selected for each classroom according to the type of ventilation system operated.
In naturally ventilated classrooms, ‘doors and windows closed’ and ‘doors and windows open’ were selected for ‘Inactive ventilation
scenario’ and ‘Active ventilation scenario’, respectively. While for mechanically ventilated classrooms, ‘Mechanical system turned
off’ were selected for ‘Inactive ventilation scenario’ and ‘Mechanical system turned on’ for ‘Active ventilation scenario’.

In addition, to provide a more detailed understanding of the effects of pandemic ventilation strategies on the acoustic quality of
speech in the classrooms, the STI was measured at twelve different positions (a set of typical and representative of the positions in
which students usually sit during a lecture, see the figures in Appendix A). The IEC 60268–16:2020 stated that the STI is a method de-
fined to quantify the deterioration of speech intelligibility induced by the transmission channel and is expressed in a value between 0
and 1. The STI was calculated using the indirect method based on the system's impulse response. The modulation transfer function
MTF was calculated from the impulse response, using the process known as the ‘Schroeder method’ [42], which is used to calculate
the STI according to the IEC 60268–16:2020 Standard. According to Section 7.7 of this Standard, STI predictions and measurements
should always incorporate a level of background noise that is realistic for the application. Therefore, given that the background noise
might be different in the two different ventilation operating scenarios, these field measurements were also carried out for the inactive
and active ventilation scenarios. Signals were recorded with an M2230 microphone connected to XL2 audio analyser (NTi Audio).

2.3. Acoustic standard requirements in classrooms
The results obtained from the field measurements were compared with the acoustic parameter limits for Portugal and Spain, as

well as other international standards (Tables B1 and B2 in Appendix B). In contrast to the RT and background noise, there are only a
few guidelines set requirements for STI in classrooms. Table B3 (Appendix B) shows the STI values and their relation to five speech
qualification labels (from ‘bad’ to ‘excellent’) according to the ISO 9921:2003 [43] for occupants with normal hearing. Other interna-
tional standards also recommend minimum STI values for classrooms: UNE EN IEC 60268–16:2020 [44] recommends STI ≥0.62 for
good speech intelligibly in classrooms, and UNI 11532–2:2020 [12] recommends STI >0.55 (V < 250 m3) and STI >0.50
(V > 250 m3). In addition, a STI value above 0.6 is recommended by the UK Department for Education and Skills [11].
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3. Results
3.1. RT and C50 in classrooms

The RT results obtained from the field measurements in each of the classrooms are shown in Table B4 (Appendix B). In addition,
Fig. 2 shows the mean RT0.5–2kHz values against the classroom's volume. In view of these results, it is remarkable that the RT0.5–2kHz
values are higher in all classrooms in both campuses than the RT limits defined in the standards of their respective countries.

Regarding the Azurém Campus classrooms (Portugal), higher RT values were obtained in the auditorium-type classrooms than in
the rest of the classrooms, except for A4-1, which presented the lowest RT value for this Campus and was very close to the Portuguese
RTlimit. In the case of the classrooms on the Fuentenueva Campus (Spain), the RT values were lower compared to those obtained at the
Azurem Campus. According to the values defined in the Spanish regulations, the RT limit is applicable to classrooms with volumes of
less than 350 m3. This characteristic is only met by classroom F2-3 (V = 319 m3). Therefore, since the limit cannot be applied to most
of the classrooms on the Fuentenueva Campus due to their size, other standards have been considered. The ANSI/ASA S12.60 [45]
recommends that RT0.5–2kHz should not exceed 0.7 s for unoccupied furnished classrooms between 283 m3 and 566 m3. Regarding this
recommendation, all classrooms exceed this RT limit, with classrooms F1-2 and F1-3 showing the lowest values.

The Spanish and Portuguese regulations do not define requirements for RT at different frequencies. In contrast to the regulations
in these countries, the German DIN 18041:2016 and Italian UNI 11532–2:2020 Standards define a tolerance range for the frequency-
dependent RT between 125 Hz and 4000 Hz, as shown in Fig. 3, for usage in classrooms. Although these international standards are
not mandatory in Spain and Portugal, their recommendations have been considered and the verification of the RT measurement re-
sults between 125 Hz and 4 kHz have been performed. Since the range of acceptability is defined for occupied rooms, the sound ab-
sorption area per person value for a “person sitting on non-upholstered seating” [13] was applied to the conversion. The optimal RT
range (solid black lines) and the adjusted results, as a function of frequency, are shown in Fig. 3.

Fig. 2. RT as a function of the classroom volume. Red line indicates the RT limit recommended by Portuguese regulations. Black line indicates the RT limit recom-
mended by Spanish regulations. Blue line indicates the RT limit recommended by ANSI S12.60 regulations. (For interpretation of the references to colour in this fig-
ure legend, the reader is referred to the Web version of this article.)

Fig. 3. RT measurement results converted to 100 % occupancy, in accordance with DIN 18041:2016 and UNI 11532–2:2020 Standards. (a) Azurém Campus. (b)
Fuentenueva Campus. The solid black lines indicate the tolerance range for frequency-dependent RT according to DIN 18041:2016.
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Fig. 3a shows the results obtained from the Azurém Campus. It should be noted that only classroom A3-2 lies in the acceptable
RT optimal range (except for the frequency 125 Hz), while the rest of the classrooms present an RT outside the optimal range in
more than one octave band frequency. As for the Fuentenueva Campus (Fig. 3b), all classrooms show similar results except for
classroom F2-2, which remains within the optimal range for all frequencies. It is worth pointing out that DIN 18041:2016 states
that a moderate increase in RT at low frequencies does not compromise acoustic quality, and that in rooms designed for spoken in-
formation and speech communication, the RT should be shorter rather than longer [13]. Therefore, if these considerations are
taken into account, classrooms F2-1, F2-3 and F1-1 (Fuentenueva Campus) are the only ones that show an RT in some frequency
bands above the optimal RT ranges after conversion.

The RT and the distance between the student and the teacher determine the amount of acoustic energy in a direct and reflective
sound wave reaching the students [46]. The sound that first reaches the listener is called direct sound, which is followed by some
early reflections. The early reflections that reach the listener within 50 ms are integrated with the direct sound and, thus, have a posi-
tive effect on speech clarity. The reflections that come later may be perceived as disturbing in speech-based scenarios. The C50 para-
meter compares the sound energy in early sound reflexes with those that arrive later. A high value is positive for speech clarity.

A summary of the C50 values obtained from the field measurement campaign is shown in Table B5 (Appendix B). As mentioned in
the methodology section, Spanish and Portuguese regulations do not contemplate the C50 parameter but other regulations, such as
UNI 11367 [47], recommend a value of C50 ≥ 0 dB for spaces intended for speech communication (e.g., classroom). The average val-
ues on the Azurem campus ranged from −2.7 to 0.3 dB and on the Fuentenueva campus they ranged from −1.7 dB to 5.3 dB. It is
worth noting that on the Azurém Campus, a C50 value above 0 was found in A1-2 and A2-2 while, on the Fuentenueva Campus, a
value above 0 was found in all classrooms except F2-1 and F2-3.

A larger deviation from the average value of C50 is observed at higher frequencies than at lower frequencies in the classrooms of
the Azurém Campus. At the Fuentenueva Campus, a larger deviation is observed at lower frequencies, especially at 125 Hz. The class-
rooms in the F1 Building show a very similar C50 distribution at frequencies between these.

3.2. Background noise in classrooms
Table B6 and Fig. 4 show the equivalent background noise levels measured in each classroom in the two different ventilation

operating scenarios. The background noise levels measured in the inactive ventilation scenario show that only 50 % of the class-
rooms met the background noise limit recommended by the WHO (i.e., 35 dBA). However, if the background noise limit recom-
mended by ANSI or DIN 18041:2016 is considered (i.e., 40 dBA), the percentage of classrooms complying with this limit rises to
87.5 %. Only two classrooms in this scenario, both on the Azurém Campus, do not comply with background noise limits recom-
mended in these standards. The measured background noise levels were 47.9 dBA and 42.4 dBA in classrooms A1-2 and A4-1, re-
spectively. With regard to classroom A1-2, this room is located close to an electrical room of the building and has an installation
passage through the false ceiling (ventilation system conduits). In classroom A4-1, the inactive ventilation scenario could not be
measured because the configuration of the building did not allow the mechanical ventilation system to be switched off.

Regarding the background noise levels measured in the active ventilation scenario, no classroom complied with the recommended
limits. In addition, if both ventilation-operating scenarios are compared, different relationships are observed as commented below.
Regarding the mechanically ventilated classrooms (Azurém Campus) the largest differences were found between both ventilation op-

Fig. 4. Background noise measurement for different scenarios. The red line indicates 35 dBA; The blue line indicates 40 dBA. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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erating scenarios in the classrooms A1-1 and A3-1 (with a difference between scenarios of 19.4 dBA and 16.1 dBA), followed by class-
room A2-1 (with 9.3 dBA). This is due to the type of air renewal system in these classrooms: they are all mechanically ventilated, and
the activation of the ventilation system increases the background noise. In contrast to naturally ventilated classrooms where natural
or anthropogenic external noise sources may influence the indoor acoustic conditions, the activation of the mechanical ventilation
system in these classrooms will always result in increased background noise, as the ventilation system itself constitutes a noise source.

Regarding the naturally ventilated classrooms in this Campus, the classrooms that showed the greatest difference were A4-2, A3-2
and A2-2, with a difference in levels between the scenarios of 10.7 dBA, 5.3 dBA and 2.9 dBA, respectively. The classroom where the
greatest difference in background noise level was found between scenarios was classroom A4-2. This classroom is oriented towards a
parking area and pedestrian traffic outside and its doors face a corridor (a passageway for classrooms and offices). The other class-
rooms are oriented towards green areas of the campus and corridors. By contrast, classroom A1-2 stands out because the difference
between scenarios is minimal. Classroom A1-2 is influenced by a passage of installations through the ceiling, which is a source of
noise inside de classroom, so opening windows for natural ventilation does not further increase the background noise.

In addition, it is particularly interesting to compare the values obtained in both scenarios according to the ventilation mode of the
classrooms (natural or mechanical). In the inactive ventilation scenario, the background noise values measured in naturally venti-
lated classrooms ranged from 35.1 to 47.9 dBA (mean value = 39.4 dBA), while in mechanically ventilated classrooms ranged from
34.1 to 37.4 dBA (mean value = 35.4 dBA). These values increased in the active ventilation scenario: background noise ranged from
40.4 to 47.9 dBA (mean value = 44.2 dBA) in naturally ventilated classrooms, and from 42.4 to 56.9 dBA (mean value = 48.4 dBA)
in mechanically ventilated classrooms. As can be seen, in the inactive scenario, the mean value of background noise is below 40 dBA
in all classrooms. However, if the values measured in the active ventilation scenario are compared, the background noise measured in
mechanically ventilated classrooms is on average 4.2 dBA higher than that measured in naturally ventilated classrooms.

In the case of the Fuentenueva Campus, the classrooms with the greatest difference were F2-3 and F2-1, with a difference of 15.7
dBA and 15.6 dBA, respectively. These classrooms are oriented towards an avenue that is a principal traffic route in the city of
Granada. The next classrooms where the greatest difference between scenarios was found were F1-4, F1-3, F2-2 and F2-4, with 11.1
dBA, 9.9 dBA, 9.9 dBA and 9.7 dBA, respectively. These classrooms are oriented towards green and pedestrian areas outside the cam-
pus and towards corridors. Finally, classrooms F1-1 and F1-2 have the smallest difference in background noise levels between scenar-
ios.

Fig. 5 shows the noise criteria (NC) curves used for evaluating background sound in buildings. The results obtained from the
Azurém Campus show that, in the inactive ventilation scenario, all the classrooms have an NC-35 curve, except classroom A1-2
which has an NC-45 curve. In the active ventilation scenario, classrooms A4-1, A2-1, A2-2 and A3-2 were below the NC-40
curve, classrooms A3-1 and A1-2 were below the NC50 curve and classrooms A1-1 and 1.50 were below NC-55. ANSI S12.2
2019 recommends that, for classrooms with a volume of less than 566 m3, as in the case of the Azurém Campus, the background
noise should be below the NC-25 curve.

Regarding the background noise levels measured in the Fuentenueva Campus classrooms, in the inactive ventilation scenario, all
classrooms presented an NC-35 curve. For the active ventilation scenario, classrooms F1-2, F2-2 and F1-1 presented results below the
NC-40 curve, classroom F1-3 and F2-4 levels below the NC-45 curve and for classroom F2-3, F2-1 and F1-4 below the NC-55 curve.

3.3. STI in classrooms
Table B7 and Fig. 6 summarise the STI results measured in the classrooms for the two ventilation operating scenarios. As for the

Azurém Campus, in almost all the classrooms the average STI showed fair values (0.45–0.58) in both scenarios, except for the class-
room A1-1, which showed poor values for both scenarios (0.41–0.43). In the mechanically ventilated classrooms, the STI worsens
slightly in the active ventilation scenario. For the naturally ventilated classrooms, greater differences are observed between the sce-
narios. In particular, classroom A4-2 shows a difference in the average STI between the two scenarios of almost 0.1. No remarkable
differences in the STI values were found between the different positions (front, middle and end) (Fig. 6a), except for classrooms A2-
2 (active scenario) and A1-1 (both scenarios), with a variation in STI between the front and end seats of 0.08 and 0.06, respectively.
The comparison of STI between classrooms with different ventilation modes (natural or mechanical), in the inactive ventilation sce-
nario, shows that the mean STI measured in naturally ventilated classrooms (0.55) was higher than that measured in mechanically
ventilated classrooms (0.47). In the active ventilation scenario, the mean STI value was 0.52 in classrooms with natural ventilation
and 0.46 in classrooms with mechanical ventilation, showing a difference of 0.06 between the two types of classrooms.

Regarding the Fuentenueva Campus, the average STI values obtained were good in the classrooms F1-1, F1-2, F1-3 and F1-4 (be-
tween 0.60 and 0.62) in the inactive ventilation scenario and acceptable values for the rest of classrooms (ranging between 0.48 and
0.59) in both ventilation operating scenarios. Exceptions to this were classrooms F2-1 and F2-3, in the active ventilation scenario,
with a poor average STI (0.39–0.43).

Comparing the STI values obtained between scenarios, classrooms F1-4 and F2-1 had the largest STI differences (around 0.1). In
contrast to the Azurém Campus, differences were found between the initial and final seats in Fuentenueva Campus (Fig. 6b), with
classrooms F1-1, F1-4, F2-2 and F2-4 showing the largest differences.

4. Discussion
The results obtained from the measurement campaign showed that the RT measured in all classrooms was higher than the opti-

mum level recommended for spaces intended for communication and speech transmission (in Portugal and Spain). However, al-
though the regulations in both countries only consider RT as the parameter for assessing indoor acoustic conditions in classrooms,
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Fig. 5. Noise criteria (NC) curves for each classroom. a) Inactive scenario in Azurém Campus; b) Active scenario in Azurém Campus; c) Inactive scenario in Fuentenueva
Campus; d) Active scenario in Fuentenueva Campus.

Fig. 6. STI values in front, middle and end seats in the classrooms, in active (red) and inactive (blue) ventilation scenarios. (a) Azurém Campus. (b) Fuentenueva Cam-
pus. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

other parameters defined in international standards (such as C50 and STI) have been calculated in this study to gain an overview and
to assess the transmission of speech in classrooms.

Fig. 7 (a) shows the relationship between RT and STI for each classroom evaluated in the different scenarios. An inverse relation-
ship is shown, the higher the RT, the lower the STI in all classrooms, with a Pearson coefficient of p = −0.96 in the inactive ventila-
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Fig. 7. (a) Relationship between RT and STI. (b) Relationship between C50 and STI in both scenarios. (c) Relationship between BN and STI in both scenarios.

tion scenario and p = −0.78 in the active ventilation scenario. As can be seen from these values, there is a higher correlation be-
tween the RT and STI in the inactive ventilation scenario. This is due to the fact that the STI parameter calculation is conditioned by
other factors in addition to the RT, such as background noise, whose level increases in the active ventilation scenario compared to
the inactive ventilation scenario.

Nevertheless, the comparison of the STI and C50 values measured in both ventilation scenarios shows that there is no linear rela-
tionship (Fig. 7b). Similar classroom performance is observed in both scenarios, with a positive relationship between C50 and STI:
p = +0.88 for STI and C50 in the inactive ventilation scenario, and p = +0.71 for STI and C50 in the active ventilation scenario. In
this regard, it should be noted that the C50 parameter, like RT, does not consider the influence of background noise, unlike the STI.
Therefore, this ratio is subject to change in each classroom, depending on the characteristics of the background noise. When the sig-
nal-noise-ratio is high enough that the effect of background noise can be negligible, an increase of the C50 parameter can have a posi-
tive relationship with the STI value.

Fig. 7c shows the relationship between the background noise and STI. A better relationship between both values in the active
ventilation scenario (p = −0.7) is obtained than in the inactive ventilation scenario (p = −0.1). The better relationship between
these two parameters for the active ventilation scenario is due to the fact that the STI parameter has a relationship with the back-
ground noise in the classroom. In the inactive scenario, if the signal-noise ratio is high enough, other parameters such as reverbera-
tion must be considered for the increase or decrease in the STI value.

These results highlight that there is a relationship between all the evaluated acoustic parameters and that they should be taken
into account as a whole during the design of classrooms. Good acoustic performance is a key feature in educational buildings, in order
to assist teachers' vocal efforts and to increase students' attention, both relevant aspects in the teaching-learning process. However,
many of the educational buildings which are currently in operation were built prior to the publication of the minimum legal acoustic
requirements in Spain and Portugal and, therefore, do not meet these requirements. This issue is a weak point in educational build-
ings, and it has been brought to the fore recently, in the wake of the COVID-19 pandemic. This is due to the fact that strategies imple-
mented to minimise the risk of virus spreading (i.e., increased ventilation rates, minimum interpersonal distance of 1.5 m and the use
of face masks) have resulted in altered acoustic conditions in classrooms, not always in a positive sense.

In this sense, all these measures have had a direct impact on indoor acoustic conditions. The improvement of ventilation was
achieved through the opening of windows and doors favouring cross ventilation in naturally ventilated classrooms and the increase of
air renewal rates, with 100 % air exchange with the outside in mechanically ventilated classrooms. These conditions can lead to an in-
crease in the level of background noise, as seen in the analysis of results in the previous section. One example is the increase in back-
ground noise level due to road traffic noise in classrooms F2-1 and F2-3 (Fuentenueva Campus). This fact results in a deterioration of
speech intelligibility and worse STI values between the active and inactive ventilation scenarios. Background noise caused by road
traffic can be a problem, as has been observed in classroom A4-2 (Azurém Campus) but an increase in other external noises, such as
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those coming from the parking area or the pedestrian crossing area inside the campus, also produce an increase in background noise
levels.

Nevertheless, it should be noted that the opening of windows and doors does not cause the same interference in all classrooms,
since the orientation and design of a classroom has a different effect on them. For example, in classrooms F1-2 (Fuentenueva Campus)
and A3-2 (Azurém Campus), the opening of windows did not result in a high background noise level (41.3 and 40.4 dBA during this
scenario). These levels can be kept close to the recommended ranges of different standards [13,45]. Furthermore, unlike background
noise in mechanically ventilated classrooms where the activation of the ventilation system generates continuous noise, the increase in
background noise in naturally ventilated classrooms can vary depending on external sound sources (road traffic noise, people talking
in neighbouring areas, birds, etc.) Recent research has pointed out the need to evaluate how the indoor soundscape should be de-
signed beyond noise annoyance reduction [48]. Pellegatti et al. [35] assessed the impact of sound stimuli related to natural and me-
chanical ventilation in classrooms and concluded that, under natural ventilation conditions, outdoor anthropogenic sounds have neg-
ative or no effect, while natural sounds from open windows had a positive effect on students' learning and comfort. These results evi-
denced the importance of the educational building's location and outdoor context since ventilation can sometimes improve the class-
rooms soundscape.

In addition to this, setting the minimum interpersonal distance at 1.5 m results in a wider distribution of students in the classroom,
increasing the distance between the teacher and the students as they occupy the seats furthest away from the speaker. Moreover, in-
creasing the amount of air exchange in the classroom (such as through doors and windows in naturally ventilated classrooms) may
lead to an increase in background noise level and consequent worsening of speech intelligibility in these seats. This effect is observed
in classrooms such as F2-1, F2-3, F1-4 (Fuentenueva Campus) or A1-1 and A2-2 (Azurém Campus), where the STIend worsens in the
ventilated scenario, with respect to the non-ventilated scenario.

Another important factor is the impact of facemask use. The facemask, in combination with an increase in background noise level,
also leads to a reduction in signal noise ratio and may result in increased vocal effort for teachers [49]. Choi [49] found that the mean
speech intelligibility scores obtained in lower signal noise ratio settings (6 dBA or less) with the presence of visual cues from the
speaker's mouth, increased speech intelligibility scores by 11–12 %, compared to scores obtained without visual cues. However, no
significant effect of visual cues on speech intelligibility was found in conditions of higher signal-noise-ratio. In this sense, it is espe-
cially important to minimise background noise in classrooms, to favour effective verbal communication between teacher and student,
especially in pandemic scenarios where the use of facemasks is mandatory in order to minimise airborne virus transmission. As previ-
ously noted, students located in the seats farthest away from the teacher may have lower signal-noise-ratio conditions and be more af-
fected by the acoustic conditions. Previous studies [4,5,7] also agree with the importance of acoustic and visual cues in this context.
Therefore, in real classroom situations during a pandemic scenario, where masking is required and students may be forced to use seats
away from the speaker, additional measures should be taken to help ensure speech intelligibility, even if listeners do not have access
to visual cues.

The obtained results evidenced that the provision of natural or mechanical ventilation changed the indoor acoustic conditions of
classrooms. However, the interaction between the environmental requirements for acoustic and air environmental quality is a key as-
pect that is often not covered by research, practice, and standards. Keeping an acceptable level of IAQ in classrooms is necessary to
avoid health problems, such as infection by COVID-19 or other viruses. Yet it is also necessary to maintain adequate indoor acoustic
conditions so as not to affect the performance of the students. Failure to provide guidance to building users results in the occupants
themselves having to decide what actions to take to prioritise acoustic conditions or air quality conditions and may result in a risk to
their health and academic performance.

Finally, this study offers experimental findings that can serve as reference for the assessment of indoor acoustic quality in univer-
sity classrooms. However, some limitations should be noted: in this study, indoor acoustic conditions have been assessed with differ-
ent ventilation strategies in university classrooms of South West Europe (at the Azurém campus in Portugal and the Fuentenueva cam-
pus in Spain). Future studies are needed to extend the evaluation to other European campuses where, in addition to objective evalua-
tions through testing, subjective evaluations would be conducted through occupant questionnaire surveys. Moreover, future studies
could include other types of educational buildings (kindergarten, primary and secondary schools, etc) to understand the needs and
the acoustic performance of these buildings.

5. Conclusions
Educational buildings are designed to maintain a high density of occupancy for long periods of the day, so maintaining acceptable

IAQ is critical to providing a healthy, safe, and comfortable space for teachers and students. The effects of poor IAQ in classrooms
have recently been brought into the spotlight due to the global pandemic caused by COVID-19, as they are high risk environments for
the transmission of airborne viruses. Ventilation of classrooms, by natural or mechanical means, is essential to minimise the risk of
spreading the virus. In this context, the aim of this study was to analyse the impact of ventilation on indoor acoustic conditions in edu-
cational buildings under two ventilation operating scenarios: active and inactive, in classrooms of university buildings in Portugal
and Spain. The results obtained from the field measurements were used to assess the speech intelligibility for young adult listeners in
university classrooms before and after implementing strategies to minimise airborne virus transmission (different ventilation strate-
gies).

The RT was higher than the limits indicated by each country's standards for all unoccupied and furnished classrooms. However,
when the simulated RT values for occupied classrooms are considered, a reduction of this parameter is observed. In fact, for full occu-
pancy, the RT values may be more acceptable. In the case of the C50 parameter, better results were found at the Fuentenueva Campus
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(−1.7 to 5.3 dB) than at the Azurém Campus (−2.7 to 0.3 dB). The background noise levels measured in most of the classrooms in the
inactive ventilation scenario were found to be close to the values recommended by the international standards (35–40 dBA). In con-
trast, for the active ventilation scenario, a greater difference in results was found between classrooms and campuses. The highest
background noise levels were found for classrooms facing roads (F2-1 and F2-3) and for those facing parking and pedestrian areas
(1.50). Regarding the speech intelligibility, only 4 classrooms located on the Fuentenueva Campus were found to have mean values
equal to or higher than 0.6. On the Azurém Campus, the obtained values ranged between 0.43 and 0.58 in the inactive ventilation sce-
nario and from 0.41 to 0.57 in the active ventilation scenario. At the Fuentenueva Campus, the values ranged from 0.48 to 0.62 and
from 0.38 to 0.59 in the inactive and active ventilation scenarios, respectively.

Finally, stronger relationships were observed between the RT and C50 parameters with the STI parameter in the inactive ventila-
tion scenario. While, for the active ventilation scenario, a good relationship between background noise and STI was also observed.
The results shown in this study should be taken into account to reformulate the standards and guidelines for the practical application
of ventilation measures in educational buildings, to ensure that the spaces are safe and that acoustic conditions do not interfere with
students' learning. In this sense, two major findings can be drawn from this research: 1) the need of taking into account the synergies
between the environmental requirements for acoustic and air environmental quality should lead to actions to counterbalance acoustic
and air quality conditions, by measuring the impact of the ventilation strategies to be applied. The findings of this study contribute es-
pecially to the practice as they highlight the need to evaluate indoor acoustic conditions under real ventilation scenarios, a key aspect
that is not covered by current regulations in Spain and Portugal. 2) In terms of measurement parameters, it is, therefore, important to
take into account parameters other than RT in classroom design when different ventilation scenarios exist. The obtained results show
that, although the RT meets the requirements defined in the national regulations, other parameters may compromise the classrooms’
acoustic quality. Only few guidelines set requirements for STI and/or background noise in classrooms, and the introduction of these
requirements would clearly improve a global assessment in terms of acoustic and air environmental quality.
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Appendix A. Supplementary data

Fig. A1. Dimension and layout configuration of classroom A1-1 (Dimensions in meters).

Fig. A2. Dimension and layout configuration of classroom A1-2 (Dimensions in meters).

Fig. A3. Dimension and layout configuration of classroom A2-1 (Dimensions in meters).
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Fig. A4. Dimension and layout configuration of classroom A2-2 (Dimensions in meters).

Fig. A5. Dimension and layout configuration of classroom A3-1 (Dimensions in meters).

Fig. A6. Dimension and layout configuration of classroom A3-2 (Dimensions in meters).
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Fig. A7. Dimension and layout configuration of classroom A4-1 (Dimensions in meters).

Fig. A8. Dimension and layout configuration of classroom A4-2 (Dimensions in meters).

Fig. A9. Dimension and layout configuration of classroom F1-1 (Dimensions in meters).
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Fig. A10. Dimension and layout configuration of classroom F1-2 (Dimensions in meters).

Fig. A11. Dimension and layout configuration of classroom F1-3 (Dimensions in meters).

Fig. A12. Dimension and layout configuration of classroom F1-4 (Dimensions in meters).
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Fig. A13. Dimension and layout configuration of classroom F2-1 (Dimensions in meters).

Fig. A14. Dimension and layout configuration of classroom F2-2 (Dimensions in meters).

Fig. A15. Dimension and layout configuration of classroom F2-3 (Dimensions in meters).
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Fig. A16. Dimension and layout configuration of classroom F2-4 (Dimensions in meters).

Appendix B

Table B1
RT and C50 limits.

Standard RT limits (s) C50 (dB) Type of classroom

Portuguese legal
acoustic requirements
[37]

RT500Hz−2KHz = 0.15V
1

3
– Furnished and unoccupied classrooms

Spanish legal acoustic
requirements [36]

RT500Hz−2KHz ≤ 0.7s – Unfurnished and unoccupied classrooms (V < 350 m3)
RT500Hz−2KHz ≤ 0.5s – Furnished and unoccupied classrooms (V < 350 m3)

ANSI Standard S12.60
[45]

RT500Hz−2KHz ≤ 0.6s – Furnished and unoccupied classrooms (V < 283 m3)
RT500Hz−2KHz ≤ 0.7s – Furnished and unoccupied classrooms (283 m3 ≤ V < 566 m3)

Building Bulletin BB93
[11]

RT500Hz−2KHz < 0.6 s – Primary school classrooms, class bases, general teaching areas and small
group rooms

RT500Hz−2KHz < 0.8 s – Secondary school classrooms, general teaching areas, seminar rooms,
tutorial rooms, language laboratories

RT500Hz−2KHz < 0.8 s – Small lecture room (<50 people)
RT500Hz−2KHz < 1.0 s – Large lecture room (>50 people)
RT125Hz−4KHz < 0.4 s – Classrooms designed specifically for use by hearing impaired pupils.

UNI 11532–2:2020 [12]
RT =

(
0.37 lg

V

m3
− 0.14

)
s

C50 ≥ 2 dB (V < 250 m3) Classroom (High speech intelligibility) [Category A.2]
50 m3 ≤ V < 5000 m3

RT =
(

0.32 lg
V

m3
− 0.17

)
s

A2 environments for hearing-impaired or non-native speakers or special
classrooms and communication with simultaneous presence of several
speakers in the classroom. 30 m3 ≤ V < 5000 m3

RT =
(

0.26 lg
V

m3
− 0.14

)
s

More than one person speaking in the room (as Category A3.2) and
intended for people with special needs (special classroom). 30 m3 ≤
V < 500 m3

UNI 11367 [47] RT500Hz−1kHz = (0.32 lg(V + 0.03) s C50 ≥ 0 dB Spaces intended for speech communication
DIN 18041:2016–03

[13]
RT =

(
0.32 lg

V

m3
− 0.17

)
s

– “Education/communication” 30 m3 ≤ V < 5000 m3

RT =
(

0.26 lg
V

m3
− 0.14

)
– “Education/communication (inclusive)”

(Type A4). 30 m3 ≤ V < 5000 m3

WHO [14] RT < 0.6 s – RT < 0.6 s is desirable for adequate speech intelligibility even in a quiet
environment.

Table B2
Background noise limits

Standard Upper limit for the indoor ambient noise
level (dBA)

Type of classroom

ANSI S12.60 [45] 35 dBA V < 283 m3

35 dBA 283 m3 ≤ V < 566 m3

40 dBA V > 566 m3

ANSI S12.2 [50] 35 dBA (Noise Criteria NC-25) V ≤ 566 m3

40 dBA (Noise Criteria NC-30) V > 566 m3

(continued on next page)
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Table B2 (continued)

Standard Upper limit for the indoor ambient noise
level (dBA)

Type of classroom

BB93 [11] 35 dBA Primary school classrooms, class bases, general teaching areas and small group rooms
35 dBA 0.8 s Secondary school classrooms, general teaching areas, seminar rooms, tutorial rooms,

language laboratories
35 dBA Small lecture room (<50 people)
35 dBA Large lecture room (>50 people)
30 dBA Classrooms designed specifically for use by hearing impaired pupils

DIN 18041:2016–03
[13]

Between 30 dB and 40 dB Classroom with speech intelligibility without interference

UNI 11532–2:2020
[12]

34 dBA Classroom <250 m3

38 dBA Classroom ≥250 m3

WHO [14] 35 dBA Classrooms

Table B3
Relation between speech intelligibility qualification labels and STI values [43].

STI values <0.30 0.30–0.45 0.45–0.60 0.60–0.75 0.75–1.00

Speech intelligibility rating Bad Poor Fair Good Excellent

Table B4
RT results of each unoccupied furnished classroom.

Campus Classroom Frequency (Hz)

125 k 250 k 500 k 1 k 2 k 4 k 8 k RT0.5–1kHz T0.5–2kHz

Azurém A1-1 1.43 1.48 1.81 2.00 1.84 1.61 1.26 1.91 1.88
A1-2 1.25 1.28 1.17 1.10 1.16 1.10 0.93 1.14 1.14
A2-1 1.42 1.48 1.81 2.00 1.84 1.62 1.25 1.90 1.88
A2-2 1.95 1.70 1.27 1.25 1.13 0.96 0.75 1.26 1.22
A3-1 1.52 1.23 1.30 1.43 1.36 1.23 0.99 1.36 1.36
A3-2 2.03 1.75 1.79 1.78 1.68 1.52 1.17 1.78 1.75
A4-1 1.63 1.37 1.15 1.16 0.99 0.85 0.68 1.16 1.10
A4-2 1.97 1.83 1.46 1.01 0.88 0.92 0.70 1.24 1.12

Fuentenueva F1-1 1.74 1.43 0.98 0.86 0.86 0.80 0.63 0.92 0.90
F1-2 1.52 1.30 0.86 0.77 0.87 0.91 0.73 0.81 0.83
F1-3 1.74 1.31 0.81 0.73 0.79 0.81 0.66 0.77 0.77
F1-4 1.55 1.31 0.83 0.84 0.87 0.89 0.76 0.83 0.85
F2-1 2.34 2.24 1.88 1.69 1.51 1.29 0.83 1.78 1.69
F2-2 1.24 0.99 1.00 1.18 1.38 1.43 1.10 1.10 1.19
F2-3 2.14 1.99 1.79 1.67 1.67 1.52 1.15 1.73 1.71
F2-4 1.34 1.03 0.88 0.94 1.16 1.11 0.89 0.91 0.99

Table B5
C50 values obtained for each classroom.

Campus Classroom Frequency

125 k 250 k 500 k 1 k 2 k 4 k 8 k C50(500-1k) C50(500-2k)

Azurem A1-1 0.7 −1.6 −2.1 −3.4 −3.1 −2.6 −0.2 −2.7 −2.8
A1-2 0.4 1.0 0.2 0.0 −0.3 −0.2 1.7 0.1 0.0
A2-1 0.7 −1.6 −2.1 −3.4 −3.1 −2.6 −0.2 −1.8 −2.8
A2-2 −3.4 −1.7 −0.2 0.5 1.2 2.3 5.2 0.2 0.5
A3-1 −0.5 0.7 0.0 −1.3 −1.4 −0.7 1.4 −0.6 −0.9
A3-2 −2.5 −1.8 −1.8 −1.9 −1.7 −1.1 1.5 −1.8 −1.8
A4-1 −2.2 −0.9 −0.1 −0.7 0.5 1.2 3.4 −0.4 −0.1
A4-2 −2.7 −3.0 −1.7 1.7 2.2 2.2 4.8 0.3 1.1

Fuentenueva F1-1 −0.5 2.0 4.3 5.3 4.6 5.3 7.2 4.8 4.8
F1-2 1.8 3.7 3.4 3.6 4.2 4.2 5.6 3.5 3.8
F1-3 −0.3 2.4 3.5 3.9 4.7 4.0 6.2 3.7 4.1
F1-4 −1.4 2.0 4.9 3.8 4.1 4.0 5.4 4.4 4.3
F2-1 −2.3 −1.5 −1.6 −0.9 −0.9 −0.2 3.0 −1.2 −1.1
F2-2 0.8 3.4 4.6 1.2 −1.0 −1.8 0.3 3.3 2.2
F2-3 −2.1 −2.4 −2.1 −1.4 −1.6 −1.4 1.1 −1.7 −1.7
F2-4 3.1 5.0 5.8 4.7 4.8 4.9 5.4 5.3 5.1
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Table B6
Equivalent background noise (LAeq) (dBA).

Campus Classroom Inactive ventilation scenario Active ventilation scenario Difference between scenarios

Azurém A1-1∗ 37.4 56.9 19.4
A1-2 47.8 47.9 0.1
A2-1∗ 34.1 43.4 9.3
A2-2 39.6 42.5 2.9
A3-1∗ 34.8 50.8 16.0
A3-2 35.1 40.4 5.3
A4-1∗ – 42.4 –
A4-2 35.1 45.8 10.7

Fuentenueva F1-1 40.0 55.6 15.6
F1-2 33.6 43.5 9.9
F1-3 37.5 53.2 15.7
F1-4 37.8 47.5 9.7
F2-1 34.5 41.1 6.6
F2-2 35.1 46.1 11.1
F2-3 35.0 44.9 9.9
F2-4 36.1 41.3 5.2

∗ Classroom mechanically ventilated.

Table B7
STI values of classroom measurements

Campus Classroom Ventilation Seat in classroom Mean

Front Middle End

Azurem A1-1∗ Inactive 0.47 0.42 0.41 0.43
Active 0.45 0.40 0.39 0.41

A1-2 Inactive 0.56 0.53 0.52 0.54
Active 0.57 0.55 0.54 0.55

A2-1∗ Inactive 0.48 0.47 0.45 0.47
Active 0.47 0.45 0.43 0.45

A2-2 Inactive 0.59 0.57 0.56 0.57
Active 0.60 0.56 0.52 0.56

A3-1∗ Inactive 0.53 0.52 0.52 0.52
Active 0.49 0.49 0.47 0.48

A3-2 Inactive 0.49 0.49 0.48 0.49
Active 0.50 0.49 0.48 0.49

A4-1∗ Inactive – – – –
Active 0.57 0.54 0.53 0.55

A4-2 Inactive 0.60 0.58 0.57 0.58
Active 0.51 0.49 0.47 0.49

Fuentenueva F1-1 Inactive 0.67 0.60 0.59 0.62
Active 0.65 0.56 0.51 0.57

F1-2 Inactive 0.64 0.60 0.58 0.61
Active 0.59 0.55 0.54 0.56

F1-3 Inactive 0.64 0.60 0.59 0.61
Active 0.59 0.54 0.54 0.56

F1-4 Inactive 0.64 0.58 0.57 0.60
Active 0.57 0.51 0.41 0.50

F2-1 Inactive 0.52 0.47 0.47 0.49
Active 0.42 0.39 0.35 0.39

F2-2 Inactive 0.59 0.55 0.51 0.55
Active 0.56 0.54 0.49 0.53

F2-3 Inactive 0.50 0.47 0.46 0.48
Active 0.45 0.43 0.42 0.43

F2-4 Inactive 0.66 0.55 0.55 0.59
Active 0.65 0.58 0.55 0.59

∗ Classrooms mechanically ventilated.
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