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Good speech intelligibility in university classrooms is crucial to the learning process, ensuring that students
can clearly hear all conversations taking place in the classroom. While it is well known that speech intelligibility
depends on the geometrical characteristics of a space and the properties of its surfaces, other factors need also to
be considered. Among the most important are: the heating, ventilation, and air conditioning (HVAC) systems
used in classrooms. Fan noise from HVAC systems increases the background noise level (BNL), negatively
affecting speech intelligibility. In addition, the movement of air caused by these systems alters room acoustic
variables. Although this dynamic situation is often overlooked in the early design stages, HVAC systems are
often active during lectures and influence acoustics variables, especially the speech transmission index (STI).
In this study, the impact of HVAC systems on the STI was measured in five different unoccupied classrooms in
the Rafet Kayış Faculty of Engineering at Alanya Alaaddin Keykubat University. The results were evaluated
according to relevant standards. The results of these evaluations offer insights for researchers, architects, and
engineers working in the field of acoustics.
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1. Introduction

The act of learning is a process influenced by and
related to a number of factors, including the environ-
ment, infrastructure, the student, and the instructor.
The acoustic performance of a space is an impor-
tant factor that affects students’ learning outcomes.
Educational institutions should provide well-designed
and appropriate spaces in order to improve the qual-
ity of education. Speech intelligibility plays an impor-
tant role in educational settings by directly affecting
the quality of communication between students and
instructors. Several studies suggest that poor room
acoustic performance have a negative impact on speech
intelligibility and affects verbal communication be-

tween students and instructors (Yang, Mak, 2018;
Choi, 2020; Engel et al., 2020; Kawata et al., 2023;
Di Loreto et al., 2023).
For effective communication, it is not enough to

simply hear what the instructor says, as hearing and
understanding what is said without loss is an im-
portant component of communication. In the field of
education, an area where communication is actively
used, the quality of communication (information ex-
change) between instructors and students is closely
related to speech intelligibility. Acoustic conditions
have been shown to directly affect students’ ability
to understand speech, often leading to inefficient com-
munication in the classroom (Rabelo et al., 2014).
When speech intelligibility is inadequate, instructors
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may have to raise their voice, students may have prob-
lems to maintain focus, and key information may not
be conveyed accurately. This situation negatively af-
fects communication between instructors and students
and undermines the realization of the learning out-
comes intended for the course.
In the courses offered at Alanya Alaaddin Keyku-

bat University (ALKU) Rafet Kayıs, Faculty of En-
gineering, lecturers support the educational process
by using various visual communication tools, such as
slides, graphics, and videos, to teach course material
more effectively. While visual aids are commonly used,
the primary communication remains verbal. The lan-
guage of instruction in most departments at this fac-
ulty is English. For students whose first language is
not English, challenges related to pronunciation, vo-
cabulary, and grammatical structure can hinder proper
understanding. These linguistic barriers make it even
more difficult for non-native speakers to follow the
courses. Non-native speakers require a 4 dB to 5 dB im-
provement in the signal-to-noise ratio (SNR) to achieve
equivalent level of speech intelligibility as native speak-
ers (International Organization for Standardization
[ISO], 2003).
Speech intelligibility is related to several objective

acoustic metrics such as reverberation time (RT), back-
ground noise level (BNL), useful energy (first 50ms),
the early-to-total energy ratio (D50), and the SNR.
Some studies have shown that RT has a significant ef-
fect on speech transmission index (STI). Payton and
Shrestha (2008) showed that STI measures the ex-
tent to which speech envelope modulations are pre-
served in degraded listening environments. Recently,
Chinese speech intelligibility scores has been exam-
ined in university classrooms using a hybrid method
(Huang et al., 2023). The results show that to achieve
better speech intelligibility, RT at all frequencies
should be shorter, and it is better when an RT is flat
at low frequencies. The STI is an objective metric that
correlates well with the intelligibility of speech, a sub-
jective metric, which is degraded by additive noise and
reverberation.
While it is common to categorize students into age

groups, typically under 12 and over 12 years old, there
are additional factors to be considered in university
classrooms (Minelli et al., 2022). In many universi-
ties around the world, students are taught in a sec-
ond language, different from their mother tongue in
education settings. It is important to take this lan-
guage barrier into account when assessing speech in-
telligibility. Moreover, there is not enough informa-
tion on how the speech intelligibility parameter is af-
fected by HVAC systems, particularly through their
impact on BNL and SNR. It has been shown that these
systems, which are actively used in the educational
process, negatively affect SNR ratio, which is one of
the acoustic parameters, as well as speech intelligibil-

ity (Di Loreto et al., 2023; Zhu et al., 2024). Consid-
ering the possible effects of various factors, studies on
speech intelligibility in university classrooms remain
relatively scarce.
In this study, acoustic measurements were con-

ducted in five different spaces, both with HVAC sys-
tems inactive and operating at different fan speed
levels. From the raw acoustic data measured, pa-
rameters, including: RT, center time (Ts), D50, STI,
strength (G), and SNR, were obtained across seven
octave bands (125Hz–8000Hz). The results presented
are compared for the five different spaces. The acous-
tic performance of each space is evaluated according
to relevant standards. The results of these evaluations
are then utilized to draw conclusions of interest to re-
searchers, architects and engineers working in the field
of acoustics.

2. Methods and data

2.1. Descriptors of room acoustics for speech
intelligibility

The RT, specifically T30, is defined according to
Schroeder curves (SC) obtained from the impulse re-
sponse (g(t)) (Rossing et al., 2014):

T30 = 2[t(SC = −35dB) − t(SC = −5dB)], (1)

where

SC = 10 log10
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Ts is the ratio of early energy to late energy, defi-
ned as

Ts =

∞

∫
0

τg2(τ)dτ
∞

∫
0

g2(τ)dτ
. (3)

D50 is the ratio of useful energy (the first 50ms)
to total energy, and it is expressed as
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G is the energy gain in a reverberant room com-
pared to a free field with a 10m distance, where the-
oretically no reverberation occurs, and it is defined as

G = 10 log10
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where tdir refers to the direct sound. SNR is

SNR (ω) = 10 log10 (
m(ω)

1 −m(ω)), (6)

where m(ω), the complex modulation transfer func-
tion, is given by International Electrotechnical Com-
mission [IEC] (2020):

m(ω) =

∞
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0
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0
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. (7)

STI is given by Mejdi et al. (2019):
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where MTI is the modulation transfer index; 6 and 7
are octave bands, α and β are weighting and redun-
dancy factors, respectively; q = 1 for male speakers and
q = 2 for female speakers, which correspond to 125Hz
and 250Hz, respectively.

2.2. Spaces

Acoustic measurements were conducted in five ed-
ucational spaces, each with different dimensions, at
ALKU Rafet Kayış Engineering Faculty. Three of these
spaces – classrooms A203, D107, and T206 – are used
for theoretical courses. The other two spaces where
measurements were conducted serve as laboratories:
A208 is a computer laboratory and D110 is the Vibra-
tion and Acoustics Laboratory. Due to concerns about
variations in background noise and for operational rea-
sons, acoustic data were collected during the summer,
when there were no students at the university.
The selected spaces represent different types of ed-

ucational rooms within the faculty. The dimensions of
each space are shown on the scaled plans shown in
Figs. 1–5. The number of seats in each space is as
follows: 99 seats in A203, 64 seats in D107, 60 seats
in T206, 58 seats in A208, and space and seats for

Fig. 1. Scaled plan of classroom D107.

Fig. 2. Scaled plan of Vibration and Acoustics Laboratory,
D110.

Fig. 3. Scaled plan of classroom A203.

Fig. 4. Scaled plan of classroom T206.

Fig. 5. Scaled plan of classroom A208.

8 researchers in D110. Each space, except D110, is
equipped with a lectern located 2 meters in front of
the whiteboard. The HVAC system employed in these
spaces is a Daikin FXFQ125 round flow cassette model.
There are two units installed in A203, A208, and T206,
while one unit is located in D107 and D110. The lo-
cations of the HVAC systems are shown in Figs. 1–5,
as well. The HVAC system can operate at three differ-
ent fan levels (L, H, HH), with corresponding fan flow
rates of 33.0m3/min, 26.5m3/min, and 19.9m3/min,
respectively.
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The materials used in the design of the spaces
are as follows. Stoneware tiles were selected for the
floor covering. The side walls are constructed with
brick, finished with basic plaster and thin plaster lay-
ers. The windows have double-glazed window systems,
while solid wood doors are used throughout. To im-
prove acoustics, micro-perforated acoustic panels were
installed on the ceiling. The tables and chairs are made
of wood, and ceramic-enameled whiteboards are used
as writing surfaces. In addition, roll curtains made of
polyester material were installed to cover the windows.

2.3. Measurements

The indirect method used in this study to deter-
mine acoustic parameters consists of measuring the re-
sponse of an enclosed space to an impulse signal. The
Sinus Qohm QS12 sound source is suitable for measure-
ments between 50Hz–16 000Hz with a level of 122 dB
across a uniform broadband spectrum. The required
omnidirectionality for the measurements is in compli-
ance with the relevant standards (ISO, 2014; 2021).
In addition, the sound source meets directivity val-
ues as it meets the maximum permissible deviation
values in the octave bands of pink noise specified by
the relevant standard (ISO, 2009). During the mea-
surements, the height of the sound source was set to
1.5m from the ground.
Exponential sine sweeps (ESS) are used for impulse

stimulation in the measurements due to their abil-
ity to separate harmonic distortion and yield higher
impulse-to-noise ratios under typical test conditions
(Meng et al., 2008; Guidorzi et al., 2015; Anto-
niadou et al., 2018). A Focusrite Scarlett 18i20 exter-
nal sound card is used as the audio interface to trans-
mit the sound source and microphone signals to the
computer. The response of the space is recorded using
omnidirectional GRAS 46AE microphones. The soft-
ware used to record the raw audio signals and process
the data is Dirac v7. Prior to measurements, the mi-
crophones are calibrated.
The BNL values of the classrooms were determined

prior to the measurement survey. According to the rel-
evant standard (American National Standard, 2010),
the BNL values in classrooms are expected to be lower
than 35 dBA. This standard value applies to unoc-
cupied classrooms and includes environmental noise

Table 1. Measured BNLs in dBA.

Space No fan
0m3/min

Fan level I (L),
19.9m3/min

Fan level II (H),
26.5m3/min

Fan level III (HH),
33.0m3/min

D107 29.0 34.7 41.3 47.2

D110 40.2 41.2 43.3 47.4

A203 29.7 38.5 44.0 49.5

T206 31.0 36.5 42.7 47.9

A208 33.6 37.3 43.0 48.2

and HVAC-related noise. The measured BNL values
(LA90) for classrooms D107, D110, A203, T206, and
A208 are presented in Table 1. Upon analyzing the
values in the table, it is evident that in most cases,
the BNL values exceed the recommended standard
value. These values are shown in bold in the table.
The measurements were conducted during the sum-
mer period when there were no students on campus
and environmental noise levels were minimal. It is clear
that the most important contributor to the elevated
BNL values is the HVAC system. As the fan speed in-
creases, the noise level also increases, which leads to
higher BNL values. As will be explained in the next
section, HVAC noise also has a significant impact on
the SNR. HVAC noise reduces the SNR, which, in turn,
has a negative impact on speech intelligibility.
Classroom D110 is an actively used research lab-

oratory. There are two uninterruptible power sup-
plies (UPS) running 24 hours a day in this space. As
shown in the values in Table 1, these devices increase
the background noise and have a negative impact on
speech intelligibility.
The sound source, representing the instructor, is

located behind the lectern. A distance of at least 1m
was maintained between the sound source and the side
walls. Microphones, representing the students, were
positioned 1.2m above the ground and at least 1m
away from the walls in accordance with ISO (2009).
The distance between the sound source and the mi-
crophone is an important variable for speech intel-
ligibility. Therefore, microphones were positioned at
different distances from the sound source. The loca-
tions of microphones and the sound source are shown
in Figs. 1–5 for the studied spaces. During the mea-
surement survey, the temperature and relative humid-
ity were continuously monitored and recorded.
The spaces were stimulated with a 21.8 s ESS sig-

nal, in the frequency range 20Hz–20 000Hz. During
the measurements, the polyester roll curtains, win-
dows and doors were closed. The measurements were
repeated with the HVAC system off and operating
at three different fan levels, as indicated in Table 1.
To account for measurement uncertainty, all measure-
ments were repeated three times, and the average of
the processed values was considered for analysis. The
photographs taken during the measurement survey are
shown in Figs. 6–10.
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Fig. 6. Experimental study conducted in classroom D107,
microphone position: R2, temperature: 26.5 ○C.

Fig. 7. Experimental study conducted in laboratory D110,
microphone position: R1, temperature: 25.0 ○C.

Fig. 8. Experimental study conducted in classroom A203,
microphone position: R3, temperature: 26.5 ○C.

Fig. 9. Experimental study conducted in classroom T206,
microphone position: R1, temperature: 26.5 ○C.

Fig. 10. Experimental study conducted in laboratory A208,
microphone position: R2, temperature: 26.5 ○C.

3. Results and discussion

The intelligibility of speech in an enclosed space de-
pends on the BNL, the distance between the speaker
and the listener, the directivity of the speech, the sig-
nal strength of the speech, the sound spectrum of the
speech, and reverberation characteristics of the space.
While the audio signal of speech spans a wide range of
frequencies across 7-octave bands, the 500Hz–4000Hz
range is critical for speech intelligibility. According to
the relevant standard (IEC, 2020), STI is calculated
as the weighted sum of the MTI, one for each oc-
tave frequency band in the 7-octave band; each MTI
value is obtained from modulation transfer function
(MTF) values over 14 different modulation frequencies
(Elliott, Theunissen, 2009).
The SNR values in 7-octave bands are shown in

Fig. 11 for the various spaces. BNL can be neglected if
the SNR exceeds 15 dB in each octave frequency band
of interest (in this case, the 7-octave band). However,
the strength of the sound source may need to be in-
creased for this to occur. In practice, this means that
the instructor needs to raise their voice. Average vocal
effort levels are usually measured in anechoic chambers
for classification (Cushing et al., 2011). Average vocal
effort levels in anechoic conditions, measured at 1m,
are presented in Table 2. During the measurement sur-
vey, the generated sound was adjusted to be at least
15 dB above the BNL.

Table 2. Average vocal effort and sound level in dBA.

Normal Raised Loud Shouting

Male 58 67 76 89

Female 56 64 70 82

The SNR results clearly show the negative impact
of HVAC systems: as the fan speed increases the SNR
values decrease, which, in turn, affects speech intelligi-
bility. The variation in SNR is sensitive to frequency,
and although the trends are similar, the geometry of
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Fig. 11. Variation of SNR in the spaces: a) D107; b) D110; c) A203; d) T206; e) A208.

the space also affects the changes. One way to com-
pensate for the drop in SNR values is for the instruc-
tor to raise their voice. The values presented in Ta-
ble 2 give an idea of the vocal effort required. SNR
values in the spaces tend to decrease after 4000Hz.
However, the frequency range 500Hz–4000Hz is deci-
sive for speech intelligibility and, within this range, the
1000Hz and 2000Hz bands are critical.
The acoustic parameters measured in the spaces are

presented in Tables 3–7. The acoustic parameters and
their units are as follows: SNR [dB], T30 [s], G [dB],
Ts [ms], D50 (unitless [0–1]), and STI (unitless [0–1]).
Speech intelligibility depends on the speaker’s voice

reaching the listener directly, as well as the effects of re-
verberation and background noise. Reverberation and
background noise have a distorting effect on the sound
that reaches the listener directly. In terms of objec-
tive measures, reverberation can be quantified by T30
and background noise by BNL. Since SNR is the ra-
tio of speech to BNL, it is a key factor in determin-
ing intelligibility. The focus of the presented work is

primarily on the impact of HVAC systems on speech
intelligibility, which can be related to SNR. The aver-
age SNR values at 500Hz and 1000Hz SNR measured
in the spaces, plotted against the blowing flow rate of
the HVAC used are shown in Fig. 12. The results show
that SNR values tend to decrease as the fan blowing
speed of the HVAC systems increases, which, in turn,
negatively affects speech intelligibility.

Fig. 12. Variation of SNR in the spaces depending
on the impact of HVAC systems.
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Table 3. Acoustic parameters measured at D107 for four different fan settings.

Fan Parameter
Frequency

125 250 500 1000 2000 4000 8000

No fan

SNR 18.33 25.33 30.66 31.33 33.66 27.66 17.33

T30 1.56 1.13 0.94 0.83 0.86 0.81 0.65

G 23.28 21.16 20.27 19.96 20.26 19.78 18.68

Ts 107.47 68.57 56.13 50.47 50.53 52.13 36.70

D50 0.46 0.58 0.64 0.65 0.64 0.61 0.74

STI 0.66

Fan L

SNR 11.33 16.33 22.00 24.00 27.67 25.67 16.00

T30 1.43 1.13 0.87 0.82 0.86 0.80 0.64

G 23.12 21.17 20.14 20.15 20.24 19.78 18.70

Ts 107.83 69.50 54.47 50.13 51.23 52.87 37.23

D50 0.46 0.56 0.67 0.65 0.63 0.60 0.73

STI 0.65

Fan H

SNR 7.67 11.67 15.67 17.00 20.67 22.00 16.67

T30 1.45 1.10 0.87 0.83 0.86 0.80 0.65

G 22.36 20.01 19.09 19.18 19.12 18.26 17.85

Ts 105.60 68.90 54.00 51.03 50.40 52.87 36.83

D50 0.47 0.56 0.67 0.64 0.64 0.62 0.74

STI 0.65

Fan HH

SNR 2.67 7.00 10.67 9.67 13.00 14.33 14.00

T30 1.35 0.98 0.82 0.78 0.83 0.80 0.64

G 23.21 21.23 20.24 19.97 20.05 19.66 18.71

Ts 109.33 67.67 54.43 50.53 51.53 52.53 37.17

D50 0.46 0.57 0.66 0.65 0.63 0.62 0.73

STI 0.63

Table 4. Acoustic parameters measured at D110 for four different fan settings.

Fan Parameter
Frequency

125 250 500 1000 2000 4000 8000

No fan

SNR 21.50 21.00 28.50 26.00 32.50 34.00 27.50

T30 0.77 0.77 0.70 0.66 0.67 0.63 0.54

G 24.81 22.98 22.76 21.54 22.12 21.53 20.76

Ts 49.25 36.20 50.50 43.10 40.00 39.65 31.50

D50 0.80 0.84 0.66 0.69 0.71 0.72 0.79

STI 0.69

Fan L

SNR 17.50 20.50 27.00 25.50 32.50 32.50 27.00

T30 0.70 0.76 0.71 0.68 0.65 0.62 0.54

G 24.30 23.60 22.83 21.88 22.28 21.72 20.71

Ts 53.60 39.10 47.70 40.45 40.10 38.70 31.45

D50 0.73 0.82 0.69 0.69 0.71 0.73 0.79

STI 0.69

Fan H

SNR 13.50 17.50 23.50 23.00 28.50 31.00 26.50

T30 0.70 0.73 0.75 0.65 0.66 0.63 0.54

G 24.21 23.57 22.91 21.93 22.33 21.60 20.68

Ts 54.05 39.05 48.80 41.35 40.05 39.85 31.00

D50 0.73 0.81 0.67 0.69 0.71 0.72 0.80

STI 0.68

Fan HH

SNR 6.50 14.00 19.50 19.00 21.50 24.00 22.50

T30 0.83 0.78 0.69 0.66 0.67 0.62 0.52

G 24.37 23.59 22.92 21.88 22.25 21.40 20.73

Ts 57.30 39.60 48.10 41.70 38.50 40.15 31.20

D50 0.71 0.81 0.68 0.69 0.73 0.72 0.79

STI 0.63



260 Archives of Acoustics – Volume 50, Number 2, 2025

Table 5. Acoustic parameters measured at A203 for four different fan settings.

Fan Parameter
Frequency

125 250 500 1000 2000 4000 8000

No fan

SNR 23.67 30.33 36.00 34.33 33.33 29.00 21.00

T30 1.32 1.07 0.87 0.98 1.12 1.04 0.84

G 20.24 20.01 18.93 19.47 19.93 19.67 18.22

Ts 98.90 70.63 57.90 64.33 71.23 65.40 50.90

D50 0.46 0.56 0.64 0.59 0.52 0.57 0.64

STI 0.61

Fan L

SNR 5.67 14.67 20.33 22.33 26.67 27.67 18.33

T30 1.26 1.05 0.89 0.99 1.10 1.06 0.85

G 20.35 19.94 18.75 19.45 19.84 19.52 18.15

Ts 101.53 71.13 58.40 64.87 71.87 66.37 51.17

D50 0.45 0.56 0.63 0.59 0.52 0.56 0.64

STI 0.60

Fan H

SNR 1.00 9.00 14.67 15.67 18.67 19.67 17.00

T30 1.25 0.94 0.85 0.97 1.06 1.04 0.85

G 20.54 19.93 18.75 19.35 20.12 19.72 18.39

Ts 101.87 72.77 59.30 65.17 71.10 66.57 52.27

D50 0.45 0.56 0.62 0.58 0.53 0.56 0.63

STI 0.60

Fan HH

SNR −4.00 5.00 10.00 9.33 12.00 11.67 12.67

T30 1.02 0.91 0.87 0.98 1.07 1.05 0.83

G 20.60 20.14 18.73 19.28 19.98 19.55 18.32

Ts 105.50 71.77 59.27 64.60 70.67 65.77 52.50

D50 0.44 0.55 0.64 0.59 0.54 0.57 0.62

STI 0.57

Table 6. Acoustic parameters measured at T206 for four different fan settings.

Fan Parameter
Frequency

125 250 500 1000 2000 4000 8000

No fan

SNR 19.67 24.17 32.5 33.30 37.83 34.83 24.00

T30 2.23 1.48 1.12 1.15 1.23 1.17 0.91

G 20.79 18.30 17.06 17.48 18.14 17.72 16.23

Ts 116.58 77.08 77.88 71.15 74.70 69.35 50.87

D50 0.50 0.56 0.50 0.56 0.54 0.55 0.65

STI 0.60

Fan L

SNR 13.17 18.00 23.83 26.17 30.33 31.67 22.83

T30 2.28 1.46 1.12 1.15 1.23 1.17 0.90

G 20.84 18.75 17.04 17.49 18.17 17.71 16.27

Ts 117.03 77.70 77.32 70.70 74.83 69.13 50.90

D50 0.50 0.56 0.50 0.56 0.54 0.56 0.65

STI 0.60

Fan H

SNR 7.83 12.17 17.50 19.00 21.17 20.50 18.17

T30 2.04 1.43 1.10 1.15 1.22 1.15 0.90

G 20.78 18.79 17.09 17.45 18.14 17.69 16.34

Ts 119.07 78.45 78.12 72.25 74.42 69.72 51.02

D50 0.50 0.55 0.50 0.55 0.54 0.54 0.65

STI 0.59

Fan HH

SNR 1.67 7.17 12.17 11.83 14.00 15.00 15.50

T30 1.79 1.46 1.11 1.12 1.18 1.13 0.88

G 20.84 18.82 16.99 17.46 18.03 17.65 16.28

Ts 119.95 78.00 78.45 71.25 75.22 69.88 51.63

D50 0.49 0.56 0.50 0.56 0.53 0.54 0.64

STI 0.58
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Table 7. Acoustic parameters measured at A208 for four different fan settings.

Fan Parameter
Frequency

125 250 500 1000 2000 4000 8000

No fan

SNR 19.50 25.00 29.25 30.50 33.00 30.75 24.50

T30 1.31 0.79 0.79 0.82 0.86 0.84 0.71

G 19.86 17.50 17.55 17.82 18.06 17.06 17.21

Ts 90.58 64.33 63.83 58.28 59.63 58.30 44.33

D50 0.52 0.57 0.52 0.59 0.58 0.58 0.69

STI 0.64

Fan L

SNR 14.25 19.00 24.25 24.75 28.25 29.25 23.25

T30 1.17 0.79 0.79 0.79 0.85 0.85 0.71

G 19.91 17.47 17.47 17.57 18.01 17.91 17.09

Ts 90.63 64.70 64.35 59.30 59.95 58.43 45.68

D50 0.52 0.57 0.52 0.58 0.57 0.58 0.67

STI 0.63

Fan H

SNR 8.00 13.50 20.25 20.75 23.50 25.75 23.25

T30 1.23 0.80 0.78 0.80 0.86 0.83 0.71

G 19.96 17.43 17.61 17.66 18.04 17.90 17.13

Ts 90.18 65.45 64.55 59.03 59.88 58.30 44.70

D50 0.52 0.56 0.52 0.59 0.58 0.59 0.68

STI 0.63

Fan HH

SNR 4.50 9.75 15.75 15.00 17.25 18.25 19.75

T30 1.05 0.73 0.77 0.79 0.83 0.83 0.70

G 20.10 17.52 17.56 17.63 18.11 17.92 17.21

Ts 91.35 64.80 63.75 58.53 59.50 57.95 43.63

D50 0.52 0.57 0.52 0.59 0.57 0.58 0.69

STI 0.62

The variation in T30 due to the fan blowing speed
is also examined. The average T30 values at 500Hz and
1000Hz T30, measured in the spaces against the blow-
ing flow rate of the HVAC used, are shown in Fig. 13.
The results show that variations in T30 can be ne-
glected if the just noticeable difference (JND) is taken
as 5% relative, according to (ISO, 2009).

Fig. 13. Variation of T30 in the spaces depending
on the impact of HVAC systems.

In line with the above discussion, objective mea-
sures for speech intelligibility include STI (Houtgast,
Steeneken, 1985), ALC (articulation loss of conso-
nants) (Peutz, 1972), and U50 (useful-to-detrimental
ratio) (Lochner, Burger, 1964). Among these, STI
is studied in this work to quantify speech intelligibil-
ity. The variation in STI in the spaces, depending on

the impact of HVAC systems, is shown in Fig. 14. The
ranking presented in the figure is based on the IEC
(2020) standard. The results from the measurement
survey indicate that the STI values for all five spaces
can be categorized as ‘good’, even though the values
tend to decrease with increasing fan speed. Note that
the JND for STI is 0.03.

Fig. 14. Evaluation of STI in the spaces depending
on the impact of HVAC systems.
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On the other hand, it should be noted that some
departments in the faculty offer courses in a second
language. While the 0.6 threshold is considered ‘good’
for native English students, recent research suggests
that this may not be the case for non-native speakers
(ISO, 2003; Minelli et al., 2022). For students whose
first language is not English but who use English as
a daily second language, an STI value of 0.68 and above
can only be considered ‘good’. For students with an
intermediate level of proficiency and those with low
level of their second language use, an STI value of 0.86
and above can be considered ‘good’.

4. Conclusion

Background noise, RT, and the distance between
the listener and speaker all affect STI values. Since
SNR is the ratio of speech compared to BNL, it can
be considered a key factor in speech intelligibility. The
impact of HVAC systems on SNR is significant and
negatively affects speech intelligibility, as reflected in
the reported STI values.
As highlighted in previous studies (Longoni et al.,

2016; Razali et al., 2024), the presence of HVAC sys-
tems increases BNL, decreases SNR and deteriorates
speech intelligibility. Recommended values for speech
intelligibility are T30 between 0.7 s and 1.2 s and D50
>0.5 in rooms (Masovic, 2021). For classrooms, opti-
mum T30 values are <0.6 s for students under 12 years
old and <0.8 s for students aged 12 and above (Build-
ing Bulletin, 2015; Minelli et al., 2022). The studied
spaces partially meet these optimal ranges.
The results show that SNR values tend to decrease

as the fan blowing speed of HVAC systems increases,
which negatively affects speech intelligibility.
Another concern is whether HVAC systems alter

acoustic parameters that affect speech intelligibility,
such as RT. The results of the study indicate that the
impact of HVAC systems on the reverberation char-
acteristics of space is negligible when the JND value
is considered. On the other hand, it is clear that as
the size of the space decreases, the RT also decreases,
leading to a better STI value.
Previous research (Astolfi et al., 2012; Murgia

et al., 2023) suggests that speech intelligibility for
learners aged 12 and under requires an STI value of
0.65 and above, while for learners aged 12 and above,
STI values of 0.6 and above are considered accept-
able. For university students, it can be concluded that
if STI values of 0.6 and above are achieved, there is
no cause for concern in terms of speech intelligibil-
ity. The relevant standard (ISO, 2003) categorizes STI
values between 0.6 and 0.75 as ‘good’. However, it is
worth noting that for non-native speakers of English,
the STI value must fall between 0.68–0.86, depending
on their level of English proficiency, to be considered
‘good’.

Fundings

This study was supported by the Scientific and Tech-
nological Research Council of Türkiye (TUBITAK) un-
der grant no. 123M884. The authors thank TUBITAK
for their support.

References

1. American National Standard (2010), Acoustical per-
formance criteria, design requirements, and guidelines
for schools, Part 1: Permanent Schools (ANSI/ASA
S12.60-2010/Part 1), https://webstore.ansi.org/stan
dards/asa/ansiasas1260part2010r2020?source=blog
(access: 15.07.2024).

2. Antoniadou S., Papadakis N.M., Stavroulakis G.E.
(2018), Measuring acoustic parameters with ESS and
MLS methods: Effect of artificially varying background
noise, [in:] Euronoise 2018 – Conference Proceedings,
https://www.euronoise2018.eu/docs/papers/132 Euro
noise2018.pdf (access: 22.07.2024).

3. Astolfi A., Bottalico P., Barbato G. (2012), Sub-
jective and objective speech intelligibility investiga-
tions in primary school classrooms, The Journal of
the Acoustical Society of America, 131(1): 247–257,
https://doi.org/10.1121/1.3662060.

4. Building Bulletin (2015), BB93: Acoustic design of
schools – Performance standards, Department for
Education, Education Funding Agency, England,
https://assets.publishing.service.gov.uk/media/5a8170
d3e5274a2e8ab54012/BB93 February 2015.pdf (access:
14.08.2024).

5. Choi Y.-J. (2020), Evaluation of acoustical conditions
for speech communication in active university class-
rooms, Applied Acoustics, 159: 107089, https://doi.org/
10.1016/j.apacoust.2019.107089.

6. Cushing I.R., Li F.F., Cox T.J.,Worrall K., Jack-
son T. (2011), Vocal effort levels in anechoic conditions,
Applied Acoustics, 72(9): 695–701, https://doi.org/
10.1016/j.apacoust.2011.02.011.

7. Di Loreto S., Cantarini M., Squartini S., Lori V.,
Serpilli F., Di Perna C. (2023), Assessment of speech
intelligibility in scholar classrooms by measurements
and prediction methods, Building Acoustics, 30(2):
165–202, https://doi.org/10.1177/1351010X231158190.

8. Elliott T.M., Theunissen F.E. (2009), The modu-
lation transfer function for speech intelligibility, PLoS
Computational Biology, 5(3): e1000302, https://doi.org/
10.1371/journal.pcbi.1000302.

9. Engel M., Herrmann J., Zannin P. (2020), Assess-
ment of the sound quality of classrooms through speech
transmission index (STI), sound definition (D50) and
reverberation time (RT), Forum Acusticum.

10. Guidorzi P.A., Barbaresi L.U., D’Orazio D.A.,
Garai M.A. (2015), Impulse responses measured with
MLS or Swept-Sine Signals applied to architectural
acoustics: An in-depth analysis of the two methods and

https://webstore.ansi.org/standards/asa/ansiasas1260part2010r2020?source=blog
https://webstore.ansi.org/standards/asa/ansiasas1260part2010r2020?source=blog
https://www.euronoise2018.eu/docs/papers/132_Euronoise2018.pdf
https://www.euronoise2018.eu/docs/papers/132_Euronoise2018.pdf
https://doi.org/10.1121/1.3662060
https://assets.publishing.service.gov.uk/media/5a8170d3e5274a2e8ab54012/BB93_February_2015.pdf
https://assets.publishing.service.gov.uk/media/5a8170d3e5274a2e8ab54012/BB93_February_2015.pdf
https://doi.org/10.1016/j.apacoust.2019.107089
https://doi.org/10.1016/j.apacoust.2019.107089
https://doi.org/10.1016/j.apacoust.2011.02.011
https://doi.org/10.1016/j.apacoust.2011.02.011
https://doi.org/10.1177/1351010X231158190
https://doi.org/10.1371/journal.pcbi.1000302
https://doi.org/10.1371/journal.pcbi.1000302


A. Oktav et al. – The Impact of HVAC Systems on Speech Intelligibility in University Classrooms 263

some case studies of measurements inside theaters, En-
ergy Procedia, 78: 1611–1616, https://doi.org/10.1016/
j.egypro.2015.11.236.

11. Houtgast T., Steeneken H. J. (1985), A review of
the MTF concept in room acoustics and its use for esti-
mating speech intelligibility in auditoria, The Journal
of the Acoustical Society of America, 77(3): 1069–1077,
https://doi.org/10.1121/1.392224.

12. Huang W., Peng J., Xie T. (2023), Study on Chi-
nese speech intelligibility under different low-frequency
characteristics of reverberation time using a hybrid
method, Archives of Acoustics, 48(2): 151–157,
https://doi.org/10.24425/aoa.2023.145229.

13. International Organization for Standardization (2003),
Ergonomics – Assessment of speech communications
(ISO Standard No. 9921:2003), https://www.iso.org/
standard/33589.html (access: 05.09.2024).

14. International Organization for Standardization (2009),
Acoustics – Measurement of room acoustic parameters
– Part 1: Performance spaces (ISO Standard No. 3382-
1:2009), https://www.iso.org/standard/40979.html
(access: 05.09.2024).

15. International Organization for Standardization (2014),
Acoustics – Field measurement of sound insulation in
buildings and of building elements – Part 1: Airborne
sound insulation (ISO Standard No. 16283-1:2014),
https://www.iso.org/standard/55997.html (access:
05.09.2024).

16. International Organization for Standardization (2021),
Acoustics – Laboratory measurement of sound insula-
tion of building elements – Part 1: Application rules
for specific products (ISO Standard No. 10140-1:2021),
https://www.iso.org/standard/73910.html
(access: 05.09.2024).

17. International Electrotechnical Commission (2020),
Sound system equipment – Part 16: Objective rating of
speech intelligibility by speech transmission index (IEC
Standard No. 60268-16:2020), https://webstore.iec.ch/
en/publication/26771 (access: 20.08.2024).

18. Kawata M., Tsuruta-Hamamura M., Hasegawa H.
(2023), Assessment of speech transmission index and
reverberation time in standardized English as a foreign
language test room, Applied Acoustics, 202: 109093,
https://doi.org/10.1016/j.apacoust.2022.109093.

19. Lochner J.P.A., Burger J.F. (1964), The influ-
ence of reflections on auditorium acoustics, Journal of
Sound and Vibration, 1(4): 426–454, https://doi.org/
10.1016/0022-460X(64)90057-4.

20. Longoni H.C. et al. (2016), Speech transmission in-
dex variation due to ventilating and air-conditioning
system in university classrooms, [in:] Proceedings of
Meetings on Acoustics, 28: 015024, https://doi.org/
10.1121/2.0000470.

21. Masovic D. (2021), Room acoustics, arXiv,
https://doi.org/10.48550/arXiv.2111.01900.

22. Mejdi A., Gardner B.,Musser C. (2019), Prediction
of the speech transmission quality in the presence of
background noise using the ray tracing technique, [in:]
26th International Congress on Sound and Vibration
(ICSV), https://www.academia.edu/64361351/Predic
tion of the Speech Transmission Quality in the Presen
ce of Background Noise Using the Ray Tracing Techni
que (access: 15.11.2024).

23. Meng Q., Sen D.,Wang S., Hayes L. (2008), Impulse
response measurement with sine sweeps and ampli-
tude modulation schemes, [in:] 2nd International Con-
ference on Signal Processing and Communication Sys-
tems, https://doi.org/10.1109/ICSPCS.2008.4813749.

24. Minelli G., Puglisi G.E., Astolfi A. (2022), Acous-
tical parameters for learning in classroom: A review,
Building and Environment, 208: 108582,
https://doi.org/10.1016/j.buildenv.2021.108582.

25. Murgia S., Webster J., Cutiva L.C.C., Bottal-
ico P. (2023), Systematic review of literature on
speech intelligibility and classroom acoustics in elemen-
tary schools, Language, Speech, and Hearing Services
in Schools, 54(1): 322–335, https://doi.org/10.1044/
2022 LSHSS-21-00181.

26. Payton K.L., Shrestha M. (2008), Evaluation of
short-time speech-based intelligibility metrics, [in:] The
9th International Congress on Noise as a Public Health
Problem (ICBEN), https://www.researchgate.net/pu
blication/256579565 (access: 15.11.2024).

27. Peutz V.M.A. (1972), Articulation loss of conso-
nants as a criterion for speech transmission in
rooms, [in:] Audio Engineering Society Convention 2ce.
Audio Engineering Society, https://aes2.org/publica
tions/elibrary-page/?id=1821 (access: 15.11.2024).

28. Rabelo A.T.V., Santos J.N., Oliveira R.C., Ma-
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