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ABSTRACT

Windows are essential facade components that balance
multiple functions, including daylighting, natural ventila-
tion, and thermal regulation. However, conventional win-
dows often suffer from significant energy losses and in-
adequate air exchange, even with regular ventilation. To
address these challenges, the iclimabuilt project has de-
veloped a smart, ventilated window that integrates ad-
vanced technologies, including PCM (phase-change ma-
terial) heat storage, triple glazing with air-filled chambers
for enhanced thermal insulation, and 3D-printed compo-
nents for noise reduction and air purification. These inno-
vations minimise energy losses, improve thermal manage-
ment, and promote occupant health and well-being.

This study focuses on evaluating the acoustic performance
of the three operational modes of the fans integrated into
the window of a Living Lab environment. Noise mea-
surements were conducted in accordance with EN ISO
16032:24, both with and without an acoustic filter in-
stalled in the PCM box and air filtration unit. Data were
collected from three microphone positions: a corner and
two reverberant field points. The analysis reveals that the
noise levels generated by the fans are in the 35-45 dB
range, exceeding standard limits. Moreover, the findings
highlight the need to further optimise noise control strate-
gies in smart window design while maintaining their en-
ergy efficiency and indoor air quality benefits.
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1. INTRODUCTION

The integrated assessment of acoustic conditions, venti-
lation, and overheating prevention is essential to ensure
that residential developments provide a balanced indoor
environmental quality (IEQ) [1]. Neglecting any of these
aspects may lead to housing that fails to meet occupants’
overall comfort and well-being.

Windows and other ventilation openings constitute
the primary interfaces between the indoor and outdoor en-
vironments and have been the subject of increasing re-
search and development [2]. However, this connection
poses a significant challenge for natural ventilation, as it
creates a trade-off between fresh air intake and external
noise intrusion. This conflict often prevents naturally ven-
tilated buildings from complying with background noise
limits established by acoustic standards, building regula-
tions, and rating protocols. In response, extensive research
has focused on developing solutions that enable ventila-
tion without compromising facade sound insulation [3,4].

Over recent decades, double-glazed windows have
been enhanced to provide excellent sound insulation when
closed. However, they restrict natural ventilation, in-
creasing reliance on mechanical ventilation and leading
to higher energy consumption. To address this issue, win-
dows with integrated mechanical ventilation have been in-
troduced. These systems allow for a reduced opening area
without diminishing the air exchange rate, significantly
improving acoustic comfort and energy efficiency [5]. De-
spite their advantages, integrated mechanical ventilation
systems introduce a continuous noise source within the
room. This internal noise must be accurately measured
and, if necessary, mitigated to ensure overall acoustic
comfort.
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2. METHODOLOGY
2.1 Test case

The Test Case is a smart, ventilated heat-harvesting win-
dow that consists of a ventilated window with additional
functions supporting ventilation, thermal management,
and improved air quality in indoor spaces, which sound
reduction index has been measured in [6].

Figure 1. The Test Case; PCM-Air exchanger (blue);
outer bottom vent (green); Air Filtration Unit (red)

The smart window is composed of the following main
sub-components (figure 1):

lth

* Triple-glazed window unit with a ventilated exte-
rior chamber, Air-filled interior chamber, NIR ab-
sorbing layer, and omniphobic coating;

* Upper box — PCM-Air exchanger unit which hosts:

— One axial fans per unit;

— A stack of five plates filled with Phase
Change Material;

— One 3D printed acoustic absorbers, each con-
sisted of one casing (H130 mm x W130 mm
x T100 mm) with nine panels (approx. H120
mm X W120 mm x T3 mm);

e Lower box — Indoor Air Filtration Unit which in-
cludes:

— One 3D printed CO- absorber consisted of
one casing (H130 mm x W130 mm x T425
mm) with twenty five electro-spun mem-
branes;

— One 3D printed acoustic absorbers, each con-
sisted of one casing (H130 mm x W130 mm
x T100 mm) with nine panels (approx. H120
mm x W120 mm x T3 mm);

— Ventilator for air circulation.

2.2 Operational modes

The outer cavity of the TGU can be activated using elec-
trical fans, with an airflow path from the outside (with an
outer bottom vent integrated into the framing system) to
the inside (with an inner top vent integrated into the fram-
ing system) to provide the indoor environment with pri-
mary ventilation air at a temperature level closer to the
indoor required temperature, in heating dominated condi-
tions (Supply Air, SA, operation mode).

In cooling dominated conditions instead the TGU
outer cavity ventilation is used with an airflow path from
the outside to the outside (with an outer top vent integrated
into the framing system), to reduce the g-value (total solar
energy transmittance) of the TGU by removing unwanted
solar gains absorbed within the glass layers (Outdoor Air
Curtain, OAC, operation mode), while a fan-assisted vents
provide primary ventilation bypass within the top part of
the framing system.

In order to reduce the differences between the air tem-
perature entering the room through the glazing ventilation
and the thermal comfort conditions inside the building, the
air from the glazing ventilation is conveyed to a PCM to
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Air heat exchanger before being delivered to the indoor
environment.

Finally, the TGU can also be used as a conventional
TGU, in conditions in which solar radiation is not very
high and in which ventilation is not needed, by switching
off the fans and closing all the vents included in the system
(Thermal Buffer, TB, operation mode).

2.2.1 Supply Air throught the window

To assess the noise generated by the fan in the bottom box,
the system was operated in Supply Air window mode. In
this configuration, external forced air enters through the
bottom outdoor inlet, flows through the window cavity,
and is directed to the PCM-Air heat exchanger by the fan
located in the bottom box.

2.2.2 Supply Air direct

To evaluate the noise produced by the fan in the PCM
box, the system was set to Supply Air direct mode. In
this setup, external forced air is drawn in through the top
outdoor inlet and directly supplied to the PCM-Air heat
exchanger by the fan installed in the PCM box.

In both configurations (figure 2), the fan speed, which
can be continuously adjusted with a potentiometer from O
to 100, was set to either 30% or 100%.

indoor

outdoor indoor outdoor

Figure 2. The two considered operational modes

2.2.3 Air filtration

For improving indoor air quality and wellbeing, the Test
Case features C'O4 capturing filters. The 3D printed com-
ponent design consists of a Light-Weight PLA-based cas-
ing with a customisable number of incisions to integrate

Figure 3. Design of 3D printed air-filtration unit
and collateral acoustic components (top); functional
panel with C'O, absorptive properties made of (a)
a High HDT photocurable resin-based frame and
(b) an electro-spun MOFs/PAN polymer membrane
(bottom-left); functional component with acous-
tic properties based on thermoplastic with foaming
agents (bottom-right)

resin-based frames with MOFs/PAN layers of electro-
spun CO2 Capturing Membranes and a fan for air circula-
tion. Additionally, an acoustic absorber was integrated in
the assembly to reduce the noise of the fan (figure 3).

For all the configurations considered, the air flow
rates generated by the fans were measured (table 1).

Table 1. Volumetric flow measurements

Mode Velocity [%)] | Qumaz [m>/h]
S Awindow 30 12.68

S Awindow 100 29.23

S Adirect 30 30.53

S Adirect 100 35.70

Air filtration | 100 4.45
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Figure 4. Fixed microphone positions

2.3 Test equipment and method

The sound pressure level, L;, from the service equipment
is measured in a fixed position ¢ as the linear (Z weighted)
spectrum in one-third-octave-bands during the operation
time of the service equipment under test.

For each measurement it is determined the equiva-
lent continuous sound pressure level, Lz.q;, Over a pe-
riod of ¢ = 30 seconds. The sound pressure levels taken
in the three positions are then used to calculate the aver-
age sound pressure levels L 4.4 in one-third-octave bands.
These average sound pressure levels are then corrected for
background noise, measured over ¢ = 30 seconds in the
same positions before and after the operation time.

The background noise-corrected average sound pres-
sure levels L g¢q,corr in one-third-octave bands are then
used to calculate the standardized average sound pressure
levels L gcq,corr,n to a reference reverberation time as:

T
Lcorr,nT = Lcorr —10 IOg (,170)

ey

where:
¢ T'is the measured reverberation time in seconds;
e T is the reference reverberation time 0.5 seconds.

2.3.1 Filter

The acoustic performance is evaluated by measuring the
insertion loss (IL), calculated by the difference between
the sound pressure level (SPL) in the room with and with-
out the filter applied. Therefore, the IL of the filter is cal-

culated as
ILfilter = SPLwout - SPLw (2)

where:
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¢ SPLyoyt is the A-weighted SPL measured with-
out the filter, in dB;

e SPL,, is the A-weighted SPL measured with the
filter, in dB.

2.4 Measurements

The Test Case was installed on the south-oriented vertical
facade in the Living Lab at Politecnico di Torino (Torino,
Italy), a single office room of approximately 10 m? floor
area.

Three different conditions of the test room have been
defined, and, for each condition, three measurement posi-
tions, one in a selected corner of the room and two posi-
tions in the reverberant sound field (figure 4), have been
used to characterize the room acoustically, according to
EN ISO 16032:2024. For each measurement position,
three repetitions were performed. Figure 5 and figure 6
present the equivalent sound pressure levels (L 4¢4) of the
background noise and the L 4.4 for fan speeds of 100%
and 30% for the two operational SA modes (through the
window and direct), while figure 7 presents that of air fil-
tration box. These curves have been adjusted for back-
ground noise and the room’s reverberation time (figure 8),
measured using the impulse response method in the 100
Hz to 5 kHz one-third-octave bands.

BOX UP - SA_win - WITHOUT FILTER
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Figure 5. Supply Air window

3. RESULTS AND DISCUSSION

It can be observed that the background noise remains rela-
tively low (< 15 dB for each third octave band) and has a

11™* Convention of the European Acoustics Association
Malaga, Spain * 23" — 26" June 2025 ¢

SOCIEDAD ESPAROLA

SEA DE ACUSTICA



FORUM ACUSTICUM
ale EURONOISE

BOX UP - SA_dir - WITHOUT FILTER

g 9 9 g
s 8 8 8
2 8 8 3

100
125
160
200
250
315
400
1250
1600
2000
2500
3150
4000
5000

Frequency [Hz]

mmBackground A laeq_030 —Laeq_corr_nT_030 —e-Laeq_100 Laeq_corr_nT_100

REVERBERATION TIME

/\/\/\f\f’\

9 g
8 8
3 &

100
125
160
200
250
315
400
500
1000
1250
1600
2000
2500
3150
4000
5000

Frequency [Hz]

Figure 6. Supply Air direct
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Figure 7. Air filtration

lot of influence in the low-speed condition. The correction
for the background noise and the reverberation time stan-
dardisation minimally impacts the results for the condition
with the fan speed at 100%, this leads to a limited dif-
ference between the two curves, L aeq and L acq corr,nT-
Thus the test room could be considered appropriate for
evaluating the noise produced only by the fans and the ef-
fects of the acoustic filters.

Both the fan in the lower box and the one in the PCM
box have two peaks at 250 Hz and 500 Hz, which amplify
as the speed increases and which are responsible for ex-
ceeding the 30 dB(A) threshold indicated in literature as
critical for living spaces, particularly bedrooms [7]. The
path through the window in the S A,,;,, mode filtered the

849

Figure 8. Reverberation Time

Table 2. Measurements results

Mode LA,back LAeq LAeq,nT
SAuin 100% | 20.8dB | 41.6dB | 40.7 dB
SAwin30% | 20.8dB | 27.9dB | 26.3 dB
SAgir100% | 21.1dB | 43.4dB | 424 dB
S Agir 30 % 21.1dB | 27.3dB | 25.7dB
Airfil 100 % | 20.6dB | 35.1dB | 33.9dB

frequencies above 630 Hz and below the 250 Hz and am-
plify the range between 315 Hz and 500 Hz, probably due
to a resonance in the PCM box, also found in the measure-
ment of the sound reduction index of the test case in [6].

The tested filter, designed as a series of panels
with staggered incisions to hinder the transmission of
sound with labyrinthine channels to increase the distance
sound must travel, enhancing phase cancellation, reveals
a frequency-dependent behavior, indicative of a filter op-
timised for mid-to-high frequency performance. At mid
and low frequencies (100-1250 Hz), the insertion loss
fluctuates between -1.6 dB and +1.4 dB, with a minimum
observed at 1000 Hz. These results suggest limited atten-
uation capacity in the lower frequency range, likely due
to the relatively long wavelengths and reduced interac-
tion with the filter geometry. Above 1250 Hz, the filter
demonstrates more attenuation, reaching up to +2.0 dB at
5000 Hz. This indicates enhanced interaction with shorter
wavelengths.

Overall, the filter exhibits modest insertion loss across
the full spectrum and needs some improvements, as try-
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ing to implement helmholtz resonators or using layered
impedance transitions to improve energy dissipation.
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Figure 9. Insertion Loss

4. CONCLUSION

This study presented an experimental evaluation of the
acoustic performance of a smart, ventilated window sys-
tem with integrated phase-change material (PCM) and air
purification modules. The results demonstrated that the
noise levels generated by the fans in all operational modes
exceed recommended indoor background noise limits for
residential or office environments, particularly at full-
speed operation. While the integrated acoustic treatments
provided measurable insertion losses, their effectiveness
was not sufficient to reduce fan noise to acceptable levels.

The findings highlight a key challenge in balancing
acoustic comfort with advanced functionalities such as
heat recovery and indoor air quality control. Future devel-
opments should focus on optimising fan design and speed
control, improving the acoustic performance of integrated
absorptive materials. A holistic design approach is essen-
tial to ensure that smart facade components can meet the
increasingly stringent performance criteria for indoor en-
vironmental quality in low-energy buildings.
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