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" Lumir Oy, Vantaa, Finland, 2 Aalto Acoustics Lab, Department of Signal Processing and Acoustics, School of Electrical
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Acoustic comfort is directly related to enhanced well-being and performance of people. A
typical challenge faced by architects and acousticians is to achieve adequate acoustics
while maintaining the aesthetics of the space and reducing the visual aspects of acoustic
materials and elements. In this study, we present a biofiber-based acoustic coating as
a feasible solution to improve acoustic environments while preserving the aesthetics of
spaces. An acoustic coating is a thin layer of absorption material, but the coating can
be sprayed on other sound absorbing structures to make it more effective on a wide
frequency range. In addition, this biofiber-based coating acts as a carbon sink during its
operating life, thus reducing the carbon footprint of the building. Therefore, the coating
is sustainable and is an environmental friendly solution. The absorption properties of the
biofiber-based coating are demonstrated in the present study with three case studies,
which all had demanding requirements to conceal the acoustic structures.

Keywords: acoustic coating, architectural acoustics, carbon sink, bio-based acoustic materials, acoustic
measurements, acoustic design

1. INTRODUCTION

The acoustic design is included in the plans in many cases at the expense of architectural vision.
Traditionally, acoustic structures are suspended ceiling systems or glued sound absorbing panels
which might not be visually the most preferred solution. Using panels or suspended structures are
often impossible to use in historically significant or otherwise architecturally protected buildings.
Acoustic coatings offer a solution to improve acoustic comfort, while maintaining the aesthetics of
surfaces, and even be difficult to be visually perceived as acoustical material. The main constraint of
acoustic coatings is the limitation of their acoustic properties due to their relatively small thickness.
Despite this fact, acoustic coatings can benefit from underlying surfaces so that they can be applied
on top of other acoustic materials to improve the acoustic properties of the whole structure and, at
the same time, enhance their visual aspects.

Over the past years, the study and development of acoustic eco-materials has received much
attention (Arenas and Asdrubali, 2018). Cucharero et al. (2021) studied the influence of the
ultrastructure of wood-based pulp fibers on sound absorption. They reported that wood-based
pulp fiber foams exhibit similar sound absorption properties as commercial glass wool panels and
that pulp fibers of smaller dimensions and processed fiber foams are more effective to produce
fibrous sound absorbers. Similar findings regarding fiber dimensions have been reported by other
authors (Koizumi et al., 2003; Oldham et al., 2011). Other researchers have reported efficient
sound absorption properties of several biomaterials, such as cork (Iannace et al., 2020), bamboo
(Koizumi et al., 2003), jute (Oldham et al.,, 2011), cotton (Oldham et al., 2011), hemp (Oldham
et al., 2011; Berardi and Iannace, 2015), kenaf (Lim et al., 2018), coir (Fouladi et al., 2010), fique
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(Navacerrada et al., 2014; Berardi and Iannace, 2015), ramie
(Yang and Li, 2012). Furthermore, models to predict the sound
absorption properties of some natural fibers have also been
developed (Berardi and Iannace, 2017). Some researchers have
reported cases in which acoustic corrections of a variety of
spaces have been successfully accomplished with the help of green
acoustic materials (Iannace et al., 2013, 2020).

Acoustical measurements are necessary for the prediction
of the most appropriate acoustic treatment. Predictions of
room acoustics can be conducted using techniques ranging
from analytical expressions to computer simulations. Several
analytical expressions, namely, Sabine (Sabine, 1900), Eyring
(Eyring, 1930), Millington (Millington, 1932), Cremer (Cremer
and Miiller, 1982), Kuttruft (Kuttruff, 1994), Fritzroy (Fitzroy,
1959), Neubauer, and Arau-Puchades (Arau-Puchades, 1988),
have been developed to predict reverberation time. The accuracy
of different analytical expressions has also been studied by
many authors. Bistafa and Bradley (2000) reported that the
expression developed by Arau-Puchades was the formulae
that more accurately predicts reverberation time for different
configurations of sound absorbing materials in an unoccupied
classroom. The authors also indicated that the most accurate
analytical expression depends on the amount and distribution
of sound-absorbing material in the room. Astolfi et al. (2008)
concluded that the use of Sabine and Eyring expressions is
sufficient to predict reverberation time in small classrooms since
neither more complex models nor numerical models lead to
higher accuracy. Similar findings were reported by Passero and
Zannin (2010). In the study conducted by Prawda et al. (2020),
the model of Fitzroy provided the most accurate prediction
of reverberation time, whereas Sabine formula was reported to
predict reverberation time more accurately than other more
complex analytical expressions.

In this study, we present three cases where bio-based acoustic
coatings have been used to improve the acoustic environment.
Cases consist of a traditional small office space, a staircase
functioning as an art installation, and a historically significant
space at the Supreme Court of Finland. High visual requirements
were set in all of the cases for the sound absorbing structures;
in practice, the acoustic treatment had to be unnoticeable.
Appearance of the spaces were protected for historical reasons
in cases I and III, which sets higher requirements for the surface
structure of the materials and also structure dimensions. In
the staircase, the aim was to produce nearly anechoic acoustic
environment to the multistore narrow space made out of concrete
with visually unnoticable structures.

The visual evaluation of the spaces was done by the users of the
spaces and clients. To evaluate the acoustics of the three premises,
reverberation time, T3, and speech clarity, Csg, were determined
according to ISO 3382-1:2009 before and after installation of
the acoustic treatment. Additionally, the effect of the acoustic
treatment to reverberation time was predicted using Sabine
equation.

In the case studies presented in this study, we demonstrate
how bio-based acoustic coating can be used to sustainably
increase the comfort of spaces and, in some cases, even decrease
the carbon footprint of the building. For example, the most

commonly used acoustic material, mineral wool, is very energy
intensive, which leads to high carbon footprint (Ruuska, 2013).
In contrast, plants are an abundant and sustainable source of
fibrous raw material for acoustic products. Cellulose, the main
structural component of natural fibers, consist about 49 weight
percent (wt%) of carbon. Plants acquire this percent of carbon
mainly as carbon dioxide from the air, which is processed into
cellulose and other components via biosynthesis, with oxygen
resulting as a side product. As a rule of thumb, carbon bound
in 1 kg of cellulose corresponds to roughly 1.5 kg of atmospheric
carbon dioxide. Although the cellulose represents only a fraction
of all building materials, their ability to bind atmospheric carbon
influences the total carbon footprint of the building. In this
study, we speculated the effects of the biofiber-based acoustic
coating on the carbon footprint of the space and buildings, as
acoustic materials seldom have a positive impact on the total
carbon footprint of the buildings. Nevertheless, in this study,
we demonstrate that bio-based products could vastly reduce the
carbon footprint of acoustic materials.

2. MATERIALS AND METHODS

2.1. Materials

A biofiber-based acoustic coating sprayed on different underlying
surfaces was used as the acoustic solution for all the case studies
presented in this study. The biofiber-based acoustic coating is
manufactured by Lumir Ltd., a Finnish company specializing
in bio-based and circular economy acoustic materials. Acoustic
coating is sprayed on different kinds of surfaces as 6-8 mm layer.
Sound absorption properties of the acoustic coating strongly
depends on the underlying surface on top of which the coating
is sprayed. Figure 1 shows the sound absorption coefficients
measured for the acoustic coating sprayed on the following
underlying surfaces:

e Solution 1: Biofiber-based acoustic coating sprayed on the
solid surface without any air cavity left behind.

e Solution 2: Biofiber-based acoustic coating sprayed on a 20
mm glass wool.

e Solution 3: Biofiber-based acoustic coating sprayed on a
perforated gypsum board (8 mm side square hole and 20%
open area) with an air cavity of 200 mm filled with 50 mm of
rock wool.

Sound absorption coeflicients were measured according to the
ISO 354 standard (ISO 354, 2003) regarding sound absorption
measurements in a reverberation room operated by a Finnish
Accreditation Service (FINAS) company.

In addition to the acoustic properties, biofiber-based acoustic
coating acts as a carbon sink during its operating life, which,
under normal conditions, extends to several decades. The coating
used in this study contains about 80 wt% cellulosic fibers as the
raw material. We can calculate from the density of the coating
(1,250 kg/m?) that the biofibers used in the coating bind ~1.2
kg of CO,/m? in its fibers. In this way, the installation of this
acoustic coating reduces the carbon footprint of buildings, thus
contributing to alleviate climate change. Table 1 presents carbon
footprint and carbon uptake data of the acoustic materials used
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FIGURE 1 | Sound absorption coefficients of biofiber-based acoustic coating sprayed on different base surfaces.
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TABLE 1 | Carbon footprint of the building materials used in this study.

Building material Carbon footprint Carbon uptake

CO2 g/kg CO2 g/kg
Glass wool 3,148 0
Gypsum plasterboard 1,967 0
Biofiber-based acoustic coating 280 1,200

in this study (Ruuska, 2013). The carbon footprint is expressed
in terms of carbon dioxide equivalent (CO3,), which is a sum of
fossil emissions calculated with the help of the Intergovernmental
Panel on Climate Change (IPCC) weighting factors for 100 years
(IPCC, 2007). The units are expressed in grams of COy, per
kilogram of product. Carbon uptake values of glass wool and
gypsum plasterboard are 0 since they consist of minerals, which
inherently do not contain any carbon. The carbon footprint
value of the pulp obtained from literature (Sun et al., 2018)
is used in calculations for the biofiber-based acoustic coating.
Coatings commonly contain binding agents, pigments, and other
additives, which can be biobased or inorganic. However, their
contribution to the carbon footprint of the acoustic coating is
disregarded in this study.

2.2. Methodology

The acoustics of three different premises, including an artwork
in a staircase space, a multifunctional room, and an office,
have been designed, implemented, and measured. The models
and dimensions of the spaces are shown in Figure 2. Effect
of the designed acoustic treatment on reverberation time was
predicted using the reverberation time measurements before the
installation of acoustic materials as the starting point for the
predictions. Sound absorption coeflicients used in the predictions
are shown in Figure 1 and Table 2. The acoustic structures in
spaces were combinations of biofiber-based acoustic coatings and

different base materials. Selection of the base material to the
acoustic coating depended on the constrictions set by the owners
of the building. Such restrictions were always mainly determined
by minimization of the visual impact of acoustic materials
and elements. In addition to changes in room acoustics, the
environmental impact of the acoustic treatment to the building
has been estimated by considering the carbon footprint and
uptake of the installed acoustic materials.

Among all the alternative reverberation formulae, the
equations of Sabine (Sabine, 1900) and Arau-Puchades (Arau-
Puchades, 1988) are used here. The Sabine equation requires
uniform distribution of sound absorbing materials in the room,
as well as diffused sound field, i.e., equal energy density in all
positions of the room, as well as equal probability of sound
propagating in all directions (Hodgson, 1996). Obviously, these
conditions are not fulfilled in the rooms considered in this
study. However, in the acoustic designs reported in the present
study, rather than high prediction accuracy, we needed a fast
tool to predict reverberation time, and within these terms,
Sabine’s equation was considered adequate. Additionally, it has
been shown by many authors that, in regular shaped rooms,
the accuracy of Sabine’s equation is not much poorer than
that of other more complex analytical expressions or room
acoustic software (Bistafa and Bradley, 2000; Astolfi et al.,
2008; Passero and Zannin, 2010; Prawda et al., 2020). The
predictions obtained by using Sabine’s equation are compared
with those given by Arau-Puchades’ theory. The expression of
Arau-Puchades, as opposed to Sabine’s theory, takes into account
the non-uniform distribution of sound absorbing materials in the
room. Furthermore, this expression has been reported to provide
greater accuracy than Sabine’s equation in spaces with high value
of average sound absorption coeflicient of room boundaries
(Bistafa and Bradley, 2000).

Predictions of reverberation time presented in this study are
realized by using measurements of reverberation time before
the installation of acoustic materials as the starting point of
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multifunctional room in the Supreme Court.

FIGURE 2 | Models and dimensions of the acoustically treated premises: (A) The office of Co-founders, (B) Co-founder meeting room, (C) staircase space, (D) a

TABLE 2 | Sound absorption coefficients of building structures used to predict reverberation time through Sabine’s theory (Cox and d’Antonio, 2009).

Building material 125 Hz 250 Hz 500 Hz 1,000 Hz 2,000 Hz 4,000 Hz
Painted concrete 0.01 0.01 0.01 0.02 0.02 0.02
Gypsum board with 10 cm air space 0.1 0.13 0.1 0.05 0.04 0.05
Double glazing, 2-3 mm glass, 1 cm gap 0.1 0.07 0.05 0.03 0.02 0.02
Plywood paneling, 1 cm thick 0.28 0.22 0.17 0.09 0.1 0.11
Solid wooden door 0.14 0.1 0.06 0.08 0.1 0.1

predictions, which ensures greater accuracy than applying the
formulas of Sabine or Arau-Puchades from scratch. Additionally,
the simplicity of Sabine’s equation may be a benefit for this
prediction procedure, as it requires sound absorption coefficients
of only the materials being replaced with the acoustic treatment,
whereas Araus-Puchades’ theory requires the sound absorption
coefficients of all the materials located in the same dimension. In
the Supplementary Material the procedure followed to predict
reverberation time using Sabine and Arau-Puchades formulae
has been described.

Evaluation of the acoustics parameters, reverberation time,
T30, and speech clarity, Csg, were done according to ISO 3382-
1 (2009), before and after the installation of acoustic treatment.
The software ARTA (Artalabs, 2019) was used to obtain impulse
responses using the inverse swept-sine technique (Farina, 2000).
The sound source was a Genelec 8030B, and the microphones
were omnidirectional 1/4-inch measurement microphones of the

model Superlux ECM-999. The Genelec 8030B is not fulfilling the
directivity requirements of the ISO 3382 standard; thus, in these
measurements, the sound source was always located in a sound
reflecting corner to simulate the omnidirectional sound source.
In addition, the results of all presented measurement are averages
of individual measurements with at least two sound sources and
three receiver positions, except for the meeting room shown in
Figure 2B, where, due to the small dimensions of the room, only
one sound source and two receiver positions were considered.
Furthermore, all reported before and after measurements were
done with the same equipment and in the same source and
receiver positions to enable a fair comparison.

2.2.1. Case Study I: The Office of Co-founders

The office of Co-founders Ltd. consisted of two rooms, a meeting
room and a common office space, with six workstation around
a big table were considered. The meeting room was lightly
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TABLE 3 | Summary of room dimensions, acoustically treated surfaces, and average reverberation time before and after the installation of acoustic materials.

Meeting Common Spiral Multifunctional
room office space staircase room
Volume (m?®) 64 176 331 530
Sx, Sy, Sz (m?)2 18.2, 30.7, 36.6 23.283.4,92.7 167.4,167.4, 63.7 89.6, 69.6, 240.4
Back/front walls area treated (%) 0 0 90 51
Side walls area treated (%) 0 0 98 41
Ceiling/floor area treated (%) 50 47 63 0
Total surface area treated (%) 21 22 89 19
T30(125-5,000H2)p0r0r0 (S)° 0.95 1.23 2.88 1.78
T30(125-5,000H2)10; (S)° 0.5 0.76 0.86 1.39
T30(125-5,000H2)s0ms (S)° 0.46 0.63 0.87 1.14
T30(125-5,000H2)prm0_Puchgee (S)° 0.28 0.88 0.68 1.16

aSx, Sy, S; surface area in the three directions. Front—back walls (Sy), side walls (Sy), and floor—ceiling (Sz).

b Arithmetic average reverberation time across the third-octave-bands from 125 to 5,000 Hz.

furnished, and all the surfaces were concrete except one wall,
which was covered with acoustic perforated gypsum boards. The
common office space was over 3 m high and lightly furnished; all
surfaces were concrete, and there were large windows on one side.
The users of the space noticed that the most unpleasant acoustic
problems were poor speech intelligibility, as well as bad sound
insulation between rooms for speech.

The conditions for the acoustic treatment set by the clients
were as few visual impacts as possible, brevity in the acoustic
design, and installation of acoustic materials. Moreover, the
thickness of the acoustic structure to be installed in the ceiling
was restricted to 4 cm due to lighting and electrical devices and
structural elements found in the ceiling. The proposed acoustic
treatment involves:

e Ceiling of the common office space: biofiber-based acoustic
coating sprayed on 20 mm glass wool panels glued to the
ceiling (LW20 Comf).

e Ceiling of the meeting room: biofiber-based acoustic coating
sprayed on 20 mm glass wool panels glued to the ceiling (LW20
Comf).

Acoustical measurements were conducted in the common office
space using a total of four sound source-receiver combinations
(three source and four receiver positions), and in the meeting
room using two sound source-receiver combinations (one source
and two receivers). The same source-receiver positions were used
for the measurements before and after the installation of acoustic
treatment.

2.2.2. Case Study lI: Artwork by the Artist Group 1C-98
The artist group IC-98 produced an artwork, named Mare
Tranquillitatis, aimed to create a zone of complete silence that
serves as a place of tranquillity and confrontational encounter, as
described by the authors. The artwork was created in a five-floor
spiral staircase, and the acoustic design of this space was part of
the work.

The spiral staircase is located in the School of Business
building constructed in 2018 at Aalto University. The dimensions

of the staircase space are 4 x 4 x 20.3 m, with a volume of 325
m?, as shown in Figure 2C. All the walls, the ground floor, and
the ceiling are painted concrete. The stairs and landings were
mosaic concrete and the underneath of the stair-landing was
plywood with an air cavity behind it. A concrete pile of 0.5 m of
diameter was stranded in the middle of the spiral staircase from
the ground floor up to a height of 18.5 m. There were neither
sound absorbing materials nor acoustic elements in the space.

There were strict requirements for the acoustic treatment.
Changes in the appearance of the staircase space were to be
avoided, taking into account the color and the structure of the
surfaces. Very thin acoustic structures had to be used as there
was very little space between the stairs and walls. Only the
walls, ceiling, and underneath of stair-landings were available for
acoustic materials. To remain within the set requirements, the
following acoustic design was proposed:

e Walls and ceiling: biofiber-based acoustic coating directly
sprayed on concrete surfaces.

e Underneath of stair-landings: biofiber-based acoustic sprayed
on perforated gypsum board with an air gap of ~20 cm.

Acoustical measurements were conducted in the five floors of the
building, in a total of five sound source-receiver combinations
(five source and five receiver positions). The same source-
receiver positions were used for the measurements before and
after the installation of acoustic treatment.

There are two architecturally exactly similar staircases in
the building of the School of Business but acoustic treatment
was applied only to one of them. Building users can therefore
experience extremely different sonic environments in two
architecturally equal spaces.

2.2.3. Case Study lll: Multifunctional Space in the
Supreme Court of Finland

The Supreme Court of Finland is located in Helsinki in a building
that dates back to 1816. The building has gone through several
renovations, additions, and modernizations in the past years to
provide functional premises for different uses. All renovations
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after (D) the installation of acoustic materials.

FIGURE 3 | The common office space of Co-founders before (A) and after (B) the installation of acoustic materials; and the meeting of Co-founders before (C) and

were always realized by preserving the character of the building
and under the supervision of the National Board of Antiquities.
In case study III, a multifunctional premises of the Supreme
Court, equipped with the AV system and lightly furnished, is
acoustically treated. The room is used for meetings, educational
events, and other event purposes. The room has parquet flooring
and vaulted ceiling at the borders and is flat in the middle. The
height of the hall reaches a maximum of 5.8 m in the middle
of the room. The ceiling is covered with wood paneling, and it
has six windows in the vaulted area. The side and front walls
are painted plastered brick masonry. One half of the back wall
is painted plastered brick masonry and the other half is painted
plain gypsum board attached to a frame, thus leaving an air
activity of 10 cm behind the gypsum board. The inferior area of all
the walls is covered with wood paneling. There are two wooden
doors in the back wall. The volume of the room is about 530 m>.
The users of the hall claimed that the main acoustic
problem was poor speech intelligibility, even with the AV

system due to excessive reverberation. The surfaces available
for acoustic treatment were all the areas of the walls without
wood paneling. Requirements for the acoustic treatment included
keeping the exact same colors of the surfaces and the greatest
grade of smootheness to minimize visual impact. Under these
requirements, the following acoustic treatment was proposed:

e Front and side walls: biofiber-based acoustic coating directly
sprayed on painted plastered brick masonry.

e Painted plastered brick masonry in the back wall: biofiber-
based acoustic coating directly sprayed on hard surface.

e Plain gypsum paneling in the back wall: replacement of plain
gypsum boards with perforated gypsum boards and biofiber-
based acoustic coating sprayed on the perforated gypsum
board (~90 cm air-gap behind the perforated boards).

Acoustical measurements before the installation of acoustic
treatment were conducted using a total of three sound source-
receiver combinations. After installation of acoustic materials,
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measurements were taken using the same sound source-receiver
positions with an additional sound source position; thus, a total
of six sound source-receiver combinations were used.

3. RESULTS AND DISCUSSION

Table 3 presents a summary of the geometrical dimensions of
the room, acoustically treated surface area between the parallel
surfaces, and total surface area treated in the room, as well as
average measured reverberation times and reverberation time
predictions across the third-octave-bands from 125 to 5,000 Hz.

3.1. The Office of Co-founders

Employees of Co-founders Ltd. felt working in their office
space unsuitable for efficient working due to poor acoustics.
Space was not suitable for having more than one ongoing
conversation between people or in phone simultaneously. Office

is located along the one of the first “modern” shopping
streets in Helsinki, and the owner of the estate wanted to
preserve the original appearance of the space. Figure 3 presents
photographs of the Co-founder office before (Figures 3A,C) and
after (Figures 3B,D) the installation of the acoustic treatment.
The seamlessly applied acoustic coating on glass wool panels
glued to the ceiling resulted in a smooth and seamless structure
that has the same color as that of the underlying painted concrete.
Thus, the aesthetics of the room have been successfully preserved.

Acoustic measurements of T3y and Csy before and after
the installation of acoustic treatment reflects remarkable
improvement of acoustic conditions in both spaces, as shown
in Figure4. In the common office space, reverberation time
decreased significantly, reaching values of 0.6 s at frequencies
above 250 Hz, 0.8 s at 250 Hz, and 1.35 s at 125 Hz. The
mild change in reverberation time at 125 Hz octave band results
from the restriction of 4 cm of the thickness of the acoustic
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FIGURE 5 | Staircase space before (A,C) and after (B,D) the installation of acoustic materials.

structure in the ceiling due to structural elements and electrical
and lighting devices. In the case of the meeting room, the
acoustic treatment reduced reverberation time to 0.4-0.6 s at
frequencies above 125 Hz and 0.8 s at 125 Hz. Speech clarity is
also enhanced in both rooms between 2 and 6 dB at frequencies
above 125 Hz. Deviations between the individual measurements
from the common office space may be caused by the fact that
there were three different sound source positions among the
four measurements, which together with the varying surface
materials as well as furniture in the room may influence the ratio
between early and late reflections. The acoustics of the meeting
room belongs now to class A acoustic comfort according to the

Finnish standard SFS-5907 (SES 5907, 2002). Employees of Co-
founders Ltd. expressed that their office felt cozy after the acoustic
improvements and that no visible changes in the appearance of
the rooms could be observed.

Predicted reverberation time according to Sabine’s equation
shows good agreement with the reverberation time measured
after the installation of acoustic treatment. The slight differences
between the predicted and the measured reverberation time, [0-
0.2] s, is probably related to the unfulfilled diffuse field conditions
required by Sabine’s theory, which is mainly attributed to the
non-uniform distribution of sound absorbing materials in the
room, as well as to the high average absorption coefficient
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FIGURE 6 | Measurement results of Tz (A) and Cso (B) before and after the installation of acoustic treatment in the spiral staircase. Reverberation time predictions
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FIGURE 7 | The historical room in the Supreme Court, before (A) and after (B) the acoustic treatment.

of the room boundaries. Surprisingly, the prediction given by
Arau-Puchades is considerably more inaccurate than Sabine’s
prediction in both rooms, although according to theory, Arau-
Puchades equation should be more adequate for the sound field
conditions given in these rooms. This result could be partially
attributed to the sound absorption coefficients given to the
concrete floor, which, if treated with some coating or painting,
could indeed be a more reflective surface than that of concrete.
The sound absorption coeflicients of the floor surface are only
used in the reverberation time predictions by Arau-Puchades
theory. They are not needed in the predictions by Sabine’s theory.
In addition, as shown in Table 3, the total surface area of the
acoustically treated rooms is 21% for the meeting room and 22%

for the common office space. This value may be still too low to
get the full benefit from Arau-Puchades equation.

3.2. Artwork by the Artist Group IC-98

Figure 5 presents photographs of the spiral staircases before and
after the installation of acoustic materials. The acoustic coating
sprayed on all the concrete walls, ceilings, and underneath of
stair-landings has minimal visual impact but huge effects in
the sonic environment of the space. Acoustic measurements
of T3y and Csy were conducted in the five floors of the
building, averaging the results in each floor. The results are
shown in Figure 6. T3 after installation of acoustic treatment
is significantly reduced, especially at mid-frequencies and high
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FIGURE 8 | Measurement results of Tz (A) and Cso (B) before and after the installation of acoustic treatment in the historical room in the Supreme Court.
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frequencies, where the biofiber-based acoustic coating sprayed
on hard surface provides greater sound absorption. T3 is also
reduced to some extent at frequencies below 500 Hz. This is
attributed to the perforated gypsum panels sprayed with biofiber-
based acoustic coating that are installed on the stair-landings.
This significant difference in T3 at frequencies below and above
500 Hz causes an interesting effect for speech, as one could clearly
hear immediate attenuation of consonant sounds and emphasis
of vowel sounds. This is also reflected in Figure 6B, where it
can be seen that speech clarity increases with frequency, with an
improvement of ~15-20 dB at frequencies above 2,000 Hz.

Both Sabine and Arau-Puchades reverberation time
predictions showed high accuracy, with Sabines theory
presenting slightly more accurate predictions. The high accuracy
of Sabine’s theory in this space could be expected as the sound
absorbing materials were uniformly distributed in all the surfaces
of the space. However, such high average absorption coeflicient
of boundaries is not suitable for Sabine’s theory (Sabine, 1900).
On the contrary, high average absorption coeflicients of room
boundaries are beneficial for Arau-Puchades theory (Bistafa and
Bradley, 2000).

Such an extreme use of acoustic materials in a space where
long and loud reverberation is expected resulted in a baffling
effect, according to designers of the art installation. Tinted
acoustic coating conceals the sound absorbing surface in plain
sight, which was one of the objectives.

3.3. Multifunctional Space in the Supreme
Court of Finland

Figure 7 presents photographs of the multifunctional space
before and after the installation of acoustic treatment. In this case,
the acoustic coating was finished with care to make the surface as
smooth as possible. As shown in the figures, only the upper part
of the wall could be treated, as all other surfaces and the whole
ceiling are made of wood.

Results from acoustical measurements, T3y and Csg,
are shown in Figure8. The average results from speech
clarity measurements indicate an improvement of Csg
of around 2-4 dB at frequencies above 250 Hz. However,
individual clarity measurements show remarkable fluctuations
at different frequencies, as well as significant deviations between
measurements. On the contrary, such fluctuations are not
reflected in reverberation time measurements. Such fluctuations
could be attributed to the fact that only 19 % of the total surface
area of the room was acoustically treated. The reverberation
time could not be lowered as much as it would be required
due to the small area that was possible to cover with acoustic
coating. However, a deftly audible result was obtained. The client
commented that they could not see the acoustical treatment at
all; thus, visually, the renovation was successful. Moreover, the
users of the room have reported that now the sound system of
the room is improving the speech intelligibility as it did not help
at all before the renovation.

The sound sources of the sound system are located on the
acoustically treated walls, and they are pointing to the opposite
treated walls. In an effort to understand the reasons for the
remarkable enhancement on sound quality of the sound system
in the hall, we measured T3y and Cso with the sound source
pointing to the acoustically treated wall at a height of 1.7 m.
The results are shown in Figure 8 in green color. The results
show a reduction of over 0.5 s of T3y with respect to the
reverberation time measurements taken with the sound source
located in the corner. In this measurement, the directivity of
the sound source is playing a crucial role, as most of the
sound energy at mid-frequencies and high frequencies is directed
toward the treated wall, resulting in greater energy dissipation of
first reflections and more significant reduction of reverberation
time. This second set of acoustical measurements with the source
pointing to the treated wall is an excellent example on why, when
using directive sound sources for acoustical measurements, the
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source has to be pointing to a corner with reflective surface,
preferably a 3D corner, to distribute sound energy all around the
room and approximate, to the extent possible, the response of
omnidirectional sound sources.

In this room, Sabine’s and Arau-Puchades theories provide
similar predictions of reverberation time. Interestingly, at
frequencies above 500 Hz, they are in good agreement with the
reverberation time measured for the sound source pointing to the
treated wall, whereas below 500 Hz, the predictions agree with the
reverberation time measured for the source located in the corner.
However, considering the adequate position of the sound source
being the reflective corner, both prediction methods considerably
overestimate reverberation time at mid and high frequencies.
The failure of both prediction methods may be attributed to the
irregular shape of the ceiling, as well as the large dimensions of
the space.

3.4. Environmental Viewpoint

The biofiber-based acoustic coating used in all of the cases
increased the bound atmospheric carbon of the buildings. The
most efficient way to use such carbon negative material would
be applying it directly to the existing structures, for example, the
staircase walls in case II (biofiber-based acoustic coating). The
carbon footprint of this structure would be about —980 CO,,
g/m?. The use of thick and tinted acoustic coating decreases the
need of other building materials, such as filler and paints, which
also decreases the carbon footprint; however, this has not been
taken into consideration in the calculations.

In many cases, however, the sound absorption properties of
the coating are not enough and other acoustic materials required
to be used as a base for coating. The carbon negative footprint of
the coating decreases the carbon footprint of the whole acoustic
solutions. By coating the 20 mm 95 kg/m? glass wool, the carbon
footprint of the structure is decreased by 16 % (5,000 CO,, g/m?).
For coated 12.5 mm 760 kg/m?* gypsum, the same effect is merely
5% (17,706 CO,, g/m?).

In individual spaces, the decrease of the carbon footprint
by biofiber-based acoustic coating might seem insignificant,
especially in presented case studies, as the rooms are quite small.
However, if we consider a small office building with 15,000 m? of
acoustic surface, the reduction of the carbon footprint of such a
building by the coating would be 14.7 tons COy,, which equals
to emissions of flying around the earth for about 2.5 times (Ciers
etal., 2019).

4. CONCLUSIONS

This article presents three case studies in which the acoustical
conditions were significantly improved with sustainable
biofiber-based acoustic coatings. The acoustic structures
consisted of acoustic coatings applied directly on an existing
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