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ABSTRACT"

This study aims to enhance acoustical comfort levels in
indoor environments by addressing the excessive residue
disposal and usage of single-use cardboard cups
resulting from the increasing consumption of coffee and
tea. This research is a follow-up phase of a study
initiated to increase acoustical comfort levels in
architectural design studios by research and production
of sound absorptive panels. In the first phase, coffee and
tea residues are used as a system and their sound
absorption performance is tested by impedance tube
measurements that showed promising potentials. This
second phase has incorporated recycled cardboard cups
and recycled coffee bags as a front layer to the
previously tested coffee panels. As it is not possible to
test the panels by impedance tube due to their sizes, the
panels are produced in an overall 10 m2 to be tested in a
naked design studio having dimensions closer to a
reverberation chamber. Variations of the product are
tested and compared. Results highlight the additional
contribution of cupboards to the sound absorption
performance of the backing materials. Thus, the system
has the potential to be a cost-minimized, sustainable and
biodegradable acoustic solution with an aesthetic value
to be applied in indoor spaces.
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1. INTRODUCTION

The significance of utilizing circular and eco-friendly
materials has been gaining increasing importance as the
world faces an unpredictable future caused by the
utilization of non-environmentally friendly materials. In
the current era, a material's life is often limited to one
use, and its value decreases after the use as the value hill
implies [1]. Whenever something is considered
functional, the choice often goes for a new material
made from raw conditions. But what qualifies as "new"?
Is it a material that is not yet in the industry, or can a
material turn into circular and be called new? Circular
thinking allows for the recovery of value, bringing it
closer to its original stage. In the field of acoustics,
traditional  sound-absorptive  materials used in
architectural applications are typically based on mineral
stone, or glass wool, which have a significant carbon
footprint and involve an energy-intensive production
process, resulting in a high environmental impact [2,3].
Therefore, the need to look for circular materials is
becoming increasingly important. Coffee and tea are
among the most consumed beverages globally, with over
9.2 million tons of coffee and 6 million tons of tea
consumed in 2017 [3]. Also, the consumption and
resulting waste from these beverages are increasing. This
leads to a huge environmental problem as the waste
often ends up in landfills, where it takes a long time to
decompose naturally and can cause additional health
problems [4,5,6]. The waste produced from coffee and
tea can be found as a possible option to address this
issue. Therefore, the objective of this study is to explore
the acoustic properties of recycled and waste materials as
a viable solution to address these issues. By repurposing
the materials, the aim is to develop effective and
sustainable sound-absorbing materials for real-life
applications and reduce the environmental impact of the
production of new materials.
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2. BACKGROUND STUDY

2.1 Literature review

Materials made out of waste have been investigated by
other researchers. Buratti et al. (2016) investigated the
potential of recycled paper and scrap materials, such as
wool and nonwoven polyester fabric, in the production of
sustainable acoustical panels. The research found that the
panels exhibited great acoustical performance at higher
frequencies, resulting in reduced reverberation times, as
well as showing a lower environmental impact compared to
traditional extruded polystyrene [2]. Yun et al. explored the
potential of coffee waste as a raw material for sound-
absorbing materials, highlighting its porosity. They recycled
coffee waste and combined them with urea resin to create
sound-absorbing samples. These samples were found to
have promising sound absorption coefficient values for
application in reducing noise levels in café environments
[7]. Another study conducted by Choi et al. [8] investigated
the utilization of coffee waste as a building material by
developing a composite material incorporated bio-based
microencapsulated phase change material with coffee
waste. This composite exhibited promising thermal and
acoustic performance, presenting it as an eco-friendly
solution in construction applications. Furthermore, Sena da
Fonseca et al. conducted a study on the utilization of spent
coffee grounds as an additive in clay-based ceramics for
construction. The research examined the physical and
mechanical properties of clay/coffee waste, highlighting
their potential to reduce waste, improve thermal insulation,
and lower costs in ceramic fabrication [9].

2.2 Origin of the study

The original research of this study is conducted as part of a
term project for the ARCH 341, a course in Architectural
Lighting and Acoustics offered by the Department of
Architecture at Bilkent University in Turkiye. The main
objective is to address the noise complaints of students and
instructors due to the high reverberance within studios. The
project aims to improve the acoustic comfort levels in the
architectural studio FBZ01 whose before and after images
can be seen in Figure 1 and Figure 2. The findings reveal
that the reverberation time in mid and low frequencies in
the FBZO1 studio are as high as 1.75 s and 2.09 s,
respectively. To address this issue and enhance speech
intelligibility, a two-layered panel system is developed,
utilizing used cardboard cups collected for the first layer
(see Fig. 3), and thick mineral wool for the second layer
[10]. These materials could not be acoustically tested during
the course semester, and the research continued afterward.

-~

Figure 2. After the term project submission; students’
panels applied to the design studio

b. C.

Figure 3. Arrangements of the panels, a) cut-in-half
cardboard cups (CC) placed horizontally, b) cut-in
half CC placed vertically, ¢) CC having different sizes
placed randomly, d) CC having different sizes
arranged linearly in a pattern based on size.
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2.3 Initial stage

The first phase of this research [10] focuses on
investigating the properties of coffee panels (CP) and
coffee-tea panels (CTP), using three different composite
samples evaluated through experiments to assess their
sound absorption performances. The samples, that can be
seen in Figure 4, are tested for their ingredients, baking
time, and exposure to heat, by impedance tube
measurements (see Fig. 5) and room acoustic simulation
ODEON. The results indicate that using coffee and tea
waste in the production of acoustical panels has
promising potential as a sound-absorbing material, and
further research in this area is necessary [10]. Therefore,
this paper is a follow up research with field tests of this
first phase study.

« = 2

a. b. c.
Figure 4. Test specimens, a) Sample A (CTP), b)
Sample B (CTP), ¢) Sample C (CP).

a. b.
Figure 5. a) Impedance tube with Sample A, b)
molded test specimen.

2.4 Current stage

In the second phase, recycled cardboard cups, as the
layer put in the front, and recycled coffee bags, as the
covers, are integrated into the CTP panels. Due to the
large dimensions of the panels, it is not feasible to
evaluate their acoustic performance using an impedance
tube. Instead, 10 m? of samples are produced to be tested
in a naked studio, with dimensions closer to a
reverberation chamber. Two different variations of the
product are produced, and explained in the methodology.

3. METHODOLOGY

This section presents the methodology used for
production of samples and the measurements. As
mentioned, two different panels, coffee-tea panels (CTP)
and coffee-tea panels with cardboard cups at the front
layer (CTP-CC) are produced. Subsequently, field tests
are conducted to measure the reverberation times in the
studio under three different conditions: the current
condition of the studio, the CTP application, and the
CTP-CC application. The sound absorption coefficient
values are calculated to evaluate the sound absorption
coefficients of the panels across 1/1 octave bands.

3.1 Sample preparation

Collecting waste materials is the key point of this
research. Thus, the coffee and tea waste and the
cardboard cups are collected by various coffee chains
and household consumption. After the waste is collected,
the coffee and tea wastes are left to air-dry at room
temperature as seen in Figure 6 [10]. Based upon the
impedance tube measurements held previously [10] the
best performing sample, which is CTP baked for 2 hours
at 200°C, is selected for the following field test
measurements. To meet the requirements of BS EN ISO
354:2003, minimum test specimen area of 10 m? [11],
corresponding to 512 panels with dimensions of 14 cm,
and a thickness of 2 cm, has been produced for field
tests. To enhance the structural integrity and bind the
waste materials together, a starch-based organic material
is used. This material is chosen for its natural and
biodegradable properties, as well as its ease of
production. The coffee and tea residues are mixed with
an adhesive composed of flour, vinegar, and water. The
adhesive is heated on a stove for 5 minutes until it
reaches a dense consistency capable of binding the
materials together. Afterward, the adhesive is mixed
with a 1/3 ratio with the waste to bind the materials (see
Fig. 7). Generally, an equal amount of coffee and tea
waste has been mixed for the waste mixture. However,
due to the large amount of samples and the varying
quantities of waste material collected over time, the ratio
of waste materials has been occasionally adjusted. These
changes in the waste material ratio also affected certain
properties of the materials. Subsequently, the mixture is
molded into square panels measuring 14cm by 14cm.The
panels are baked for 2 hours in a home oven, producing
the material referred to as CTP (see Fig. 8)
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a. b.
Figure 6. a) TW collected from household
b) SW collected from coffee chains and household.

Figure 7. Mixing the waste and the binder

The CTP is wrapped with porous jute fabric to keep the
panels in place and allow for easier transportation and
assembly, as shown in Figure 9. The permeable quality
of the fabric enables the material to function as an
absorber while preventing the panels from getting
damaged. To evaluate the recycled cardboard cups’
sound-absorbing performance as backing for the CTP, an
additional layer of cardboard cups is used. To achieve
this, different sizes of cardboard cups are collected and
pierced from their top to create a hole as shown in Figure
10, in order to provide a neck for sound penetration.

Figure 8. CTP panels

Figure 10. Cardboard cups at the front layer of the
panels, showing their different sizes and the cuts.

3.2 Field test

The field test was conducted on September 7th, 2022,
between 9:30 am and 11:00 am, following the BS EN
ISO 354:2003 standard [11]. The room FBZ1, which is
a design studio at Bilkent University, is chosen as the
field test location since it is not proposing a suitable
studio environment in terms of acoustical comfort, and
mostly functioning as a storage space. The room
measurements are 10.6 meters by 10.6 meters, resulting
in a total area of 112 m? Although the height varies
throughout the room, its average height is 4.5 meters,
giving the room a total volume of 506 m>. Throughout
the experiment, the temperature was 24.5°C, and the
humidity level was 19%. For acoustic excitation, a
dodecahedron omnidirectional sound source of type
B&K 4292-L is utilized, along with a B&K 2734-A
power amplifier. To capture the room impulse
responses, a B&K type 4190ZC-0032 microphone is
used. The dodecahedron omnidirectional sound source
located 150 cm above the floor and the microphone
positioned 120 cm above the floor. To carry out the
field tests, two different source positions and six
different receiver positions are used (see Fig. 11 for
their plan and the locations).
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Figure 11. Positions of omnidirectional sound
source (S1-S2) and the microphone (R1-R6).

For each source position, six measurements are taken,
totalling 12 measurements per set. In order to receive
the e-sweep noise signals, the DIRAC Room Acoustic
software with type 7841 v.4.1 is used, from which the
room impulse responses are collected (RIR). T20 values
are then post-processed for 1/3 octave bands. The first
set of measurements is performed in the empty room
conditions without any intervention. Later, two other
sets of measurements are performed, by using the
previously established source and receiver positions.
For the second set, the layer of CTP having a 10 m?
surface area is placed on the ground (see Fig. 12). The
panels are placed on 5 cm wedges to elevate them from
the ground. The third set measures the combined effect
of CTP and coffee cups, (CTP-CC) to evaluate the
effect of the recycled cardboard cups on sound
absorbers performance of backing coffee and tea-waste
residue. To produce the CTP-CC panels, cardboard cups
are added on top of the CTP layer, and the
measurements are performed accordingly (see Fig. 13).

igure 12. Second set of measurements of CTP.

ks, o

i‘lgure 13. Third set E)f rﬁéasurerhéhts wi};- the
double-layered system, CTP-CC.

-

3.3 Determination of sound absorption coefficients

The BS EN ISO 354:2003 require the consideration of
T20 for estimating sound absorption coefficient values.
T20 values for 1/3 octave bands are extracted between
100 Hz and 5000 Hz, as a reliable range to estimate
sound absorption coefficients in given volume of the
room. For measured source-receiver configurations
average T20 of each scenario as N/A, CTP and CTP-CC
are calculated. To evaluate the material properties of
both CTP and CTP-CC, the alpha values are calculated
using equation (1), (2) and (3) from the EN ISO
354:2003 standard [11].

Ar= 553V [1/(caT2) - U(ciT)] — 4V (mo-my) (1)
c= (331 + 0,6 t/°C) )
as= At/ S 3)

where;

c: velocity of the sound at which it propagates through
the air when the temperature is at a certain t value.

T: duration, taking for sound to decay by 60dB in a
reverberation room after introducing the test specimen.
m: power attenuation coefficient,

Ar: the test specimen's equivalent sound absorption area
S: Area covered by the test specimen.

4. RESULTS

This section presents the results of the measured T20
values for all scenarios, along with the estimated sound
absorption coefficient values of the CTP and CTP-CC
test specimens. Furthermore, these results are compared
with the findings obtained during Phase I of this study,
where impedance tube measurements are utilized [10].
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4.1 T20 results

This section presents the T20 values of different studio
conditions (see Fig. 14). The initial studio environment
has a very high reverberation time of 3,09 s at 500 Hz,
which is far above the recommended limit for a suitable
classroom environment, which is around 1 s.

After the application of the test specimens, this value
decreased to 2,25 s for CTP and 2,07 s for CTP-CC at
500 Hz. The decrease in reverberation time between the
1/1 octave bands of 125 Hz and 4000 Hz varies between
0,25 s and 0,84 s with an average of 0,54 s for CTP; and
0,24 s and 1,02 s with an average of 0,60 s for CTP-CC.
When comparing the results of both scenarios, CTP-CC
shows a higher decrease in the T20 for the given area,
implying that the cardboard cup at the front layer
provides an additional improvement in the overall sound
absorptive qualities of the material. Although this
intervention could not aid the reverberation times in
reaching the desired level for a studio environment, it
still results in a significant decrease. Thus, further
interventions to the classroom, such as increasing the
application area of developed panels can be suggested.

= N/A --A- CTP - *- CTP-CC
P .
E,& ‘\“\\ ------ Wl 'S
=T e —
=, B .
‘\\‘.
Y 3
1
125 250 500 1 2 4
Hz Hz Hz kHz kHz kHz
N/A 338 3.7 3.09 2.83 245 1.69
CTP 3.3 261 225 210 187 144
CCTg 311 243 207 207 1.89 145

Figure 14. Average T20 results of different
scenarios as empty condition (N/A), after CTP
intervention, and after CTP-CC intervention, for
1/1 octave bands between 125 Hz - 4000 Hz.
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4.2 Alpha results

The sound absorption coefficient is expected to be
between 0 and 1 with an average value of 0,75 to be
considered as an effective sound absorber. The alpha
values of the test specimens are found to be between
0,19 and 1,00 for CTP; and 0,21 and 1,28 for CTP-CC
between 1/1 octave bands of 125 Hz and 4000 Hz, as
shown in Figure 15. When comparing the results of both
test specimens, CTP-CC demonstrates better values for
the 1/1 octave bands of 125 Hz and 2000 Hz, although
CTP has a higher value at 4000 Hz, which is not the
most critical frequency in the chosen studio
environment. Therefore, CTP-CC exhibits higher alpha
values, indicating that the cardboard cups placed in front
of the panel effectively enhance the product's sound
absorption performance. This potential outcome could
not be tested in the previous set-up of the impedance
tube, which is utilized in the first phase of the study.

4+~ CTP - =--CTP-CC

1 ! N N
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E
< —A
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125 250 500 1 2 4

Hz Hz Hz kHz kHz kHz NRC
CTP 0.19 054 098 098 100 083 0.88
%TCP 021 0,77 128 104 095 076 1.00

Figure 15. Sound absorption coefficient values of
the test specimen CTP and CTP-CC for 1/1 octave
bands in between 125 Hz and 4000 Hz; and their
corresponding NRC values.

The noise reduction coefficient (NRC) is a measure of
the sound absorption performance of materials, based on
the average absorption coefficient values at 250 Hz,
500Hz, 1000 Hz, and 2000 Hz. To compare the sound
absorption performance of different test specimens, the
NRC parameter is utilized, and the results are presented
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in Figure 15. The results show that the NRC value is
0,88 for CTP and 1,00 for CTP-CC. Both test specimens
exhibit high sound absorption performance as the NRC
values are greater than 0,80.

Figure 15 shows that certain alpha values exceed the
maximum value of 1. This type of error is commonly
seen in the reverberation chamber due to the diffraction
effects and edge absorption caused by the sample's sides.
Thus, the Sabine absorption coefficients may often
exceed the value of 1 [12].

4.3 Field test and impedance tube results comparison

In this section, the comparison of the alpha results of two
different measurement methods for test specimens CTP
is presented (see Fig. 16). The first set of measurements,
referred to as CTP-PI, is obtained through impedance
tube measurements in phase I [10], while the second set
of measurements, referred to as CTP-P2 (also referred as
CTP in earlier sections), is obtained through field testing
in phase II. As the impedance tube measurements do not
allow for the measuring of the coffee cupboard, the
comparison have been done with CTP-P1 and the CTP-
P2. The CTP-P1 shows an average of 0,29 lower alpha
result than the CTP-P2 across the 1/1 octave bands
between 125 Hz and 4000 Hz. For 500 Hz, the CTP-P1
shows an alpha value of 0,78 while the CTP-P2 shows
almost full absorption.

The observed differences in the alpha values could be
attributed to several factors. One possible factor, in terms
of material quality, is the additional covering layer
present in CTP-P2, while CTP-P1 does not have any
covering. Moreover, although the panels share the same
thickness and production method, the difference in their
width can result in lower density and a more porous
texture. This may facilitate higher sound absorption.
Another potential factor is the test environment as the
empty studio environment is close but not exactly a
reverberation chamber. Furthermore, the angle of sound
incidence (random incidence in comparison to plane
waves) could contribute to higher values of sound
absorption of the tested specimen in studio conditions,
replicating a reverberation chamber as much as possible,
in comparison to the impedance tube method.
Additionally, the values over 1 in absorption coefficients
are most probably caused by the diffraction effects and
edge absorption at the sides of the samples in the
reverberation chamber setup as mentioned earlier [12].

~-a CTP-P1 --4-- CTP-P2
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CPTIP 0,08 0.17 074 0,78 043 057 087
CPTZP 0.19 054 098 098 1.00 083 053

Figure 16. alpha values of test specimen CTP
measured by impedance tube (P1) [10], and field
test P2); and their corresponding NRC values.

4.4 Further discussion

An important aspect to consider is the density of the
materials, which has been observed during the
production stage. Samples with a higher proportion of
tea-based waste exhibit lower density and result in more
porous panels. On the other hand, panels with a higher
proportion of coffee-based waste are denser and tend to
develop molds due to insufficient drying within the
allocated time. Therefore, there is room for improvement
in the drying process. Additionally, currently, the life
cycle analysis of the material is of the current phase but
will be considered in the following stages.

5. CONCLUSION

In conclusion, the importance of utilizing circular and
eco-friendly materials is increasing due to the risk
associated with non-environmental friendly material
usage. Therefore, a circular replacement of the current
materials in the field of acoustics needs to be considered,
particularly considering the high environmental impact
and expensive production process of traditional
inorganic sound-absorptive materials [2]. This study
aims to address this issue by exploring the potential of
using waste materials from coffee chains, as global
beverage consumption leads to a significant amount of
materials ending up in landfills. = Through
experimentation, it has been found that the produced
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panels have the potential to be used as sound absorptive
materials. This potential can be further enhanced by
utilizing CTP-CC (which is cupboard faced coffee-tea
waste panels), resulting in a decrease of 1.02 s at T20
values in the tested studio. The resulting design not only
addresses concerns about unsustainable materials but
also adds value to the product's post-use stage. The use
of these low-cost and aesthetical acoustical panels can
improve indoor spaces, particularly in design studios as
well as cafes where the waste is sourced from.
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