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A B S T R A C T

Although natural and recycled fibre-based insulation materials show promising thermal and acoustic perfor-
mance, several challenges still limit their widespread adoption. This paper explores the properties and potential
of recycled textile and natural fiber-based materials in enhancing building renovations. Specifically, it examines
two types of insulation panels: those made from recycled textiles (Panels M) and those composed of kenaf and
hemp fibers (Panels K). The study investigates various properties, including composition, density, thermal
conductivity, acoustic performance, and fire response, highlighting the strengths and challenges associated with
each material. The results reveal that while textile-based panels exhibit more variability in composition and
performance, natural fiber panels are more uniform, making them a more predictable and reliable option.
Thermal conductivity values ranged from 0.035 to 0.049 W/(m⋅K), with the natural fiber panels showing more
consistent results. Acoustic performance, evaluated using both Sonocat sensor and the impedance tube also
varied, with textile-based panel M45 performing particularly well approaching the Basotect performance (this
latter used as a functional benchmark). Fire response, tested using Temperature Programmed Oxidation (TPO),
indicated that kenaf-based panels demonstrated higher flammability compared to their textile counterparts.
Furthermore, the study explored the effectiveness of fire retardants, finding that certain treatments helped
suppress ignition.

Introduction

The topic of energy renovation in buildings is complex, involving
multiple aspects such as energy poverty, accessibility to available
technologies, and materials sustainability. In Europe, approximately 85
% of the building stock was constructed before 2000, with 75 % of it
exhibiting poor energy performance (Performance, 2025). This makes
the building sector account for half of the total energy consumption, half
of all extracted materials, and a third of water consumption (ECORYS,
2025). Given the critical importance of retrofitting buildings to achieve
energy independence, Europe has set ambitious goals to accelerate the
renovation process, aiming to renovate 35 million buildings by 2030
(Wave, 2025) and to fully decarbonize its building stock by 2050

(Performance, 2025). This is expected to have a substantial impact on
reducing energy poverty, defined as the inability to maintain an
adequate indoor temperature during both summer and winter. Energy
poverty is a growing phenomenon, affecting 6.9 % of citizens in 2021,
9.3 % in 2022, and 10.6 % in 2023 (Energy poverty, 2025).

Despite the availability of various incentives, the building renovation
process remains slow and complex, mainly due to multiple barriers. In
disadvantaged contexts, the materials and technologies currently
available are often unaffordable or require specialized labour for
installation, which significantly increases the overall cost of in-
terventions, and price remains the most critical factor in driving or
hindering renovation decisions. Noise, dust, and general disruption
caused by renovation works frequently discourage homeowners from
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pursuing upgrades, and, in multi-owner buildings, obtaining unanimous
approval for renovation projects presents a challenge. Additionally, in-
terventions may necessitate permits from local authorities, which
lengthens the process and further discourages action. To streamline the
renovation process, it is essential to propose solutions that are not only
cost-effective and technically feasible but also minimally disruptive.
These solutions should be straightforward to implement in individual
housing units and manageable by non-specialized workers. However,
the choice of insulation materials is essential even in newly built con-
structions; even if these projects are often targeted at individuals with
higher purchasing power, who tend to opt for high-performance − yet
more expensive − solutions.

While the goal is to identify cost-effective insulating materials,
products intended for the building sector must still meet several essen-
tial requirements, including mechanical strength, fire safety, hygiene,
environmental protection, accessibility, sound insulation, energy effi-
ciency, and the sustainable use of natural resources (Regulation (EU) No
305/, 2011). Regarding sustainability, in alignment with the European
Green Deal (Wave, 2025), there is an increasing commitment across
Europe to adopt a circular economy model, which emphasizes the use of
sustainable, resource-efficient materials. Indeed, traditional insulating
materials, while offering good thermal performance and long-term
durability, involve high energy costs for production, disposal chal-
lenges, and a significant environmental impact due to the use of fossil-
based raw materials. In this context, the use of biomass as a sustain-
able alternative is particularly promising, thanks to its renewable na-
ture, local availability (depending on the geographical area), and its
ability to store CO2 throughout its life cycle. However, the adoption of
biomass-based insulating materials also presents certain challenges,
such as the intrinsic variability of their physical and mechanical prop-
erties, susceptibility to moisture, and lower consistency and controlla-
bility of raw materials compared to conventional industrial products.
Despite these limitations, the use of biomass can significantly contribute
to reducing the ecological footprint of the construction sector. Addi-
tionally, it can have positive economic impacts at the local level, by
stimulating employment in the agricultural and bio-construction sec-
tors, and by making certain technical solutions more accessible due to
their potentially lower costs compared to synthetic materials. Natural
and recycled insulators may not be universally applicable to all building
types. However, starting from the needs of vulnerable or underserved
segments of the population can foster the development of low-cost,
resource-efficient alternatives. Once adequately tested and validated,
such solutions can be adapted to a wider range of construction scenarios,
including new buildings.

A promising alternative is represented by insulation materials based
on natural or recycled fibres. Natural fibres are usually agricultural
residues and offer low-cost resources which can support rural economies
and promote short supply chains. Numerous studies have explored their
potential in the building sector covering a wide range of species, such as
coconut, corn, rice, and jute fibres (Abu-Jdayil et al., 2019; Ricciardi
et al., 2020; Asdrubali et al., 2015), palm fibers (Benmansour et al.,
2014), rice husks (Marín-Calvo et al., 2023), and hemp-based panels
(Martínez et al., 2024), as well as the use of these materials as additives
in cementitious composites. Animal-based fibres, such as sheep’s wool
combined with by-products from the textile and agri-industrial local
sectors, have also attracted significant interest, such as the combination
rice straw, corn residues, textile dust in the Piedmont region (Savio
et al., 2022) and hemp, jute from Sardinia (Majumder et al., 2021).
Among bio-based materials, wood and its derivatives have garnered
growing interest due to their inherent thermal properties, as well as their
broad availability (O’Brien et al., 2025). In Thailand, innovative struc-
tural sandwich panels have been developed for energy-efficient wall
systems, using a laminated oil palm wood core combined with
rubberwood-based oriented strand board (OSB) or plywood faces
(Jantawee et al., 2023). Reference (Mohammadabadi et al., 2021) re-
ports that full-scale wood composite sandwich panels with cavities filled

with closed-cell foam required 74 % fewer strands and, consequently,
less resin than standard OSB panels. Wood is used not only as an insu-
lating component in building systems but also as an additive in concrete
to improve specific properties. For instance, in (Assal et al., 2025), wood
was incorporated into concrete façade elements to investigate the
composite’s response to thermal variations. In a hotel project in Brazil,
traditional hollow block walls were replaced with innovative elements
made from Engineered Wood Products (EWP), leading to enhanced
sound insulation—both between rooms and at the façade—and an in-
crease in thermal resistance from 0.50 to 1.86 m2K/W (Ribeiro et al.,
2025). It is worth noting, however, that the sustainability of such fibres
may be affected using chemical treatments required to improve resis-
tance to fire, mould, and pests (Berardi and Iannace, 2015). In (Halashi
et al., 2024), loofah panels with a bio‑based binder exhibited a Sound
Absorption Average (SAA) values between 0.16 and 0.68 and Keff be-
tween 0.033–0.054 W/(m⋅K). Greater thickness and optimized density
ensured the best performance, while binder content had no significant
effect. Optimal conditions (40 mm, 225 kg/m3, 7.5 % binder) yielded
superior acoustic and thermal properties, validated by simulations and
predictive models.

The textile sector, which is one of the most resource-intensive in-
dustries, also plays a role in promoting sustainability. The EU Strategy
for Sustainable and Circular Textiles (Press-release, 2023) encourages
the reuse and recycling of textile materials. With approximately 12 kg of
textile waste per person annually, less than 1 % of textiles are recycled
globally (Press room, 2025). One of the main challenges in textile
recycling is meeting quality standards: limitations in mechanical sorting
processes, lead to a reliance on incineration and landfilling as predom-
inant waste treatment methods (Tanguay-Rioux et al., 2021; Solis et al.,
2024). Textiles have been converted into insulation materials, with
various types of fibres such as carpet waste (Rushforth et al., 2007),
crushed carpet edges (Miraftab and Goswami, 2018), upholstery fabrics
(Hadded et al., 2016), and linter (Tallini and Cedola, 2018) being uti-
lized. The study in (Hassani et al., 2024) shows that fibre panels from
recycled denim provide good sound absorption and fire resistance, of-
fering a sustainable solution for construction and automotive applica-
tions. Performance depends on thickness and density: higher values
enhance acoustic absorption, while increased density and binder content
reduce flame spread. Under optimal conditions (0.027 m thickness, 140
kg/m3 density, 43 % binder), SAA reached 0.538 and the Flame
Advancement (FA) 53.1 mm/min.

Within the framework of circular economy and with the aim of
proposing materials accessible to all, recent studies have investigated
the thermal properties, fire resistance, and acoustic behavior of waste
materials from the production of surgical masks as well as of the masks
themselves (Neri et al., 2023; Al et al., 2024; Di Schio et al., 2024;
Dehdashti et al., 2024). The study proposed in (Neri et al., 2023),
analyzed recycled polyamide-66 fiber and it demonstrated better ther-
mal performance than commercially-available recycled cotton insu-
lation, achieving similar thermal resistance values with lower insulation
bulk densities. The study reported in (Al et al., 2024) analyzed com-
posite materials developed by incorporating date palm leaves (used as
filler) into polypropylene from recycled face masks. The composites
demonstrated thermal conductivity values as low as 0.069 W/(m⋅K),
acoustic absorption coefficient of 0.4. Thermogravimetric analysis
showed a high thermal stability for the composites, with degradation
temperature exceeding 300 ◦C. The study in (Di Schio et al., 2024)
focused on the properties of surgical face masks in different configura-
tions, and it was found that water vapor permeability is comparable to
mineral and glass wool, with thermal conductivity ranging from 0.039
to 0.072 W/(m⋅K), typical of fibrous materials. Conductivity depended
on arrangement, density, while sanitization and flame-retardant treat-
ments increased conductivity without a clear trend. The fire behaviour
analysis showed that fire protection requires embedding panels in gyp-
sum boards. However, in (Dehdashti et al., 2024) the addition of a bio-
based binder was investigated, and panels with different thicknesses,
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densities, and spunbond-to-meltblown blending ratios were analyzed.
Their fire performance was also tested, with all panels exhibiting
self‑extinguishing properties.

Textile fibres have additionally been incorporated as additives to
enhance the properties of cementitious materials. For example, the study
in (Sadrolodabaee et al., 2025) developed a sustainable material for
paving flags by reducing Portland cement content, incorporating waste
textile fibers, and replacing natural aggregates with recycled construc-
tion waste. The aim was to enhance decarbonization potential while
maintaining technical performance. Results demonstrated adequate
mechanical strengths, strain‑hardening behavior, durability against
freeze‑thaw and abrasion, confirming both technical and environmental
feasibility. In (Sadrolodabaee et al., 2022), fibre cement boards rein-
forced with natural and recycled synthetic textile fibers were developed
to improve technical performance and reduce environmental impact.
Tests showed good fire resistance and effective thermal and acoustic
insulation. Sustainability was assessed through a model integrating
economic, environmental, and social indicators, yielding an index be-
tween 0.68 and 0.71, confirming the material’s technical and environ-
mental feasibility.

Although these materials show promising thermal and acoustic
performance, several challenges still limit their widespread adoption.
Key issues include fire behaviour, property homogeneity − particularly
difficult to achieve with recycled fibers due to sorting limitations − and
long-term durability. For instance, the influence of the production
method and surface treatment on the thermophysical characteristics and
behavior under direct fire of two polyethylene terephthalate non-woven
fabrics was investigated in (Petkova-Slipets et al., 2022). It was found
that non-woven polyester with acrylic additives and adhesive bonding
has a higher thermal conductivity value and high flammability with
complete combustion. In contrast, thermosetting siliconized polyester

materials have limited flammability with limited droplet release. The
silicone-based finish protects the polyester fibers leading to self-
extinguishing and stopping the complete combustion of the sample.

Additionally, the lack of standardized procedures for testing and
certifying these materials results in high costs for obtaining CE mar-
keting, requiring a European Technical Assessment (ETA) (European
Organisation for Technical Assessment, 2025). For insulation products
based on plant or animal fibres, assessment frameworks such as EAD
040005-00-120 (EAD 040005-00-1201), and for polyester fibers such as
the EAD 040288-00-1201 (EAD 040288-00-, 2025) specify the required
tests − ranging from thermal conductivity and reaction to fire to mois-
ture resistance and biological durability. These technical and regulatory
hurdles contribute to the continued dominance of traditional insulation
materials, such as mineral wool and glass wool, in the construction
market.

The aim of this article is to evaluate selected properties of materials
based on natural fibers and on recycled textile fibres respectively, to
understand their potential positioning in the market compared to other
commercial materials. Specifically, as shown in Fig. 1, the materials
analyzed are panels K made of kenaf and hemp fibers, and panels M
made of recycled textile. The panels are produced by a manufacturer
specialized in the production of insulating materials for the building
sector made of natural and recycled fibers, such as kenaf, textile, wood
fibers, recycled paper, and polyester. Today, the company is focusing
decisively on textiles, thanks to the high availability of raw materials
from, textile production, technical clothing and the entire high quality
manufacturing chain.

The study presents a multidisciplinary approach, focusing on specific
aspects. Rather than replicating standardised testing procedures − as the
materials analysed have already been tested in certified laboratories −
alternative techniques have been employed, to investigate

Fig. 1. Materials analyzed in this study: (a) recycled textile fibers used to produce M− type panels; (b) a mix of kenaf and hemp fibers used for the fabrication of K-
type panels. These raw materials are processed by the manufacturer to obtain the final insulation panels (c). Specimens analyzed: K30, K70, and K340 panels are
composed of kenaf and hemp fibers, while M45 and M35 panels are made of recycled textile fibers. All panels contain polyester as a binding agent.
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characteristics that would otherwise remain undetected. The analysis
focuses on the panels composition and density, which can vary signifi-
cantly depending on the types of fibres used. Therefore, a comparison
has been proposed between measured densities and the manufacturer's
declared values, and the panel's composition is examined using infrared
spectroscopy. Variations in these properties can influence other per-
formance factors, such as thermal conductivity, acoustic performance,
and fire resistance. Thermal conductivity is assessed using the heat flow
meter method, while acoustic properties (sound absorption and insu-
lation) are measured using the Sonocat multi-array sensor and Kundt’s
tube. In addition to the materials under investigation, two well-
documented materials − Basotect and EPS − are used as reference ma-
terials (as functional benchmarks) for sound absorption comparison,
since the former represents an excellent sound-absorbingmaterial, while
the second one is acoustically reflective. Since they represent the two
acoustic extremes − significant absorption and significant reflection −

provides a comprehensive comparison framework, allowing the recycled
and natural fiber panels to be positioned relative to both materials, thus
enabling complete evaluation of their acoustic performance across the
absorption spectrum. Fire resistance is assessed using Temperature
Programmed Oxidation (TPO), which provides detailed data on ignition
temperature, smoke composition, and gas production. Testing was
conducted across multiple laboratories, including thermal tests at the
University of Bologna, acoustic tests at the University of Parma and
University of Trieste, and fire response tests at the latter.

The novelty of this study lies in the adoption of a multidisciplinary
and non‑conventional approach, integrating alternative analysis tech-
niques (actual vs declared density, IR spectroscopy, Sonocat, TPO) to
highlight properties of natural and recycled fiber panels that cannot be
detected through standardized tests. It should be noted that the present
study has focused exclusively on the thermal, acoustic, and fire perfor-
mance of the investigated systems. Other aspects relevant to renovation
adoption — such as hygrothermal behavior, long-term mechanical sta-
bility, mold and VOC risks, as well as life cycle and cost assessments —
were not included in the scope of the current tests. These dimensions are
regarded as complementary and necessary research directions, which
will be addressed in future work to provide a more comprehensive and
integrated evaluation of the system’s performance and impact.

The structure of the paper is as follows: Section 2 provides an over-
view of the materials analyzed, Section 3 outlines the theoretical
background, research methodology, and laboratory testing procedures,
and Section 4 presents the experimental results and their discussion.
Then, the Conclusions summarize the key findings and implications for
future research.

Materials and methods

The experimental study has been conducted through a comprehen-
sive series of tests, focusing on four main aspects: panel characterization,
thermal performance, acoustic behavior, and fire response. Two types of
materials have been analyzed; as shown in Fig. 1, panels K are made
from kenaf and hemp fibres (Fig. 1 a), while panels M are made of textile
fibres (Fig. 1 b); polyester is added as the fibre-binding agent in both
panel types. Fig. 1c shows the final products available on the market and
considered in the experiments.

The fibers used in the M panels are sourced from clothing manu-
facturers, either as production waste fabrics or unsold garments, which,
due to brand policy, cannot be resold. These garments are collected by
specialized companies that remove non-textile components, such as zips
and buttons, before shredding the fabric to obtain the fibers shown in
Fig. 1 b). According to the manufacturer, no wool is used, but the exact
composition percentages of the fibers remain unknown, as each fabric
contains various types of fibers. To remedy the lack of this data, a
composition analysis was performed through the infrared spectra tech-
nique as described below. The manufacturer recommends installing
these panels between two layers of bricks to prevent direct flame

exposure in the event of a fire, and provides information on certain
properties of the products, such as dynamic stiffness and fire reaction
classification, based on tests carried out in certified laboratories.

Table 1 summarises the experimental tests performed in this study
and the type of panels tested. For textile fibre materials, a single type of
panel was analysed, the one that the manufacturer claims has a density
of 40 kg/m3. For kenaf fibre panels, three different densities were cho-
sen, respectively 30, 80 and 480 kg/m3, again according to the manu-
facturer. This range made it possible to assess how density influences the
production of smoke.

The panel density was determined as a medium value between three
samples, which were maintained for a week in a room with controlled
ambient conditions. Specifically, the temperature and humidity were
22 ◦C and 55 % respectively. The panels have been qualitatively char-
acterized using infrared spectroscopy. Thermal performance has been
investigated by measuring the thermal conductivity using the heat flow
meter technique. Acoustic characteristics have been assessed using two
methodologies: the Kundt’s tube, designed for small samples, and the
Sonocat methodology, which employs an array of microphones for in-
situ measurements (Consten et al., 2019). Two additional materials,
Basotect and EPS, were used in the acoustic tests as functional bench-
marks. While these reference materials differ structurally from the fiber-
based panels (foam vs. fibrous structure), they were selected to provide
performance benchmarks representing the acoustic extremes typically
encountered in building applications: significant sound absorption
(Basotect) and good sound reflection (EPS). This comparison framework
allows positioning the recycled and natural fiber panels within the
existing acoustic performance landscape available to designers and
specifiers, focusing on functional equivalence rather than structural
similarity.

Results of tests performed by the producer according to the UNI EN
13501–1 (UNI EN, 2018) showed that both the K70 and the M35 panels
are classified as flammable, with self-sustained combustion and a ten-
dency to char, which corresponds to a E classification. Such certification,
however, does not provide indications on the nature and quantity of the
evolved gases, which is seldom addressed in the literature, despite being
particularly important: the majority of casualties during fires are due to
asphyxiation or poisoning. In this study the materials fire response has
been examined by using a Temperature Programmed air-Oxidation
(TPO) to detect the ignition temperatures and provide a quantitative
and qualitative determination of evolved gases. The panel that showed
the greatest criticality in terms of fire behaviour (K30, as described in
detail in the following paragraphs) was treated with flame retardant at
different concentrations to determine its effects on ignition and gas
evolution: the panels thus obtained have been identified with specific
acronyms indicating the percentage of treatment applied, K30-FR1.8 %
and K30-FR13% (Fig. 2).

FT-IR characterization of the materials

To provide a fingerprint of the materials’ chemical composition, the
infrared spectra technique was used, by means of the FT-IR spectroscopy
using FT-IR Affinity-1S with ATR accessory (manufactured by Shi-
madzu, Japan). In this study, 20–30 mg of the material under investi-
gation was introduced into the U-shaped microreactor between two
layers of quartz, as depicted in Fig. 3. A 30 mL/min gas flow of synthetic
air was set through the reactor, using 23.72 mL/min of N2 and 6.28 mL/
min of O2 to obtain a 20.95 % v/v concentration of O2. At the outlet of
the reactor, a make-up flow of 270 mL/min of N2 has been added to
achieve rapid transfer of the sample into the FT-IR gas cell. Temperature
has increased at a uniform rate (Gervasini and Auroux, 2013).

Fire response analysis using temperature Programmed Oxidation (TPO)

The fire performance standard for construction products and com-
ponents UNI EN 13501–1 (UNI EN, 2018) outlines procedures for testing
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materials used in construction. Key tests used to classify the fire per-
formance of construction materials are reported in (International Or-
ganization for Standardization ISO, 1182; International Organization for
Standardization ISO, 2020; International Organization for Standardi-
zation ISO, 1716; UNI EN, 2020; International Organization for Stan-
dardization ISO 9239-1:, 2010). The result of these tests is the materials'
fire resistance classification, and it encompasses non-combustible ma-
terials (classes A2 − A1), non-flammable or difficult-to-flame,

combustible materials (classes B and C), normally flammable, combus-
tible materials (classes D to E), and easily flammable combustible ma-
terials (classes E and F). The tests evaluate several aspects, but they do
not address the qualitative and quantitative analysis of gases produced
during the decomposition of the materials. In fire incidents, toxic gas
emissions and oxygen depletion are significant contributors to fatalities.
Flame retardants can be very useful in reducing smoke production
(Green, 1996) and increasing the ignition temperature. Therefore, flame

Table 1
Samples identification and list of the tests performed on the different panels. The analysis of the panel's characteristics regards the density measurement and the
definition of the composition using infrared spectroscopy. The acoustic tests have been performed also on Basotect and EPS for comparison. Fire reaction tests were
carried out on both untreated panels and panels treated with flame retardants. The effectiveness of the treatment was analysed on the K30 panel in particular, as it
showed the worst performance in terms of fire resistance.

Panel characteristics Experimental tests performed

Panel
composition

Thermal
tests

Acoustic
tests

Fire response

Sample Materials Declared
density
[kg/m3]

Measured
density
[kg/m3]

Thickness
[mm]

FT-IR Heat
flow
meter

Kundts
tube

Sonocat Ignition
temperature
and
gas
production

Fire
retardant
effect

M35 Textile
with
polyester
binder

40 36 50 x x x x x ​
M45 40 45 50 x ​ x x x ​

K30 Hemp
and
kenaf
with
polyester
binder

30 31 40 x x x x x x**
K70 80 71 40 x x x x x ​
K340 480* 340* 10 ​ ​ x x x ​

Basotect ​ 9 ​ 50 ​ ​ x x ​ ​
EPS ​ 15 ​ 60 ​ ​ x x ​ ​

* Measured density values are somewhat different from those declared, particularly in the case of the K340 sample.
** The samples treated with fire retardant are denoted as K30-FR1.8% and K30-FR13% depending on the fire-retardant dilution.

Fig. 2. Schematic representation of the experimental campaign which includes four types of analysis: (1) panel characterization, focusing on the composition and
density measurement of the panels; (2) thermal conductivity testing; (3) acoustic performance evaluation using two complementary techniques; and (4) fire response
characterization, including an investigation into the effect of flame-retardant treatment applied to one of the analysed panels.
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retardants in building insulation panels are very important; between 60
an d 80% of fire deaths are caused by smoke inhalation or a combination
of burns and inhalation of gases (Lee-Chiong, 1999), and flame re-
tardants can be helpful in preventing these deaths.

The tests presented in this section aim to assess the ignition tem-
peratures of the panels and to detect the quantity and nature of the gases
produced. Specifically, the measured gases include carbon dioxide,
carbon monoxide, acetaldehyde, formaldehyde, methane, nitrogen
monoxide, nitrogen dioxide, water, ammonia, and isocyanic acid. These
tests were chosen in place of standard fire resistance tests because, while
the latter are mandatory, performed by the producer, to classify mate-
rials based on fire resistance, they do not provide information on the
qualitative and quantitative aspects of the gases released during com-
bustion. As quoted above, the release of toxic gases and the depletion of
oxygen are the leading causes of fatalities in fire incidents. In this study,
the TPO technique is not proposed as an alternative certification
method; instead, it is proposed to analyze aspects neglected by this
regulation, e.g. gas evolution in the fire, their nature, amount, and
toxicity. Data obtained can easily provide information on how
dangerous the material in case of fire is, and that would be an important
piece of information for the consumer.

Accordingly, the panels were characterized through the Temperature
Programmed Oxidation (TPO), a simple laboratory technique typically
employed for solid materials (Jones and McNicol, 1986). It consists of
heating a sample in the flow of a gas or a gas mixture. The TPO exper-
imental apparatus is shown in Fig. 3 and comprises a gas line for pre-
treatments, a U-type reactor inserted in an electrically heated oven,
and an FT-IR detector (MKS MultiGas 2030 FT-IR made by MKS In-
strument, ESA) for qualitative and quantitative analysis. The MultiGas
2030 instrument measures the roto-vibrational spectra of the gaseous
samples. The identification of the nature of the gases is carried out by
comparison of the experimental spectra with those of calibration mix-
tures, whereas quantification is performed using calibration curves that
were generated using calibration mixtures. The calibration mixtures
were prepared by employing a dilution system equipped with Brooks
5850E series flowmeters to dilute the gas mixture and obtain a low
concentration of CO2. It is important to note that each gas has its own
gas factor. In a typical TPO analysis, 20–50mg of the sample cat-off from
the panel were loaded in the reactor and heated (10 ◦C min− 1) up to
550 ◦C and held at this temperature for 30 min in a flow of synthetic air
(30–100 mL− 1).

The tests were performed on samples taken from both untreated
panels and fire-retardant-treated panels, with qualitative and quantita-
tive analyses conducted to compare gas emissions and assess the effects
of the fire retardant. This analysis involved several sub-steps, that is,
analysis of the decomposition of the solid FR and the effect of the
impregnation of the panel with solutions at different FR concentrations.

Since the K30 sample appeared to be the most susceptible to ignition
(see Table 2) during thermal treatment, this sample was used in this
study. Samples (5 g) were dried at 60 ◦C for 16–17 h, and then soaked in
100 mL of FR solution, either pure or diluted (1:10 vol), for 5 min. These
samples were then thoroughly drained and dried at 60 ◦C for 6 h and
stored in a dryer before use. A 13 w/w%weight gain was observed using
pure FR solution, while for the dilute treatment, a 1.8 w/w%weight gain
was recorded. The weight gain is associated with the amount of FR
deposited. The treated sample will henceforth be referred to as the
'weight gain'. Thus, K30-FR13% represents the K30 sample treated with
the pure solution of FR, while K30-FR1.8 % represents the K30 sample
treated with the dilute solution of FR.

Thermal conductivity assessment

The panels’ thermal conductivity has been measured by means of a
homemade heat flow meter designed to analyze materials with thermal
conductivities less than 5 W/(m⋅K), adhering to the ISO 8301
(International Organization for Standardization 8301:, 1991) standard.
Samples sized 0.50 x 0.50 mwere obtained and, for each analyzed panel,
three tests were conducted after a conditioning process to remove re-
sidual moisture from the panels until the weight change over 24 h was
less than 1 %. The panels were positioned between two plates, one hot
and one cold, maintained at different but constant temperatures by
conditioned water from two thermostatic baths. When the system was in
a quasi-steady state corresponding to a heat flow variation of less than
0.5 %, temperature, and heat flow data were collected, and the thermal
conductivity λ was calculated according to the UNI EN 12667 (UNI EN,
2002) standard.

Acoustic characterization

In building acoustics, it is crucial to distinguish between sound
insulation, described by the transmission loss (TL), and sound absorp-
tion, represented by the sound absorption coefficient (α). Sound insu-
lation refers to a material’s ability to block sound transmission between
spaces (mostly related to partition walls or facades), while sound ab-
sorption represents the capacity to convert sound energy into thermal
energy, reducing echoes and reverberation within a space. Notably, a
material that insulates well may not necessarily absorb sound effec-
tively, and vice versa, and the choice of materials − whether insulating,
absorbing, or a combination − depends on the specific acoustic objec-
tives of the space. Fig. 4 shows the path of a sound wave interacting with
a partition.

The sound absorption coefficient α, tells how much of the sound
energy hitting a surface is absorbed rather than reflected into the same
room. This parameter is fundamental for controlling and reducing
reverberation (echo) and noise levels within a single space. The ab-
sorption mechanism is based on the conversion of sound energy into a
small amount of heat, effectively removing the sound from the envi-
ronment. For this reason, sound-absorbing materials are often porous
and fibrous, such as acoustic foams or mineral wool, which allow sound
waves to penetrate the structure and dissipate energy through internal
friction. The coefficient α is measured on a scale from 0 to 1, where each
value has a precise physical meaning. A value of α = 0 indicates a perfect
reflector, such as polished marble, which completely reflects the inci-
dent sound energy. At the opposite extreme, α = 1 represents a perfect
absorber, comparable to an open window, since the sound that passes
through the opening does not return to the original environment. From
an energy perspective, the coefficient is based on the relationship be-
tween three fundamental components: the incident sound (Wo), the re-
flected sound (Wr), and the absorbed sound (Wa). As correctly indicated
in the formula, α represents the ratio between the absorbed energy and
the incident energy:

α = Wa/Wo (1)
The TL quantifies the amount of sound energy that is prevented from

Fig. 3. TPO apparatus: U-tube flow reactor mounted in the electric oven (a),
and detail of the reactor containing insulation material (b).
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passing through the material from the source room to the receiving
room, with higher TL value indicating less sound power transmitted to
the receiving room. In simple terms, α and TL measure two different
ways in which a material interacts with sound.

In the acoustic experiments presented in this paper, two techniques
have been used: the Kundt’s tube − or impedance tube – shown in Fig. 5,
and the Sonocat microphone array shown in Fig. 6. The use of both
methods allowed to compare a standardized measurement regulated by
international norms with a more innovative, non-standardized
approach, providing a comprehensive understanding of material
acoustic performance, and provides valuable insights into the practical
applicability of the tested materials.

The Kundt's tube represents the traditional laboratory method
designed to measure α and TL of small samples following established ISO

standards. This approach provides standardized, repeatable measure-
ments that are universally recognized and considered reliable within the
scientific community. The controlled laboratory environment eliminates
external variables, ensuring measurement precision and enabling direct
comparison with literature data. To capture material variability, these
tests were conducted on samples extracted from various positions across
the panels. The detailed derivation of the impedance‑tube four‑pole
method is provided in the Supplementary Information (Eq. S1–S3).

In contrast, the Sonocat microphone array was used for in-situ
measurements of α on larger specimens, representing a more innova-
tive and flexible approach that is not yet regulated by international
standards. While this method operates in a less controlled environment
with all the variables of real-world conditions, it offers the significant
advantage of measuring actual material performance as it would behave
in practical applications. The Sonocat measurements reveal how mate-
rials perform in real-world scenarios where factors such as edge effects,
mounting conditions, and environmental variables may influence
acoustic behaviour. These tests were performed at different locations on
each sample to evaluate the robustness and repeatability of the results
under realistic conditions.

Experimental setup

The measurements were conducted on 50 × 50 cm samples, posi-
tioned on the laboratory's tiled floor to simulate a reflective plane. To
compare the performance of materials made of raw fibres and those of
recycled fibres, further tests were performed on commercial insulating
panels Basotect and EPS (expanded polystyrene) utilized as functional
benchmarks. The first one is a melamine foam, well-documented in the
literature, while EPS is a closed-cell structure material.

A compact LG speaker 10 × 10 × 14 cm in dimension was placed at

Table 2
Quantitative analysis of the gases evolved during the TPO experiments from the samples. Results for panel K30 treated with fire retardant (FR) at different con-
centrations are also included.

Measured value
(unit)
(standard deviation)

M35 M45 K30 K70 K340 K30-FR1.8 % K30-FR13%

V gas/mass
(L/g)
(0.02)

0.41 0.54 0.60 0.50 0.45 0.53 0.50

V CO2%
(%)
(1.3)

64.00 69.79 78.93 68.44 67.68 64.08 75.38

V CO
(%)
(1.3)

28.09 27.09 18.70 28.62 26.43 33.80 19.98

V Acetaldehyde
(%)
(0.06)

7.03 1.90 1.04 1.56 4.61 0.92 1.12

V Formaldehyde
(%)
(0.02)

0.50 0.69 0.35 1.18 1.01 0.33 0.12

V NO
(%)
(0.02)

0.24 0.44 0.16 0.05 0.04 0.14 −

V CH4
(%)
(0.16)

0.13 0.10 0.82 0.16 0.24 0.23 0.30

V NH3
(%)

− − − − − 0.12 1.66

V HNCO
(%)

− − − − − 0.38 1.44

T ignition
(◦ C)
(2)a

− − 460 484 474 − −

T decomposition
(◦ C)
(3)b

175 231 173 187 203 121 120

a Temperature corresponding to the peak in the temperature profile associated with autoignition.
b Temperature at which gas evolution starts.

Fig. 4. Decomposition of a sound wave interacting with a partition. Wo rep-
resents the incident component, Wr the reflected component, Wa the absorbed
component, and Wt the transmitted component.
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50 cm from the sample and carefully centred. An exponential sine sweep
signal of 10 s was the excitation source, covering the entire audible
spectrum from 20 Hz to 20 kHz. The Sonocat instrument was instead
positioned at 1 cm from the sample surface. The acquired data were
processed by Sonocat's dedicated software, which provides α in third-
octave bands for each measurement point, allowing a detailed analysis
of the spatial variability of the material's acoustic properties.

To obtain a representative sample characterization, the diamond
pattern schematized in Fig. 6 c) was adopted: four measurement points
(A, B, C, and D) were arranged equidistant from the centre by 2 cm. At
each point, repeated measurements have been taken and their results
have been subsequently arithmetically averaged to obtain a more
representative and statistically robust value. Noticeably, the Sonocat
may report negative α values when the measured reflected power

exceeds the incident power; this does not indicate negative energy
(which is physically impossible) but rather signals that the material is
emitting sound energy instead of absorbing it. The software interprets
this situation as an “emission coefficient”, displaying it with a negative
sign. Accordingly, the negative sign thus serves as a diagnostic indicator
for the operator.

For impedance tube measurements, three samples were tested for
each panel typology to evaluate material homogeneity, and each sample
underwent three repeated measurements to assess repeatability. The
curves represent the average of these three repetitions per sample, with
a standard deviation of 0.001. For Sonocat measurements, tests were
performed at multiple locations on each panel to evaluate spatial vari-
ability. Repeatability at the same measurement point showed variations
within 3 %, while measurements at different locations demonstrated

Fig. 5. Kundt’s tube setting for the measurement of the sound absorption coefficient (a), and the TL with the two loads technique (b). The configuration in (a)
includes two microphones (Mic. A and B), a sound source, and a rigid termination, with the test specimen placed inside the impedance tube. The configuration in (b)
features four microphones (Mic. 1–4), a loudspeaker, and defined distances (x1, x2, d, and x3). The test sample is positioned centrally within the tube and backed by a
terminating load.

Fig. 6. Experimental setup for the acoustic tests performed with the Sonocat sensor (a). The sensor is equipped with a spherical array of 8 MEMS microphones (30
mm). Positioning of the sensor and the loudspeaker over the panel (b), and scheme of the measurement points (c). The measurements were taken at five points: one at
the center of the specimen, and four others positioned 2 cm away from the center along the vertical and horizontal axes.
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contained variability with a maximum deviation of 4 % from the mean
value.

Results and discussion

In this Section, the results of the experimental campaign are pre-
sented and discussed.

Panels characterization by means of infrared spectroscopy

A perusal of the images of the samples reported in Fig. 1c reveals that
there are clear differences among them, particularly between the M35
and M45 ones (the colour of these latter two samples is different), even
though they are described by the producer as equivalent ones. Further,
the specific composition of insulation materials as deduced from data-
sheets is often imprecise, and relative percentages of the components are
normally never given. To identify the possible impact of sample
composition on the investigated properties and to assess the sample
consistency in the case of formally equivalent materials, i.e. M35 and
M45, the i.r. spectroscopy was employed, which is an easy, rapid, and
inexpensive method to compare and identify with reasonable certainty
the chemical composition of different materials.

Generally speaking, the infrared spectra provide a fingerprint of the
materials’ chemical composition at a molecular level; accordingly, the
similarity of the spectra patterns indicates equivalent sample composi-
tion. The infrared spectra of K30, K70, and K340 materials are reported
in Fig. 7. Whereas samples K30 and K70 feature comparable spectra,
sample K340 presents, under comparable spectrum acquisition condi-
tions, significantly higher absorbance, yet, with the exclusion of the
zone between ca. 900–1150 cm− 1, a comparable pattern to the other two
samples.

Fig. 8 reports the spectra of the M35 and M45 samples; again, there
are clear differences in the two spectra, particularly in the 750–1150
cm− 1. The comparison with the spectra reported in Fig. 7 suggests
similarities in the spectra of M35 and K340 samples. In the literature,
sharp peaks at 1712 cm− 1, 1240 cm− 1, and 722 cm− 1 are attributed to
the presence of polyesters, which are used as binders.

To discriminate the contribution of the polyester binder, Fig. 9 re-
ports two sets of comparisons of the panel materials with the spectrum of
a commercial polyester polymer. All of them have been normalized on
the intensity of the peak at 1712 cm− 1, which is unequivocally attrib-
uted to the carbonyl group of the polyester. The comparison clearly
indicates that polyester IR features dominate the spectra of samples M45
and K340, whereas M35 and K70 (K30 is not reported for clarity since its
pattern is comparable to K70) features a number of peaks/peak patterns
in the ranges 750–1150 cm− 1 and around 3200 cm− 1 (OH stretching)

not attributable to the polyester (peaks denoted in azure in Fig. 9 b). As a
matter of fact, the former bands are attributable to the cellulose,
hemicellulose, and lignin constituents of natural fibers. The dominance
of polyester in the IR spectrum of the K340materials appears in line with
its high density, which requires higher amounts of the binder compared
to the other samples (K30 and K70), which reasonably covers the surface
of the fibers, thus accounting for the observation. At lower binder con-
tent, kenaf/hemp spectral features are discernible in the less dense
materials. Accordingly, the difference in the spectra of M35 andM45 can
be attributed to the presence of mostly synthetic-polyester fibres in the
former panel, whereas for the M45 panel, evidence is reported that
recycled fibres contain a significant number of natural fibres.

Thermal conductivity

The thermal conductivity was measured for M35, K30, and K70
samples. Each measure has been repeated three times, yielding to the
value λ = 0.044 W/(m•K) (with RMSE 0.0014) for M35, λ = 0.049 W/
(m•K) (with RMSE 0.00047) for K30, and λ = 0.035 W/(m•K) (with
RMSE 0.0) for K70, displaying good repeatability especially for the high-
density panel. For all the considered samples, indeed, the conductivity
values are within the range of interest for possible applications in
thermal insulation. The more causal composition of material M yields
less homogeneous samples. A comparison of the measures of the kenaf
and hemp samples K30 and K70 indicates that the thermal conductivity
is a decreasing function of the panel density.

Few scientific papers deal with the measurement of the thermal
conductivity for textile materials as a function of the density, empha-
sizing the discrepancies and inconsistencies (Yang et al., 2020). How-
ever, the technical sheets supplied by the manufacturers and
engineering manuals (ASHRAE Handbook of Fundamentals, 2017)
highlight, for many building’ materials, a “U”-shaped behaviour, with a
minimum arising for a density value that depends on the material.
Indeed, our findings of a thermal conductivity as a decreasing function
of the panel’s density is perfectly compatible.

Acoustics characterization

In this section, the results of the acoustic tests conducted using the
Kundt’s tube and the Sonocat sensor are presented and discussed. It is
important to note that the samples analyzed with the Kundt’s tube are
cylinders with a diameter of 4.5 cm, while the samples analyzed with the
Sonocat sensor are square elements measuring 50 × 50 cm.

For comparative analysis purposes, samples M35 and M45 were
tested at 50 mm thickness, while samples K30 and K70 were tested at 40
mm thickness. This 20 % thickness difference (40 vs 50 mm) is

Fig. 7. IR spectra of the materials constituting the K30 (red), K70 (blue) and K340 (green) panels. For comparison, the spectra are baseline-corrected. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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considered acceptable for comparative acoustic analysis, as both thick-
nesses fall within the typical range for building insulation applications,
and the variation is significantly smaller than other material-dependent
factors. In contrast, sample K340 was specifically tested at 10 mm
thickness to represent a different application scenario and demonstrates
the substantial impact of thickness on acoustic properties. Due to this
four-fold thickness difference, K340 data are analyzed separately and
used primarily for illustrative purposes to highlight thickness-dependent
effects rather than for direct material comparison.

Tests performed with the impedance tube
Tests on the same type of samples evaluate the measurement

reproducibility, thus highlighting the eventual homogeneous composi-
tion of the panels.

Fig. 10 shows the acoustic properties measured for panels K made of
hemp and kenaf. Samples K30 and K70 feature the same thickness of 40

mm, allowing for direct comparison of density effects, while K340 is 10
mm thick and serves to illustrate thickness-dependent behavior. As
regards the sound absorption, K70 curves are shifted to lower frequency
providing higher α values, behaviour in line with the effect of the higher
density. Specimens K340 show the lowest α values, demonstrating how
reduced thickness (combined with higher rigidity) significantly impacts
acoustic performance. For what concerns the TL, the samples show a
behaviour in line with their density and surface rigidity: higher is the
density and higher is the TL.

Fig. 11 reports the acoustic properties measured for panels M made
of textile. M35 and M45 samples have the same thickness (50 mm), but
different density, enabling direct assessment of density effects on
acoustic performance. Measured data show a higher variability than in
the case of panel K, and this is probably due to the inhomogeneity of
samples, as the panels are produced with different types of textile fibre.
As previously seen, samples with higher density show higher α and TL

Fig. 8. IR spectra of the materials constituting the M35 (blue) and M45 (red) panels. For comparison, the spectra are baseline-corrected. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Comparison of the IR spectra of polyester (azure) and the materials constituting a) M35 (blue) and K340 (green) panels with sample of polyester (azure) and
b) M45 (red), K70 (blue) panels. The spectra are normalised on the intensity of the peak at 1712 cm− 1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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values.

Fig. 10. Sound absorption α (a) and sound transmission loss TL (b) measured with the Kundt’s tube for panels K made of hemp and kenaf.

Fig. 11. Sound absorption α (a) and sound transmission loss TL (b) measured with the Kundt’s tube for panels M made of textile.

Fig. 12. Sound absorption coefficient α of known materials, the absorption material Basotect (a) and reflecting material EPS (b), measured at different positions
using the Sonocat sensor.
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Sonocat tests
In this section, the results obtained from commercial materials

derived from raw feedstock are first analyzed and serve as a benchmark
for the analysis of the panels composed of recycled materials, which are
the focus of this study.

Homogeneity of properties in EPS and Basotects panels (made from raw
materials)

Basotect and EPS have been used as functional comparison materials
and their experimental response has been evaluated. Values of α for
Basotect panels are reported in Fig. 12 a). It shows excellent perfor-
mance with absorption coefficients above 0.9 at frequencies over 1000
Hz, thanks to its highly porous structure that facilitates sound energy
dissipation through viscous friction. The measurements demonstrated
remarkable consistency across different sampling points, with minimal
variation between the values measured at the center of the panel and
those taken at surrounding points (A, B, C, D). This is an index of the
material's highly homogeneous structure and consistent acoustic prop-
erties. Fig. 12 b) shows the results obtained for EPS. It is shown a limited
absorption performance, attributable to the closed-cell structure of the
material, which restricts sound wave penetration. The measurements
show greater variability between center points and surrounding loca-
tions compared to Basotect, likely due to both the material's reflective
properties and its less perfect homogeneity. However, these variations,
while noticeable, remained within acceptable limits and did not signif-
icantly impact the overall characterization of the material's acoustic
performance.

Homogeneity of properties in panels made from recycled materials
Fig. 13 shows α of panels M35 and M45 (both 50 mm thick). Panel

M35 (Fig. 13 a) shows consistent repeatability at the same point (vari-
ations within 3 %) and comparable variability across different mea-
surement points. Panels M45 (Fig. 13 b) demonstrates excellent overall
repeatability, since a maximum variation in the absorption coefficient of
less than 3 % has been observed in the four measurements taken at the
same point. Measurements showed generally contained variability, with
a maximum deviation of 4 % from the mean value. It is important to note
that in the frequency range between 80 and 315 Hz, more significant
variability was recorded in measurements taken at different points for
panel M35. This phenomenon is primarily attributable to the nature of
low-frequency sound waves, which have longer wavelengths and are
therefore more sensitive to local variations in material structure and
boundary conditions. Furthermore, in this frequency range, even small
variations in density or local material compactness can significantly
influence acoustic performance.

Results for panels K30, K70, and K340 are reported in Fig. 14.
Measurements at the same point show good repeatability with variations
within 3 %; however, measurements at different points revealed distinct
behaviours. K30 showed more pronounced variability, particularly
evident at low frequencies (80–315 Hz), likely due to the material's low
density. The more compact structure of panel K70 ensures more uniform
performance throughout the sample. Panel K340, with its significantly
reduced thickness and consequent high rigidity, shows distinct acoustic
behavior and some variability in measurements at different points,
highlighting how thickness substantially affects both performance
magnitude and measurement consistency.

Comparison of performance between panels made from raw and recycled
materials

The comparison of the sound absorption coefficient α measured for
the different panels is reported in Fig. 15. This comparative analysis
focuses primarily on samples with similar thicknesses (M35/M45 at 50
mm, K30/K70 at 40 mm), while K340 (10 mm) serves as an illustrative
example of thickness-dependent effects. It is reminded that the two
materials used as functional benchmarks have different thicknesses, that
is Basotect panel is 50 mm thick, while EPS panel is 60 mm thick.

The results for the M45 recycled textile panel are particularly note-
worthy. The measurements, which show remarkable agreement be-
tween the Kundt’s tube and the Sonocat probe, indicate excellent
performance with an α comparable to that of Basotect above 1000 Hz.
This finding is consistent with the scientific literature on textile-based
insulators, where high absorption coefficients in the mid-to-high fre-
quency range are often reported and attributed to the material's high
porosity and tortuosity. The performance of theM45 panel positions it as
a competitive and sustainable alternative to traditional synthetic ma-
terials. The M35 panel, while showing slightly lower performance at
high frequencies, exhibits an interesting behavior in the 315–400 Hz
range, where it outperforms the denser M45 version. This phenomenon,
contrary to the theoretical expectation that higher density should lead to
greater absorption, could be attributed to fiber resonance within a less
compact structure. This aligns with findings for other fibrous materials,
which suggest that an optimal density, rather than the maximum
possible, often exists to maximize absorption by balancing airflow re-
sistivity and porosity.

Regarding the kenaf and hemp panels (K30 and K70), the analysis
reveals that K70 emerges as the most balanced solution, achieving sig-
nificant performance at high frequencies. This is in line with literature
indicating that for natural fibers, an increase in density generally im-
proves acoustic absorption across a broad frequency spectrum. On the
other hand, the K30 variant is more effective in the 100–400 Hz range,

Fig. 13. Sound absorption coefficient of standard commercial insulating materials, M35 (a) and M45 (b), measured at different positions using the Sonocat sensor.
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where it surpasses the denser versions. This behavior suggests that low-
density panels could be better suited for applications targeting low-
frequency attenuation. Despite the different panels thickness, the com-
parison with the K340 panel (10 mm) clearly demonstrates how
significantly reduced thickness and consequent high rigidity drastically
compromise acoustic performance, a fundamental principle widely
documented in the acoustics of porous materials.

To provide a standardized, single-number metric for practical com-
parison, the Noise Reduction Coefficient (NRC) was calculated for each
material. It is important to contextualize the utility of the NRC. While
this single-number rating offers a convenient overview of a material's
general sound-absorbing potential, it is an average across a limited
frequency range (250–2000 Hz). For detailed acoustic design, a mate-
rial's suitability is best determined by analyzing its full absorption curve,
as presented in Fig. 15. The complete curve is crucial because a material
might have a high NRC but perform poorly at the specific frequencies
that need to be attenuated for a particular application. Therefore, while
the NRC value gives a good initial idea of the material's potential, the full
frequency response remains the essential tool for effective and targeted
acoustic treatment. The recycled textile panels demonstrated
outstanding performance, with the M35 achieving the highest NRC of
0.80, closely followed by the M45 at 0.77. These values confirm their

potential as high-performance broadband absorbers. The kenaf/hemp
panels showed a clear progression, with the K70 panel registering a
respectable NRC of 0.63, while the K30 scored 0.52, respectively. The
K340 variants showed a NRC of only 0.35, probably due to the limited
thickness of the tested panel.

In summary, these results confirm that density is a crucial parameter
for optimizing acoustic performance. Panel K70 represents the best
compromise among the hemp/kenaf variants, offering competitive
performance. Meanwhile, M45 has proven to be a promising sustainable
alternative to Basotect, especially for high-frequency applications. The
performance differentiation between the two textile panels (M35 and
M45) allows for targeted material selection based on specific acoustic
goals. The superior broadband performance of the less-dense M35, re-
flected in its slightly higher overall NRC, highlights a complex, non-
linear relationship between density and absorption in these recycled
textile composites that warrants further investigation.

To provide a comprehensive comparison with existing literature, the
SAA values obtained in this study were benchmarked against recent
research on sustainable acoustic panels. In (Hassani et al., 2024), it is
reported SAA values ranging from 0.17 to 0.60 for panels fabricated
from recycled discarded denim with varying densities (80–140 kg/m3)
and thicknesses (0.01–0.05 m), with optimal performance achieved at

Fig. 14. Sound absorption coefficient of standard commercial insulating materials K30 (a), K70 (b), and K340 (c) measured at different positions using the
Sonocat sensor.
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0.538 under controlled conditions. Furthermore, in (Halashi et al.,
2024) luffa fiber panels were examined and found SAA performance
ranging across different frequency bands, with enhanced absorption in
the critical indoor frequency range of 500–2000 Hz. These studies
collectively demonstrate that sustainable bio-based and recycled mate-
rials can achieve competitive acoustic performance, with SAA values
typically ranging between 0.15 and 0.65 depending on material density,
thickness, and structural configuration.

The authors acknowledge that all panels tested originate from a
single manufacturer, and composition variability − particularly evident
in the M− series through FT-IR analysis − represents a limitation for
generalizability. The inherent variability in recycled textile waste
streams means that composition can differ between production batches
and manufacturers. However, several findings can be considered
broadly applicable. In particular, the correlation between acoustic
behavior, density, and thickness is expected to remain valid across
different manufacturers, since it reflects fundamental physical principles
rather than brand-specific characteristics. Likewise, the greater
compositional uniformity observed in Kenaf-based panels—confirmed
through FT-IR analysis—translates into more predictable acoustic per-
formance, highlighting an intrinsic advantage of single-source natural
fibers. Furthermore, the measurement methodologies adopted and the

analytical framework developed are fully transferable to other contexts,
ensuring that the approach can be replicated beyond the present case
study. At the same time, certain aspects remain closely tied to the spe-
cific suppliers examined and therefore require further validation. These
include the absolute acoustic performance values measured for the
M− series panels, the precise composition ratios identified through FT-
IR, and the degree of batch-to-batch variability observed in recycled
textile panels. To consolidate these insights, future work should involve
multi-supplier testing. Such comparative analyses will help establish
reliable performance ranges and clarify which compositional parame-
ters most critically influence the acoustic behavior of recycled textile
insulation materials.

Measurement uncertainty and method comparison
The reliability of acoustic characterization depends critically on

understanding the uncertainty associated with each measurement
method. In this study, both standardized (impedance tube) and inno-
vative (Sonocat) techniques were employed, each exhibiting distinct
uncertainty characteristics that reflect their different operational prin-
ciples and measurement conditions.

Impedance tube measurements demonstrated excellent repeatability
owing to the controlled laboratory environment and standardized ISO

Fig. 15. Comparison of the sound absorption coefficient measured with Sonocat (a), the Kundt’s tube (b) for the different materials, and (c) comparison of the results
above 1000 Hz obtained for Basotect and M45. It is reminded that K340 has a very different thickness and therefore a direct comparison is not possible; anyway it is
reported to make a general comparison of all the tested samples. For the other samples, the thickness is 50 mm for M35, M45 and Basotect; 40 mm for K30 and K40;
and 60 mm for EPS.
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10534–2 (International Organization for Standardization, 2023) pro-
cedure. For each panel typology, three samples extracted from different
positions were tested, with each sample undergoing three repeated
measurements. The resulting absorption coefficient curves represent the
average of these nine total measurements (3 samples × 3 repetitions),
yielding a remarkably low standard deviation of 0.001. This precision is
attributable to the elimination of external variables, stable environ-
mental conditions, and the use of calibrated instrumentation within a
confined acoustic system. The frequency-dependent behavior across the
measured range (50–4000 Hz) showed consistent patterns, with negli-
gible variation between repetitions at the same measurement point. This
level of precision enables direct comparison with literature data and
provides a reliable baseline for material characterization.

Sonocat measurements, while operating in a less controlled envi-
ronment, provided valuable insights into real-world material perfor-
mance with quantifiable uncertainty bounds. Repeatability at the same
measurement point was excellent, with variations contained within 3 %
across multiple acquisitions. However, spatial variability—inherent to
any in-situ measurement on larger specimens—was more pronounced,
particularly at low frequencies (80-315 Hz) where the longer wave-
lengths are more sensitive to local material heterogeneities, edge effects,
and mounting conditions. Measurements at different locations (center
and four peripheral points A, B, C, D) showed a maximum deviation of 4
% from the mean value across the mid-to-high frequency range. This
spatial variability is not measurement error per se, but rather reflects
genuine material inhomogeneity and the influence of boundary condi-
tions that would be present in actual applications. The contained
magnitude of this variability (≤ 4 %) confirms both the material's
acceptable homogeneity and the Sonocat's capability to capture realistic
performance variations.

The frequency-dependent uncertainty deserves particular attention,
as the SAA metric, while useful for single-number comparison, inher-
ently masks important spectral behavior. At low frequencies (80–315
Hz), both methods showed increased variability: the impedance tube
due to the approach to the lower measurement limit, and the Sonocat
due to the combined effects of probe size limitations and material
wavelength-sensitivity. Conversely, in the mid-frequency range
(400–2000 Hz)—most critical for building acoustics—both methods
demonstrated their best performance with minimal uncertainty and
excellent mutual agreement. This frequency-specific characterization
provides designers with the confidence intervals necessary to make
informed material selections for specific acoustic applications.

The dual-method approach adopted in this study thus provides
complementary information: the impedance tube offers high-precision,
repeatable data ideal for quality control and inter-laboratory compari-
son (uncertainty ~ 0.1 %), while the Sonocat reveals realistic perfor-
mance variability under application-relevant conditions (spatial
uncertainty ~ 3–4 %). This combination enables both rigorous material
characterization and practical performance prediction. Beyond indi-
vidual method uncertainty, a critical question concerns the systematic
agreement between impedance tube and Sonocat measurements. Given
the fundamental differences in measurement principles—normal inci-
dence in a controlled tube versus quasi-diffuse field in situ—perfect
agreement is neither expected nor physically meaningful. However,
understanding the nature and magnitude of any systematic bias is
essential for interpreting results.

A direct comparison of absorption coefficients measured by both
methods reveals consistent patterns across all tested panels. In the mid-
to-high frequency range (500–4000 Hz), where both methods operate
within their optimal domains, the agreement is remarkable, with typical
differences Δα(f) = |α_Sonocat(f) − α_tube(f)| remaining below 0.05 for
most materials. This close correspondence validates both the material
homogeneity and the measurement reliability. For theM45 panel, which
showed the best performance, the two methods produced nearly over-
lapping curves above 1000 Hz, with Δα(f) < 0.03 across this range,
demonstrating excellent mutual validation. At low frequencies (80–400

Hz), systematic differences become more apparent, with the Sonocat
generally measuring slightly lower absorption coefficients than the
impedance tube. This bias is physically interpretable: the impedance
tube measures normal incidence absorption under ideal plane-wave
conditions, while the Sonocat operates in a more complex sound field
that better represents diffuse building acoustics conditions. The
observed Δα(f) in this range (typically 0.05–0.15) is consistent with the
well-documented difference between normal and random incidence
absorption coefficients for porous materials, where random incidence
values are typically lower, particularly at frequencies where the material
thickness is small relative to wavelength.

Importantly, no evidence of random, unsystematic discrepancies was
observed—the differences between methods follow predictable,
frequency-dependent patterns that align with acoustic theory. The
impedance tube consistently provides the upper bound (normal inci-
dence), while the Sonocat provides a more conservative estimate
representative of real-world diffuse conditions. This systematic rela-
tionship, rather than being a limitation, actually enhances the value of
the dual-method approach: designers can use the impedance tube data
for standardized comparisons and the Sonocat data for realistic perfor-
mance predictions, with the understanding that actual building perfor-
mance will typically fall between these bounds.

For the recycled textile panels (M35, M45), the excellent agreement
at application-relevant frequencies (400–2000 Hz) confirms that these
materials perform consistently under both idealized and realistic con-
ditions, supporting their viability as sustainable acoustic solutions.

Fire response of the materials

Ignition temperature and produced gases
Figs. 16 and 17 report typical profiles obtained in the TPO experi-

ments, whereas the quantitative data are summarized in Table 2.
Fig. 16 refers to panels M35 and M45 which show comparable

behavior upon heating in air. Two prominent and partially overlapped
peaks can be identified both for CO and CO2, with maxima at ca. 445 ◦C
and 530 ◦C for M35, and 370 ◦C and 505 ◦C for M45. The amount of CO2
produced accounts for about 64–68 % of the evolved gases, indicating a
non-complete combustion during the TPO experiment, consistent with
real fire conditions. As for the other species detected, only acetaldehyde
forms have significant amounts, up to 7 % in sample M35 compared to
1.9 % in M45, whereas all the other species are less than 1 % of the
overall gas evolution. Also, the overall amount of the evolved gases is
significantly different between M35 and M45 samples. Given the rela-
tively small difference in the panel density, such differences could be
related to the different nature of the fibers, as detected by the FT-IR
technique.

The TPO profile for the K samples is shown in Fig. 17. The TPO ap-
pears somewhat different compared to the M samples: even if there are
still two peak patterns, the relative intensity of the CO2/CO peaks at low
temperature is significantly lower compared to those at high tempera-
ture. The peak at 460 ◦C − 484 ◦C is very sharp and accounts for most of
the evolved gas. Noticeably, the temperature profiles feature a clear
exothermal phenomenon in correspondence of the major peak, which is
associated with ignition and burning of the material during the TPO
experiment. Consistently, the total amount of CO2/CO evolved in sam-
ples K is in the range 94–98 % compared to 87–88 % in the panels M,
suggesting a higher flammability of the former samples.

According to Table 2, the total volume of gas evolved during thermal
decomposition of K samples decreases significantly with the sample
density. Likewise, as the density of panels K increases, the decomposi-
tion temperature moves to higher temperatures, both effects suggesting
that carbonisation is favoured as the sample density increases. Consis-
tently, black deposits are found at the outlet of the TPO reactor.

Effect of the fire retardant
Whereas the effects of the fire-retardants are not the main focus of
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this work, due to the potential high flammability of natural fibres, we
included some data concerning the K30 sample as an example of the
effects, since it shows the highest ignitability as denoted by its low
ignition temperature. Firstly, the thermal decomposition of solid FR was
first analyzed which, according to Fig. 18, results in the significant
formation of CO2 and NH3, which act as primary FRs. Both gases are
non-flammable, and NH3 in the considered temperature range reduces
the concentration of oxygen in the environment, which contributes to
preventing the sample ignition. It is worth noting that a small quantity of
isocyanic acid was detected, which is toxic and can cause asthma,
inflammation of the respiratory tract, and cancer (Bengtström et al.,
2016).

Fig. 19 shows the results obtained for the K30 samples treated with
the FR. Noticeably, the panels do not ignite, indicating that the FR
promotes char formation rather than combustion. However, the
decomposition of the FR resulted in the production of ammonia and

isocyanic attributable to the decomposition of FR since it was not
detected for the untreated K30. Consistently, the volume of ammonia in
the experiment with the K30-FR1.8 % sample was significantly smaller
than in the K30-FR13% sample, as reported in Table 2. The profile
evolution of the gases differs between the FR-treated K30 samples and
the untreated one, indicating that the FR has a significant impact on the
decomposition process of the K30 sample.

Fig. 20 compares the evolution of CO2 and NH3 gases in the TPO
experiments carried out on the solid FR and the two treated K30 sam-
ples. A perusal of Figs. 19 and 20, reveals that the pattern of the
decomposition is markedly distinct in the treated and untreated samples,
particularly with regard to peak maximum and gas amount. The quan-
tity of ammonia evolved in the K30 sample treated with a diluted so-
lution is far less than that evolved in the K30 sample treated with a pure
solution of FR. Moreover, the ammonia evolution temperature in solid
and the treated FR samples exhibits notable differences, which can be

Fig. 16. TPO profiles obtained for panel (a) M35 and (b) M45. The CO2, CO and other gases concentration (ppm, left axis) detected during the thermal decom-
position of the material and the temperature profile (◦C right axis) are plotted as a function of reaction time. In the inset of the enlargement the gases evolved in low
concentrations.
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attributed to a chemical interaction between the FR and the compounds
of the natural fibres. Finally, the quantity of isocyanic acid evolved
during the decomposition of the treated samples is minimal. Even if it is
a toxic gas, this appears not to be a significant issue in the thermal
decomposition of the FR when used in an insulation panel, particularly if
it is loaded in a low concentration where still effective for eliminating
the ignition phenomenon of the materials.

The volume of evolved gas from the sample treated with the diluted
solution of FR increases compared to sample K30-FR13%, which could
be attributed to a lower amount of FR, which is responsible for addi-
tional – compared to K30 – NH3 and CO2 volume. Nevertheless, even the
treatment with a diluted solution is effective in eliminating the ignition
phenomenon of the sample. To ensure that the observed effects were not
due to immersion in an aqueous solution, a blank experiment was con-
ducted with a water-only treated K30 sample; in this case ignition
occurred and the decomposition pattern of the gases was similar to that
of the untreated sample, thus confirming the important role of the FR in
the fire resistance even for low FR loading. The low “decomposition”
temperatures reported for the FR-treated samples are associated with

the decomposition of the impregnated FR.
In summary, the analysis of thermal properties and fire resistance of

the insulation panels revealed that sample density plays a key role in
material behaviour. Higher-density samples exhibited lower ignition
potential and reduced gas emissions during thermal decomposition,
likely due to decreased oxygen interaction, which inhibits carboniza-
tion. This pattern was observed for panels K samples but not in panels M,
where variations were linked to different compositions. Additionally,
the fire retardant (FR) treatment of the K30 sample significantly altered
its degradation, eliminating ignition and reducing gas production even
at low concentrations of FR. These findings are especially relevant, as
smoke inhalation is a major cause of fatalities in fire accidents.

The experimental results reported in this paper confirm the potential
of natural and recycled fibre panels for thermal and acoustic insulation.
However, broader considerations are essential to evaluate their real-
world applicability. Durability remains a critical issue since these ma-
terials may be vulnerable to moisture and biological degradation over
time. Long-term performance testing under varying environmental
conditions is necessary. From a sustainability perspective, these

Fig. 17. TPO profiles obtained for materials a) K30, b) K70, and c) K340, during the TPO experiments. The CO2, CO and other gases concentration (ppm, left axis)
detected during the thermal decomposition of the material and the temperature profile (◦C right axis) are plotted as a function of reaction time. In the inset of the
enlargement the gases evolved in low concentrations.
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materials align with circular economy goals, offering alternatives to
fossil-based products and reducing textile and agricultural waste. The IR
analysis reveals, however, that use of recycled materials is prone to
difficulties as far as the reproducibility of the product concerns, due to
the variable textile waste composition, leading to samples with different
properties. Nonetheless, a full life cycle assessment (LCA) would be
needed to quantify their environmental impact from production to
disposal. Cost feasibility is promising, particularly for applications in
low-income contexts. However, the variability in composi-
tion—especially in textile-based panels—could hinder scalability and
standardization, posing challenges for consistent performance. In terms
of regulatory compliance, current fire classifications (E–F) limit their use
in many buildings. Even with fire-retardant treatments, the release of
potentially harmful gases raises concerns that must be addressed

through improved formulations and further safety testing. Additionally,
the lack of standard certification pathways (e.g., CE marking) remains a
barrier, especially for recycled materials. Overall, while these panels
show encouraging performance, integration into the construction mar-
ket will require advancements in durability, regulatory alignment, and
quality control, along with further research on environmental and eco-
nomic impacts. Their development supports a more inclusive and sus-
tainable construction sector but must be guided by robust validation
frameworks.

Conclusions

Insulating panels made from recycled or organic materials are
gaining increasing attention due to their alignment with the principles of

Fig. 17. (continued).

Fig. 18. TPO profile obtained for solid FR. The CO2, CO, and other gas concentrations (ppm, left axis) detected during the thermal decomposition of the material and
the temperature profile (◦ C right axis) are plotted as a function of reaction time. In the inset of the enlargement the gases evolved in low concentrations.
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the circular economy. However, compared to conventional insulating
materials, they present certain challenges − particularly regarding the
consistency of their properties, which is influenced by the collection and
sorting methods of secondary raw materials. The complexity of the
sorting process and the wide variety of usable fibers make standardi-
zation a goal that remains difficult to achieve.

This study analyzed two types of commercially available panels,
subjecting them to both standardized tests and custom-designed exper-
imental protocols, with the aim of assessing compositional and perfor-
mance variability. After identifying structural and functional
limitations, special focus was placed on improving fire behavior—one of
the main hurdles for large-scale application. The research went beyond
established methodologies by introducing unconventional testing pro-
cedures to explore aspects related to composition, thermal and acoustic
properties, and fire response. The results provide concrete insights for
optimizing sustainable insulating panels, contributing to their
advancement in terms of performance and applicability. In particular,
the study analyzes the properties of panels made from recycled textiles
(panels M) and natural fibers of kenaf and hemp (panels K), bonded with

polyester. The study aimed to evaluate the homogeneity of properties
across the panel surfaces, focusing on composition, measured density
compared to the one declared by the manufacturer, thermal conduc-
tivity, and acoustic properties. Moreover, it has been investigated the
fire behaviour of the panels focusing on the quantity and quality of gas
produced when exposed to high temperature. Also, the effects of a fire
retardant have been evaluated considering different dilution percent-
ages. The main findings can be summarized as follows:

• Regarding the panels composition and the declared density, panels M
exhibit greater variability. This inconsistency stems from the diverse
sources of textile fibers, which are a mix of the products available.
This result confirms that textile fibers are difficult to sort and stan-
dardize. Conversely, kenaf-hemp panels displayed greater unifor-
mity, making them more predictable in terms of properties.

• Regarding the thermal conductivity, values for the panels ranged
between 0.035 and 0.049 W/(m⋅K). Material M panels exhibited
greater variability in the results, whereas values obtained for mate-
rial K showed a decreasing trend in thermal conductivity with

Fig. 19. Results of TPO experiments of K30-FR13% a) and K30-FR1.8%, b) CO2, CO, NH3 and other gases evolved during the thermal decomposition of the
compound. In the inset of the enlargement the gases evolved in low concentrations.
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increasing density. This behaviour is consistent with the U-shaped
trend of conductivity as a function of density, observed in several
insulating materials used in construction.

• Regarding the acoustic properties, this study provides a significant
contribution to the field of sustainable building materials by vali-
dating recycled textiles as a high-performance acoustic material and
analyzing the nuanced effects of density and material variability. A
primary finding is the quantitative demonstration that the M45
recycled textile panel achieves a sound absorption performance (α >

0.9 above 1000 Hz) directly comparable to Basotect, a high-
performance commercial benchmark. This not only confirms the
potential of textile waste as a viable raw material but also positions
these panels as a competitive, sustainable alternative for demanding
acoustic applications—an aspect not extensively explored in direct
comparison with commercial benchmarks. Furthermore, the work
reveals a complex relationship between density and acoustic per-
formance, contributing new empirical evidence to the discussion on
material optimization. While for the kenaf/hemp panels (K-series) a

higher density (K70) improves transmission loss (TL) and provides
balanced absorption. A non-linear behavior is observed for the textile
panels (M− series), where the less dense version (M35) outperforms
the denser one (M45) at mid-frequencies. This suggests that finer
fiber composition influences the acoustic response in ways that differ
from standard theoretical expectations. Finally, the study addresses
the practical challenge of material consistency. By using two com-
plementary measurement techniques, it quantifies the greater vari-
ability in the acoustic properties of panels derived from recycled
textiles (M) compared to those from natural fibers (K). This is a
crucial contribution for the industrial-scale adoption of these mate-
rials, as it highlights the need to develop standardization processes
for textile waste streams to ensure reliable performance − a key
challenge noted in the literature on the circular economy in con-
struction. Taken together, these results not only characterize novel
materials but also provide a scientific basis for their market posi-
tioning, highlighting both their technical potential and the

Fig. 20. Comparison of a) CO2 and b) NH3 evolution during experiment with solid FR (light blue), K30-FR13% (blue), K30-1.8% (red) and K30 untreated (green).
Note that the concentration is divided by 2 and 10 in Solid FR and K30 untreated respectively in a), and by 100 in Solid FR in b). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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standardization challenges that must be addressed for their wide-
spread adoption.

• Regarding the fire response of the material during the TPO test,
panels M35 and M45 did not undergo complete combustion. The
amount of CO2 produced ranged from 64 % to 68 %, while acetal-
dehyde was the only other gas released in notable quantities. A
distinct exothermic reaction was observed in the kenaf-based panels
(K-series), indicating ignition and sustained combustion. This sug-
gests that kenaf-based panels not only exhibit higher flammability
compared to those made from textile fibers, but in the case of fire
accidents they possibly would spread and propagate the fire. Addi-
tionally, the total volume of gases evolved during decomposition
decreased significantly with increasing sample density. Higher den-
sity samples also exhibited a shift in decomposition temperature to
higher values: for instance, K30 ignited at 460 ◦C, while K70 ignited
at 484 ◦C. These findings indicate that increased density promotes
carbonization over combustion.

• Regarding the effects of the fire-retardant treatments, the retardant-
treated panel K30 exhibited enhanced char formation rather than
combustion. Even treatment with a dilute solution proved effective
in suppressing ignition. However, gas analysis revealed the presence
of certain toxic decomposition products—such as ammonia and
isocyanic acid—in the treated samples, albeit at low concentrations,
which can affect the degree of toxicity of the evolved gases. On the
other hand, even low concentrations of the deposited fire-retardant
effectively suppress the exothermic phenomena of the untreated
samples which would mitigate spreading and propagation of the fire.
Thus the TPO technique appears to effectively provide information
on the toxicity of gases evolved in a fire accident that involves the
insulating material. These aspects will be discussed in a forthcoming
paper.

The main innovative contribution of this research lies in the adoption
of a multidisciplinary and non‑conventional approach, which through
alternative techniques (actual vs declared density, IR spectroscopy,
Sonocat, TPO) enabled the identification of properties of natural and
recycled fiber panels not detectable with standardized tests, and posi-
tioned them within a comprehensive comparative framework against
acoustic reference extremes. The results obtained are valid for the cases
analyzed and, although they cannot be generalized to all manufacturers,
it is considered that they may be extended to other production contexts:
this does not imply that all materials present the same critical issues, but
highlights that the problem identified is real and deserves attention with

a view to broader adoption.

CRediT authorship contribution statement
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Supplementary information

Measurements on small samples (Kundt’s tube)

The Kundt’s tube, or impedance tube, can be used to measure both the α and the TL. According to ISO 10534-2 (International Organization for
Standardization, ISO 10534-2:2023 Acoustics - Determination of acoustic properties in impedance tubes, Part 2: Two-microphone technique for
normal sound absorption coefficient and normal surface impedance, 2nd Edition 2023.), the sound absorption coefficient is measured using a set-up
with twomicrophones and a rigid end, as shown in Fig. 5 a). The speaker emits a sine sweep with the following parameters: duration of 10 s, frequency
range 50–4000 Hz (ensuring a plane wave propagation), variable amplitude between 0.05 V and 0.40 V. The signals are acquired by PCB Piezotronics
378C10 microphones connected to a data acquisition device, NI USB 4431. The distance between microphones is 30 mm according to the standard
(Bengtström et al., 2016); it fixes the following limit for the distance s between microphones as s < 0.45c/F, where c is the sound speed, and F is the
maximum considered frequency. Moreover, a distance between the sample and microphone 2 greater than 1–2 tube diameters is suggested (Katz,
2000). The acquired traces are elaborated using the Main_TL software developed by Materiacustica s.r.l. to obtain the α values.

For the measurement of the TL, the set-up is modified as illustrated in Fig. 5 b) and to comply with the so-called four-pole parameters method
(Munjal, 2014). The four parameters (A, B, C, and D) relate the inlet pressure (pi) and velocity (vi) to respective outlet values (po, vo), assuming a plane
wave propagation, expressed as:

[pivi] = [ABCD][povo] (S1)
The impedance tube utilized in this study features a diameter of 45 mm. To calculate the four-pole parameters exploiting the transfer-matrix

approach, the two-loads method (Katz, 2000) is adopted. This method requires the use of four microphones and the changing of the termination
impedance. In this paper, two terminations with various lengths, terminations with and without absorbing material, and even a closed and an open-
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ended termination have been implemented. For each setup configuration, three measurements were performed, moving microphone 2 to locations 3
and 4 while keepingmicrophone 1 in the original location. Then, defined Si and So as the effective cross-sectional areas at the inlet and outlet of the test
sample, the TL was calculated as:

TL = 20 logf010{½|A23 + B23/ρc + ρc C23 + D23|} + 10logf010(Si/So) (S2)
where ρ is the fluid density, c is the speed of sound in the fluid medium, and A23, B23, C23 and D23 are the four-pole parameters between mi-

crophones 2 and 3 (Tao et al., 2003). To evaluate the homogeneity of the panels, three samples were tested for each panel typology, while to evaluate
the repeatability of the measurements, each sample was tested three times. The curves reported in the following sections represent the average of the
three repetitions for each sample, which shows a standard deviation of 0.001.

Measurements on larger samples (SONOCAT sensor)

The second set of acoustic tests was performed using a Sonocat probe. The sensor is shown in Fig. 6 a) and it is designed to measure sound
characteristics in a stationary field, allowing omnidirectional capture of incident and reflected sound waves. Since it does not require sampling, it
provides results that are more representative of real acoustic conditions (Saccenti et al., 2023). The sensor is equipped with a spherical array of 8
MEMS microphones (30 mm). The finite size of the probe poses limitations at very high frequencies, while the distance from the sample must be
carefully controlled to optimize the measurement accuracy at low frequency. The calculation method is based on the relationship between two
fundamental quantities α = Wa

Wo
, whereWa is the time-averaged active sound power, representing the acoustic energy actually absorbed by the sample.

Both of them are calculated by integrating the respective sound intensities at the sample surface. The sound coefficient is provided with a specific value
for each analyzed frequency band in thirds of an octave.

The Farina-Fausti formula, used in acoustic measurements with a PU probe (pressure–velocity probe), represents an evolution of the basic sound
absorption coefficient. The PU probe combines a pressure microphone with a particle velocity sensor, allowing direct measurement of both acoustic
pressure and particle velocity at the same point. This differs from traditional PP (pressure-pressure) probes, which derive velocity indirectly from the
pressure gradient between two microphones, and from microphone arrays, which use multiple pressure measurements to estimate directional
characteristics. The direct measurement of the velocity typically offers advantages in terms of accuracy at low frequencies and near-field measure-
ments, while avoiding the spatial averaging inherent to PP probes and the complexity of array processing; however, it may be more sensitive to flow
noise and require careful calibration.

The Farina-Fausti formula that implements this measurement approach is:

α =
4|R

(
Gxy

)⃒
⃒

(
Gxx + Gyy + 2

⃒
⃒R

(
Gxy

) ⃒
⃒
) (S3)

where the term 4|R(Gxy)| is proportional to the absorbed power Wac, and the denominator is proportional to the incident power Win. The
multiplying factor 4 is introduced to ensure normalization of the coefficient α in the range between 0 and 1. This more elaborate formulation is
necessary in the context of real measurements with a PU probe, where the quantities Wac and Win must be derived through analysis of the pressure
(Gxx) and velocity (Gyy) eigenspectra, as well as the pressure–velocity cross-spectrum (Gxy).

Data availability

Data will be made available on request.
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