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Abstract

This thesis shows an experimental investigation carried out on different innovative
materials based on pre-consumer textile waste. The research was developed at Polytechnic
University of Bari (Department of Civil Engineering and Architecture) in collaboration
with the Universitat Politecnica de Valéncia (Departamento de Ingenieria Textil y
Papelera) and with the support of the private clothing manufacturing company Gordon
Confezioni s.r.l. (Bari, Italy).

Three groups of non-woven materials were prepared in laboratory using three different
binders (i.e. bi-component fibers, chitosan and gum Arabic) and following two different
manufacturing processes (chemically gluing and thermally bonding techniques). All
materials were tested from several perspectives and their hygrothermal, acoustic and fire
resistance behaviour was discussed and correlated with the physical parameters and the
non-acoustic properties of the tested materials. Furthermore, the statistical inference was
used as method of comparison, generalizing the information contained in laboratory
samples. The achieved scientific results allow to state that the proposed materials may
represent a valid alternative for building applications, opening a new research area.

After choosing the best performing mixture, the internal atrium of the Architecture’s
Building of the Polytechnic University of Bari was selected as case study in order to
simulate the effect of different arrangements of the selected material in form of panels.
CATT-Acoustic® software and DesignBuilder® software were used to test respectively
the acoustic and thermal behaviour of the interested material. Results showed negligible
effects on the thermal comfort, but important improvement of the acoustic comfort of the
spaces interested by the treatment. Thus, it could be concluded that the conversion of
textile residues into secondary raw materials for building components could represent a
strategic solution to actualize important circularity objectives, reducing the environmental
impacts of the building industry and developing a sustainable management of the textile
wastes.

The thesis also includes a part designated to the industrial upscaling of the proposed
materials, made possible thanks to the support of the textile machinery manufacturer

Cormatex srl (Prato, Italy).
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Introduction

The textile industry is the third most profitable manufacturing sector in Italy, where
fashion is considered a benchmark of excellence with remarkable revenues. However, at
the same time, the textile system is one of the most environmentally impacting activities at
global level, both in relation to the processes that characterize the supply chain and to the
produced waste (Tedesco and Montacchini, 2020). The current trend of fast fashion
stimulates people to buy more clothes and to dispose them in a shorter timeframe, causing
not only a growing demand for new apparel, but also a high-volume of textile waste

disposal. (Moazzem et al., 2021).

The wastes related to the textile system can be grouped into two sorts: pre-consumer
and post-consumer wastes. Pre-consumer wastes are materials produced during the
garment manufacturing process. For the most part they consist in fibers, yarns, scraps,
clippings, or merchandise harmed amid creation. Post-consumer wastes are any items
discarded by the users because they are considered worn out or not fashionable. This type
of waste includes towels, sheets and covers, clean clothes and sewing leftovers, table
materials, belts, shoes and socks (Rathinamoorthy, 2018). According to Payne (2015), in
the apparel context, the pre-consumer offcuts obtained by cutting and sewing clothes
represented approximately 15% of the total fabric required to make each garment. Muthu
et al., (2012b) estimated the need to recycle at least 75% of pre-consumer waste to obtain a
significant lowering of the carbon footprint of a textile product. Therefore, textile and
clothing industry is a high-embodied energy system which causes a significant
environmental footprint during all stages of the supply-chain, from the synthesis of the

fibers to the disposal of the post-consumer wastes (Echeverria et al., 2018).

For a long time, our economy has been a linear model of “take, make and waste”. This
means that virgin raw sources were used to make a product which was used until it was
discarded as waste. The increasing attention for recycling and reuse activities, has
encouraged the governments to apply circular economy principles based on waste
management theory of 4 Rs: Reduce, Reuse, Recycle and Recover. As a first step, it is

important to prevent or reduce the wastes generation to the possible extent. On the chance



that wastes are created, they ought to be repeatedly reused. If not or after reuse, the wastes

can be recycled. Thus, the physical properties of the discarded materials are changed in
order to use them as input to make new goods. Throw the recycling process, the leftovers

can be converted into something valuable and often beautiful (i.e. the up-cycling); or into
low-value items (i.e. the down-cycling). Furthermore, the recycled leftovers can be used as

an input into another similar manufacturing process (i.e. open-loop recycling), or became

raw materials for a different production process (i.e. close-loop recycling). Finally, the
recovery is the conversion of non-recyclable waste materials into useable energy sources

i.e. heat, electricity, or fuel (Kirchherr et al., 2017).

Although the long-term goal for the Europe is to reduce wastes and to use them as new
resources (COM 666, 2005), textile wastes have not profitable recycling despite their
potential (Danihelova et al.,, 2019). In 2018, the European community adopted the
“Circular economy package” with the aim to impose the textile waste separation by 2025,
but the implementation of circular economy in clothing industries of some EU Member
States is still very limited. In fact, a large share of textiles is incinerated or landfilled,
provoking air and land pollutions. Thus, an alternative solution to disposal could be the
inclusion of waste into a new additional market, i.e. the building materials industry. In this
way it could be possible to reduce the environmental effects both associated with the

textile and the building sectors.

The building sector is responsible for a significant share of the energy consumptions
and carbon emissions in Europe. According to some statistical analysis, 40% of the energy
consumptions and 36% of the carbon emissions of the European Union could be attributed
to the construction sector (European Commission Directorate General of Energy, 2020).
Generally, the best strategy to reduce the energy demand of the buildings is to act on their
envelope, designing an effective insulating system. Traditional insulation materials entail a
wide range of embodied energy per unit volume, including the energy used for raw
resource extraction, component assembly and manufacturing, their maintenance and
disposal. The development of wastes-based insulation products reduces the use of new raw

materials, limiting the energy for their extraction. Furthermore, if made following a



sustainable manufacturing process, they can led to energy savings during their production

and can be easily recyclable.

Governments around the world adopted and enforced a variety of financial regulations
and incentives to mitigate the impacts of the building industry (Banihashemi et al., 2020).
The European Commission introduced the “Green Public Procurement” (GPP), a strategic
tool aimed at reaching a more resource-efficient economy, stimulating Public Authorities
(who are the major consumers) to use their purchasing power to choose environmentally
friendly goods, services and works (COM 400, 2008). In response to the GPP, Italy makes
the application of Minimum Environmental Criteria (MEC) compulsory by law, through
the Legislative Decree 50, (2016) subsequently amended by Ministerial Decree 56, (2017).
The Decree provides some “environmental suggestions” for tenders selecting and tenders
calls drafting, aimed at evaluating the most economically advantageous offer, combining
the environmental, economic, and social issues. Important MEC about building materials
have been established requiring that at least 50% b.w. of the building components must be
recyclable or reusable at the end of their life and the total content of recycled and/or
recovered sources must be at least 15% b.w. of the all materials used, with at least 5% of
non-structural materials. Therefore, eco-compatibility is becoming a strictly necessary
quality of building materials, together with their ability to guarantee thermo-hygrometric

and acoustic comfort.

The building sector could represent a key partner in the global effort to achieve the 17
Sustainable Development Goals (SDGs) set by the 2030 Agenda. The transition from
linear to circular economy through the reuse of waste is one of the strategic way for
reaching sustainable cities and communities aimed of realizing the desired world based on
the safeguard of the land and water biodiversity. Furthermore, the construction industry
could align business strategies with the SDGs and should collaborate with government
agencies, industry peers and policymakers to integrate the SDGs into long-term business
strategies, providing employment opportunities to eradicate poverty and improve people’s

standard of living.



Thesis at a glance: motivations and aims

Given the challenges to develop a sustainable management of wastes and to low the
environmental impacts of building industry, this thesis investigates the possibility to
recycle pre-consumer textile wastes applying an open-loop up-cycling process. The main
goal was to convert textile wastes into secondary raw materials for producing building
non-wovens with high hygrothermal and acoustic properties. Three mix design were
obtained bonding 100% wool waste fibers with gum Arabic, chitosan and
copolyester/polyester bi-component fibers. Several samples with different bulk density
values were manufactured and tested in order to use them as thermal insulating and/or

sound absorbing materials.

The present research work was carried out with the support of the private clothing
manufacturing company Gordon Confezioni s.r.l. (Bari, Italy) and with the contribute of
the Departamento de Ingenieria TExtil y PApelera (DITEXPA), Universitat Politécnica de
Valencia. Gordon Confezioni s.r.l. is a small/medium enterprise which contributed
supplying the wool tailored cuttings used as raw materials. Its challenge was the
opportunity of a sustainable management of wastes which account of around 30% of its
total production. The support of the Department of Textile and Paper Engineering was
essential to analyze the microstructure of the fibers and their interaction with the binders.

To this purpose, the morphological analysis of the fibers and of the produced final
materials (i.e. the Scanning Electron Microscope (SEM) analysis, the infrared spectroscopy
analysis and the tortuosity measurements) were carried out in the DITEXPA laboratories.

Six months were spent in the company and in the Spanish University.

Three objectives were defined in order to achieve the main scope of producing the
innovative woolen materials:
1. the review of the state of the art on use of textile waste in building industry;
2. the analysis and the comparison of the chemically gluing and the thermally
bonding techniques;
3. the validation of the best produced materials through its application to a case

study and its industrial upscaling.



Objective 1: review of the state of the art on use of textile waste in

building industry

Chapter 1 opens with a snapshot of textiles and clothing consumption in Europe and in
Italy, useful to quantify the availability of the raw materials. Furthermore, it provides an
overview of the most comprehensive scientific research works on the use of textile waste
fibers in building sector. In light of the main used non-wovens bonding methods, the
chemical and thermal bonding techniques were selected to produce the materials tested in
this research work. Furthermore, three different types of binder, two of natural origin, i.e.
chitosan and gum Arabic; and the other of synthetic origin, i.e. the bi-component fiber,

were proposed.

Objective 2: analysis and the comparison of the chemically gluing and the

thermally bonding techniques

Chapter 2 provides a description of the raw materials (i.e. wool, bi-component fibers,
chitosan and gum Arabic), including an extensive characterization of their microstructure
and thermal behaviour. It also contains an illustration of the mix design and of the two
methodologies chosen for preparing samples (i.e. chemically gluing and thermally bonding
techniques). Chapter 3 includes the measurements set-up for testing the hygrothermal,
acoustic and fire resistance behaviour of the prepared samples. Furthermore, the processing
methods and the theoretical acoustic and thermal models used to analyze laboratory data
are explained in Chapter 4. In Chapter 5 and Chapter 6, the experimental results are
analyzed and compared in order to highlight how the two chosen manufacturing methods
have influenced the microstructure of the materials, affecting their hygrothermal and
acoustic performances. The results of the flammability tests are also explained. Being the
tested materials lightweight, Chapter 7 investigates an alternative mix design which
involves the use of phase change materials (PCMs) to improve the thermal energy storage

capacity of the samples.

Objective 3: validation of the best produced materials through its

application to a case study and its industrial upscaling

Chapter 8 introduces the case study, showing the effects of the application of the most



performing tested materials on the acoustic quality of the internal atrium of the
Architecture’s Building of the Polytechnic University of Bari. The atrium was modeled
with CATT-Acoustic® software, simulating and comparing different arrangements of the
absorbent materials. In any case, part of the textile non-wovens covered the string course-
frames of the buildings surrounding the atrium, modifying the transmittance value of their
external walls. Therefore, energy simulations were also carried out using DesignBuilder®
software in order to analyze the effects of adding the woolen-based materials on the
thermal comfort and on the energy behaviour of the corresponding rooms with atrium
view. Some renderings are included in order to represent how the application of the non-

woven panels changes the visual perception of the space under study.

Eventually, Chapter 9 discusses some aspects about the environmental sustainability
values of the tested materials, summarizes the main findings of this thesis and includes
recommendations for future research. In fact, the industrial upscaling of the most
performing materials was carried out with the aim of comparing them with laboratory scale

samples.
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Chapter 1

State of the art on textile waste in building
industry

This chapter partially reports material from:

- Rubino, C., Liuzzi, S., Martellotta, F., Stefanizzi, P., 2018. Textile wastes in building
sector: A review. MM.C. B 87(3), 172-179.
https://doi.org/10.18280/mmc_b.870309.

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Martellotta, F., Stefanizzi, P. 2019. Thermal
characterization of innovative sustainable building materials from wool textile fibers
waste. IJES 63 (2-4), 277-283. https://doi.org/10.18280/ti-ijes.632-423.

In textile and clothing sector, the fashion cycle makes the style obsolete before the real
end of life of textile products, generating wastes and over consumerist practices which
have a serious impact on the environment. In fact, most of these wastes is incinerated or
landfills disposed. The inclusion of the textile residues in a new manufacturing process
could be a strategy to achieve a sustainable management of wastes, maximizing the added
value of new products. The textile leftovers offer many attractive opportunities in different
sector, i.e. the automotive industries, the construction industries or the energy sector. The
purpose of this Chapter is to provide a snapshot of the textile consumptions and textile
wastes management in Europe and in Italy. Furthermore, an overview of the state of the art

on the use of recycled fibers in construction materials was carried out.



1.1 Textile consumption in Europe and in Italy

The textile and clothing (T&C) sector is an important branch of the European
manufacturing industry, playing a crucial role in the economy and social well-being in
many regions of Europe. The sector includes ca. 160,000 companies, employing 1.5
million people and generating a turnover of €162 billion (EURATEX, 2020). The T&C
industry accounts for some 5% of employment and 9% of companies in the total EU
manufacturing sector, as well as over 4% of total merchandises’ exports. As shown in
Figure 1.1, a large number of companies are established in Italy and more than half of the
EU employment is concentrated in four countries, besides Italy, Romania, Poland and

Portugal (EURATEX, 2018).
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Figure 1.1. Top ten EU textile and clothig producers (Source:
https://euratex.eu/infographics/).

Europeans use nearly 26 kilos of textiles and discard about 11 kilos of them every year.
Used clothes can be exported outside the EU, but are mostly (87%) incinerated or
landfilled and a very low percentage is recycled. Figure 1.2 analyzes the 15 European
nations that in 2016 produced the largest amounts of textile wastes, showing that only
about 20% of them was used to manufacture new products or new textile items. As it can
be seen, although Italy ranked among the leading five textile polluters in the EU, recycled

less than one kilogram of textile waste per person.
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Figure 1.2. Summary of recent trends in textile waste production and recycling in 15
European nations that produce the largest amounts of textile waste each year.
(Source: elaboration of Eurostat data
https://appsso.eurostat.ec.europa.eu/nui/submitViewTableAction.do#).

In Italy, post-consumer textiles together with the wood, cellulosic and organic fraction,
constitute biodegradable urban wastes (Legislative Decree 152, 2006). As shown in Figure
1.3, in 2018 textiles have covered only 0.8% of separate waste collection, while the

cellulosic and organic fraction represented about 60% (Rapporto rifiuti urbani, 2019).

mGlass
m Plastic
= Metal
= \Wood
Electric and electronic equipment
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= Construction and demolition
= Textile
m Organic
Paper
= Other

Figure 1.3. Percentage breakdown of separate waste collection.
(Source: elaboration of Rapporto rifiuti urbani (2019) data).
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Although the separate textile waste is growing over the years, collection of post-
consumer textiles, which is dominated by charities and voluntary take-back campaigns, is
still little practiced. Figure 1.4 plots that the separate collection of the post-consumer
textile wastes in Italy has grown over the years despite a constant trend during 2016 and
2017. This trend demonstrates an increasingly widespread awareness of the need of wastes

recovery in order to limit their negative effects on the environment and on human health.
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Figure 1.4. Trend of separate collection of the post-consumer textile waste in Italy from
2014 to 2018 (Source: elabooration of ISPRA data https://www.catasto-
rifiuti.isprambiente.it/index.php?pg=rs).

According to article 184, sub 3 of the Legislative Decree 152, (2006), the pre-consumer
textile wastes are classified as special waste and are reviewed under a special waste
management program. Considering their riskiness, they are distinguished in hazardous or
non-hazardous waste. Textiles dyes effluents are an example of pre-consumer hazardous
waste which are a serious perilous for global environment due to the use of synthetic dyes.
Their toxic and non-biodegradable nature pose serious threats to soil fertility, crop
production, and human health. For this reason, the attentions have been diverted to bio-
dyes or natural dyes (Gulzar et al., 2019).

Cutting fabrics are the most consistent non-hazardous wastes of a textile industry. In
2018 and 2019 about 700,000 ton of dangerous and non-dangerous wastes derived from
lather and textile industries and more than 1,500 ton were incinerated (Rapporto rifiuti
speciali, 2021). Figure 1.5 shows the incidence percentage of the regional production of the

hazardous and non-hazardous wastes in Italy in 2019. As it can be observed, the Apulia
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region (the region to which the partners company of this research project belongs)
contributes 13% to the production of special hazardous and non-hazardous textile waste in

southern Italy.
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Figure 1.5. Regional production of the hazardous and non-hazardous wastes in Italy in
2019. (Source: Source: elabooration of ISPRA data https://www.catasto-
rifiuti.isprambiente.it/index.php?pg=rs).

However, the trend of the hazardous and non-hazardous special textile waste in Apulia

region is decreasing, after a peak value recorded in 2017 (Figure 1.6).
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Figure 1.6. Trend of special hazardous and non-hazardous textile wastes in Apulia from
2014 to 2019 (Source: elabooration of ISPRA data https://www.catasto-
rifiuti.isprambiente.it/index.php?pg=rs).
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1.2 Textile waste as new resource for building materials

In recent years, there have been more and more research studies aimed to use textile
wastes as new raw sources in construction sector. The earliest research approaching to the
use of textile leftovers for building materials was published in 2003 (Lee and Joo, 2003),
meaning that the investigation of this topic is a fairly new activity. A depth analysis of the
state of the art was carried out, highlighting the promising use of textile fibers mainly as
matrix of panels with good hygrothermal and acoustic performances. However, textile
fabrics and threads could be also act as reinforcement for lightweight bricks, or for cement

based renders.

1.2.1 Composites, mats and panels

Textile wastes are mostly used to produce innovative heat insulating (Hadded et al.,
2015; Gounni et al., 2018) or sound absorbing panels (Segura-Alcaraz et al., 2017); but
also to improve the thermal or acoustic performances of conventional materials. Umar et
al. 2017 replaced glass fibers with textile waste yarns in door or partitioning panels. Tiuc et
al. (2016) investigated the improvement of the Noise Reduction Coefficient (NRC) of rigid
polyurethane foam (RPF) by incorporating textile waste (TW). Aghaee et al. (2012, 2013)
analyzed the effects of adding a core of textile waste fibers in perlite lightweight concrete
panels. The fibers porosity allowed to obtain a thermal conductivity lower than 0.3
W/(m-K). Furthermore, the use of fibers core led to a reduction in the specific weight of
the internal partitions by about 20%, reducing the damages and the possibility of collapse
of the panels in case of an earthquake.

The production of innovative textile building non-woven mats and panels can be
achieved using the fabrics directly, without converting them into fibers (i.e. direct
methods); or converting the fabrics into fibers to form batting webs which are tied together
by chemically gluing, mechanically entangling, or thermally bonding techniques (i.e. non-
wovens).

Several researchers (Jordeva et al., 2014; Trajkovi¢ et al., 2016) investigated the use of
waste fabrics directly for building applications. Jordeva et al. (2014) developed thermal
insulation materials by cutting textile wastes and then stabilizing the wastes by stitching.

Trajkovi¢ et al. (2016) produced a thermal insulating material encasing different fabric

mixtures in 100% polypropylene non-woven structure. The mix used were 100% polyester
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(blends A and C differing in the size of the waste), polyester/cotton/lycra (blend B:
70/25/5) and polyester/lycra (blend D: 95/5). All tested samples exhibited a thermal
conductivity values similar to standard insulation materials, varying between 0.052 and
0.060 W/(m-K). Tests result also showed that the polypropylene structure containing
smaller pieces of cutting fabrics exhibited the highest thermal insulation. In addition, the
presence of lycra decreased the thermal insulation of the structure. All tested materials
exhibited a sound absorption coefficient maximum in the range of 1000-2000 Hz and a
Noise Reduction Coefficient value similar to that of other commercial building insulators
(NRC was in the range from 0.55 to 0.75).

Briga-Sa et al. (2013) carried out an experimental work to determine the thermal
behavior of an external double wall with the air cavity filled with woven fabric wastes
(WFW) and wastes of this residue, named woven fabric sub-waste (WFS). The results
indicated that the double wall with the air cavity filled with WFW and WFS exhibited a
thermal resistance 56% and 30% respectively higher than the double wall with the empty
air cavity. The thermal conductivity value of the WFW was similar to the EPS, XPS and
mineral wool. WES showed a thermal conductivity value very close to the granules of clay,

vermiculite or expanded perlite.

Concerning the non-wovens method, when dealing with the chemical binding
technique, several studies can be found in consequence of the fact that it is the easiest
process as it only involves the application of binder dispersions followed by the curing and
drying of the impregnated fibers (Wilson, 2006). Different types of agents, mostly epoxy
resins (Temmink et al., 2018; Baccouch et al., 2020), have been explored in literature to
bind the textile fibers, providing them the structure needed to develop fibrous materials
with good thermal, acoustic and mechanical performances. Binici et al. (2014) examined
the acoustic performance of new insulation materials produced by grinding and mixing
agricultural residues (i.e. sunflower stalks and stubble fibers) and textile waste (i.e. cotton).
Two approaches were used: one was by using plaster and another by using epoxy as a
binder. The obtained boards were applied on the wall (mud bricks, concrete bricks, and red
bricks) of a test room and an improvement of the thermal and sound insulation
performances was proved.

A common issue with chemically bonded materials is represented by nature and amount
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of the binder which can clearly influence the porosity of the samples (and hence the
properties depending on it). It is also important to consider the environmental impact of the
binders, which is not always negligible. From this point of view, there is a limited number
of scientific studies on the use of natural or biodegradable binding solutions.

Del Mar Barbero-Barrera et al. (2016) tested the use of lime paste as binder to develop
building boards made from textile wastes and studied the effects of three different lime-
water ratios on the thermal, acoustic and mechanical properties. The results proved that the
sound absorption coefficients increased with a higher water to lime ratio, due to the
increase in the amount of pores in which sound waves could easily penetrate. A high
porosity also meant low hardness and low flexural strengths. Furthermore, the heat
insulating performance of the tested boards increased by decreasing the lime past content:
the best thermal conductivity of 0.14 W/(m-K) was observed for samples with a density of
716 kg/nr. These results were comparable with that obtained by Muthuraj et al. (2019)
who used the biodegradable poly(butylene adipate-co-terephthalate)/poly(lactic acid) blend
binder to develop building panels with a density of 488 kg/m * and a thermal conductivity
of 0.14 W/(m-K). All the biocomposites showed semi-rigid behaviour with sufficient
flexural (0.80-2.25 MPa) and compressive (10-40 MPa) properties.

Lacoste et al. (2017) investigated the adhesive properties of the sodium alginate, a
natural polysaccharide derived from seaweed. Wood fibers (W) and recycled cotton fibers
(T) were mixed in various proportion to manufacture composites with different softness.
The tested wood/textile waste ratios were100/0, 50/50, 60/40, 70/30 and 0/100 in weight.
Innovative biocomposites with a thermal conductivity in the range 0.078-0.089 W/m/K for
an average density in the range 308-333 kg/m * were obtained. The innovative panels were
semi-rigid composites, showing a compression strength between 0.40-1.41 MPa and a
bending strength between 0.20-0.54 MPa.

Curtu et al. (2012) and Del Rey et al. (2015) focused on the acoustic characterization of
innovative textile panels. Curtu et al. (2012) analyzed the effects of different types of
binder (acrylic copolymer, clay solved, gypsum solved and formaldehyde) on the acoustic
properties of composites produced mixing wood and wool waste. The experimental results
pointed out that samples manufactured with acrylic copolymer and gypsum exhibited great
sound absorption values at high frequencies; unlike samples produced with formaldehyde

performed a not classifiable acoustic behavior, being more reflective due to the flat and

15



smooth surfaces. Furthermore, samples blended with clay solved in water exhibited a
constant sound absorption coefficient in the frequencies range 800-3200 Hz. However, the
increase in the density value of the materials produced a decrease in the sound absorption
performance.

Del Rey et al. (2015) focused on the characterization of innovative acoustic insulation
materials developed from several combination of cotton fibers, polyester fibers and bico
PET fibers mixed with phenolic resins or recycled PET fibers. A prototype of a noise
absorptive barrier was designed using the new insulation materials as a core of a metal
structure with a drilled plate at the side exposed to the noise source. The new fibrous
materials barriers exhibited sound absorption coefficients and airflow resistivity values

similar to other commercially available absorptive noise barriers.

In order to avoid the environmental impact of the binders, a better alternative might be
the mechanical entanglement as the needle punching technique. It consists in a repeated
penetration of barbed needles through a preformed dry fibrous carded web (Anand et al.,
2006). Materials with different density values could be produced, controlling the density of
the final products by varying some needle parameters. Thus, panels with higher density
showed better load-bearing properties; whereas materials with less density values favored
acoustic absorption and thermal insulation.

El Wazna et al. (2016, 2018) controlled the speed and the thickness of needle, the
needle punch depth, the number of barbs and the stitch angle to improve the tortuosity and
the porosity of mats made from 100% wool (W) and 100% acrylic (A) fibers. Samples with
thermal insulation properties, better than other conventional insulation materials (i.e. glass
wool, mineral wool and extruded expanded polystyrene), were developed. The thermal
performance of the produced materials was investigated using a numerical model that
simulated an external wall exposed to the real climatic conditions. The innovative solution
was competitive in terms of annual heating and cooling loads compared to a classic
insulation solution (i.e. rock wool and expanded polystyrene).

Patnaik et al. (2015) carried out a research about different type of innovative needle-
punched mats suitable for roof ceiling insulation. Two mats were obtained from two type
of 100% waste wool fibers (CW and DW), two others mats from the combination of the

two type of wool waste and recycled polyester (CWP and DWP), the last one was
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manufactured from 100% recycled polyester (RPET). A protective barrier on the wool
fibers was created by spraying silicon in order to avoid that an excessive absorption of
moisture affected the thermal performances of the samples. Test results showed that all
panels exhibited good insulating properties and sound absorption coefficients in the overall
frequency range (50-5700 Hz). However, the DWP sample showed a higher sound
absorption value due to the rough surface of the wool fibers which improved the friction
phenomena by increasing energy losses; and due to the long length of the included fiber

which encouraged the sound wave interaction creating a very uniform pore structure.

Seddeq et al. (2012) investigated different non-woven materials containing natural
textile fibers (jute, cotton and wool), mechanically connected with synthetic textile fibers
(polyester and polypropylene). All tested samples showed higher sound absorption
coefficients at mid and high frequencies than at low ones.

Zach et al. (2016) produced thermal and acoustic nonwoven materials from recycled
cotton, polyester and flax fibers using the airlay method for web formation. In airlay
method, fibers can be separated by suspending them in an air stream, and then blowing the
fibers onto a moving belt to form a uniform layer of fiber web. After forming layers of
fibers as webs, bonding was done by thermal or mechanical process. Five different
mixtures of polyester, flax, cotton, and bi-component fibers were tested. The average
thermal conductivity and absorption coefficients values of the produced materials were

0.037-0.049 W/(m-K) and 0.7 to 0.9 (at around 1000 Hz), respectively.

The thermal bonding method involves the use of “base” fibers included in a polymer
matrix working as “binder”. A carefully chosen mix of base and binder fibers is heated to
melt the thermoplastic polymer and, then is cooled to solidify the bonding area. According
to Pourmohammadi (2006), the thermal bonding technique could be considered more
economically attractive than chemical one because involved more energy savings as a
consequence of less water evaporation during bonding.

Hassanin et al. (2018) used the low-density polyethylene contained in Tetra Pak® waste
to develop insulating panels made from wool yarn waste.

Echeverria et al. (2019) proposed fibrillated polypropylene textile waste as
thermoplastic matrix to develop load-bearing panel with mechanical strength and moisture

absorption performance highest than standard wood-based particleboards.
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Several authors (Lin et al., 2016; Zou et al., 2011) proposed the use of polyester (PET)
as binder polymer. Nowadays, there is a great recycling of PET from bottles, but recycling
of PET from fabrics is still a big challenge. Different methods have been studied to dispose
PET fabrics (i.e. PET extraction, or cellulose extraction from cotton/PET blend fabrics, or
PET dissolution), but they are unfeasible because of their high cost. Therefore, the use of
polyester textile fibers in construction materials could be a sustainable alternative of
recycling non-renewable resources, creating a new low cost raw materials.

Palakurthi (2016) developed a composite material from recycled PET and cotton. As the
melting temperature of PET (260 °C) is higher than the degradation temperature of cotton
(146 °C), she treated PET with plasticizers and alkali to reduce the melting temperature of
PET.

Ramamoorthy et al. (2014) also investigated reusing of discarded cotton/PET blend
fabrics as reinforcement in building composites. Three compression-molding concepts
were discussed and evaluated. In the first method, the melting temperature used was higher
than that of polyester fabric with or without using a plasticizer. The result of this method
was that cotton fiber degraded due to high temperature. In the second method, a bio-based
resin from soybean oil was used as a matrix. Finally, in the third method, a thermoplastic
core-sheath bi-component fiber was carded and needle punched to form a nonwoven
fabric. The obtained nonwoven was placed between layers of recycled cotton/PET fabrics
and subjected to compression molding to form composites. The sheath of the bi-component
fiber melts with a temperature lower than that of cotton degradation and acts as a matrix.
The using of method two and three allowed to produce a composite successfully, without
degrading the cotton fibers. Furthermore, it was observed that the materials produced by
the third method showed mechanical properties and tensile strength respectively 4 times
and 2.2 times greater than materials obtained from method one and two.

Drochytka et al. (2017) used bi-component fibers to bind polyester waste fibers
producing building non-wovens with thermal and acoustic performances comparable to
mineral rock wool panels. Samples with three different density values (65, 80, 95 kg/m %)
were produced and a thermal conductivity less than 0.06 W/(m-K) was measured. A sound
absorption depending on bulk density was observed in higher frequency range between
1000 and 1600 Hz.

Sedlmajer et al. (2015) used bi-component PES fibers for preparing different insulating
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mats. The tested textile waste combinations were cotton pure/recycled PES/bico fibers
(40/40/20), recycled PES/bico fibers (80/20), cotton raw/recycled PES/bico fibers
(40/45/15 or 45/40/15). Although all materials exhibited good thermal properties, the
samples with higher cotton content showed, at the same volume weight, greater
performances than the materials with higher proportion of PES fibers.

Several authors used textile wastes to produce innovative sandwich-shaped composites.
Ricciardi et al. (2014) evaluated the thermal performances of two types of panels differing
in central layer thickness. A core of waste paper was glued and pressed between two layers
of polyethylene fibers to reach thicknesses of 7 mm and 15 mm. The mean value of
thermal conductivity was varying in 0.034-0.039 W/(m-K) range, with higher performance
respect to traditional insulating materials. The NRC of the tested samples varied from 0.25
to 0.40 based on the thickness of the layers.

Binici et al. (2012) investigated new lightweight materials in which a mixture of fly ash,
cotton waste and barite was applied between two chipboards. When the content of cotton
fibers increased, the thermal and sound insulation performances of the chipboards
improved. Furthermore, the use of barite allowed a radioactivity permeability control.

Cosereanu et al. (2012) simulated the thermal behavior of a sandwich wooden wall with
a core filled with different textile waste composite materials. By comparing the innovative
wall with the brick wall, was concluded that the wooden structure showed a higher thermal

resistance than the brick one, at the same thickness.

Figure 1.7 compares the thermal insulation performance of materials previously
analyzed. Particularly thermal conductivity was chosen as term of comparison. Not all
materials were compared because for some of them density values were not found in the
literature. However, thermal insulation properties of the most recycled textile materials
resulted comparable with that of commercially available insulation materials, i.e. glass
wool, stone wool, expanded polystyrene or extruded polystyrene. Only Del Mar Barbero-
Barrera et al. (2016) and Muthuraj et al. (2019) proposed panels with a thermal
conductivity above 0.1 W/(m-K) with a density ranged from 500 to 700 kg/m . This was
maybe due to the wused binders, i.e. lime and poly(butylene adipate-co-
terephthalate)/poly(lactic acid) blend, which affected the porosity of the materials

increasing their thermal conductivity.
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As it can be observed in Figure 1.7, Ricciardi et al. (2014) produced panels with
promising thermal conductivity values less than 0.04 W/(m-K), despite their density was
higher than that of the other materials with similar thermal behaviour. This could be due to
the sandwich-shape of the panels which could cause the presence of air between the

different layers, allowing to reduce the value of the thermal conductivity.

BE| Wazna et al. (2016, 2018) Patnaik et al. (2015) Expanded polystyrene (Schiavoni et al., 2016)
Sedimajer et al. (2015) Drochytka et al. (2017) m Extrused polystyrene (Schiavoni et al., 2016)
Lacoste et al. (2017) Trajkovic et al. (2016) - Glass wool (Schiavoni et al., 2016)

® Ricciardi et al. (2014) Zach et al. (2016) + Stone wool (Schiavoni et al., 2016)
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Figure 1.7. Thermal conductivity versus bulk density for insulating materials.

Similar to thermal conductivity, comparison of sound absorption coefficients of
different materials are shown in Figure 1.8.

The comparison of acoustic properties is not straightforward like thermal properties,
since acoustic properties depend a lot on frequency and on thickness of the samples.
Furthermore, not all researchers reported the sound absorption coefficients for each
frequency, but an average value for low, medium and high frequency was found (i.e.
Patnaik et al., 2015 and Seddeq et al., 2012). However, Figure 1.8 plots the noise reduction

coefficient (NRC) for some of materials above analyzed.
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Figure 1.8. Noise reduction coefficient for sound absorbing materials.

1.2.2 Lightweight bricks

Several researches investigated the use of textile fibers to produce lightweight bricks.
Rajput et al. (2012) investigated the hygrothermal effects of the addition of different
percentages of recycled paper mills waste (PW) and cotton waste (CW) to cement bricks.
Results indicated that with the increase of the cotton fibers waste, the porosity increased
from 0.18 to 0.29. A more porous structure allowed an improvement of the thermal
performance (the thermal conductivity decreased from 0.32 to 0.25 W/(m-K)) and an
increase of the water absorption. The amount of fibers also influenced the mechanical
properties of the materials due to their nature to be water-absorbent. However, bricks
showed good compressive strength (211 MPa) to be proposed as not-load bearing
partition walls.

Binici et al. (2010) and Binici, and Aksogan, (2015) examined the thermal properties of
cement bricks lightened with a combination of cotton waste (CW) and textile fly ash (TW).
Two models house were built and monitored in order to compare the thermal insulation

properties of the innovative materials with those of control bricks (CB) made without using
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textile lightening. Being the innovative bricks more lightweight than the control ones, their
thermal conductivity coefficient was 29.3% lower. This reduction explained the rapid
increase of the heating temperature of the model house constructed with CW and TW
bricks. The water absorption of the tested materials decreased with the increase of the
content of cotton fibers. The compressive and flexural strength values also fulfilled the
required standards, allowing to use the tested materials for load-bearing walls, reducing
their thickness.

Algin et al. (2008) tested lightweight composite materials developed by mixing the
cement with different combinations of cotton waste (CW) and limestone powder waste
(LPW). The water absorption and the CW percentage content were directly proportional.
Substituting of 40% LPW volume with CW, was achieved 27.2% of water absorption b.m.
which is a satisfactory value compared to other lightweight building materials. Results
proved that with the increase in the CW replacement, the mechanical performances of the
analyzed samples decreased. Thus, the bricks with high CW percentages could be used
preferably for non-structural applications.

Liu et al. (2017) prepared foamed gypsum blocks from flue gas desulfurization gypsum
and textile fiber waste. Results indicated that at 3% of the textile fibers content the samples

showed the maximum compressive strength of 1.6 MPa.

Figure 1.9 compares the water absorption values of the bricks produced and tested by
Binici et al. (2010) and Algin et al. (2008). As it can be observed, the water absorption

decreased with the increase of the content of cotton fibers.

100g CW+500g TW (Binici et al., 2010)

100g CW+400g TW (Binicietal., 2070 . =~ -~ =~ =~ ”J
200g CW+500g TW (Binici et al., 2010)
200g CW+400g TW (Binici et al., 2010)

0% LPW+40% CW (Algin et al., 2008) Sy

70% LPW+30% CW (Algin et al., 2008) _
80% LPW+20% CW (Algin et al., 2008)

90% LPW+10% CW (Algin et al., 2008) \ N

100% LPW+0% CW (Algin et al., 2008) {1

o 10 20 30 40 50
Water absorption [%]

Figure 1.9. Water absorption values for bricks.
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1.2.3 Mortar reinforcements

The incorporation of certain types of fibers into the cement matrices improves several
characteristics as toughness, energy absorption capacity or post-cracking residual strength.
Steel, glass or polymeric fibers have been tested as reinforcement of cement-based
matrices. Recently, textile waste fibers have emerged as reinforcement materials able to
enhance ductility and cracking control of the cement-based matrices (Sadrolodabace et al.,
2021). Pinto et al. (2013) and Dos Reis et al. (2009) also showed improvement of
mechanical properties increasing the fiber content of cement-based renders and polymeric
concrete. Kalkan and Giindiiz (2016) investigated the hygrothermal benefits of addition of
denim powder fibers (DPF) as a new type of reinforcement for perlite and pumice
mixtures. They showed that DPF content up to 1.25% allowed to guarantee good

hygrothermal properties as well as to improve mechanical performance.
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Chapter 2
Materials chosen for the study

This chapter partially reports material from:

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Stefanizzi, P., Martellotta, F., 2021. Wool
waste used as sustainable non-woven for building applications. J. Clean. Prod. 278,
123905. https://doi.org/10.1016/j.jclepro.2020.123905.

This Chapter characterizes the raw materials and the methods selected to produce the
tested samples. A brief description of the polymers used as base matrix (i.e. wool) and
binding agents (i.e. bi-component fibers, chitosan and gum Arabic) is reported with the aim
of analyzing their origin and their previous use in construction field. The characterization
of the microstructure and the thermal behaviour of the raw materials are included. In fact, a
Scanning Electron Microscope (SEM) analysis of the wool and of the bi-component fibers,
in addition to a Differential Scanning Calorimetry (DSC) analysis of the all used raw
materials were carried out. The examination of the SEM and DSC results were useful for
choosing the best procedure for samples preparing (i.e. the chemical and thermal bonding

techniques), of which a detailed illustration is provided.
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2.1 Description of raw materials

In light of the considerations about the main non-wovens bonding methods included in
the previous Chapter, the chemical and thermal bonding techniques were selected to
produce the materials tested in this research work. The chosen methods resulted easily
reproducible at laboratory scale and were able to ensure the suitable acoustic and
hygrothermal properties of the final products.

Wool fibers, 100% recycled, obtained from tailored cuttings produced by the Italian
clothing company Gordon Confezioni srl., were used as base fibers.

Regarding the chemical bonding technique, two different environmental friendly
binders were chosen: one of vegetable origin, i.e. gum Arabic; and the other of animal
origin, i.e. chitosan. Although these two materials were already examined in literature
successfully, they have never been tested as adhesives for construction materials made
from textile fibers. In fact, as will be better explained in the next “Chitosan” and “Gum
Arabic” Sections, they were mainly used for bonding agricultural wastes or natural fibers.
Furthermore, the number of systematic studies on the thermal and sound absorbing
properties of the produced materials resulted limited. Concerning the thermal bonding
technique, a polyester/copolyester (Co PET/PET) sheath-core bi-component fibers were
explored as thermoplastic material. The purpose was to use a working temperature able to
avoid side effects such as yellowing or chemical degradation of the wool matrix.

Gum Arabic used in the present research was purchased from Lana y Telar company;
whereas chitosan of medium molecular weight and acetic acid to solubilize it, were
supplied respectively by Sigma-Aldrich and Panreac. The bi-component fiber was supplied
by FiberVision company.

2.1.1 Wool

Wool is an animal protein fiber with a complex and sophisticated structure
characterized by numerous ordered layers. The outermost layer (the cortex) represents
about 90% of the fiber weight and is covered with thin and flat overlapping scaly ‘‘cuticle

cells’” arranged in the direction of the fiber axis (Figure 2.1).
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Figure 2.1. Structure of a Merino wool fiber Eéource:
http://www.scienceimage.csiro.au/image/7663//1arge).

Although the waxy coating on the cuticle cells makes them water repellant, they are
able to absorb water vapor, playing an important role in the hygric behaviour of wool.
Furthermore, the high nitrogen and water content makes wool flame retardant (Baker,
2018). These characteristics, in addition to the intertwining ability, allow to choose wool as
matrix of construction materials. In fact, during repeated mixing and pressing actions, the
scales edges became curved favoring the entanglement of the fibers and enabling a good

cohesion of the resulting fibrous matrix (Tridrico, 2009).

2.1.2 Bi-component fibers

The bi-component fibers are defined as “extruding two polymers from the same
spinneret with both polymers contained within the same filament” (Avcioglu Kalebek and
Babaarslan, 2016). The two polymers can be extruded with different cross-section shapes
in order to obtain several configurations i.e. sheath/core, side by side, or island in the sea
(Figure 2.2).

The main objective of producing this type of fibers is to combine properties which
could only be found individually in different materials. In fact, during heating, one
polymer works as low melting component, softening to form the bond; while the other
works as high melting component, maintaining its shape and its structural integrity
(Mochizuki and Matsunaga, 2016). Therefore, the bi-component fibers are usually applied
for self-bonding in non-woven materials with the aim of using lower temperatures than the

usual thermal molding process (Naeimirad et al, 2018).
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Figure 2.2. Schematic illustration of cross section of bi-component fibers: sheath/core
(a),side by side (b), or islands in the sea (c) (Source: Naeimirad et al., 2018).

As analyzed in the previous Chapter, the bi-component fibers have been gaining wide
application in several fields other than constructions materials sector, where they can be
used combined with both vegetable and textile fibers (Korjenic et al., 2011; Zach et al.,
2016). Recently, Dieckmann et al. (2019) used polyethylene/polypropylene bi-component
fibers to bind feather and cotton wastes producing materials for automotive and sustainable

packaging applications.

2.1.3 Chitosan

Chitosan is the second most abundant bio-polymer after cellulose. It consist of -
(1—4)-2-acetamido-D-glucose and B-(1—4)-2-amino-D-glucose units obtained after a
deacetylation of chitin, a cell wall component of fungi and a skeletal component of shrimp

and other crustaceans (Figure 2.3).
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Figure 2.3. Structure of chitin and chitosan (Source: Nilsen-Nygaard et al., 2015).
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Chitosan has always attracted attention as a multifunctional polymer applicable to
various purposes. Thanks to its antimicrobial action, it is suitable for food and
pharmaceutical industries, or medical applications (Bakshi et al., 2020).

The literature review also revealed about the possibility of using it in sustainable
constructions field, thanks to properties such as biodegradability, antibacterial activity and
non-toxicity. Aguilar et al. (2016) investigated the feasibility of using chitosan biopolymer
as an admixture or as an external coating for earthen constructions. Results pointed out that
the use of low concentrations of chitosan could be a promising treatment for new or
existing constructions, leading to a significant improvement of water and mechanical
resistances.

Chitosan is soluble in aqueous acidic conditions (pH < 6.5), while it is insoluble in
organic solvents and in water. The low surface tension and the viscosity make it suitable as
liquid adhesive solution (Mati-Baouche et al., 2014a). In this regard, Mati-Baouche et al.
(2014b, 2016) used a chitosan solution to bond shredded sunflowers stalks producing bio-
based construction materials with a good thermal insulating behaviour (thermal
conductivity of 0.056 W/(m K)). Martellotta et al. (2018) also explored the binding
capability of chitosan, investigating the acoustic behaviour of panels produced from olive
tree pruning waste and chitosan solution as binder. Experimental results showed a
promising sound absorbing behaviour with absorption coefficients as high as 0.9 above 1

kHz using a 50 mm sample.

2.1.4 Gum Arabic

Gum Arabic is a biopolymer obtained as an exudate from mature Acacia senegal and
Acacia seyal trees widespread in the African district of the Sahel in Sudan. In fact, in the
semi-arid regions, shrubs and trees produce a plastic aqueous sealant as a natural defense
mechanism to plug cracks naturally formed in the bark, preventing infection and
dehydration of the plant (Figure 2.2 (a)). When this plastic material is in contact with air
and sunlight, it dries leading to the formation of hard, glasslike spherical nodules that can

be easily collected (Figure 2.2 (b)) (Verbeken et al., 2003).
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(b)

Figure 2.4. Gum Arabic on Acacia senegal tree shoot (a) and hard glasslike lumps of gum
Arabic (b) (Source: Mariod, 2018).

Gum Arabic is a group of polysaccharides with an important mineralizing ability thanks
to its rich content of calcium, magnesium and potassium salts. It is water soluble, and its
solution gives a slight yellow to reddish color (Mariod, 2018). According to Ahmed
(2018), the attendance of tannins in the gum Arabic plant is the main reason of the
antibacterial potentiality of the biopolymer.

Gum Arabic is used for a great number of purposes, mainly in food sector. However,
there are also considerable non-food applications. In the last few years, gum Arabic has
been gaining wide application in the construction industry, especially as water-reducing
able to improve the physical and mechanical properties of the cement pastes (Elinwa,
2018). Mohamed et al. (2020), evaluated the positive effects of the inclusion of gum
Arabic biopolymer on the durability of concrete in aggressive ambient. In fact, cement
samples incorporating the biopolymer showed better resistance to the acid attack,
achieving lower mass lost than samples without it. Zhao et al. (2015) showed that 0.3 wt%
of gum Arabic was the optimum dosage to achieve the best dispersion effects and the best
holding capacity during hydration in Portland cement.

The bio-adhesive capacity of the gum Arabic has been also investigated. Abuarra et al.
(2014) studied the effects of the gum Arabic addition in particleboards made from stems of
a typical mangrove tree of the tropical and subtropical coasts regions. Panels with smooth
surface, rigid texture and good internal bonding strength were obtained. Dieye et al. (2019)
investigated the thermal properties of innovative boards made from a mixture of powder

Typha leaves and gum Arabic, observing a promising thermal insulating behaviour.
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2.2 Preliminary characterization of raw materials

Raw materials characterization is the most important step of any high quality production
process. The aim is to acquire a deep knowledge of the used resources, in order to
determine their impact on performance of the final products and to allow the manufacturer

to make critical decisions about the procedures to be used.

2.2.1 Morphological analysis

Scanning Electron Microscope (SEM) is a technique able to produce images of a sample
by scanning it with a beam of electrons. The electrons interact with the different atoms of
the sample surface, producing various signals that reveal information on the sample surface
morphology and composition.

In this work, a Scanning Electron Microscope ZEISS, model ULTRA 55 was used in order
to carry out a microstructure analysis of the fibers used as raw materials. The samples were
prepared by cutting small slices of the testing materials onto an adhesive carbon tab,
attached to an aluminum stub. In order to observe the cross section of the bi-component
fibers, they were cut after freezing in liquid nitrogen for a few minutes to reduce the
possibility of deformation when they were broken. All fractured surfaces were sputter-
coated with gold for about 15 min before testing.

Figure 2.5 and Figure 2.6 show the SEM images of the wool and the bi-component
fibers.

(a) (b)
Figure 2.5. SEM micrographs of wool at 500X (a) and 2000X (b).
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The first image highlights the typical outermost layer of wool fiber, characterized by the
scaly surface. In the second image, the cross section detail of the bi-component fibers is
showed, allowing to clearly distinguish two different layers which prove the sheath-core

structure of the fibers.

(a) (b)

Figure 2.6. SEM micrographs of Co-PET/PET bi-component fibers at 500X (a) and 2000X
(b).

Fiber diameters is considered an important factor that affects the acoustic properties of
the materials. Thus, several SEM images were analyzed using a Matlab® script and,
considering the different sources of the used fibers, a population of 300 wool fibers was
chosen in order to determine a distribution of their diameters. As shown in the bar chart in
Figure 2.7, fiber diameters ranged from 8 to 34 um (with a mean value of 19 um and a
standard deviation of 7 um).

The diameters distribution of the bi-component fibers was also analyzed. They were
characterized by a nearly constant diameter around of 22 um, as a consequence of their
fabrication process.

As will be better explained in Chapter 4, although the mean diameters values of the
wool and PET/CoPET fibers were very close, their distribution allowed to obtain high

porous structure with positive effects on the hygrothermal and acoustic performances.
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Figure 2.7. Distribution of diameters of wool fibers. In red is reported the average fiber
diameter value.

2.2.2 Thermal analysis

Differential Scanning Calorimetry (DSC) analysis was performed in order to
characterize the thermal behaviour of the base fibers and the binder agents. DSC is one of
the most frequently used techniques for thermal characterization of materials. It consists in
measuring the heat flow associated with phase transitions in material as a function of
temperature and time, when the material is subjected to a controlled heating program under
an inert gas purge. Such measurements provide quantitative and qualitative information
about physical and chemical changes that include endothermic/exothermic processes or
changes in heat capacity.

The Differential Scanning Calorimetry analysis was carried out by using a DSC 1 Star
System Mettler Toledo device, according to ISO 11357-1 (2016). The aim was to choose
the suitable working temperature to produce the final products, while avoiding the
decomposition of the wool base polymer and ensuring the effectiveness of the binder ones.
Accurately weighted samples (2 mg each) were placed into aluminum pans and then
crimped closed. A small hole was done on the top of the assembly allowing the release of
water. An empty aluminum pan was used as a reference. During the experiments, the
samples were heated from 30 °C to 500 °C for chitosan, gum Arabic and wool; whereas
from 30 °C to 350 °C for the bi-component fibers. The temperature was increased at a
heating rate of 30 °C/min and nitrogen was used as the purge gas at 50 ml/min.

As observed in Figure 2.8(a), the DSC curve of wool fibers showed two endothermic
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processes. The first endothermic process was noted from 106.68 °C to 132.83 °C, with a

peak temperature of 115.22 °C. According to (Zargarkazemi et al., 2015), it could be
explained by the vaporization of the water as a consequence of the increasing temperature.

A second endothermic heat transfer was observed from 253.57 °C to 426.32 °C. This
baseline shift was consequence of a decomposition process characterized by the a-keratin
denaturation with the relative cleavage of the helical hydrogen bonds and the melting of

the ordered regions of the wool. During this process, the breakdown of the disulfide bonds

also occurred, causing the release of numerous volatiles i.e. hydrogen sulfide and sulfur
dioxide (Forouharshad et al., 2011).

As observed in Figure 2.8(b), chitosan and gum Arabic show two similar DSC curves
characterized by one endothermic shift followed by an exothermic one. According to Neto
et al. (2005) and Osman et al. (2006), the first stage was related to the loss of water. A
closer observation of Figure 2.8(b) reveals very small differences in the endotherm area
and peak position of the two materials suggesting their similar water holding capacity and
strength of water-polymer interaction. In fact, the first endothermic transition was from
109.99 °C to 145.33 °C, with a peak temperature of 123.27 °C for chitosan and from
105.55 °C to 160.08 °C, with a peak temperature of 120.19 °C for gum Arabic. The second
exothermic stage it could be assigned to a decomposition process. Approximately around
326 °C, chitosan was subjected to a thermal and oxidative degradation of the main chain,
characterized by vaporization and elimination of volatile products. As with most
polysaccharides, pyrolysis of chitosan starts with a random split of the glycosidic bonds,
followed by a release of acetic, butyric and a series of lower fatty acids (Neto et al., 2005).
According to Osman et al. (2006), the exothermic transition observed around 322 °C for
gum Arabic was attributed to a dehydration, depolymerization, recrystallization, and
pyrolytic decomposition resulting in the formation of H,O, CO,, and CHa.

Figure 2.8(c) shows the DSC curve of the synthetic fibers in which the two endothermic
baseline shifts proved the presence of the two polymers. According to Brydon and
Pourmohammadi (2006) the crystallites of the polyester melt at about 250 °C and there are
polymers such as poly (ethylene sebacate) which have a melting temperature centered
around 69.5 °C (Wunderlich, 1980). Thus, it can be concluded that the first peak of the
curve at 69.25 °C corresponded to the melting temperature of the copolyester polymer and

the second peak at 253.42 °C was the melting temperature of the polyester.
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Figure 2.8. DSC curve of 100% wool fibers (a), chitosan (in red) and gum Arabic (in
black) (b) and copolyester/polyester sheath-core bi-component fibers (c).
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2.2.3 Infrared spectroscopy analysis

The Fourier Transform Infrared Spectrum (FTIR) analysis was conducted to support the
SEM and DSC analysis in verifying the fibers composition. FTIR spectroscopy uses the
mid-infrared energy to identify the chemical structure and the functional groups of the
fibers. The infrared light is absorbed at specific frequencies related to the vibrational bond
energies of the functional groups present in the molecule. Thus, a characteristic pattern of
bands is formed, where the position and the intensity of each band provide a fingerprint of
the molecular structure.

Figure 2.9 shows the FTIR spectra for wool, CoPET/PET fiber and a standard Poly-
ethylene terephthalate (PET). PET fiber was used as term of comparison in order to better

highlight the main characteristics of the wool and the bi-component fibers.
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Figure 2.9. FTIR analysis applied to the wool, PET and CoPET/PET fibers.

A JASCO FTIR 4700 equipped with an Attenuated Total Reflectance (ATR) was used
to scan samples with resolution of 4 cm ™', 256 scans/minute. The spectrums were observed
from 400 to 4000 cm . It could be clearly appreciated the difference between wool and
polyesters. However, when the focus was placed on polyester, only slight differences could
be observed between CoPET/PET fiber and a standard PET. Those alterations might be
attributed to the differences due to the new monomer included to obtain the copolymer
CoPET.

Table 2.1 reports the frequencies and the assignments of the bands in the FTIR for wool
and polyester fibers.
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Table 2.1. Frequencies and assignments of bands identified in the FTIR spectra for PET
and wool.

Frequency [cm']  Assigment Fibre
508 S-S Stretching vibration Wool
(Wojciechowska et al. 2004, Pielesz et al., 2003)
1096 _C-O- vibration PET |
(Li and Ding. 2007, Bozaci et al., 2012)
1120 -C-O- vibration Wool and PET _
(Li and Ding. 2007, Bozaci et al., 2012)
1242 _C-O- vibration PET |
(Li and Ding. 2007, Bozaci et al., 2012)
1515 NH Wool |
(Wojciechowska et al. 2004, Pielesz et al., 2003)
1638 NH Wool |
(Wojciechowska et al. 2004, Pielesz et al., 2003)
1717 -C=0 stretching vibration PET ) ]
(Li and Ding. 2007, Bozaci et al., 2012)
2874 -CH;- stretching vibration WOOI agd PET )
(Li and Ding. 2007, Bozaci et al., 2012)
3290 NH Wool

(Wojciechowska et al. 2004, Pielesz et al., 2003)

Wool characteristic structure is the cysteine S-S bond; the S-S stretching vibration
shows a characteristic band in the region 560 - 480 cm ' (Wojciechowska et al., 2004). The
N-H group, also characteristic from wool, can be appreciated on the bands around 3290
cm™, 1638 cm™ and 1515 cm™ (Pielesz et al., 2003).

Whereas the most characteristic peaks for PET are centered around 2874 cm ™' due to -
CH,- groups; 1717 cm ™ due to carbonyl C=0 stretching vibration; 1242, 1120 and 1096
cm™ due to C-O vibration; and between 900 - 640 cm ™' due to benzene rings (Li and Ding,
2007; Zhang et al., 2008; Bozaci et al., 2012).

The comparison between CoPET/PET and PET fibers through the FTIR analysis
confirmed the composition of the used bi-component fibers. Normally, considering the bi-
component fibers, the co-polymer shows a melting temperature close to the main polymer.
Thus, the analyzed fiber it could be considered a monomeric PET fiber and the first
endothermic shift resulting from the DSC analysis around 70°C (Figure 2.8) it could be
due to the possible moisture presence. The slight difference between the FTIR spectra of
CoPET/PET and PET fibers dispelled any doubt, proving the bi-component characteristics
of the synthetic fibers.
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2.3 Mix design and samples preparation

The tested materials were prepared by using 100% Merino wool fibers initially
available in the form of cut fabrics. Then, a soft wool batting was obtained by manually
carding and scouring the fibers. As previously anticipated, wool wastes were used as base
matrix, whereas gum Arabic, chitosan and CoPET/PET bi-component fibers were used as
binder materials, following two different methods.

In order to produce the thermally bonded non-woven materials, a hydraulic press built
by Dupra SL company was used. The device was optimized by adjusting concentric metal
cylinders on the two pressing plates (Figure 2.10). In detail, a hollow cylinder working as
mold was fixed on the lower plate and another solid cylinder working as press was hooked
on the upper plate. Molds with different diameters were used in order to prepare samples
with adequate sizes for the subsequent tests. The compression molding process was applied

at 100 °C for 1 hour, then the samples were cooled in desiccators containing silica gel.

THERMAL BONDING
TECHNIQUE

CUT FABRICS MANUALLY CARDING WOOL SOFT
BATTING

MOLDING WITH MIX OF WOOL AND BICOMPONENT FIBERS
HYDRAULIC PRESS BICOMPONENT FIBERS BATTING

Figure 2.10. Main steps of the thermal bonding process.

Defined proportions of wool and bi-component fibers were uniformly mixed, after
being carded together. Then, several samples were prepared casting the fibrous blend in the
cylindrical mold and pressing it by lowering the top plate up to a chosen height depending
on the thickness needed for the final samples.

As shown in Table 2.2, five types of non-wovens (subsequently referred as “BICO”)
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with different bulk density values were manufactured. Bulk density values are given as
mean values among six measurements with its measurement uncertainty expressed as the
standard deviation of the mean (ISO/IEC Guide 98-3, 2008).

The binder fibers content was chosen after producing samples having a fixed bulk
density (0.51 kg/n?) and bi-component fibers varying between 15 and 50% in mass. In
fact, the amount of the binder fibers to produce nonwoven materials usually varies from 5
to 50% in mass, depending on the physical requirements. According to Pourmohammadi et
al., (2006), a binder content of 50% of the total mass of the fibers causes a reinforced
plastic nonwoven material. Reducing the binder content to 10-20% allows to obtain a
porous and flexible structure resulting in lower thermal conductivity and greater sound
absorption capacity. As shown in Table 2.2, the percentage of 20% in mass was finally
selected as it offered the best balance between porous structure and compactness of the

skeleton.

Table 2.2. Sample ID, binder/base fibers percentage and density of the samples.

Sample ID Bulk def;SitY Base fibers Binder fibers
[kg/m’] [%] [%]
BICO-1 1676 80 20
BICO-2 136+1 30 20
BICO-3 11541 20 20
BICO-4 902 80 20
BICO-5 5141 80 20

A three steps process was followed to produce textile samples using chitosan and gum
Arabic. First, the wool batting was soaked in the binding solution to let the fibers get fully
impregnated. Then, the excess amount of liquid was removed by squeezing, mostly to
avoid the exceeding binder, that once solid, might compromise a homogeneous distribution
of porosity in the final specimen (e.g., by creating surface crusts). In the third step, the
achieved mix was compressed into PVC molds to form cylindrical samples. Finally, the
samples were dried in an oven at 100 °C, for 1 h and, after drying, they were left in
desiccators containing silica gel, under controlled conditions to reach their mass

stabilization before testing (Figure 2.11).
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CHEMICAL BONDING
TECHNIQUE

CUT FABRICS MANUALLY CARDING WOOL SOFT
BATTING

THIRD STEP: MOLDING SECOND STEP: FIRST STEP: SOAKING
AND DRIYNG SQUEEZING OF FIBERS IN BINDING SOLUTION

Figure 2.11. Main steps of the chemical bonding process.

The two binding solutions were achieved by dissolving different amounts of chitosan
and gum Arabic, as outlined in Table 2.3. Both blends were mixed in a magnetic stirrer, at
room temperature and relative humidity, for about 1 h. The concentration of solutes was
chosen, after several attempts, in order to obtain the best combination of porosity and

compactness.

Table 2.3. Mixing ratio of binding solutions.

. Solute Water Acetic acid
Solution
[g] [g] [g]
Chitosan 15 1000 5
Gum Arabic 200 1000 -

Two different groups of final composites were produced: the first one based on textile
wastes bonded with chitosan solution was referred to as “CH”; the second type prepared by
binding textile wastes with the gum Arabic solution was referred to as “GA”.

For each group, several mixes with different bulk densities and the same percentages of
binder and fibrous matrix were prepared (Table 2.4). The fiber dosing of each specimen
was controlled in terms of density. The aim was to produce samples with density values
comparable with the samples prepared with bi-component fibers, in order to compare the
results. In Table 2.4, binder concentration is expressed both as a percentage in wet mass

(obtained by weighing the fibers before soaking and after removing the excess binder), and
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in dry mass (obtained by weighing the final products, after drying them in the oven). Bulk
density values are given as mean values among six measurements with its measurement

uncertainty expressed as the standard deviation of the mean (ISO/IEC Guide 98-3, 2008).

Table 2.4. Sample ID, binder/fibrous matrix percentage (in wet and dry mass) and density
of the samples.

Bulk density F1br0}1 > Binder F1br0}1 > Binder
Sample ID matrix matrix
[kg/m’] [wet %] [wet %] [dry %] [dry %]
CH-1 197+2 40 60 95 5
CH-2 145+2 40 60 95 5
CH-3 122+1 40 60 95 5
CH-4 80+1 40 60 95 5
GA-1 177£3 40 60 78 22
GA-2 143+2 40 60 78 22
GA-3 93+1 40 60 78 22

The choice of using a temperature of 100 °C as working temperature was a consequence
of the DSC results (Figure 2.9(b-c)). In this way, the chemical decomposition of wool,
chitosan and gum Arabic was avoided and the best combination of the two synthetic
polymers behaviors (i.e. polyester and copolyester) was performed. In fact, during heating,
the copolyester worked as low melting component and softens to form the bond; while the
polyester worked as higher melting component maintains its shape and its structural

integrity.

Figures 2.12, 2.13 and 2.14 show the SEM images of the CH, GA and BICO samples

obtained after applying respectively the chemical and thermal bonding techniques.
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Figure 2.14. SEM micrographs of BICO samples at 150X (a) and 500X (b).
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The resulting materials were characterized by fibers distributed more or less randomly
in plane. As observed in Figure 2.12 and 2.13, when the chemical agents were used, the
fibers intertwined creating a network of tiny air pockets with a random distribution. A
closer observation of Figure 2.14 allowed to distinguish the surface scale pattern of the
wool fibers from the smooth surface of the man-made polymers, highlighting that the last
one was not completely melted, but only the copolymer sheath melted creating bonding
points among wool and bi-component fibers. At this early morphological stage, it could be
concluded that both binding methods allowed to join the fibers preserving a high void

fraction in the microstructure of the final products.

Figure 2.15 shows some samples prepared to test materials from different perspectives.

(a) (b) (c)
Figure 2.15. Samples prepared to measure thermal properties and sound absorption
coefficients at medium-low frequencies (a), non-acoustic properties and sound
absorption coefficients at high frequencies (b) and hygric properties (c).
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Five cylindrical specimens with a diameter of 10 cm were prepared for each type of
binder and for each density value. Three were prepared 5 cm thick to measure thermal
properties and normal incidence sound absorption coefficient at medium-low frequencies.

The remaining two samples were prepared in 1 cm thick to measure the hygric properties.
Furthermore, three specimens in 4 cm diameter and 5 cm thick were prepared to measure
the normal incidence absorption coefficient at high frequencies and non-acoustic
properties. Table 2.5 summarizes the thickness and the diameters of the samples used to

test the different behaviours of the studied materials.

Table 2.5. Size of the tested samples.

Size [cm] Tested properties
Thermal  Hygric  Flammability Acoustic Acoustic Non-acoustic
Thickness 5 1 1 5 5 5
Diameter 10 10 10 10 4 4
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Chapter 3

Measurement methods and data analysis

This chapter partially reports material from:

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Stefanizzi, P. and F. Martellotta, 2021.
Wool waste used as sustainable non-woven for building applications. J. Clean. Prod.
278, 123905. https://doi.org/10.1016/1.jclepro.2020.123905.

- Rubino, C., Bonet-Aracil, M., Gisbert-Paya, J., Liuzzi, S., Zamorano Canto, M.,
Martellotta, F., Stefanizzi, P., 2019. Composite eco-friendly sound absorbing

materials made of recycled textile waste and biopolymers. Materials 12 (23), 4020.
https://doi.org/10.3390/mal2234020.

An experimental investigation was carried out with the aim of testing the behaviour of
the produced woolen building materials as thermal insulators and sound absorbing non-
wovens. For this purpose, the Chapter illustrates the standardized procedures useful for
measuring the thermal properties (i.e. the thermal conductivity, the thermal diffusivity, and
the volumetric heat capacity) and the hygric ones (i.e. the water vapour permeability and
the water vapour diffusion resistance factor). The experimental methods followed to
measure the acoustic parameters (i.e. the sound absorption coefficients) and the non-
acoustic parameters (i.e. the porosity, the tortuosity and the air flow resistivity) are
explained. Furthermore, the Chapter describes the standard procedure to evaluate the fire
resistance behaviour of the tested samples.

Each measurement result is given together with its uncertainty value expressed as the
standard deviation of the mean. About this, the Chapter reports some indications about the
approach chosen for determining the measurement uncertainty which express the quality of
the experimental results.

Lastly, the statistical inference is discussed as method of comparison for drawing valid

conclusions on the sample data collected in the laboratory.
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3.1 Measurements set-up and procedures

To achieve a satisfactory quality of buildings it is necessary to consider a set of aspects
that are interconnected and influence each other. The choice of an adequate wall layers
structure should increase the thermal and acoustic building performances, guaranteeing its
energy efficiency as well as its sustainability. Thus, an experimental program was planned
to measure the behavior of the tested materials as thermal insulators and sound absorbing
non-wovens.

Usually, referring to building materials, their hygrothermal behaviour is defined as the
simultaneous and inter-dependent occurrence of absorption and release of heat, and
absorption and release of vapour (Hall, 2010(a)). For this reason, the thermal properties
(i.e. thermal conductivity 4, thermal diffusivity D, and specific heat capacity ¢) and the
hygric properties (i.e. water vapour permeability ¢ and water vapour diffusion resistance
factor u) of the studied materials were experimentally evaluated. Furthermore, their sound
absorption efficiency was analyzed measuring the normal incidence sound absorption
coefficients a,,.

Both the hygrothermal and the acoustic performances of building materials are strongly
affected by their macroscopic (or non-acoustic) properties. Thus, the bulk porosity ¢, the
tortuosity 7 and the airflow resistance o; were measured in laboratory.

The heat or vapour transfer in a porous medium can be attributed to a wide range of
parameters such as the total volume of void space (i.e. bulk porosity); the complex spatial
connectivity of the pores, including their irregular shape and their non-uniform distribution
(i.e. the tortuosity); as well as minor factors such as the roughness of void interior surfaces.
For example, tortuosity values greater than one result in long flow paths and turbulence
due to increased changes in flow direction and variation in voids diameters which prevent
the passage of heat and steam through the material (Hall, 2010(b)).

Similar considerations could be valid for sound which travels through a porous medium.
The sound absorption occurs in the network of interconnected pores as a consequence of
viscous and thermal effects that cause the dissipation of the acoustic energy. Sound
velocity and attenuation in fibrous materials are determined by their air flow resistance
which depends on the fibers morphology, size, and arrangements. The air flow resistance

reflects the air permeability of a porous material (high airflow resistance value is an
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indication of the low permeability of the material) and is usually referred to a unit material
thickness, obtaining the air flow resistivity o.

The behavior of materials under fire may be responsible of serious safety issues. Several
studies (Stamyr et al., 2012) proved that toxic fumes are the most important causes in fire
deaths. For this reason, the fire resistance behaviour of the prepared samples was tested

paying attention to the possible smoke or droplets production.

3.1.1 Thermal properties

The thermal insulation properties of the all prepared mix were experimentally
investigated by means of the transient plane source device Isomet 2104 (Applied Precision

Ltd). The advantage of this technique is the possibility to perform rapid measurements on

relatively small samples.

(b)
Figure 3.1. Samples (a) and apparatus for testing thermal properties (b).

The tests were carried out at laboratory conditions of 21+2 °C and 45+5% RH, after
oven drying the specimens (10 cm diameter and 5 cm tick) to constant mass at 105°C.
Thermal conductivity A, thermal diffusivity D, and volumetric heat capacity pc were
provided from the analysis of the temperature response of the material as a consequence of
an heat flow impulse (Log and Gustafsson, 1995). The heat flow was induced by electrical
heating of the resistor inserted in the surface probe in direct contact with the tested

specimen (Figure 3.1). The error in the measurement of thermal conductivity, thermal
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diffusivity, and volumetric heat capacity is estimated to be within 4%, 5%, and 7%,
respectively (Bouguerra et al., 2001). The specific heat capacity ¢ was calculated from the

measured volumetric heat capacity and bulk density.

3.1.2 Hygric properties

The water vapour diffusion behaviour of the prepared samples was determined
according to the EN 12086 (2013). The dry cup method was followed. The 1 cm thick
cylindrical samples were wax sealed on the top of PVC cups in which a relative humidity
of 0+4% was set by using a calcium chloride desiccant (Figure 3.2(a)). The assemblies
were then conditioned in the Angelantoni DY340 climatic chamber (Figure 3.2(b)) at
relative humidity of 50% and 23 °C and were daily weighed by a Mettler Toledo PB3002
(£0.01 g accuracy).

(a) (b)

Figure 3.2. Specimens sealed on the top of PVC cups (a) and their conditioning in the
climatic chamber (b).

The mass variations of the cups were recorded until mass rate change G stabilization.
The mass rate change was determined by plotting mass gain versus time. This was in order
to calculate the water vapour permeance W which represents the ability of the different
materials to transfer moisture due to a vapour pressure gradient AP between the two

specimen faces.
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G [3.1]

W=aap
where 4 is the exposed area of the sample.

Thus, the water vapour permeability ¢ and the water vapour diffusion resistance factor u
which are the commonly properties used to characterize the hygric behaviour of a building

materials, were calculated as follows:

§5=W-d [3.2]
O

_ _r 33

h=5 [3.3]

where d is the sample thickness and d,;, is the water vapour permeability of air.
The term &,;, = 1.95-1071! kg/(m-s-Pa) was calculated according to the Schimer’s
formula:

0083 p, T 18

§. =—".9 (—_
ar = R,-T P ‘273

[3.4]
where R, =462 1078 Nm/(mg - K) is the gas constant of water vapour, T is the test

temperature, P and P, are respectively the air pressure and the test pressure.

3.1.3 Acoustic properties

The normal incidence sound absorption coefficients o , were measured by means of a
two microphones impedance tube, usually referred as Kundt’s tube. According to ISO
10534-2 (1998), the transfer function method was performed to acquire the pressures
produced by the sound source at two fixed microphones positions on the tube wall. A plane
wave propagates down the tube before reflecting from the sample. The impedance of the
sample alters how sound is reflected and, by measuring the resulting pressure, it is possible
to calculate the normal incidence absorption coefficients. The combination of measurement
results derived from two different tube configurations (of different diameters and length)
allowed to obtain the absorption coefficients in a wide frequency range (125 Hz + 5000
Hz). Each configuration consisted of two methacrylate parts: a tube with built-in loud
speaker and a sample holder (Figure 3.3). The first configuration considered the use of
tubes with 10 cm inner diameter, with two different microphone spacing equal to 6 cm and
20 cm, respectively characterized by a low frequency limit of 400 and 50 Hz. The second
configuration is the same used for flow resistance measurements and involved the use of

two tubes with 4 cm inner diameter. In this case, the microphone spacing was 3 cm
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resulting in a frequency range spanning between 200 Hz and 5 kHz. The whole system was
controlled by a Matlab® graphic user interface which generated and played a 5 s linear
sweep from 70 Hz to 3 kHz, used in combination with the largest tube, and from 500 Hz to

5 kHz in combination with the smallest tube.

<

Figure 3.3. Standing wave tubes used for sound absorption at low and medium frequencies
(top), and at high frequencies (bottom).

3.1.4 Non-acoustic properties

According to ASTM D4892 (2019), the true density p,,. of the specimens was
measured by a ULTRAPYC 1200-e Quantachrome Helium gas Pycnometer (Figure 3.4(a))

in order to determine the open bulk porosity ¢ as follows:

_ Pbulk

e=1 [3.5]

p true

where p, 1s the bulk density value, based on the geometrical volume V', of the sample
and including pores and interparticle voids which characterized the matrix of the tested
material.

The pycnometer is equipped with two chambers of known volume (a sample holder
with volume V; and a reference chamber with volume V',) connected in series to the helium
source. The true volume V.., 1.e. the volume of the sample excluding the volume V' s of
any open pores, was provided by the pycnometer after recording the pressure measured
when the gas was allowed to expand into the holder containing a 4 cm diameter sample
(P;), and when the same amount of gas was allowed to expand into the reference empty

chamber (P,):
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Vtrue = Vl + B ﬂ [36]
P,
Then, the true density pg.. excluding pores and interparticle voids was calculated as
follows:
m m
Ptrue = [3.7]

Vtot - Vpores Vtrue

where m is the mass of the sample.

For a non-conducting porous absorber, the tortuosity can be measured following a
method proposed by Brown (1980), based on an electroacoustic analogy. According to
Pfretzschner and Rodriguez (1999), cylindrical samples 4 cm thickness were soaked in a
10% copper sulfate solution (CuSQ) for 24 hours and the electrical resistivity R was
determined after applying them an electrical current with a voltage variable from 1 to 8
voltage (Figure 3.4(b)). The electrical resistivity of the conducting fluid Ry was also

measured. The tortuosity was given by:

R
=g 2 [3.8]
Ry,

where ¢ is the bulk porosity of the sample.

(b)

Figure 3.4. Helium pycnometer for porosity measurement(a)
and apparatus for tortuosity measurement (b).

The air flow resistance ¢ of the investigated materials was experimentally evaluated

according to the method proposed by Ingard and Dear (1985). Although this procedure
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could not be considered as steady as the standardized approach, del Rey et al. (2013)
proved that it was scientifically accurate when adopted for thin or scarcely resistive
samples, as occurs in the present research.

The measurement set up consisted in two methacrylate tubes of 4 cm inner diameter and
85 cm long, between which the tested sample was adjusted. The tube had two different
terminations: a 5 cm loudspeaker (Visaton FRS 5) with a frequency response spanning
from 150 Hz to 20 kHz at one end and a rigid termination made by 5 cm thick methacrylate
at the other end. The pressure drop of the fluid flow through the sample was extrapolated
by acoustic measurements carried out using two microphones (Core Sound) with a flat
frequency response from 20 Hz to 20 kHz and properly calibrated in amplitude and phase.
The microphones were excited using an exponential sine sweep and located in front of the

sample and in front of the rigid termination end.

3.1.5 Fire resistance properties

An ignitability test was carried out, as far as possible according to ISO 11925-2 (2010).
The major non-standard compliant element was represented by the shape and dimension of
the sample that, for this batch, was only produced in cylindrical molds having 10 cm
diameter and 5 cm thickness. Thus, an “edge exposed” test was carried out, witha 15 s
flame application, on two different samples of the selected typology. A reference sample,

made of pressed wool fibers (3 cm thick) was used as a reference for comparison purposes.

3.2 Analysis of uncertainty in measurement

When reporting the result of a measurement of a physical quantity, it is recommended to
provide some quantitative indication of the quality of the result in order to assess its
reliability. Without such information, measurement results cannot be compared, either
among themselves or with reference values given in a specification or a standard.

The procedure chosen for characterizing the quality of the measurement results of the
present research study is the approach commonly referred to as “GUM”. The Guide to the
expression of Uncertainty in Measurements (GUM) presents a widely applicable method
for evaluating and expressing uncertainty in measurements (ISO/IEC Guide 98-3, 2008).

In general, a measurement has imperfections that give rise to an error in the result.

Traditionally, an error is viewed as having two components: a random component due to
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the random variations of the observations and a systematic component due to a recognized
effect of an influence quantity on a measurement result. Being the exact values of the
contributions to the error unknown and unknowable, the uncertainties u associated with the
random and systematic effects that give rise to the error can be evaluated. If uncertainty is
referred to repeated measurement results, it is evaluated by the application of standard
statistical methods to a series of the observations. Particularly, when there are n
observations of the same variable Y (i.e. the measurand), it would be possible to determine

the mean y of the n values (which is regarded as the “best estimate”) and the standard
deviation of the mean (referred to in many textbooks as the “standard error of the mean™)
(Kirkup, 2002). The standard deviation of the mean is referred to in GUM as “standard
uncertainty obtained by a type A evaluation” and it is used in this research work to better
express the quality of the experimental results.

Supposing that y is an estimate of the value of a particular quantity Y and it is calculated
using estimates x, x ..., X, of the values of quantities X X, ..., X,, respectively, the
relationship between Y and X;, X, ..., X, is written most generally as
Y = f (X1, Xy, ..., X,). It is commonplace to calculate a combined standard uncertainty u .

of y in which the uncertainties of various quantity x;, x> ..., x, are brought together:

n a 2
u () = VE( %-u(xi» [3.9]

i=1 ‘
. o of of .
where the partial derivatives o are equal to Eevaluated at X; = x, u(x;) is the

standard uncertainty of x; obtained through type A evaluations.

3.3 The statistical inference as method of comparison

Every data analysis begins with their exploration and illustration using numerical and
graphical summaries which are the base of the descriptive statistic. Often, the ultimate
purpose of an experimental research project is a statistical investigations aimed to go
beyond a set of data, generalizing the information contained in random samples to the
population to which the samples belong. This part of the statistic theory is known as
statistical inference and its goal is the knowledge of the parameters that characterize a

specific population. The estimation of the exactly true values of these parameters is
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subjected to sampling uncertainty. Thus, the mostly chosen language to make an inference
from a sample to a population is the probability theory, particularly the “interval
estimation” and the “hypothesis testing”. Although the differences between these two
procedures, there is a very close connection between them (Miller and Freund, 1985).

The interval estimation consists in identifying an interval which contains the true value
of the parameter of interest with a reasonable degree of certainty. An interval of this kind is
referred as a confidence interval having (1-a)-100% degree of confidence and its endpoints
confidence limits are obtained used sample data.

Hypothesis testing uses data obtained from a sample to decide whether to accept or
reject a statement about the parameter of one population. Particularly, the null hypothesis
Hy is the hypothesis under test which specifies an exact value of the parameter and the
alternative hypothesis H, will be accepted in case of rejection of the null one. The decision
to accept or reject H o statement is a result of the comparison between the test statistic and
the critical value. The test statistic is obtained from sample data, assuming the null
hypothesis is true; whereas the critical value is determined by statistical software or tables,
depending on the stated significance level and the sampling distribution. Rejecting the null
hypothesis H, when it is true is defined as a type I error, also known as significance level
a.

The construction of testing criteria involves the choose between a one-tailed or two-
tailed method. In both cases, the critical value is the cutoff between retaining or rejecting
the null hypothesis as it distinguishes the acceptance area (i.e. the white region of the bell
curves in Figure 3.5) to the critical one (i.e. the blue region of the bell curves in Figure

3.5).

(2) {b) (c)

Values Values Values

Figure 3.5. Difference between two tailed and one tailed significance tests (Source:
https://community.asdlib.org/imageandvideoexchangeforum/files/2013/07/Figure4.13.jpg).
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When a two-tailed test is performed, half of « is allotted to test the statistical significance
in one direction and half to test statistical significance in the other direction. This means
that the null hypothesis is rejected if the test statistic value is either in the lower tail or in
the upper one (Figure 3.5(a)), resulting larger than the absolute critical value. For a
negative one-tailed test, the null hypothesis is rejected if the test statistic value is smaller
than the critical one or is in the lower tail (Figure 3.5(b)); whereas for a positive one-tailed
test, the null hypothesis is rejected if the test statistic value is larger than the critical one or
is in the upper tail (Figure 3.5(c)).

Usually, the significance level o is set to 0.05. This allows to identify a confidence
interval which contains the hypothesized parameter with 95% degree of certainty and a

hypothesis test with 5% probability of rejecting the null hypothesis if it is true.

3.3.1 The z-distribution

The most frequent eventuality when a researcher collects laboratory data is that the
sample size n is small and population variance S’ (i.e. the measure of how far a set of data
is spread out) and population mean M are unknown. In this case, the #-distribution (usually
refers as Student’s z-distribution) instead of the standard normal distribution is considered
to compute the statistical analysis.

The ¢ distribution was introduced in 1908 by William Sealy Gosset, better known by his
pseudonym “Student”, who claimed that when the number of experiments is small, there
could be two source of uncertainty: the mean of the experiments can deviate more or less
widely from the mean of the population and the sample size is not sufficiently large to
determine what is the law of distribution of individuals (Student, 1908). Thus, in order to
determine the probability that the mean of the population lies within a given distance of the

mean of the sample, a ¢-statistic t;;, following a ¢-distribution, was introduced:

v =—¢ [3.10]

where M is the population mean and M, 1 and S:are respectively the mean, the size and the

standard deviation of the samples.
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The t-distribution is similar to the standard normal distribution with the difference of

using the sample standard deviation instead of the population standard deviation to

calculate $7/+/n standard error of M. This makes the statistic t,, following a ¢-distribution

with (n — 1) degrees of freedom. In Figure 3.6, the shapes of #-distribution for different

degrees of freedom are related with the normal distribution shape. As it can be observed,

when the sample size increases, the #-distribution becomes more similar to a normal

distribution and, above 30 degrees of freedom, roughly matches the normal one.

Furthermore, the ¢-distribution has heavier tails which result in more probability. However,

both curves are symmetric and unimodal and the maximum ordinate value is reached when

the mean is equal to zero (Montgomery et al., 2002).

probability

®=1df
@®@=3df
=8df
® = 20 df
® = standard
nomal

t-score (standard deviations away from mean)

Figure 3.6. Probability density as function of #-score for the normal distribution and the #-
distributions for different degrees of freedom (df) (Source: https://cdn.scribbr.com/wp-
content/uploads/2020/08/t distribution comparisons-768x448.png).

3.3.2 Use of z-distribution for a difference in means

According to Andrade and Estévez-Pérez (2014), the “two samples #-test” is the most

frequently method used to compare the means of two data sets sampled from two different

populations and to evaluate the significance of this difference. Let be n ; and n, the sizes of

two independent data sets coming from normal populations with unknown means M; and

M, and unknown variances S? and S?, the simultaneously estimation of these parameters it

could be difficult due to the very limited number of laboratory experimental data. Thus,

common practice involves the application of the two samples Student’s #-test, assuming
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that both data groups are sampled from populations with equal varianceS? = §2 = S?2
(i.e. homoscedasticity assumption). Being f;‘lz and 3‘22 the sampling variances estimating the
same quantity SZ, it seems reasonable to combine them in a weighted average estimator

Spool:

182 —(n, —1) 52
_ (77.1 1) Sl (nZ 1) SZ [311]
(n1 +n; — 1)

Spool

The null hypothesis Hy: M; — M, =0 M, = M, is tested against to the alternative
one Hy: My — M, # 0o M, # M, and, after choosing the significance level a, the #-

statistic is computed as follows:

T 1 [3.12]

where M, and #, are the means of the two data sets.
The #-statistic value is compared with the z-critical one and the null hypothesis is
rejected if [ty —p, | > tap ny4n,—2, DEING tap n,4n,—2 the t-critical value with (ng + n, —

2) degrees of freedom, when a two-tailed test is performed.

The equality of the population variances is verified by the Fisher—Snedecor’s F-test. It
is an hypothesis test with the aim of comparing the standard deviations of two sample
groups and checking their variability. Being g'lz and S‘ZZ the variances of two independent
random data sets sampled from two normal populations with variances S} and S, the test
consists of calculating the F-statistic value following an F-distribution with (n; — 1)

numerator degrees of freedom and (n, — 1) denominator degrees of freedom:

FM1—M2 :,\— [313]

The null hypothesis Hy: S = S# is rejected with respect to the alternative one H,: S? #
Sz if Fy,—m, >Fan,~1n,-1, being Fop _1,,-1 the F-critical value with (ny —1)
numerator degrees of freedom and (n, — 1) denominator degrees of freedom, when a one-

tailed test is performed (Montgomery et al., 2002).
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3.3.3 Use of z-distribution in linear regression model

The linear regression technique attempts to model the relationship between two
variables, i.e. the dependent variable Y and the independent variable x, by fitting a linear
equation to observed data. The best-fitting line is calculated by minimizing the sum of the
squares of the vertical deviations of each data point to the line. Thus, the least-squares
regression line ¥ = ﬁo + f?lx + € is obtained. The latter equation represents an estimation
of the population true regression line Y = [ + f1x + e which describes how the mean
response Y changes with x.

An important step to assess the adequacy of a linear regression model is testing
statistical hypotheses about the model parameters identifying certain confidence intervals.
According to Ortiz et al. (2009), it is possible to conduct the hypothesis 7-test to determine
whether there is a significant linear relationship between the independent variable x and the
dependent variable Y. The test focuses on the slope of the regression line and consists in
assuming a two-sided alternative, verifying the null hypothesis Hy: f; =0 versus the
alternative hypothesis H,: B; # 0. If there is a significant linear relationship between the
two variables x and Y, the slope will not equal zero and the null hypothesis will be rejected.

After choosing the significance level o, the t-s‘[a‘[is‘[ict,;1 following (n — 2) degrees of

freedom is computed:

B — B
Spy

tg, = [3.14]

where ﬁl and f; are respectively the slope of the regression line of the sample and of the

population, and S, is the standard error of the sample regression slope which represents

the average distance that the observed values deviate from the regression line.

Thus, the #-statistic value is compared with the #-critical one and the null hypothesis is
rejected if |t31| >typ n-2, being typ n_p the t-critical value with (n —2) degrees of

freedom, when a two-tailed test is performed.
In addition to the analysis of the slope, it is important to estimate the confidence interval

of the regression line in order to evaluate the overall quality of the model. A (1-a)-100%

confidence interval about the mean response Y for x = x o is computed as follows:
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; o1 (% —xm)? . B 1 (= xp)’
¥—top nz VSyx+— <Y<Y¥ittyp o VSyx+-— 3.15
22 Syt g s VSt ot gy B

where t,p 5, is the t-critical value with  (n — 2) degrees of freedom when a two-tailed

(x0—%xm)?

test is performed; v/ S?)%x + % + T is the standard error of the fit which depends on
i=1\*iT4m

the variance of the estimated residual error §2

vx» on the sample size n, on how far in squared

units the estimated value x, is from the average of the estimated values x,, or (x; — X, )?

and on the sum of the squared distances of the estimated values x ; from the average of the

Trq Vi—ym)?

estimated values x,, or Yr—;(x; — x,,)%. The term §y2x = —

represents the

population regression variance in which the numerator indicates how far each response is
from its estimated mean and the denominator divides the sum by (n —2) degrees of

freedom because two parameters (i.e. fpand ;) are unknown Ortiz et al. (2009).

Assuming two independent sets of data of size mand m, sampled from two normal
population, it’s possible to compare the corresponding two population regression lines
Yi =By, +Bix+e and Y, =py, + Bi,x+ e, applying a Student’s i-test statistic
similar to Equation [3.14] and verifying the null hypothesis ~ Hy: B1; — B1, =0 1, =
B1, (Andrade and Estévez-Pérez, 2014). As a consequence of the difficult simultaneous

estimation of the unknown regression parameters § and f, the equality of the residual

a

=S2,). Being S%, and $%, the

. . . 2 _ 2
variances of the two population is assumed ( Sy, =S Tx1 9xs

Yx2
sampling residual variances which estimate the same quantity represented by the

populations residual variance S?2

yx» 1t seems reasonable to combine them in a unique

. 2
estimator Sy 00

@ =S -m-2)-5, [3.16]
yxpool (Tll + n; — 4‘)

; which is a weighted average of the two sample variances:

Therefore, after choosing the significance level a, the #-statistic tg 1P, is computed as

follows:
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(Bi, — Bi,) — (B1, — B1,)
1 1 [3.17]

niq 2 + ny 2)
ZX=1 (xil - xml) szl(xiz - xmz)

tﬁll_ﬁlz =

\/Simpool '(

where £ L /?:12 and By, By, are respectively the regression lines slopes of the two samples

. 2 2
and of the two populations; whereas Y-, (x; . — Xm,) and p (xi, — Xp,) are the sum
of the squared distances of the estimated values x; from the average of the estimated values
X, .respectively from the data sets of size n; and n..

The ¢-statistic value is compared with the #-critical one and the null hypothesis it could
be rejected if |t/;11_ﬁ12 | >tz ni+n,—4» DEINE o ni4n,—a the t-critical value with

(nq + ny — 4) degrees of freedom when a two-tailed test is performed.

As previously anticipated, the equality of the residual regression variancesSZ,, and

yx1

SZ

yx, Of the two populations was assumed and verified using the F-test. For this purpose,

the ratio of the estimated residual variances S2. ,and S2.._ is calculated to obtain the F-

yx1> yx2

statistic Fﬁll—ﬁu value which has an F, _;,,_, distribution. The null hypothesis is
rejected if Fﬁu—ﬂlz >Fan,—2n,—2 being Fyp 5, 5 the F-critical value with(ng; — 2)

numerator degrees of freedom and (n, — 2) denominator degrees of freedom when a one-

tailed test is performed (Montgomery et al., 2002).
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Chapter 4
Analytical models of selected physical properties

This chapter partially reports material from:

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Stefanizzi, P. and F. Martellotta, 2021.
Wool waste used as sustainable non-woven for building applications. J. Clean. Prod.
278, 123905. https://doi.org/10.1016/1.jclepro.2020.123905.

- Rubino, C., Bonet-Aracil, M., Gisbert-Paya, J., Liuzzi, S., Zamorano Canto, M.,
Martellotta, F., Stefanizzi, P., 2019. Composite eco-friendly sound absorbing
materials made of recycled textile waste and biopolymers. Materials 12 (23), 4020.
https://doi.org/10.3390/mal2234020.

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Martellotta, F., Stefanizzi, P. 2019. Thermal
characterization of innovative sustainable building materials from wool textile fibers
waste. IJES 63 (2-4), 277-283. https://doi.org/10.18280/ti-ijes.632-423.

The experimental measurement of the non-acoustic properties of the produced samples
(i.e. the porosity, the tortuosity and the air flow resistivity) allowed to characterize their
microstructure for better investigating their thermal and acoustic behaviour also through
theoretical models.

Since a fibrous material is a multiphase system, all the thermal transfer processes (i.e.
conduction, convection and radiation) become possible, depending on the construction and
environmental conditions. Therefore, the effective thermal conductivity of the tested
materials was evaluated using existing analytical models, according to which the porosity
mostly plays an important role in the heat transfer.

All the non-acoustic parameters were also necessary to perform the acoustic prediction
models proposed to validate the experimental data. In fact, the Chapter provides a detailed
illustration of how the Delany-Bazley and Johnson-Champoux-Allard theories allowed to
model the sound absorption of the textile tested materials, starting from their

microstructural characteristics.
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4.1 Evaluation of conductive, convective and radiative
contributions in fibrous materials

The large majority of the building insulation materials belongs to the family of fibrous
media, as the woolen composite investigated in the present study. Fibrous materials are
made of a solid matrix consisting of fibers and a gas phase formed by air. Therefore, the
heat transfer can occur in three different ways: conduction (4 .,,4) through the fibrous solid
matrix and through the gas medium, i.e. the air trapped within the pores; natural
convection (4..,,) due to the movement of the air between fibers, and radiation (1 ,44). The
effective thermal conductivity 4 .5 1s used to encompass all these phenomena with a single

variable:

/1eff = Acond + Aeonv + Arad = Aotia + Aair T Aconv + Araa [4.1]

where A0 and A, are the conduction terms due to solid fibers and air, respectively.

The A,y of a fibrous material is one of the most difficult physical quantities to
investigate because it depends not only on the porosity, but also on the macroscopic
structure of the materials such as the distance between fibers and their directions (Tilioua
et al.,, 2018). In fact, the way the solid components are connected developing a three-

dimensional shape plays an important role for heat transfer (Miettinen et al., 2012).

Usually, the effective thermal conductivity can be modeled using existing fundamental
structural models. In this work, the novel effective medium theory proposed by Gong et al.
(2014) was used. This model considers the solid and gas phases which constitute the
materials as small spheres dispersing into an assumed uniform medium which has the
thermal conductivity 4,. Five basic structural models, including the Series, Parallel,
Maxwell-Eucken (two forms) and EMT models for a two-component system are unified in

a single equation:

/1501' _/16 /1air _/1e
(1= ). Lsotid = Aerr . ff

4.2
Asolid +2- Am Aair +2- Am [ ]

where A, 1s a variable value. The equation can adapt to various models by simply changing

values of 4,,. When A, = A.¢f, the above equation is the EMT model. When 4, = A454,

(or 4, = A4, ), the equation is the Maxwell-Eucken (two forms, respectively). When
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An = 0 the equation is the Series model, and when A, = oo the equation is the Parallel

model.

4.1.1 Conduction in gas medium

Gases in which the ratio of the mean molecular spacing and the mean molecular
diameter is less than 7 can be described as being dense gases; conversely they can be
considered dilute gases (Barber and Emerson, 2006). The rarefaction degree of air trapped
in the pores of a porous material plays an important role to evaluate the contribution of the
gas to heat conduction. In a dilute gas, the intermolecular forces can be neglected, and the
molecules spend most of their time in free flight between successive collisions. Therefore,

a dilute gas contribute to heat conduction less than a dense gas.

The rarefaction effect in microsystems is attributed to the mean free path of the gas and
it can be related to the Knudsen number Kn. The Knudsen number is the characteristic
dimensionless parameter for the theory of collisions and it is defined as the ratio of the
mean free path of the gas molecules /,, to the characteristic length L¢:

L

Kn=2
n LC

[4.3]
The mean free path / ,, is the length that a molecule can travel before a collision event

with a second molecule, and it is given by:

KB‘T

L RS e

where K3 is the Boltzmann’s constant, 7 and P are the temperature and the pressure of air,
and d,, 1s the air collision diameter defined as the diameter of the circular area around an
air particle in which the center of another particle must be for a collision to occur.

The characteristic length Lc in a fibrous material is defined as the mean distance
between the fibers and it can be calculated by an empirical formulation that assumes the
fibers as a three-dimensional matrix:

3 ¢
Lc = = ]TV [4.5]

where ¢ is the diameter of the fibers and f; = 1 — ¢ is the volume fraction of solid (being €
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the porosity of the samples).

Depending on the value of Knudsen number, different flow regimes take place. As Kn
number increases, the degree of rarefaction becomes more significant and the continuum
assumption breaks down (Zhang et al., 2012). The subdivision of the flow regimes is very
important in order to choose the empirical model to apply for characterizing the gas heat

conduction (Tugnoli et al., 2019).

4.1.2 Convection

According to Incropera et al. (2002), for natural convection to take place in a fibrous
medium, the buoyancy forces must overcome viscous resistance caused by the fibers. This
assumption could be justified by evaluating the modified Rayleigh number Ra* which is a
dimensionless number associated with buoyancy-driven flow. According to Silberstein and
Langlais (1990), the sensibility of porous materials to convection is also strongly linked to
their air permeability. Consequently, the modified Rayleigh number Ra* was calculated as

follows:

*=g'ﬁair.p521ir 'Cair 'd' AT

Ra
Hair * A

K [4.6]

where g is the gravity acceleration, ¢ 4, Bair, pair and 1 4 are respectively the specific heat
capacity, volumetric thermal expansion coefficient, density, and dynamic viscosity of air;
K, / and d are respectively the air permeability, thermal conductivity and thickness of the
material, and 47 is the temperature difference between the two sides of the sample.

The values of air permeability K could be calculated according to the Davies’s empirical

correlation (Jackson and James, 1986):

1
K= .
16£}° - (1 + 56£2)

r? [4.7]
where fv is the volume fraction of solid and r is the mean radius of the fibers.

4.1.3 Radiation

Thermal radiation heat transfer that takes place between two distant bodies depends on

the difference of the fourth power of their absolute temperatures (Howell et al., 2010).
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Therefore, the radiative contribution of the fibers in an insulating material may be
particularly significant at high temperatures, while it can be neglected at temperatures
around 293 K. According to Lux et al. (2006), the importance of radiative contribution

could be evaluated by calculating the Planck number N:

B A
4n?.0-T3-1,

[4.8]

where 4 is the experimental thermal conductivity, 7 is the refractive index of air,  ¢is the

Stefan-Boltzmann’s constant, 7 is the temperature and /,,is the mean free path of photons.

4.2 Acoustic prediction models

The non-acoustic properties, i.e. the porosity &, tortuosity 7 and air flow resistance o ; or
its value referred to the unit material thickness (the air flow resistivity o), are important not
only to characterize the microscopic structure of the materials, but also allow to predict
their acoustic response by the use of appropriate theoretical models. In this work, the
empirical D&B approach proposed by Delany and Bazley (Delany and Bazley, 1970) and
later improved by Miki (1990), and the phenomenological JCA model formulated by
Johnson et al. (1987) and subsequently refined by Allard and Champoux (1992) offered a

good balance between ease of use and prediction accuracy.

4.2.1 Delany-Bazley model

The D&B model involves the computation of the propagation wavenumber k and the
characteristic impedance Zc to obtain the absorption coefficients. The latter parameter
determines how much sound will be transmitted and reflected when the wave encounters a
boundary with another material. When the air flow resistance value is too high, the
impedance mismatch between the air and the absorbent causes the reflection of the sound
from the surface of the material and the reduction of its absorption. If the air flow
resistance is too small, the acoustic energy attenuation caused by internal friction decreases

and the absorption effect is poor. (Peng, 2017).

The empirical model proposed by Delany and Bazley is considered the simplest

approach to predict the acoustic behaviour of porous materials because it just links the
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sound absorption coefficients to the air flow resistivity o of the materials. Thus, to solve

the D&B equations only one non-acoustic property was used to calculate the parameter

X =Lars (fbeing the frequency and p,; being the density of the air), needed to determine

g

the characteristic impedance Zc and the propagation wavenumber £:

Z, = Pair * Cair + (1 +0.057X7075% — j0,087x~0732) [4.9]
w

k=—(1+0.0978X~07% — j0.189X 0595 [4.10]
air

where ¢, 1s the speed of sound in air, w is the angular frequency and j is the complex unit.
The D&B equations can be considered valid only in a defined frequency range given by

0.01 <X < 1.0, and for o values below 50 kN-s/m* (Cox and D’ Antonio, 2017).

Once the characteristic impedance Zc and wavenumber & of the material are known, it is
necessary to convert them to the surface impedance and then to the absorption coefficients.
Considering a single layer of the absorber with a rigid backing, the impedance at the

backing is taken to be infinite. Thus, the impedance Z of the surface of the absorbent is:

Z=—jZ.-cotg(k-d) [4.11]

where j is the complex unit and d is the sample thickness.

So that, the absorption coefficient a,, may be calculated according to the usual formula:
a, =1— |R|? [4.12]

Z—Z iy . . . . .
where R = # is the pressure reflection coefficient which gives the ratio of the reflected

and incident pressure; Z,;, = Pair * Cair 1S the impedance of the air with ¢, and pg;

representing the speed of sound in air and the density of air, respectively.

4.2.2 Johnson-Champoux-Allard model

Although the D&B empirical model has been successfully tested over a variety of
fibrous materials having porosity close to unity (similar to those under investigation), it
nonetheless neglects the important effects that other structural parameters of the materials

may have to influence their acoustic performance. For this reason, the JCA model was also
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considered. In fact, although there are more complex phenomenological models, their
additional variations are typically small and refer only to low frequencies.
According to JCA equations, Z ¢ and k are expressed as a function of the effective (or

dynamic) bulk density p, and bulk modulus £,:

Ze = (ke pe )*? [4.13]
k= (Z_Z)o.s [4.14]

The effective bulk density is based on the work by Johnson et al. (1987), where visco-
inertial dissipative effects inside the porous media are described. The word “effective” is
used to signify thatp, is the density experienced by the acoustic waves rather than the
more normal definition of mass divided by volume. The effective bulk density is computed

as follows:

o€ 4TINP 4

[4.15]

Vitj

= 1
Pe =TPair ~ [1+ opuT IN2L2

where p,i=1.21 kg/m3 is the density of the air, 7 is the tortuosity, o is the flow resistivity, &
is the porosity,  is the angular frequency, 7 ,,=1.846x107 Pa-s is the dynamic viscosity of
air, A is the viscous characteristic length and j is the complex unit.

The work by Allard and Champoux (1992) is used to describe the thermal dissipative

effects and calculate the dynamic bulk modulus according to the formula:

ke — )/Pair
r2
87’] \/' . A Nppairw [416]
—y-1/ A+ —L— V14 j. = —plar®
y— )/ ( 7 ZNppairw ] 167 )

where y=1.4 is the ratio of the specific heat capacities, P ;- is the atmospheric pressure, N,

is the Prandtl Number and A’ is the thermal characteristic length.
Starting from the values of the characteristic impedance Zc and wavenumber £, it is

possible to determine the absorption coefficients g following the Equation [4.11, 4.12]

previously illustrated for the Delany-Bazley model.
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As suggested by the JCA Equations [4.15, 4.16], in order to evaluate the thermal and
viscous effects in pores, additional non-acoustic properties, i.e. the viscous 4 and thermal
A’ characteristic lengths, were estimated. These parameters are strictly related to the
geometric structure of pores by means of the pores shape factor s.

The dissipation of acoustical energy through a porous material involves thermal and
viscous-inertial dissipation effects. The thermal dissipation effect exists when there is
significant heat exchange between air particles and pores walls, creating a thermal
boundary layer. In fact, a thermal wave is created as a result of successive compression and
dilatation when sound waves propagate through the porous medium (Otaru, 2019). The
viscous-inertial dissipation effect results from the friction of air particles with the pores
walls.

The characteristic length 4 is a weighted ratio of the volume to surface area of the
pores. It is weighted according to the squared modulus of the microscopic velocity
evaluated including the effects of viscosity. It can be found for simple pore shapes using

the following formulation:

A= L. yBlar® [4.17]
S EO

where s is the pore shape factor, 7 ;. 1s the viscosity of air, 7, ¢ and o are respectively the
tortuosity, bulk porosity and airflow resistivity of the material.

The shape of the pores influences the sound propagation and hence its absorption,
causing different thermal and viscous effects. Therefore, for materials with a complicated

internal structure the thermal characteristic length A’ is also introduced:

o ZVpores

A [4.18]

Apores

where Voo and 4,05 are the surface area and the volume of the pores respectively.
The determination of the pores structure is so complex that usually is considered the
ratio of the characteristic lengths instead of their empirical measurements. In general

A’ > A and to a first approximation A" = 2A (Cox and D’ Antonio, 2017).

74



4.2.3 Parameters to feed the theoretical models

As it was impossible to measure all the input parameters required by JCA model, an
inverse method (Atalla and Panneton, 2005) was used to estimate the missing ones. Taking
advantage of measured absorption coefficients, the values of the physical properties (i.e.
viscous and thermal lengths ratio and shape factor) and of the directly measured ones
(porosity, tortuosity and air flow resistivity), were determined by means of optimization
techniques. A search algorithm was developed using the Matlab® software, in order to find
the set of parameters which allowed the best match between measurements and
predictions. The algorithm explored properties which were not measurable over the entire
range of possible values, while for measured parameters the range was chosen considering
their average values and taking into account their uncertainty.

In particular, for the shape factor (on which the viscous characteristic length is directly
dependent), values between 1 and 3 were explored, while the ratio of the characteristic
lengths varied between 1 and 2.5. The cost function minimized by the search algorithm
was the mean absolute error between measured and predicted one-third octave absorption
coefficients in the range from 100 Hz to 3150 Hz. As the porosity and tortuosity were
characterized by very low uncertainty, their measured values were directly used as input
data of the JCA model, allowing to speed up calculations. For GA samples tortuosity could
not be measured because gum Arabic is soluble in water and this would have prevented a
suitable placement of the sample in the measurement equipment. Thus, the value estimated
according to the inverse method was used to run the JCA model. All the remaining input
parameters, including air flow resistivity, which showed significant variations during
measurements, were consequently estimated by the search algorithm. The air flow
resistivity values resulting from the inverse method were also used to feed the Delany-
Bazley model in order to get the best fit between measured and predicted absorption

coefficients curves.
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Chapter 5

Analysis of the hygrothermal and fire resistance
experimental results

This chapter partially reports material from:

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Stefanizzi, P. and F. Martellotta, 2021.
Wool waste used as sustainable non-woven for building applications. J. Clean. Prod.
278, 123905. https://doi.org/10.1016/j.jclepro.2020.123905.

- Rubino, C., Bonet-Aracil, M., Gisbert-Paya, J., Liuzzi, S., Zamorano Canto, M.,
Martellotta, F., Stefanizzi, P., 2019. Composite eco-friendly sound absorbing
materials made of recycled textile waste and biopolymers. Materials 12 (23), 4020.
https://doi.org/10.3390/ma12234020.

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Martellotta, F., Stefanizzi, P., 2019.
Thermal characterization of innovative sustainable building materials from wool
textile fibers waste. 1JES 63 (2-4), 277-283. https://doi.org/10.18280/ti-ijes.632-423.

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Martellotta, F., 2019. Preliminary
investigation on the acoustic properties of absorbers made of recycled textile fibers.
Proceedings of the 23 International Congress on Acoustic, 9-13 September,
Aachen, Germany.

This Chapter includes the results of the hygrothermal and of the fire resistance
experimental measurements. All tested non-wovens might represent a valid alternative for
building applications, showing hygrothermal performances well comparable to materials
currently available on the market, i.e. a thermal conductivity between 0.044 and 0.060
W/(m K) and a water vapour permeability close to 2:10 ' kg/(m's-Pa). Furthermore, the
followed production techniques negligibly affected the thermal behaviour of the samples,
but had a more evident influence on the hygric behaviour. This was due to the effect of the
manufacturing techniques on the microstructure of the materials, especiallpn tortuosity
and porosity values, as will be better explained in the next Chapter.

Lastly, good fire resistance properties were found for the three typologies of material in

light of the possibility of improving their behaviour with additives.
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5.1 The hygrothermal properties

Thermal conductivity is an important parameter for expressing the material’s insulation
property, as well as thermal diffusivity and specific heat capacity are useful for performing
dynamic thermal comfort analysis of buildings. Therefore, Table 5.1 summarizes the
experimental mean values of thermal conductivity A, thermal diffusivity D and specific
heat capacity ¢, given together with their measurement uncertainty expressed as the

standard deviation of the mean (ISO/IEC Guide 98-3, 2008).

Table 5.1. Thermal properties of BICO, CH and GA materials by varying their density
values pp,: mean values of thermal conductivity A, thermal diffusivity D, specific heat
capacity ¢ and their standard deviation of the mean.

Sample code P bulk 4 7 b ¢

lke/m’] [W/(mK)] [107m?%s] [1/(kg K)]
BICO-1 167+6 0.057+0.0008 1.83+0.003 1863+22
BICO-2 136+1 0.054+0.0004 1.86+0.001 2148+6
BICO-3 115+1 0.05240.0002 1.85+£0.002 2459+7
BICO-4 90+2 0.050+0.0003 2.00+£0.004 2770+10
BICO-5 51+1 0.044+0.0004 2.46+0.010 3544413
CH-1 197+2 0.060+0.0005 1.77+0.005 1726121
CH-2 145+2 0.055+0.0007 1.96+0.005 1929+19
CH-3 122+1 0.052+0.0006 1.98+0.002 2156+6
CH-4 80+1 0.049+0.0005 2.17+£0.009 2792+17
GA-1 177+3 0.059+0.0012 1.66+0.003 2020+19
GA-2 14342 0.056+0.0006 1.95+0.007 2024424
GA-3 93+1 0.050+0.0005 2.08+0.006 2624+16

The achieved results could be considered satisfactory, being in agreement with those

obtained for bio-based insulating materials with similar density values, like panels made
from hemp fibers and shives bonded with bi-component fibers (1=0.044+0.048 W/(m-K),
Pou=33.1+111.6 kg/m®) or PLA (1=0.037+0.040 W/(m'K), p »u=40+100 kg/m?>) and

boards produced using a liquid glass to bind moss, rye straw and reed (41=0.037+0.056

W/(m-K), ppx=156+191 kg/m3) (Korjenic et al. 2016, Kremensas et al., 2017, Bakatovich

et al., 2019). The experimental thermal conductivity values were also similar to those of
thermal insulators based on mineral fibers (1=0.054+0.048 W/(m-K), p p.;x=40+150 kg/m3 ),
cork (1=0.043 W/(m'K), ppuy=110+160 kg/m®) or perlite (1=0.048 W/(m-K),
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Pru=80+120 kg/m*) (UNI 10351, 2015).

The properties which characterize the hygric behaviour of the BICO, CH and GA non-
wovens are shown in Table 5.2. The water vapour permeability 0 and the water vapour
resistance factor 4 are given as mean values of experimental results, together with
measurement uncertainty expressed as the standard deviation of the mean value (ISO/IEC

Guide 98-3, 2008).

Table 5.2. Hygric properties of tested BICO, CH and GA materials by
varying their density values pp,: mean values of water vapour
permeability 0 and water vapour resistance factor u expressed with the
standard deviation of the mean.

Phulk 0 U
Sample code [kg/m°] [10" ke/(m-s-Pa)] -]
BICO-1 167+6 1.90+0.08 10.30.4
BICO-2 1361 2.15+0.68 9.142.9
BICO-3 115+1 2204027 8.9+1.1
BICO-4 902 2.00+0.53 9.842.6
BICO-5 51+1 2.20+0.17 8.9+0.7
CH-1 19742 2.67£0.26 7.4£0.7
CH-2 14542 2324033 8.5+1.2
CH-3 12241 2.56:0.23 7.840.7
CH-4 80:£1 2.44+0.08 8.0£0.3
GA-1 1773 2324012 8.5:0.4
GA-2 14342 2.27+0.16 8.60.6
GA-3 93+1 2.5240.26 7.840.8

The hygric results were compared with those obtained for construction materials
characterized by similar density values. The produced samples showed u coefficients in
agreement with sustainable insulators based on natural materials as wood (u=9.06,
Pouk=117 kg/m3) or cork (u=5+10, p pu=100+-220 kg/m3) (Cetiner and Shea., 2018,
Pfundstein, 2008) and with felts produced from mineral rocks (=12, p pu=40+150 kg/m’)
(UNI 10351, 2015).
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5.1.1 Effective thermal conductivity for tested fibrous materials

Fibrous materials can be considered as heterogeneous systems and analysis of their
responses to external disturbances depends on the interactions between their components.
For example, textile non-wovens are a mixture of fibers and air and the behaviour of both
components influences the thermal performance of the whole in terms of effective thermal
conductivity Ay

As anticipated in Section 4.1, three dimensionless number, i.e. the Knudsen number Kn,
the modified Rayleigh number Ra* and the Plank number N, were computed to evaluate

ey of the tested materials.

Knudsen number was calculated in order to evaluate the contribution of the air trapped
in the pores to heat conduction. Table 5.3 shows Kn number for BICO, CH and GA
samples, calculating by assuming the air collision diameter #=0.369x10® m at 293 K
(Glassman and Harris, 1952). The Boltzmann’s constant was K 5=1.3807x102 J/K; while
the mean density of wool fibers ¢ was about 1300 kg?mBaker, 2018) and their mean
diameter was assumed to be 19 um, as previously shown in Figure 2.7. As it can be
observed, the Knudsen number was less than 0.01 for all the tested samples. This means
that the characteristic length was larger than the mean free path of the gas molecules. No
slip between the wall of the pores and the air was considered because of the thermal
equilibrium achieved between the pore walls and nearby fluid (Zhang et al., 2012).
Therefore, the fluid was treated in a continuum regime, dominated by intermolecular

collisions and was assumed 4,,=0.026 W/(m-K).

Taking into account that the very small dimensions of the voids between the fibers
make air movement negligible, heat transfer due to convection was likely to be
insignificant and could be ignored without affecting accuracy. To better demonstrate this,
the modified Rayleigh number Ra* computed assuming 47=20 K and samples thickness
d=0.05 m was evaluated (Table 5.3). Ra* was less than 40 which represents the critical
value below which there is no fluid motion and heat transfer is by conduction rather than

convection. Thus, in the all cases, convection might be neglected (Tilioua et al., 2018).

Finally, the Planck number was calculated by assuming the mean free path of photons /,,
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equivalent to the mean fibers distance Iz computed to calculate the Knudsen number.

Being N>10 for all samples, the contribution of radiation could be neglected.

Table 5.3. Knudsen number Kn, modified Rayleigh number Ra*
and Plank number N for BICO, CH and GA samples.

Kn Ra* N
Sample code

[-] [-] [-]
BICO-1 2.225%x10™ 0.7 74
BICO-2 1.812x10™ 1.1 57
BICO-3 1.532x10* 1.3 47
BICO-4 1.199x10™ 2.0 35
BICO-5 6.796x107 3.8 18
CH-1 2.625x107 0.5 92
CH-2 1.932x10* 0.9 62
CH-3 1.626x10™ 1.3 49
CH-4 1.066x10 2.6 30
GA-1 2.359x10™ 0.6 81
GA-2 1.906x10* 1.0 62
GA-3 1.239x10* 2.1 36

As a result of the negligible convective and radiative contribution to the effective
conductivity, the heat transfer in the fibrous woolen materials under test was
fundamentally due to conduction in solid and gas phases. Considering sample CH-2, a
value of 4,,=0.026 W/(m-K) was estimated by exploring several values for the variable 4 ,,,
in order to identify which value minimized the standard deviation between the
experimental values and those estimated by the model. The best agreement between the
model and the experimental values was obtained when A,, — oo, so that the Equation [4.2]

became:

Aeff,est = (1 - 8) : Asolid te- Agas [51]

Comparing the estimated effective conductivity /. yielded by Equation [5.1], with

A=2 ef f.est

the measured one 4, the relative error - 100 was computed and given in Figure

5.1. As it can be observed, the highest error was observed for the lightest samples BICO-5,
CH-4 and GA-3. This could be due to a less negligible contribution of convection and
radiation heat transfer when the porosity increases. This result was confirmed by the

highest modified Rayleigh number and the lowest Planck number previously calculated for
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these samples (i.e. Ragicp =3.8, Ragcy =2.6,Ra;y =2.1; Npico =18, Ney =

30, NGA = 36)
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Figure 5.1. Relative error of estimated respect to measured effective conductivity for
BICO (a), CH (b) and GA (c) samples.

In conclusion, although the most significant heat transfer mode in the studied materials
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was the conduction in the solid and gas phases, the analysis showed that the error in
estimating the effective thermal conductivity could become unacceptable when porosity

increases and convection and radiation became important ways of heat transfer.

5.1.2 Comparison of BICO, CH and GA samples using statistical

inference

The experimental results of the hygric and thermal properties previously individually
displayed for BICO, CH and GA samples were compared through a statistical analysis, in
order to study how the manufacturing processes affected the performances of the final

products.

In Figure 5.2, a linear correlation between conductivity and density can be noted for all
the compared materials. A regression analysis was performed to evaluate the statistical
significance of the linear relationship between A and g,;. For this reason, assuming a
significance level @ = 0.05 and the relevant number of observations # for BICO, CH and
GA samples (ng;co =5, ncy = 4 and ngy = 3), a two tailed hypothesis test of the slope
[ of the regression lines was applied using the Student’s ¢ distribution. As anticipated in

Section 3.3, the comparison between the statistic absolute Valuetsﬁ]L and the associated

critical ones t,/5n—» (With n—2 degrees of freedom) was carried out to test the null

hypothesis Hy: f; = 0 versus the alternative one H,: 8; # 0. The tg, values computed for
BICO, CH and GA samples were respectively 13.58, 26.82 and 29.89; while the associated
critical values tq/;,—, were 4.18, 6.21 and 25.45. Being |t/;1 | > t4/2,m—2) for each type

of material, the null hypothesis was rejected at significance level  «. Thus, a statistically
significantly linear correlation between the independent variable j; and the dependent
variable A was found for the three types of materials.

Following the previous analysis, Figure 5.2 also shows, in addition to regression lines,
the corresponding 95% confidence intervals plotted as the upper and lower dotted lines.
These confidence regions were useful in establishing the accuracy of the estimated
regression lines. A narrow range of the confidence region was found for BICO and CH
samples, while for GA it was quite larger. This was clearly influenced by the greater

number of observations n for BICO and CH materials than for GA.
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Figure 5.2. Thermal conductivity 4 vs. bulk density ps,; for samples produced using bi-
component fibers, chitosan and gum Arabic solution as binder. Dashed curves represent
confidence intervals at 95%.

Statistical methods were used to verify whether the rate of change of A was the same
when data sets of different materials were compared. The slopes of the regression lines

estimated for CH and GA samples were then compared and the null hypothesis Hy: By, =

B1,, Wwas verified applying the Student t-test, with @ =0.05. The statistic t61 oy —Piga

absolute value was 1.36 and resulted to be less than the critical ortg /5 i oy 40y —4) =
4.18. Thus, the null hypothesis was accepted at significance level a and the slope ., and

B1,, were considered comparable, meaning that in statistical terms the two slopes should

be considered the same.

Assuming By, = B1,,, the CH samples were chosen to compare the materials prepared
using Co-PET/PET fibers as binder and those produced using bio-binders. The null

hypothesis  B1,, =B1,,, Was tested at significance level a=0.05. Being

|tﬁch_ﬁlBlCO | =1.20 lower than ¢,/ .y +npco —4) = 3-16, even in this case the null

hypothesis was accepted and the slopes of the regression lines of BICO, CH and GA
samples were considered comparable. As a consequence of comparable [; parameters, the
changes in the bulk densities of the three types of materials affected thermal conductivity
values in the same way, regardless of the different fabrication techniques.

In order to compute the statistics tg,

and tgy y , the equality of the

1 B16a ~B1pico
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estimated residual variances of the CH and GA samples and of the CH and BICO samples

was verified applying the F-test. The Fp - and Fp - were respectively 2.13

—B1iga —Bigico

and 5.37, resulting lower than the associated critical values F, and

(ncy—2m6a—2)
Fotney—2npco —2) Which were 19.95 and 19.16. Thus, for each type of material, the
equality of the residual variances were verified at significance level a = 0.05.

The result of the statistical tests could be expected due to the similar porosity values
shown by the compared materials. In fact, as will be better illustrated in the next Chapter,
the molding process and the chemical binding technique used to interlock together the
wool fibers produced several groups of samples with a void fraction close to 90%.

Furthermore, as previously explained in Section 5.1.1, the thermal conductivity is
mainly the result of the heat conduction transfer through the solid and air phases. The air
entrapped within the pores affects the thermal behaviour of a fibrous material more than
the fibrous matrix, because of its thermal conductivity coefficient with an order of
magnitude lower than that of the solid matrix. Thus, being the porosity value exhibited by
the same-density BICO, CH, and GA samples close to 0.9, the three materials showed

comparable A values and similar rate of variation.

In Figure 5.3, the distribution of the water vapour permeability values as a function of
the bulk density for BICO samples is compared with that for CH and GA samples. For the
three types of materials the coefficient of determination R 2, less than 0.7 for each sample,
showed a non-significant linear correlation existing between the independent variable p
and the dependent variable J. Similar result was further proved by applying a hypothesis
test to compare the slope parameter f; of the three regression lines. Particularly, the
Student’s t-test was performed to verify the null hypothesi§; = 0 at significance level

a = 0.05. The statistic tg ) absolute values computed for BICO, CH and GA samples were
respectively 2.14, 0.84 and 1.46; whereas the associated t,,, »—2) values were respectively
4.18, 6.21 and 25.45. The |tg 1| values resulted to be less than t,; ) ones; thus the null

hypothesis /; = 0 was accepted in support of the alternative one f; # 0. Consequently, no
statistically significant relationship was found between ; and 0 whatever the material
considered and, in any case, the relations were substantially the same for each subset of

values.
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Figure 5.3. Water vapour permeability ¢ vs. bulk density pp,; for samples produced using
bi-component fibers, chitosan and gum Arabic solution as binder. The solid lines represent
the regression lines.

Therefore, in order to better investigate the hygric behaviour of the studied samples, the
mean values of the distribution of the three data sets d were compared. Assuming 53 10>
':SCH and ':36 4 as the average values of the ¢ data sets of BICO, CH and GA samples, a two

samples Student’s z-test was applied to study whether the difference among the three

values could be statistically zero. First, the null hypothesi.?iCH — SGA =0 was tested at

significance level @ = 0.05. Since |t 4| = 1.13 was less thant = 3.16,

al (ncu+nga—2)
the null hypothesis was accepted and the magnitude of the difference between the two
mean values was assumed statistically insignificant. As a consequence, CH and GA
samples were considered belonging to the same group of materials characterized by a mean

water vapourzpermeability value %CH“; 4 =244 x 101 kg/(m - s - Pa). Finally, the null

hypothesis ':SCHH;A —':33160 =0 was tested at significance level a = 0.05. Being

| = 2.68 greater than t = 2.63, the null hypothesis was

|ti—9CH+GA —8pico a2 ,(ncH+6A tnpico —2)

rejectedg although the difference between the ¢ values was marginal. Therefore, the two

means Beyyoq = 244 x 10 kg/(m - s - Pa) and 800 = 2.16 x 10~11kg/(m - s - Pa)

were assumed as different, concluding that the samples with bi-component fibers and
natural solutions as binder belong to different groups of materials, although by a

statistically marginal amount.

In order to compute the statistic value t3 CHiGA the equality of the estimated

—8Bico ?
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variances of the CH+GA and BICO samples was verified applying the F-test. The

was 3.20, resulting lower than the associated critical values

|
[N

CH+GA _%BICO
Foncuroa —1npco —1 Which was 4.53. Thus, the equality of the variances was verified at

significance level @ = 0.05.

The difference between the two mean values &was a consequence of the effects of the
thermal and chemical manufacturing process on the tortuosity values of the final products.
In fact, the geometry of the pores plays an important role in describing the water vapour
transfer in fibrous materials (Collet et al, 2011). As will be better illustrated in the next
Section 6.1, the BICO samples showed higher tortuosity values than the CH and GA ones,
allowing a more complex vapour flow path and consequently a lower water vapour
permeability.

A box plot (Figure 5.4) was used to provide a visual summary of the distribution of 0
data sets of the two groups of materials; i.e. non-wovens obtained using Co-PET/PET fiber
as binder and non-wovens prepared with chitosan and gum Arabic binding solutions. As it
can be observed, the distribution of the observations belonging to the two sub-sets presents
a certain overlapping. However, according to statistical tests mean values can be

nonetheless considered as independent.
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Figure 5.4. Box plot of water vapour permeability data sets of BICO, CH and GA
samples. Bold line corresponds to mean value, boxes correspond to standard
deviations, whiskers to 95% confidence intervals and dots represent the maximum
and minimum values.
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5.2 Fire resistance properties

Results of the ignitability test are given in Figure 5.5 and show some interesting
differences. It can be observed that pressed wool (Figure 5.5(a,e)) presented the best
behavior, with a very limited flame propagation on the flat face (not exceeding 60 mm
from ignition point), some smoke, and no droplets of melted material. Flame extinguished
immediately after the burner was retracted. Such good results it could be expected as wool
is known to outperform any other textile fiber (both natural and synthetic) in terms of fire
resistance. In fact, it has a very high ignition temperature of 570—600 °C combined with a
high limiting oxygen index (that measures the amount of oxygen needed to sustain
combustion) and low combustion heat. Thus, in the light of the above features it is self-
extinguishing. In addition, wool does not melt and fibers swell when heated, creating a
tighter layer that prevents flame from spreading.

Samples with chitosan binder (Figure 5.5(b,f)) showed a quite different behavior, with a
flame spreading up to the topmost part of the sample, limited smoke, and no droplets. The
flame extinguished as soon as the burner was retracted, but very small carbonized portions

kept burning for about 5 s, with smoke production.

e f g
Figure 5.5. Samples used during ignitability test before (a-d) and after (e-h) flame
application: pressed wool fibers without binders (a,e), recycled wool with chitosan binder
(b,f), recycled wool fibers with gum Arabic binder (c,g), and recycled wool with bi-
component fibers (d,h).
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As shown in Figure 5.5(c,g), samples with gum Arabic binder showed a limited flame
spreading on the flat surface (not exceeding 80 mm from the ignition point), copious
smoking, and no droplets. No flaming and smoking was observed after the burner was
retracted.

Finally, samples with bi-component fiber as binder (Figure 5.5(d,h)) showed a limited
flame spreading on the flat face (not exceeding 60 mm from ignition point), limited smoke
and not droplets of melted materials. Furthermore, it was clear that the synthetic fibers
burnt before the wool ones. In fact, after the burner was retracted, flame extinguished
immediately but the synthetic fibers continued to melt for about 5 s, without smoke.

Thus, some differences that are worth being further investigated were observed.
However, results were promising, also in the light of potentially improving this behavior

by means of additives (Carosio and Alongi, 2018).
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Chapter 6

Analysis of the acoustic experimental results

This chapter partially reports material from:

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Stefanizzi, P. and F. Martellotta, 2021.
Wool waste used as sustainable non-woven for building applications. J. Clean. Prod.
278, 123905. https://doi.org/10.1016/1.jclepro.2020.123905.

- Rubino, C., Bonet-Aracil, M., Gisbert-Paya, J., Liuzzi, S., Zamorano Canto, M.,
Martellotta, F., Stefanizzi, P., 2019. Composite eco-friendly sound absorbing

materials made of recycled textile waste and biopolymers. Materials 12 (23), 4020.
https://doi.org/10.3390/mal2234020.

- Rubino, C., Bonet Aracil, M., Liuzzi, S., Martellotta, F., 2019. Preliminary
investigation on the acoustic properties of absorbers made of recycled textile fibers.
Proceedings of the 23" International Congress on Acoustic, 9-13 September,

Aachen, Germany.

This Chapter includes the analysis of the experimental measurements of the no-acoustic
and acoustic properties of the tested samples.

As well as the hygrothermal behaviour, also the acoustic results were very promising.
All the samples showed absorption coefficients that, for 50 mm thick, were higher than 0.5
from 500 Hz on, and higher than 0.9 from 1 kHz on. As previously anticipated, a deeper
statistical analysis of the laboratory measurements showed that the manufacturing
processes especially affected the tortuosity values of the samples with consequent
implications on their air flow resistivity, thus on their acoustic performance.

Comparison with theoretical models showed that the approach proposed by Johnson,
Champoux and Allard predicted the measured acoustic coefficients better than the theory
formulated by Delany and Bazley. This was due to the possibility of the phenomenological

model of considering the microstructure of the materials.
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6.1 Non-acoustic properties

Table 6.1 outlines the non-acoustic properties resulting from the experimental
measurements: the mean values of porosity ¢, tortuosity 7 and air flow resistivity o are
reported together with their measurement uncertainty expressed as the standard deviation

of the mean (ISO/IEC Guide 98-3, 2008).

As it can be observed, all materials were characterized by a porosity close to 0.9,
regardless of the nature of the binder. This was in agreement with the porosity values of
felts and mineral fiber materials ranging respectively from 0.83 to 0.95 and from 0.92 to
0.99 (Mechel, 2008). A void fraction close to 90% was expected in light of the

microstructural analysis carried out in Section 2.2.

With reference to tortuosity, although samples under test should have a tortuosity value
close to the unity, complying with the idea of a fibrous structure (Willie and Spangles,
1952), some significant differences could be observed especially for BICO samples. Table
6.1 shows the tortuosity values 7 directly measured for BICO and CH samples; while
tortuosity could not be measured for GA samples. As it can be observed, r values of BICO
samples varied from 1.09 to 2.55; whereas CH samples were characterized by 7 values
slightly higher than one (z varied from 1.11 to 1.23). Such results suggested that the
different process used to produce the materials could largely affect the geometric
complexity of their fibrous microstructure. Likely, when the wool batting was soaked in
the chitosan solution and then squeezed, the air trapped in the voids was eliminated and the
fibers tended to align. Therefore, samples with a network of pores interconnected
following a preferential direction were obtained. Conversely, the richly entangled
microstructure resulting from wool carding was better preserved when bi-component fibers
were hot molded. An agreement with some vegetal woolen building materials showing
high porosity and a tortuosity of about one (Piégay et al., 2018 and Glé et al., 2018) was

observed for CH samples.
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Table 6.1. Non-acoustic properties of BICO, CH and GA samples resulting from the
experimental measurements: mean values of porosity & tortuosity 7 and air flow
resistivity o expressed with the standard deviation of the mean.

Pbulk & T o
sumplecode kgim) [ g [kN-s/m']
BICO-1 167+6 0.88+0.0005 2.55+1.17 76.8+£16.8
BICO-2 1361 0.90+0.0006 1.82+0.81 69.4+10.7
BICO-3 115+1 0.91+£0.0003 2.16+£0.37 59.3+£10.5
BICO-4 9042 0.93+0.0004 1.09+£0.11 44.9+12.0
BICO-5 51%1 0.954+0.0008 1.32+0.66 23.6+2.2
CH-1 197+2 0.86+0.0028 1.23+0.07 66.3+7.8
CH-2 14542 0.894+0.0008 1.11£0.05 46.0+9.1
CH-3 122+1 0.91+0.0013 1.12+0.05 16.5+2.7
CH-4 80+1 0.94+0.0016 1.20+0.18 11.7£2.2
GA-1 177+3 0.87+£0.0014 - 44.7+£5.0
GA-2 143+2 0.90+0.0003 - 23.6+2.5
GA-3 93+1 0.93+0.0004 - 14.44+2.3

As anticipated in Section 4.2, although the non-acoustic parameters of the produced
samples were experimentally measured, the inverse method was also used to estimate
them. In Table 6.2, the parameters obtained by the inverse characterization for each type of
materials (i.e. the tortuosity z*, the air flow resistivity ¢*, the shape factor s* and the

characteristic length ratio 4/4’*) are marked with a star.

A comparison between measured and estimated tortuosity values (respectively 7 and %),
both available for CH samples, was carried out. As it can be observed in Tables 6.1 and
6.2, t* values resulted underestimated respect to 7 values with differences between 11%
and 19%. Therefore, in light of the above mentioned effect of the manufacture procedure
of materials on their microstructure and being CH and GA samples produced following a
similar process, similar differences between 7 and 7* might be expected. On the contrary,
the tortuosity values estimated for BICO samples didn’t take into account the effect of the
manufacture method on the microstructure of the materials. In fact, t* values were close to
unity, resulting similar to CH and GA samples. However, tortuosity values higher than one
for denser BICO samples were verified by their air flow resistivity values which were

higher than those of CH and GA materials with comparable density.

Table 6.2. Non-acoustic properties of BICO, CH and GA samples resulting from the
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inverse characterization: values of tortuosity *, air flow resistivity o*, shape factor s*
and characteristic lengths ratio A/4°*.

Sample DPbulk T* o* s* A/A*
code [kg/m’] [[]  [kN-s/m"] [-] [-]
BICO-1 1676 1.30 86.0 1.35 1.00
BICO-2 136+1 1.30 54.1 1.32 1.00
BICO-3 115%1 1.00 48.6 1.95 1.00
BICO-4 9042 1.30 33.2 1.40 1.00
BICO-5 51+1 1.30 23.4 1.50 1.20
CH-1 197+2 1.90 78.2 0.80 2.00
CH-2 14542 1.30 48.8 2.00 2.00
CH-3 12241 1.00 19.5 3.00 2.00
CH-4 80+1 1.00 13.8 2.00 2.00
GA-1 17743 1.00 50.1 1.50 2.00
GA-2 14342 1.00 27.8 2.50 2.00
GA-3 93+1 1.00 15.3 2.00 2.00

Figure 6.1 compares the values of the air flow resistivity obtained from the laboratory

measurements and from the inverse algorithm.
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Figure 6.1. Measured and inverse air flow resistivity values, ¢ and o*, vs. bulk density pp.n
for samples produced using bi-component fibers, chitosan and gum Arabic solution as
binder.

As it can be observed, ¢ values measured for BICO samples resulted higher than those
measured for CH and GA samples. Such result could be explained by the tortuosity
measurements. In fact, higher tortuosity values measured for BICO samples implied more

intricate flow paths, resulting in less air permeability. However, air flow resistivity for all
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tested materials was below 100 kN-s/m * which is the limiting value for a material to be
considered as an impervious layer, as reported by del Rey et al (2015).
The comparison between the measured and the inverse values shows that the difference

was up to 15% for CH and GA samples and up to about 22% for BICO ones.

6.2 The acoustic properties

The acoustic behaviour was evaluated comparing the sound absorption curves of the
different mix prepared for each type of material. The air flow resistivity obtained from the
inverse algorithm ¢* was considered for comparison because o showed significant

variations during measurements.

Figure 6.2(a) plots the mean sound absorption coefficients values resulting from the
impedance tube measurements for BICO non-wovens. As it can be seen, the acoustic
behaviour of the samples changed according to their air flow resistivity values, providing
sound absorption curves with different trends. The BICO-1 sample, having ¢* = 86.0 kN -
s/m* | exhibited a sound absorption curve without evident peaks due to its high air flow
resistivity value which reflected the low air permeability of the material.

Conversely, the sample BICO-5 showing ac* = 23.4kN -s/m*, proved to be more
permeable to air and showed a sound absorption curve with a peak moving towards
medium and high frequencies; while its absorption in the low frequency range became
weaker than BICO-1.

The remaining samples, characterized by o* value between 54.1 and 33.2 kN-s/m,
showed intermediate acoustic behaviours between that of BICO-1 and BICO-5 samples.

The BICO-4 sample, having ¢* = 33.2 kN - s/m*, exhibited a behaviour similar to that
of BICO-5, with sound absorption coefficients which sharply increased at medium and
high frequencies. However, some differences in the location of the first peak of the two
materials could be noticed. For BICO-4, the first peak appeared at 1000 Hz, with a rising
up to almost 0.9; while for sample BICO-5 the first peak appeared at 1250 Hz, with a
rising up to almost the unity.

At the same frequencies, lower sound absorption properties were observed for the
samples BICO-2 and BICO-3 which exhibited o coefficients almost overlapped at all

frequencies as a consequence of their comparable o* values (i.e. 54.1 kN-s/m * for BICO-2
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and 48.6 kN-s/m* for BICO-3). For both samples, « was equal to about 0.8 at 1000 Hz and
just over 0.8 at 1250 Hz. The sound absorption coefficients trend of the samples BICO-2

and BICO-3 could be considered similar to that of BICO-1 sample due to their sound
absorption curves shifted towards low frequencies, with a values higher than BICO-4 and
BICO-5 samples up to 400 Hz. However, starting from 500 Hz, the sound absorption
coefficients of the BICO-2 and BICO-3 samples were about 0.1 higher than BICO-1

sample, without showing evident peaks.

Figure 6.2(b) plots the absorption coefficients obtained from the experimental
measurements for CH samples. A comparison among all the investigated materials pointed
out that the samples CH-4 and CH-3 showed a sound absorption coefficients trend in
accordance with the acoustic behavior of mats with higher absorbent performance. This
was due to their low air flow resistivity values (13.8 kN-s/m * for CH-4 and 19.5 kN-s/m *
for CH-3) and their surface impedance values as close as possible to the wave impedance
of the air, allowing sound wave to easily penetrate the material. Although the sound
absorption curves of the two samples were very similar up to 315 Hz, some differences in
the location of the first peak could be noticed. For CH-4 sample, a first peak appeared at
1250 Hz, with a raising up to almost the unity; while for CH-3 sample, a first peak
appeared at 1000 Hz, with o raising up to 0.92.

The sound absorption capability of the CH-1 and CH-2 mix decreased in the mid and
high frequency ranges and increased at low frequencies. At 1250 Hz, a was around 0.73
for sample CH-1 and 0.86 for sample CH-2, against 0.92 for sample CH-3 and 0.99 for
sample CH-4. This was because the high air flow resistivity values of the samples CH-1
and CH-2 (78.2 kN-s/m* and 48.8 kN-s/m", respectively) increased the viscous and thermal
interaction inside the micro pores forming the material, but at the same time, the surface

impedance also increased.
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In Figure 6.2(c), the experimental sound absorption coefficients measured for GA
samples are shown. As observed for the two groups of samples previously analyzed, the
different values of the air flow resistivity allowed to distinguish different trends of the
acoustic behaviour for samples GA-1 (50.1 kN-s/m %) and GA-3 (15.3 kN-s/m *); whereas
an intermediate behaviour was observed for sample GA-2 (27.8 kN-s/m*).

The GA-1 sample showed absorption coefficients that increased more sharply than GA-
3 until 500 Hz, where a was about 0.6 for both mix. Then, a change in the trend of the
sound absorption curves was observed with a values higher for GA-3 than GA-1 sample.

An intermediate behaviour was observed for sample GA-2 due to its intermediate air
flow resistivity value. For example, at 315 Hz, o was about 0.5 for GA-1 sample versus 0.3
for GA-3 samples and 0.4 for GA-2 sample. At 1250 Hz, where GA-3 sample raised up a
peak of about 0.9, a was 0.9 for GA-2 sample and 0.8 for GA-1.

6.2.1 Comparison of BICO, CH and GA samples

The sound absorption curves of BICO, CH and GA samples individually evaluated in
the above Section, were compared in order to provide a complete analysis of the possible
effects of the manufacturing processes on the sound absorption behaviour of the tested
materials. The air flow resistivity obtained from the inverse algorithm ¢* was considered

for comparison.

A comparison between BICO and CH samples shows that materials with different bulk
densities were characterized by a similar sound absorbent behaviour. As it can be observed
in Figure 6.3(a), the absorption curves of the samples BICO-1 and CH-1 were almost
overlapped. Furthermore, BICO-1 mix showed an air flow resistivity value 9% higher than
CH-1, despite was 15% lighter. Likewise, CH-2 and BICO-3 materials were characterized
by similar air flow resistivity values, resulting in almost overlapped sound absorption
curves, although BICO-3 sample was 21% lighter than CH-3 one (Figure 6.3(b)). This
could be explained due to the tortuosity value which was 2.55 for BICO-1 sample versus
1.23 for CH-1 sample; while 7 was 2.16 for BICO-3 sample versus 1.11 for CH-2 one. The
high 7 value led to more intricate microscopic air flow paths in the BICO samples which

resulted less permeable than CH ones, despite their lower bulk densities.
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Similar consideration could be made when BICO and GA materials were compared,
despite no direct measure of tortuosity was available for GA samples (Figure 6.3(c)).
BICO-2 sample showed sound absorption coefficients comparable to GA-1 sample and an
air flow resistivity value 7% higher, although its density value was about 23% lower.
Considering valid the tortuosity values obtained from inverse algorithm for GA sample, the
higher air flow resistivity of BICO sample could be ascribe to its tortuosity value higher

than GA sample. In fact, * was 1 for GA-1 sample; whereas 7 was 1.82 for BICO-2

sample.
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Figure 6.3. Comparison of the sound absorption curves of samples BICO-1 and CH-1 (a), BICO-3 and
CH-2 (b), BICO-2 and GA-1 (c), CH-4 and GA-3 (d).

Taking into account comparison between CH and GA materials, Figure 6.3(d) displays

that samples CH-4 and GA-3 samples showing absorption curves perfectly overlapped at
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all frequencies as a consequence of their similar bulk density and air flow resistivity

values.

6.2.2 Comparison with the acoustic prediction models

The acoustic behaviour of the investigated samples was discussed by comparing the
sound absorption curve resulting from the impedance tube measurements with values

predicted by Delany-Bazley and Johnson—Champoux—Allard theoretical models.

Following the previously described determination of the non-acoustic parameters
according to both direct measurement and inverse method (Chapter 3), the subsequent
discussion was referred to predictions based on the “optimized” parameters and, for
comparison purposes, on the measured values. The absolute error expressed as a mean
value of the absolute difference between the sound absorption coefficients predicted by the
theoretical models and those resulting from the experimental measurements was used to

test the accuracy of the predicted sound absorption curves.

As previously mentioned in Section 4.2, JCA models was fed using the directly
measured values of porosity ¢ and tortuosity 7; while the values of the characteristic
physical properties (A/4°* and s*) and the air flow resistivitg* were estimated by the
inverse algorithm. Taking into account the D&B model, the “inverse” value of the air flow

resistivity was used.

Table 6.3 shows the mean absolute errors (epgs and ejc4) of the sound absorption
coefficients when the measured air flow resistivity values were used to fed the JCA and
D&B models and the mean absolute errors (e pgs™ and e jc4*) obtained using the estimated
air flow resistivity values. As it can be observed, the use of optimization techniques

allowed to significantly reduce the error values epg and ejcy.

Table 6.3. The mean absolute errors e pgp and e jo4 of the sound absorption
coefficients when the measured air flow resistivity values are used to fed the
JCA and D&B models and the mean absolute errors e pgp* and ejcq*
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obtained using the estimated air flow resistivity values in the JCA and

D&B.

Tested materials epes|[-] epes™ [-] ejca [-] ejca™® [-]
BICO-1 0.0345 0.0475 0.0297 0.0186
BICO-2 0.0870 0.0564 0.0494 0.0273
BICO-3 0.0686 0.0468 0.0480 0.0292
BICO-4 0.0600 0.0464 0.0465 0.0267
BICO-5 0.0323 0.0325 0.0161 0.0159
CH-1 0.0249 0.0357 0.0172 0.0167
CH-2 0.0407 0.0405 0.0240 0.0171
CH-3 0.0604 0.0489 0.0295 0.0246
CH-4 0.0443 0.0340 0.0334 0.0284
GA-1 0.0297 0.0251 0.0307 0.0164
GA-2 0.0540 0.0396 0.0304 0.0288
GA-3 0.0306 0.0306 0.0263 0.0247

Figure 6.4 displays the sound absorption coefficients measured and predicted for the
BICO samples. Particularly, Figure 6.4(a) compares measured and predicted sound
absorption coefficients of BICO-1 sample. The comparison with the theoretical curves
pointed out that the D&B empirical model gave rise to significant discrepancies, despite
the o* value was used to implement the model. On the contrary, the JCA model almost

perfectly predicted the trend of the experimental absorption coefficients of the sample.

A similar result was observed when the experimental and the theoretical sound
absorption curves of the samples BICO-2 and BICO-3 were compared (Figure 6.4(a)). The
JCA model predicted the measured values of the two materials better than the D&B one.
Although significant discrepancies appeared from 250 Hz to 400 Hz, the
phenomenological model allowed a rather precise estimation of the absorption coefficients

fluctuations starting from 800 Hz.

Figure 6.4(c-d) plot the acoustic behaviours of the samples BICO-4 and BICO-5. It can
be noted that the phenomenological approach allowed a rather good estimation of first
peak location, its maximum-minimum fluctuations and values of absorption coefficients
for both materials. However, slightly larger discrepancies between measurements and
predictions could be appreciated for BICO-4 sample in the medium frequencies range from

250 to 500 Hz, where the JCA model slightly underestimated the measured absorption
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coefficients. D&B model predicted the acoustic behaviour of both BICO-4 and BICO-5

samples better than of the remaining three materials. Possibly, this occurs because BICO-4

and BICO-5 were the only samples having air flow resistivity lower than 50 kN-s/fp

which is the upper limit for a safe application of the empirical model.
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Figure 6.4. Comparison between mean measured normal incidence sound absorption coefficients
and those predicted by the D&B and JCA model for BICO-1 sample (a), BICO-2 and BICO-3
samples (b), BICO -3 sample (c) and BICO-4 sample (d).

As observed for the BICO samples, the phenomenological model outperformed the

empirical model in comparison with measured absorption coefficients of the CH samples

too (Figure 6.5). Figure 6.5(a) compares measured and predicted sound absorption

coefficients of CH-1 and CH-2 samples. The JCA model predicted better than the D&B

one the acoustic behaviour of the two samples. In fact, the JCA curves almost overlapped



the experimental ones with some discrepancies around 500 Hz.

In Figure 6.5(b), it can be observed that the phenomenological model perfectly
predicted the acoustic behaviour of the CH-3 sample up to 500 Hz. Starting from 630 Hz
some discrepancies appeared in the estimation of the peak fluctuations. However, the first
peak predicted by JCA model was almost aligned to the measured one, although
overestimated. Conversely, the D&B model predicted the first peak at 1250 Hz instead of
1000 Hz, with a close to unity. Considering the CH-4 material, the phenomenological
model allowed a rather precise estimation of the first peak appearing around 1250 Hz with
o close to unity and the following drop around 2500 Hz. On the contrary, the empirical

model predicted the first peak at 1600 Hz and the following drop at 3150 Hz.

Figure 6.6 compares measured and predicted sound absorption coefficients of GA
samples. As it can be observed in Figure 6.6(a), both phenomenological and empirical
models estimated the acoustic behavior of the GA-1 sample almost with the same good

accuracy.

Similar consideration could be made for GA-3 sample (Figure 6.6(b)), although JCA
model predicted the fluctuations at high frequencies better than D&B one, allowing a
precise estimation of the first peak followed by a drop. Possibly, the accuracy of the
empirical model for GA-1 and GA-3 samples was due to their air flow resistivity, lower the
upper limit for a safe application of the empirical model (i.e. 50 kN-s/m 4). On the contrary,
taking into account the GA-2 material, a poor correspondence was verified between the
predicted and the measured curves, despite the low air flow resistivity value of the sample.
Significant discrepancies appeared between 600 and 1600 Hz, where measured values were
lower than expected according to the models, and apparently no combination of parameters
could return a similar behavior. Thus, the discrepancy should suggest that some anomalous
behavior took place with GA-2 samples. In fact, both phenomenological and empirical

models didn’t estimate the first peak at 630 Hz and the second one at 1250 Hz.

104



/¥
"
»

A_A

0.9 A A 0.9

0.8 0.8
o7 0.7
2 2
c =
E 0.6 é 0.6
505 gos
= =4
204 S04
E &
ﬁ 0.3 ———-D&B, CH-1 § 0.3 —— —-D&B, CH-3

———-D&B, CH-2 D&B, CH-4
0.2 — JCA, CH-1 0.2 —JCA, CH-3
—— JCA, CH-2 A g —JCA, CH4
0.1 A Measured values, CH-1 0.1 = v A Measured values, CH-3
i A Measured values, CH-2 =7 A Measured values, CH-4
0L ; ; L : 0f ;
102 10° 102 10°
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 6.5. Comparison between mean measured normal incidence sound absorption
coefficients and those predicted by the D&B and JCA model for CH-1 and CH-2 samples
(a) and CH-3 and CH-4 samples (b).
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Figure 6.6. Comparison between mean measured normal incidence sound absorption coefficients
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samples (b).
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Chapter 7

Alternative mix design to improve the thermal
behaviour of the samples

This chapter partially reports material from:

- Rubino, C., Liuzzi, S., Martellotta, F., Stefanizzi, P., Straziota, P., 2021. Nonwoven
textile waste added with pcm for building applications Appl. Sci. 11, 1262.
https://doi.org/10.3390/app11031262.

As previously explained, the buildings and the construction sectors are responsible for
the use of large amounts of energy. Most of the energy used in buildings is aimed to
maintain adequate indoor conditions in terms of thermal comfort. Therefore, the
development of new materials with the purpose of increasing the buildings thermal
efficiency is becoming imperative. In response to this need, as the tested materials are
lightweight, part of this research was designated to investigate how the integration of Phase
Change Materials (PCMs) in the tested non-woven samples could improve their thermal
energy storage capacity. Particularly, the behaviour of the samples produced using gum
Arabic as binding agent was studied due to the easier and greater economic availability of
this binder on the market. At the beginning, the basic thermodynamics characteristics of
the used PCMs resulting from the DSC test are reported. Then, the thermal properties of
the samples containing PCMs are investigated in order to demonstrate their energy storage
capacity in comparison with a reference sample without PCMs. The Chapter closes with an
analysis of the heat flux exchanged through the internal and the external surfaces of the
samples in a Hot Box test. The study of the flux as a function of time and temperature
proved that the addition of the PCMs microcapsules improved the ability of materials in

reducing the temperature fluctuations and shifting the temperature peaks.
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7.1 Materials and methods

The latent thermal energy storage is a useful tool for improving energy efficiency and
increasing energy savings in buildings ensuring, at the same time, the improvement of the
users comfort. Phase change materials (PCMs), in liquid or powdered form, are largely
used for their considerable energy storage capacity, as they are able to absorb and release
energy from/in the environment, leading to a reduction of the temperature fluctuations. The
working principle of PCMs takes advantages of changing their state due to temperature
variations: as the temperature increases, the PCMs melt absorbing thermal energy from the
environment; conversely, when the temperature decreases, they solidify releasing the
previously stored energy (Frigione et al. 2019). Once the melting point is reached, the
PCMs will maintain a slightly constant temperature for a more or less significant period
depending on their amount. In fact, all the absorbed thermal energy is used to break the
chemical bonds and to make the phase change take place. The melting heat is called “latent
heat of fusion” and is strictly correlated to the thermal storage capacity of PCMs (Socaciu,
2012).

Phase change materials can be included in building components through different ways
1.e., direct incorporation, immersion, micro and macro encapsulation, and stabilization.
Among all these potential techniques, encapsulation is the most frequently used method
because it involves the incorporation of PCMs in capsules with a protective shell able to
prevent material leakage during the phase transition. Furthermore, in this way the PCMs
can be directly used in the mixing process of the construction materials (da Cunha and de
Aguiar, 2020). The micro-encapsulation leads to several advantages over the macro-
encapsulation procedure (Abokersh et al., 2017). It involves the use of small PCM
particles, ranging from 0.1 um to 1 mm,. providing a high rate of heat transfer due to a
large surface area per unit volume. The micro-encapsulation technique also improves
chemical stability and thermal reliability (the latter representing the capability to repeat
many times the melt/freeze cycle without the occurrence of degradation phenomena)
(Hassan et al., 2016). These listed aspects contribute to expand the possibilities of
integration of PCMs microcapsules in construction materials (Riffat ey al. 2015).

Not all existing phase change materials can be used for thermal storage in building

applications; but the selection of the appropriate PCM for a specific construction material
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could start from the analysis of its properties as the melting temperature and the latent heat
(Pasupathy et al., 2008). Referring to the melting temperature, materials with a
melting/freezing temperature between 18 °C and 40 °C are particularly suitable for
application in construction sector. According to the literature (Whiffen and Riffat, 2013
and Kamali, 2014), the temperature of PCM phase transition should be very close to the
human comfort one (i.e., 22-26 °C). Nevertheless, phase change materials that fall within
three temperature ranges have been suggested for use in buildings: up to 21 °C PCMs are
suitable for cooling applications; from 22 °C to 28 °C for reaching optimal human comfort;
from 29 °C to 60 °C for hot water applications, such as in the case of radiant floors with
water it could be combined with PCMs (Cabeza et al., 2011).

The PCMs incorporation in materials employed on the internal side of buildings appears
the most attractive solution in order to minimize the massive energetic consumption related
to building conditioning. The aim is to regulate the temperature inside buildings through
latent heat energy storage, reducing the use of heating and cooling energy. Furthermore, it
is with low thermal mass materials that PCMs prove to be more effective. Therefore, the
most frequent use of PCMs involves their incorporation in mortar and concrete, in which
the efficiency of the treatment is improved due to the large heat exchange area surface. In
recent years, several researches (Serrano et al., 2015 and Toppi and Mazzarella, 2013) has
been focused on the easy incorporation of cheap microcapsules filled with paraffin, into
gypsum-based plasters paste for internal walls or plasterboard panels.

In addition to improving the thermal behaviour of the building materials, the phase
change materials led advantages in terms of low environmental impact. In fact, they can be
classified in organic PCMs (i.e. paraffin and fatty acids) which are biodegradable,
inorganic PCMs (i.e. salt hydrates) which are innocuous and eutectic ones (combination of
two or more substances, either organic, inorganic, or both). At the end of their useful life,
most PCMs can be recycled, being more sustainable than conventional construction

materials (Baldassarri et al., 2017).
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7.1.1 Description and characterization of used PCMs

In order to test the effects of adding phase change materials on the thermal behaviour of
the gum Arabic-based non-woven, Micronal® DS 5001 X produced by the German
company BASF was chosen as organic paraffin-based PCM. It is a dry powder PCM,
microencapsulated with highly cross-linked polymethylmethacrylate polymer wall,
formaldehyde-free. The particle size varies from 0.1 to 0.3 mm, with a bulk density
ranging from 250 to 350 kg/mh Its 26 °C melting temperature falls within the range of
average working temperatures that characterize a Mediterranean climate, making the
Micronal® DS 5001 X suitable for construction applications through direct incorporation
into building materials for the purpose of improving interior comfort conditions. The latent
heat of fusion for selected PCMs is about 110 kJ/kg, with an overall storage capacity of
145 kJ/kg in temperature range 10+30 °C. More detailed information about the properties
of the Micronal® DS 5001 X (i.e. the phase-change temperature between 26.09 °C and
27.81 °C, the melting enthalpy between 114.98 kJ/kg and 142.55 kJ/kg, and the
solidification enthalpy between 117.85 kJ/kg and 137.85 kJ/kg) are given by Giro-Paloma
etal. (2013).

A dynamic Differential Scanning Calorimetry (DSC) analysis with constant heating
rates of 0.5 °C/min was performed in order to characterize the thermal behavior of the
chosen PCMs (Figure 7.1). The analysis was carried out on 5.5 mg sample of material,
following the methods previously illustrated in Section 2.2.

As it can be observed in Figure 7.1, the DSC curve shows two endothermic processes.

The first process was noted from -2.74 °C to 1.79 °C, with a peak temperature of -0.31 °C.
This baseline shift it could be due to the phase change of the water within the sample;
therefore it was not taken into account. The second endothermic transformation referred
exclusively to Micronal ® DS 5001 X. The process was observed from 24.72 °C to 33.71

°C, with a peak of 29.19 °C. The area of the transformation was 632.09 mJ and the melting
enthalpy was 114.93 kJ/kg, resulting complies with the manufacturer specifications on the

technical data sheet (i.e. 110 kJ/kg).
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Figure 7.1. DSC curve of Micronal® DS 5001 X PCM.

On the contrary, the peak temperature and the nominal value of the melting temperature of
26 °C differed of about 3 °C from the manufacturer specifications. This discrepancy could
be due to the measurement conditions, including heating speed and mass of the sample. In
fact, the peak temperature is not an intrinsic value of the material and it is generally

unreliable for comparison purposes (Giro-Paloma et al., 2013).

The DSC test was useful to determine the enthalpy-temperature function, an important
characteristic of phase change materials related to their heat storage capacity. As shown in
Figure 7.2, the first and the last slopes of the curve represent the specific heat capacity of
the solid and the liquid phases of the PCM, respectively. The phase change enthalpy
variation corresponds to the central slope of the curve and resulted not attributed to a single

temperature, but to a broadened melting range.
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Figure 7.2. Enthalpy variation with temperature for Micronal® DS 5001 X.
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7.1.2 Samples preparation

The three steps chemical bonding method explained in Section 2.3 (Figure 2.11) was
followed to produce non-wovens similar to GA materials previously tested, but with the
addition of PCMs. After squeezing the excess of gum Arabic-based binder, tufts of batting
fibers were placed in cylindrical molds 5 cm thick and 10 cm in diameter, alternating wool
and PCM powder. This latter was homogeneously added between the various layers, so
that the PCMs remained trapped between the meshes of the sample. Finally, the samples
were dried in an oven for about 12 h at 60 °C. As shown in Figure 7.3, three specimens
were prepared: one without PCM which was used as reference and was referred as “PCM-

007; the other two were produced using different percentages of phase change materials

(i.e. 26% and 41%) and were respectively referred as “PCM-26" and “PCM-41".

Figure 7.3. From left to right: PCM-00, PCM-26, PCM-41.

Tables 7.1 outlines the quantity expressed in grams of raw materials used to produce the
tested samples.

Table 7.1. Quantity of materials used to prepare the samples.

Sample 1D Wool Gum Arabic Water PCM
[g] [2] [mL] [g]
PCM-00 25 20 100 /
PCM-26 25 20 100 12.50
PCM-41 25 20 100 25

Table 7.2. shows the percentages of wool fibers, gun Arabic solution and PCM resulted

in each sample, after squeezing the excess of binder.
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Table 7.2. Weight percentage of materials used.

Sample ID Wool Gum Arabic PCM
[%0] [%0] [Y0]

PCM-0 73.19 26.81 40.72

PCM-26 52.55 21.17 18.57

PCM-41 25 26.28 40.72

The morphological analysis of the prepared samples was carried out using the Scanning
Electron Microscope (SEM), as previously explained in Section 2.2. Figure 7.4 shows the
interaction between the wool fibers, the binder and the PCM microcapsules whose surfaces

look compact without any deformations.

(a) (b)
Figure 7.4. SEM micrographs of wool at 500X (a) and 2000X (b).

As it can be observed, the microcapsules often tended to cluster rather than being
uniformly distributed among the fibers, with possibly implications on making phase

change less efficient due to smaller surface area versus volume.

7.2 Measurements set-up

The thermal properties of the sample PCM-00 without phase change materials were
tested by means of the transient plane source device Isomet 2104 (Applied Precision Ltd),
as previously explained in Section 3.1.1. The same method was followed for samples
containing PCMs, after their conditioning in the climatic chamber Angelantoni DY 340 set
to temperature values far from the phase change ones. Figure 7.5 shows the difference

between the measurement set-up for samples without PCMs (Figure 7.5(a)) and samples
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with PCMs which were tested while were conditioned (Figure 7.5(b-c)). Measurements
under controlled hygrothermal conditions allowed to overcome the drawback that when the
probe of the Isomet device generated a heat flow around 26 °C, it would cause a phase
change in the PCM, without any change in temperature; thereby biasing the measurement.

Two measurement configurations were chosen: 16 °C and 50% RH, and 36 °C and 50%

RH. The test started when in the climatic chamber were reached constant values of

temperature and relative humidity.

e ———————
| L e ————

(a) (b) (c)
Figure 7.5. Measurements set-up for samples without (a) and with (b-c) PCMs.

Furthermore, in order to consider the thermal energy exchanged by PCMs during their
change of state, the enthalpy variation for the three different samples was determined

according to the following equation:

h(T) = fu - cw(T) - T + fpcm * hpem (T) [7.1]

where fw is the weight percent fraction of the mixture wool-gum arabic PCM-00, cw is the
specific heat capacity of the PCM-00 sample, f* pcy, is the weight percent fraction of PCM

and /spcy(T) 1s the enthalpy vs temperature of the pure PCM as obtained from the DSC
diagram (Figures 7.1 and 7.2).

The thermal behaviour of the specimens under dynamic regime was also investigated
carrying out a Hot Box test. A small parallelepiped Hot Box (40x40x53 cm) characterized
by a metal frame was used (Figure 7.6). Each side of the Hot Box was outfitted with six
polystyrene panels 4.85 cm thick, with a thermal conductivity of 0.035 W/(m-K). In the

center of three of the four vertical side surfaces were cut three circular holes with 10 cm
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diameter in which were put in the three tested samples. For each specimen, two T-type
thermocouples were used for monitoring the internal and external surface temperatures,
while two more thermocouples were used for monitoring the internal and external air
temperature. The external air conditions corresponded to the laboratory ones; whereas a
simple 28 W halogen bulb was used as internal heat source. All the thermocouples were
connected to an Agilent 34970A data acquisition multiplexer which, through its proprietary
software (Agilent BenchLink Data Logger), scanned and recorded the temperature values

read by each thermocouple at regular intervals of 10 s. The test lasted about 5 hours and

was divided into two heating cycles (60 minutes each) and two cooling cycles (90 minutes

each).

(a) O T ©
Figure 7.6. Outside (a) and inside (b) view of Hot Box and data acquisition set-up (c).

A further temperatures measurement lasted about 20 minutes was carried out under
quasi steady-state conditions, in order to estimate the internal and the external heat
exchange coefficients, respectively #; and 4. They were supposed to be equal on the

surfaces of the polystyrene panels and of the woolen samples and were determined as

follows:
e ?

(T; = Tsi) [7.2]
e ?

(Tse — Te) [7.3]

were T; and T, are respectively the internal and the air external temperature, 7" ;; and T, are
respectively the temperature of the internal and the external surfaces of the samples, ¢ is

the heat flux exchanged through the wall of the Hot Box.
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The flux ¢ was calculated according to the Equation [7.4], being A the thermal conductivity
of the polystyrene panels, d their thickness and ;7'and 7, the internal and the external

temperatures of their surfaces:

_ A
P=7 (Tsi — Tse) [7.4]

7.3 Results

Table 7.3 summarizes the experimental values of the mean temperature 7, the thermal
conductivity 4, the thermal diffusivity D and the specific heat capacity ¢ obtained for the
tested samples. The “mean temperature” 7 is reported in order to monitor the temperature
that occurred at the interface between the probe and the specimen surface during the test.

As it can be observed, thermal conductivity increased with increasing temperature. This
was a predictable result, considering that air filling pores increases its own conductivity by
about 6% from 20 to 40 °C. Similarly, thermal conductivity increased with increasing the
amount of PCM. This was due to more connections among fibers and less volume of pores
occurred when PCM microcapsules were added. The latter consideration is clearly
supported also by higher density values of PCM-26 and PCM-41 samples respect to PCM-
00 ones.

Taking into account the specific heat capacity data, the experimental values resulted
much greater than the literature ones. The wool sample PCM-00 showed a density of 104
kg/m’® and a specific heat capacity of about 3000 J/(kg-K) which was higher than the value
of 1800 J/(kg-K) reported by Schiavoni et al. (2016) for sheep’s wool with a density of 20
kg/m’.

Table 7.3. Thermal properties of PCM-00, PCM-26 and PCM-41: mean values of
temperature 7, thermal conductivity A, thermal diffusivity D and specific heat capacity c.

Sample Pbulk T A D c
code [kg/m’] [°C] [W/(m-K)] [10"m%/s] [J/(kg-K)]
PCM-00 104 27.3 0.053 1.72 2962
PCM-00 104 37.8 0.069 1.91 3936
PCM-26 137 19.8 0.060 2.09 2100
PCM-26 137 39.4 0.064 1.60 2941
PCM-41 173 19.5 0.077 2.26 1970
PCM-41 173 37.7 0.085 1.91 2576
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The enthalpy variation as a function of temperature was determined according to the
Equation [7.1]. The specific heat capacity of PCM-00 sample ¢, (T) =92.827-T +
427.5]/(kg - K) was obtained with a linear interpolation of the values reported in Table
7.3. The enthalpy vs temperature /(7) resulting for the three mixtures are plotted in Figure
7.7, where the grey zone shows the temperature range in which the phase change took

place.
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Figure 7.7. Entalphy variation as a function of temperatures for different mixtures.

The analysis of the temperatures resulting from the Hot Box test shows that the samples
PCM-26 and PCM-41 exhibited a temperature variation on the interior surface much
slower than PCM-00, with instantaneous differences up to 2 °C (Figure 7.8). During
heating cycle, both samples containing PCMs showed lower temperatures than the
reference sample, suggesting a clear energy storage capacity. Similarly, during cooling, the
storage energy was unloaded resulting in temperatures of samples with PCMs higher than
the reference sample and the air.

Differences between the three samples were even more emphasized when temperature
values on the outside surfaces were considered. As it can be observed in the topmost part
of Figure 7.8, the addition of PCMs microcapsules allowed to shift the temperature peaks

during heating and cooling cycles.

The surface heat exchange coefficients were estimated according to Equations [7.2] and

[7.3]. As it can be seen in Figure 7.9, the values of the heat exchange coefficient on the
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internal surface was lower than the one on the external surface (i.e. the mean values were

h; =28W/(m?-K) and h, =7.6W/(m?-K)). This was due to the negligible
contribution of the heat exchange by radiation through the internal surfaces of the Hot Box
which could be considered almost isothermal. Furthermore, the value of 2 ; was very close
to that calculated following the ASHRAE (2016) formula for natural convection heat flux
between a heated or cooled wall panel surface and indoor air, for a vertical surface with
height H = 0.53m:

h; =1.87 - (T; — Ty;)%32 . H055 [7.5]

Figure 7.10 shows time variation of heat flux on the internal and the external faces of
the specimens. As it can be observed, the addition of phase change materials resulted in a
time shift of the heat flux peaks on the external surface of the samples with PCM compared
to the reference sample. The Figure clearly shows that the sample PCM-41 with the most
content of PCM produced the longest time shift of the peaks.

The PCM influence is more evident in Figure 7.11, where the difference between the
heat flow entering and exiting respectively through the internal and the external faces is
shown as a function of the mean temperature (average between the internal surface
temperature and the external surface one). The PCMs addition make the heat flow
imbalance about four times greater than the sample without PCMs, with a peak shifts to the
temperature range typical of the phase change. The apparent hysteresis shown by the
materials with PCM, where the unloading cycle did not perfectly resume the initial
conditions of the loading one, could be explained due to the solidification process not
completed before starting the new heating cycle. As a consequence the thermal storage
capacity of the PCMs were reduced. However, according to Soares (2016), a different
storage capacity in heating or in cooling conditions it could be also explained by the
characteristic latent heat of the used PCM which it could be different during solidification

and liquefaction phases.
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Figure 7.8. Air and surface temperatures in the Hot Box: Internal side (bottom) and
external side (top).
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Chapter 7
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Figure 7.10. Specific heat flux through the internal (int) and external (ext) specimen
side.
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Figure 7.11. Heat flux imbalance vs the mean temperature of the different samples.
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Chapter 8

From theory to practice: application of the
proposed materials to a real case study

In order to prove the potential of the investigated non-wovens, the atrium of the
Department of Architecture was taken into account as it offered the opportunity to
investigate both acoustic and thermal insulating effects, In fact, the atrium is used as a
semi-open space for students, so application of sound absorbing treatments might
significantly improve acoustic comfort. Meanwhile, application of treatments on the wall
might also contribute to improve thermal insulation of walls and, therefore, reduce the
energy demand needed to heat/cool the spaces facing the atrium.

CATT-Acoustic® software was used to test different arrangements of the BICO-5
material in form of panels. In addition, as part of them was applied on the opaque walls
surrounding the atrium, energy simulations were also carried out using DesignBuilder®
software, in order to analyze the effects of adding the panels on the thermal behaviour of
the relevant rooms. Results demonstrated the potential application of the BICO-5 panels
might led to a reduction of the A-weighted ambient noise level in the atrium. Conversely,
in terms of energy saving implications, only small variations were found in the yearly

sensible heating and cooling loads.
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Chapter 8

8.1 Case study

The atrium of the Architecture’s Building of the Polytechnic University of Bari was
chosen as a case study (Figure 8.1). The aim was to optimize the acoustic characteristics of
this semi-outdoor space in order to make it suitable for using by students while reducing
noise exposure of the rooms facing the atrium. A targeted distribution of the acoustic
absorption was planned to keep low the background noise level from speech and to control
the reverberation phenomenon. At the same time, application of panels on the walls also

affected the energy consumptions of the interior spaces. Consequently, implications on

thermal and energetic behaviour of such spaces were also investigated.

(d)
Figure 8.1. Atrium of of the Architecture Building: long side (a), long side with
passageway (b), short side (c) and Plexiglas covering (d).
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The atrium is rectangular in square, approximately 11 m x 15 m. On three sides, it is
surrounded by buildings with four floors above ground (i.e. on one long side and on the
two short ones). On the other long side, it is surrounded by two buildings with two floors
above ground, divided by a passageway about 3 m wide and 12 m long. Strip windows
create horizontal stripes across the facade of these buildings. The rhythm of the openings
repeats in the same way on all the floors and it is underlined by large plastered string
course-frames. The rectangular space and the passageway have a Plexiglas covering at
approximately 21 m high (Figure 8.1). In the layout in Figure 8.2, the passageway and the
atrium are highlighted in grey. As it can be seen, the passageway connects the atrium with

an uncovered larger space.

| | I [

2

Figure 8.2. Layout of the atrium of the Architecture’s Building.

Different arrangements of the absorbing material were simulated and compared with the
current condition, in order to identify the best configuration for improving the acoustic
quality of the analyzed space. In any case, part of them was applied on the opaque portions
of the wall of the buildings surrounding the atrium, modifying their envelope. Therefore,
energy simulations were also carried out in order to analyze the effects of adding the
panels on the energy behaviour of the corresponding rooms. The BICO-5 mix was chosen
for the acoustic optimization because, as previously analyzed in Section 6.2, it showed the

best compromise in terms of sound absorption coefficients among the entire spectrum.
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8.2 Overview of comfort factors affected by proposed materials

Thermal and acoustic comfort are important aspects of the environmental quality due to
their influences on well-being, people's performance and building energy requirements.
For many years these two aspects have been studied separately having effects on the space
design strategies and on the chosen materials. Only in recent year, application of the
ergonomics principles stated the need to use materials able of maximizing the
hygrothermal and the acoustic performances at the same time. In this way, it could be
possible to control both the acoustic and thermal comforts of the occupants or to apply a
treatment that can benefit two adjacent spaces for two different perspectives, as in the

examined case study.

8.2.1 Acoustic comfort in large spaces

Acoustic comfort is the perceived state of well-being and satisfaction with the
acoustical conditions in an environment and the sound pressure level is one of the main
acoustical factors that affects comfort (Azar et al., 2020). According to the theory of sound
propagation in enclosed rooms (Marshall, 2014), if the absorption is uniformly distributed
and if the sound field is diffuse, the sound pressure level L 47 at a point at a distance

from the source assumed to be omnidirectional is:

LS,A,T" = LW + 1010g (

1 4
47rr? +Z) [8.1]

where L is the sound power level of the source and 4 is the total acoustic absorbing
area including both wall absorption and air absorption. The latter term A4 it could be
expressed as a function of the reverberation time 7'y and of the room volume V' by means of
Sabine’s equation:
0.16 -V

A= T [8.2]

The reverberation time is an important acoustic parameter which characterizes the rate
of sound decay. Thus, it also plays a crucial role in the ability of understanding speech in a
given space as long reverberation time will cause a buildup of the noise level in a space
(Levy, 2011). In this situation, the occupants may leave the place with a feeling of

exhaustion due to the difficulty in understanding what is the important message to hear
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compared to the unwanted ambiance that gets in the way. The open spaces are generally
characterized by a long reverberation time for which noise travels and bounces for too long
before it dissipates.

Noise from people speaking in large open spaces is a well-known and wide spread
problem. Because of the noise, everyone raises the voice, which again leads to a higher
ambient noise level. The spontaneous increase of the vocal effort induced by the increase
of the ambient noise level is called “Lombard effect”. It was introduced in 1909, after the
French otolaryngologist Etienne Lombard (1869—1920) observed and reported that people
with normal hearing raised their voice when subjected to noise (Rindel, 2010). The vocal
effort under different conditions has been studied by several authors and is also reported in
ISO 9921 (2004), where is objectively defined in terms of equivalent continuous A-
weighted sound pressure level of the direct sound in front of a male speaker in a distance
of 1 m from the mouth (in symbol £, ;,). Thus, according to Lombard effect, I 4
increases as a function of the A-weighted ambient noise level Ly 4 as follows:

LS,A,lm = 55+4+¢c- (LN,A - 45) [83]

where c is the Lombard slope. As it can be observed in Figure 8.3, the valid range for this
relationship is limited to speech levels above 55 dB, assuming a linear relationship for

noise levels above 45 dB.

L S, A1 m(dB)

40 50 60 10 80 90 00 10
Ly as(@B)

Figure 8.3. Relation between the range of vocal effort Lg 4 ;,, and the ambient-noise level at
the speaker’s position Ly 4 s(Source: ISO 9921 (2004)).
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Values of ¢ ranging from 0.5 to 0.7 dB/dB have been suggested in literature (Lazarus,
1986). Rindel (2012), after comparing the data measured in eating establishments for a
wide range of customers, found that the Lombard slope ¢ = 0.5 made a reasonable
agreement with the measured data. This meant that the A-weighted sound power level of
speech was assumed to increase by 0.5 dB when the ambient noise level increased by 1 dB.
The same slope was already found in 1962 by Webster and Klumpp (1962) and again by
Gardner (1971) in several cases, including dining rooms, auditoriums and theaters,
studying a large number of individuals in each facility.

Generally, noise from speech cannot be predicted with a high accuracy simply because
there are unknown parameters related to individual differences and how much people
actually want to talk. This may depend on the type of gathering, which can be more or less
lively, how well people know each other and other social circumstances. However,
Equation [8.4] suggests a prediction model to estimate the expected ambient noise level
Ly 4 in a space with the equivalent absorption area 4 ( and a number N g of simultaneously

speaking people (Rindel, 2010):

Ag
LN,A = m (69 —c-45 — 1010g Fs) [84]

If the studied space has a volume V, with a reverberation time 7  in unoccupied state and
under diffuse sound field, the Sabine’s equation [8.2] gives the following estimate of the

equivalent absorption area, including the contribution from N people:

_ 016V,
0 — TO P

N 8.5]

where A4p is the sound absorption per person that can be estimated according to Rindel
(2010).

Introducing the group size g, defined as the average number of people per speaking person

g = Ni, Equation [8.4] becomes as follows:
S

0.16 -V
TO ‘N

69 —c-45—101log (g- ( + A4p))] [8.6]

Lya = m'[

The g value may usually varies between 2 and 4 in eating courts and canteens, but higher

values may occur in places with little verbal communication (Rindel, 2010).
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Thus, according to Equation 8.6, in order to reduce the ambient noise level Ly, it’s
possible to modify three different factors: reducing the number of people N, reducing the

reverberation time 7}, or increasing the volume of the interesting space V.

8.2.2 Thermal comfort in air conditioned spaces

Thermal comfort is an important environmental parameter strongly affecting human
well-being. The ASHRAEE 55 (2017) standard defines the thermal comfort as a condition
of mind that expresses satisfaction with the thermal environment. Human physiological
and psychological variations result in different specific environmental conditions that are
required for individual thermal well-being.

Various thermal comfort indices have been proposed over the years, but the most used
is Predicted Mean Vote (PMV) introduced by Fanger in 1970 (Fanger, 1970). PMV allows
to check whether a given thermal environment complies with comfort criteria by
calculating the mean value of the votes of a large group of people on the seven-points
thermal sensation scale where neutrality corresponds to thermal comfort. In particular,
Fanger adapted the results of the heat balance of the body so that its result numerically
corresponded to the sensation scale, to make an easier interpretation of the results. (i.e. +3:
hot, +2: warm, +1: slightly warm, 0: neutral, -1:slightly cool, -2:cool, -3: cold). The
thermal comfort equation of Fanger [8.7] assumes that people feel comfortable when the

internal heat production in the body is equal to the loss of heat to the environment:

M-W=C+R+E [8.7]

where M (W/m?) is metabolic rate; W (W/m?) is the effective mechanical power by
movement; C (W/m?) is the convection heat transfer rate; R (W/nf) is radiation heat
transfer rate and E (W/m?) is the total heat dissipation by evaporation of sweat and
exhalation of water vapour.

Therefore, in order to specify the combination of activity, clothing and environment
parameters useful to define thermal comfort conditions, six factors should be addressed:
metabolic rate, clothing insulation, air temperature, radiant temperature, air speed and
humidity. The first two factors depend on of the occupants, while the remaining four
depend on of the thermal environment. The thermal insulation provided by garments and

clothing is one of the most important thermal comfort adjustments available to building
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occupants. For near sedentary activity, where the metabolic rate is approximately 1.2 met,
the effect of changing clothing insulation on the optimum operative temperature is
approximately 6 °C/clo (Lee and Schiavon, 2014). In most building energy simulations,
thermal comfort condition is calculated based on the assumption that the clothing
insulation is equal to a constant value of 0.5 clo during the cooling season and 1.0 clo
during the heating season (Lee and Schiavon, 2014).

A specific combination of the six thermal comfort parameters are required to prevent
local thermal discomfort due to draft, vertical air temperature difference between head and
ankle, warm or cold floors and radiant temperature asymmetry (Khovalyg et al., 2020).
Mainly people performing light sedentary activity are sensitive to local discomfort because
the body as a whole is in a neutral thermal state (PMV is close to neutral). At higher
activity levels, people are less thermally sensitive and, consequently, the effect of local
discomfort could be insignificant.

The standard ISO 7730 (2006) establishes three classes of satisfaction on the base of the
PMYV value:
class A when —0.2 < PMV < 0.2, represents the highest satisfaction to the environment;
class B when —0.5 < PMV < 0.5, is the moderate satisfaction level;
class C when —0.7 < PMV < 0.7 , is minimum requirement for thermal comfort.

In a thermally moderate environment, the human thermoregulatory system will
automatically attempt to modify skin temperature and sweat secretion to maintain heat

balance.

8.3 Acoustic analysis

CATT-Acoustic® software, with two different calculation engines, i.e. CATT-Acoustic
v.9.0a and CATT TUCT v.1, was used for acoustic simulations. This software adopts the
principles of the geometrical acoustics and uses a hybrid calculation, combining the image
source method with the ray-tracing method. The diffuse part of each reflection is treated
deterministically for reflections up to a certain order that can be chosen by the user. Above
that limit, diffuse reflections are simply randomized speeding up the calculations (Alvarez-
Morales and Martellotta, 2015). In order to obtain the best results when applying acoustical
treatments to a space, it is important to first “calibrate” the model against acoustical

measurements carried out in the real space (Bork, 2000; Katz et al., 2018). Thus, the
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preliminary acoustic properties assigned to all surfaces of the model were modified in
order to obtain the best fit between measurements and simulated results for reverberation

time, as will be better explained later.

8.3.1 In situ measurements

Measurements of the impulse response were carried out in the empty atrium in order to
characterize the sound field of the space, obtaining its reverberation time. A balloon burst
was used as a source and a binaural microphone was used for recording the variation in
sound pressure over time. The measurements were carried out following the ISO 3382-2
(2009) standard. The source (A0) was located in the middle of the atrium and 4 positions
were established for the receivers (01 to 04): three within the largest rectangular covered
area and one located in the covered passageway (Figure 8.4). As the balloon burst was

used as a source, each measurement was repeated at least twice.

e e -1 |
= m———

Figure 8.4. Source and receivers positions for in situ measurements of the impulse
response.

The environmental conditions were monitored and a temperature of 13.8 °C and a
relative humidity of 56.6% were recorded.

After getting the impulse response, the reverberation time 7 3y was obtained by using the
Schroeder’s backwards integration method (Schroeder, 1965). Figure 8.5 represents the
decay of the sound pressure level in the atrium as a function of time after balloons burst.

According to ISO 3382-1, (2009) Standard, the T ;) was considered as the signal-to-noise
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level was more than 35 dB.
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Figure 8.5. Decay curves for the six octave bands 125 to 4k Hz.

8.3.2 Implementation and calibration of the model

The geometry of the atrium and the passageway was modeled with SketchUp® v.8
software and then exported to CATT-Acoustic® via a SU?Catt plugin. The model
simplified the tested space, eliminating the smallest elements, since an exhaustive
geometric definition was not the most decisive factor in ensuring adequate results. In fact,
the acoustic properties (absorption and diffusion) of the surfaces that delimited the space
were more decisive for obtaining good results and very detailed models are known to
largely increase computation time without improving results accuracy (Vorlidnder, 2011;

Alberdi et al., 2021). Table 8.1 shows the materials of the atrium model, their location,

surface and percentage with respect to the total.

Table 8.1. Materials, location, surface and percentage of surface.

. . Surface Surface
Materials Location (m?] (%]
Plaster String course-frames 742.3 27.1
Plexiglas Atrium and passageway roof 484.3 17.7
Aluminum Space between windows 466.0 17.0
Glass Windows 290.8 10.6
Concrete tiles Atrium floor 211.9 7.7
Concrete Roof floor of lower two buildings 139.8 5.1
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Marble Baseboard 38.2 1.4

The initial input values of the sound absorption coefficients of the different surfaces
were selected from literature data (Cox Cox and D’Antonio, 2017). Then, the assigned
absorption and scattering coefficients were adjusted starting from the materials with the
highest uncertainty, in order to have a reverberation time as close as possible to the
measured ones. The reverberation time calculated with the acoustic software considered
the same source and receivers locations used in situ measurements chain. The differences
between measured and predicted reverberation time are usually evaluated in terms of Just
Noticeable Difference (JND) which for this parameter corresponds to 5%, as reported in
ISO 3382-1, (2009) Standard. However, in the present case, when possible, smaller
differences were achieved. Table 8.2 reports the difference between the T 3 values resulted
from the in situ measurements (i.e. measured values) and the values obtained after little
adjustments to the sound absorption and scattering coefficients (i.e. calibration values),

showing their JND values.

Table 8.2. Spatially averaged reverberation time T30: measured values, calibration
values, and their Just Noticeable Difference (JND).

125 Hz 250 Hz 500 Hz 1k Hz 2k Hz 4k Hz

Measured values [s] 2.09 2.35 2.63 2.40 2.21 1.86
Calibration values [s] 2.08 2.27 2.52 2.42 2.32 1.80
JND [%] 0.47 3.40 4.18 0.82 4.74 3.22

In Table 8.3 are reported the calibration values of the sound absorption coefficients
expressed in % for the six octave bands from 125 to 4 kHz. As it can be observed, the
scattering coefficients following the Lambert model were considered for the aluminum
surfaces between the windows and for the concrete tiles floor. This was for taking into
account the protrusion due to different planes of windows and aluminum surfaces and the
effect of the worktable usually placed in the atrium. Scattering coefficients were assigned
starting from 15% at 125 Hz and increasing of 5% for each octave bands. Table 8.3 also

reports the sound absorption coefficients of the BICO-5 mix illustrated in Section 6.2.

The environmental conditions, i.e. humidity and temperature, recorded during the in situ

measurements were used in the model.
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Table 8.3. Final values of the sound absorption coefficients expressed in % for the six
octave bands 125 to 4k Hz.

Materials 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz
Plaster 1 2 4 6 6 6
Plexiglas 18 15 10 8 4 4
Aluminum 30 20 10 8 6 3
Glass 18 12 6 5 4 3
Concrete tiles 2 2 2.7 4 4 4
Concrete 1.5 1.5 2.5 3 3 4
Marble 1 1 1.5 1.5 2 2
BICO-5 14 38 76 90 92 96

8.3.3 Results of acoustic simulations

TUCT provides several algorithms, that differ in the way rays are treated when they
interact with surfaces, and that may be more or less suitable depending on the
characteristics of the model. In the present case, as the model is open the recommended
Algorithm is the second, that was used with a total of 1000,000 rays and a truncation time
of 2500 ms. Based on the above considerations about acoustic comfort in open spaces, the
A-weighted ambient noise level &4 c47rr obtained from the CATT-Acoustic simulations
was considered as index value to evaluate the acoustic quality of the space. The Ly 4 carr
value was calculated in different points (to account for the non-ideally diffuse behaviour of
the space) and then averaged. Six simultaneous people, one person sitting at each
worktable were assumed as sources. Figure 8.6 shows the position of the receivers R and

of the six sources from S1 to S6.

Figure 8.6. Receiver and sources positions for simulating of Ly 4 carr.
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The sources were supposed directive and a directivity curve “singer down” (Meyer J.,
2009) was selected from the source directivity library-files of CATT-Acoustic software.

Figure 8.7 shows the directivity curves at different frequencies.

250 500 1k

Max SPL Nom SPL Max SPL Nom SPL Max SPL Nom SPL
857 dB 745dB 89,3dB 775dB 90,7 dB 735dB
8k (ext) 16k (ext)

Max SPL Nom SPL Max SPL Nom SPL Max SPL Nom SPL Max SPL Nom SPL
90,7 dB 67,5dB 95,0 dB 54,5 dB 99,3 dB 415dB 1036 dB 285dB

Figure 8.7. Directivity curves of the source.

In addition, the A-weighted ambient noise level L y 4 romparas calculated according to the
model proposed by Equation [8.3], was used for comparison and to discuss the simulation

results, assuming the Lombard’s slope ¢ = 0.5.

As previously anticipated, several scenarios with different arrangements of the same
surface area of BICO-5 panels were simulated. In each solution part of the absorbing
materials were used to create a covering over the atrium; part was applied on the concrete
walls at the first and the second floors of the building surrounding the atrium and as baffles
between the worktables.

The simulated scenarios differed in type of covering (i.e. continuous, baffle, and with
flat and baffle elements) and in arrangements of baffles between the worktables: in
scenarios named “a” no baffles were interposed between sources and receivers respect to
the configurations named “b”. The amount of absorbing panels which in scenarios “b”

behaved as barriers cutting the line of sight between the sources and the receivers was
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integrated in covering in scenarios “a”, in order to ensure the same quantity of absorption
in both solutions.

Figures 8.8(a-g) plots software outputs rendering in which the arrangements of the
panels are represented in red. Figure 8.8(a) shows a rendering of the current situation, i.e.
scenario 0, without acoustic treatment. The scenarios la and 1b (Figures 8.8(b, c))
considered an arrangement of BICO-5 panels aimed to delimit the volume of the atrium,
creating a continuous covering. The scenario 1 resulted to be an intuitive solution as a
consequence of the dependence of the reverberation time to the volume of the space, but it
did not have so good architectural value because destroyed the quality of the space,
reducing the brightness and the openness of the atrium. Therefore, the scenarios 2 and 3
were proposed with the aim to converge the acoustic and the architectural characteristics.

In fact, in scenario 2 (Figure 8.8(d, e)) a baffle covering was created, while a covering with
both flat and baffle elements was supposed for scenario 3 (Figure 8.8(f, g)).

A pre-dimensioning of the absorbing panels need was carried out in order to halve the
reverberation time T3y = 2.5 s measured at mid frequencies (500—-1000 Hz) in the current
condition. The quantity of 600 nf of BICO-5 panels was estimated with reference to
scenario la, according to Sabine’s Equation [8.2], thus supposing a diffuse sound field.
Although the arrangements of material influenced the reverberation time in the atrium in
different ways, the surface pre-dimensioning allowed to reach the best compromise
between reducing the reverberation time and respecting the atrium concept. In fact, as
previously explained, the aim was to achieve both the acoustic and the architectural
qualities. Table 8.4 reports T3y values corresponding to the reverberation time at mid
frequencies (500-1000 Hz), calculated with the acoustic software, for each scenario,

considering the same source and receivers locations used in situ measurements chain.

The simulations were firstly carried out assuming sources with a normal speech
spectrum defined by ANSI S3.79 (1993) Standard as spectral densities at the center
frequencies and as an average from males and females. The corresponding A-weighted
sound pressure level at 1 m distance was Lg 41, = 59.5 dB and the corresponding power
source level was Ly, = 67.5 dB. In order to verify the Lombard effect, the L g 4 ;,, values
were then iteratively modified to achieve the correspondence between Ly, carr and

LN,A_Lombard values.
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Figure 8.8. Different scenarios of simulation investigated with CATT-Acoustic:
scenario 0 without panels (a); scenario 1 with continuous covering, without (b) and
with (c) baffles between sources and receivers; scenario 2 with baffle covering, without
(d) and with (e) baffles between sources and receivers; scenario 3 with flat and baftle
elements for covering, without (f) and with (g) baffles between sources and receivers.
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Table 8.4 compares the L 4 carr o values obtained considering Lg 41,, = 59.5 dB and

the Ly 4., « Values obtained using L, 4, 1+ resulting from the iteration process.

Table 8.4. A-weighted ambient noise level L x4 carr o values obtained from CATT-
Acoustic simulations using Ig,;» and A-weighted ambient noise level Ly4 carrs
obtained using the L g 4 ;,,+ resulting from the iteration process. T 3y values represent
the reverberation time at mid frequencies (500-1000 Hz) obtained from CATT-
Acoustic simulations.

Scenario T3 Lsaim Lna carro Ls 4 1m* Ln4 carr+[dB]
[s] [dB] [dB] [dB]
0 2.50 59.5 58.0 63.5 62.0
la 1.15 59.5 53.6 59.5 54.0
1b 0.94 59.5 47.3 52.5 40.0
2a 1.81 59.5 534 58.5 52.0
2b 1.70 59.5 45.5 50.5 36.0
3a 1.61 59.5 53.5 59.5 54.0
3b 1.75 59.5 47.5 53.5 42.0

As it can be observed, in the current situation (i.e. the scenario 0 in Figure 8.8(a)), the
correspondence between Ly 4 carro and Ly 4 rompara Values occurred for Lg 4 1y = 63.5 dB.
This means that the occupants of the atrium raised their vocal efforts of 4 dB more than the
normal vocal spectrum, as a consequence of the Lombard effect.

Taking into account the scenarios “a” without baffles interposed between sources and
receivers (Figure 8.8(b, d, f)), the A-weighted sound pressure level at 1 m distance
Lg 41m« which gave back the correspondence between k4 carr and Ly 4 rompara Values
were 59.5 dB for solutions la and 3a and 58.5 dB for solution 2a. Therefore, the
application of the BICO-5 panels made it possible to reduce the vocal effort of the
occupants of the atrium by at least 4 dB compared to the current situation, while
maintaining the normal speech level.

Considering the scenarios “b”, acoustic comfort conditions were achieved as a
consequence of the baffles which cut the line of sight between the sources and the
receivers. In fact, the L x4 carr+ values were less than 55 dB for each solution (i.e. 40.0,
36.0 and 42.0 dB respectively for 1b, 2b and 3b solutions) with a speech level lower than
that corresponding to a normal vocal effort. Therefore, according to Equation [8.3], no

Lombard effect occurred, being Ly 4 carr+less than 45 dB.
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8.4 Energy performance and thermal comfort analysis

DesignBuilder® software v.6.1.3 was used to evaluate if the application of panels on the
concrete string course-frames affected the energy performance and the thermal comfort in
the corresponding rooms which overlook the atrium. The DesignBuilder® software is an
advanced graphical user interface for EnergyPlus® dynamic thermal simulation engine,

useful to model building heating, cooling, lighting, ventilating, and other energy flows.

8.4.1 Implementation of the model

All geometric characteristics of rooms, envelope features, and Heating, Ventilation and
Air Conditioning (HVAC) details were entered into DesignBuilder® software to perform
an hourly dynamic simulation of the interested spaces. The input data were conveniently
chosen considering the simulated spaces belonging to Category II which is usually refers to
new buildings and renovations with normal level of expectation (EN 15251, 2008).

The geometry of the whole Architecture’s Building was modeled, but only some rooms
at ground, first and second floors were considered as thermal zones for energy simulations.
Figure 8.9 plots the layouts of the ground and the second floors where the thermal zones
are highlighted in grey. Only one layout is reported for ground and first floor because they
perfectly correspond. As it can be observed, the surface area of each zone is reported,;
however the simulated zones covered about a total surface of 300 m at ground and first

floors and of 200 m? at second floor.

Two different models were implemented in DesignBuilder® software in order to
simulate the configurations without and with treatment. Figure 8.10 shows software
outputs rendering in which the simulated zones are represented in detail respect to the rest
of the building and the BICO-5 panels are highlighted in red.

The internal walls and the ceilings were considered adiabatic, being all the spaces of the
building roughly at the same thermal conditions. Thus, mostly the external wall played an

important role for heat exchange between thermal zones and outside.
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Figure 8.9. Layout of the simulated thermal zones at ground floor which correspond

with first one (a) and at second floor (b).
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Figure 8.10. Model implemented with DesignBuilder® software to simulate the
thermal behaviour without (a) and with (b) BICO-5 panels.

The facades were characterized by a window-to-wall ratio of about 35%. Clear strip
windows, double glazed (6 mm glass/13mm air/6 mm glass), with a thermal transmittance
U =2.70 W/m 2K were considered.

The external wall was made of five layers for a total of 56 cm. The last layer was
constituted by cement boards where were applied the BICO-5 panels. The Building was
built before 2015, in fact thermal transmittance of wall envelope was U = 0.43 W/m K,

resulting higher than the Italian legislation limits (Ministerial Decree, 15 July 2015).
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However, the addition of 5 cm thick BICO-5 panels allowed to reduce the transmittance
value which became U = 0.29 W/m 2K, resulting within the limits for the considered
climatic zone (Bari belongs to the climatic zone C). Table 8.5 shows the details of the wall
layers of the external wall from outer to inner layer.

All zones were equipped with an HVAC system of fan-coil units powered by an air
cooled chiller. The heat pump was characterized by a coefficient of performance (COP) of
3.00, with an inlet temperature of 35 °C and a target temperature of 20 °C; whereas the
energy efficiency ratio (EER) was 3.00, with an inlet temperature of 10 °C and a target
temperature of 25 °C. According to the Heating and cooling systems were set for ten hours
daily, respectively from 15 November to 31 March (Decree of President of the Republic
412, 1993) and from 15 May to 31 October, excluding the month of August. The
temperature set points were fixed at 20°C for heating seasons and at 26°C for cooling
seasons, according to the recommendations of EN 16798-1 (2019) Standard for offices and

spaces with similar activities (sedentary activity of 1.2 met) belonging to Category II.

Table 8.5. Layers of the external wall from outside to inside.

Layer Material d p A c

m]  [kg/m’]  [W(mK)] [JkgK)]
1 Cement board 0.020 1860 0.720 840
2 Air gap 0.350 - - -
3 Stone wool 0.050 40 0.038 1400
4 Hollow brick 0.120 520 0.200 840
5 Cement plaster 0.020 1920 0.720 840

No mechanical ventilation and domestic hot water were considered, but only natural
ventilation with a minimum fresh air of 7 I/s per person in compliance with the ventilation
rates data recommended by EN 16798-1 (2019) for Category II buildings.

Internal loads included only the loads from occupants, considering a density of 0.1
person/m”. The clothing resistance value was assumed to be 1 clo and 0.5 clo, respectively
for winter and for summer seasons; while the metabolic rate was set at 1.2 met.

Whether data for Bari (Bari-Plaese Macchie) were used, considering a Mediterranean

climate characterized by hot-dry summers and cool-wet winters.
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8.4.2 Results of energy simulations

The yearly sensible heating and cooling loads were considered as index for evaluating
the behaviour of the thermal zones. Results showed that the adding of the panels allowed to
reduce the heating winter loads of 10%; whereas a slight increase of cooling summer loads
(i.e. 4%) was observed. In fact, as previously explained, the increase of the insulation
allowed to reduce the transmittance value of the external walls of the simulated rooms,
reducing their rate of heat loss. The reduction of the heat flux exchanges led to advantages
during the winter seasons avoiding the heat diffusion. At the same time, it made more
difficult the exchange of heat during the fresh hours of the summer seasons, having
influences on the cooling summer loads.

Figure 8.11 shows the sensible heating and cooling loads during the crucial months of
January and July for both simulated solutions with and without BICO-5 panels. Figure
8.11(a), compares the two curves of the sensible heating loads during January, showing the
energy improvement due to the application of the insulating panels. In fact, the dotted red
curve referred to the solution with BICO panels shows lower peaks than the continuous
blue curve referred to the solution without insulation. Otherwise, Figure 8.11(b) shows that
no significant changes could be observed between the scenario before and after the walls

treatment during July. In fact, the curves of the cooling loads were almost overlapped.

In order to support the results on the energy behaviour of the considered rooms, data
about the thermal comfort of the occupants were also analyzed. Particularly, the occupant’s
thermal satisfaction was evaluated through the PMV data provided by the software. Figure
8.12 illustrates the PMV values during January and July in terms of frequency distribution,
for scenario with and without BICO-5 panels. As it can be expected, the application of
panels had only negligible effects on the thermal comfort of the occupants of the simulated
rooms during the periods in which air conditioning is turned on. In fact, as previously
explained, the thermal comfort is influenced by some environmental factors (i.e. the
temperature, the humidity and the speed of the air) which mainly depend on the HVAC
system setting parameters. Being the HVAC system the same in both solutions with and
without BICO panels, the insulating treatment of walls didn’t have significant effects on

the PMV values.
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Figure 8.12 (a) shows that -0.7<PMV<0.2 during January, with most of the values
distributed around PMV=0.3. Thus, as previously explained in Section 8.2.2 acceptable
comfort levels were achieved most of the working time. Figure 8.12 (b) plots the PMV
during July, showing that -0.3<PMV<1.2 , with the most frequent values being around
PMV=0.7. Thus, during summer seasons, minimum requirements for thermal comfort were

verified most of the time.
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Figure 8.11. Sensible heating and cooling loads in scenario without and with BICO-
5 panels, during January (a) and July (b).
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8.5 The proposed solution in practice

Some renderings were carried out to get a realistic idea of how the application of the
panels can change the perception of the atrium space (Figures 8.13-8.19). As a
consequence of the analysis of the effects of the different panels arrangements on the
acoustic quality of the atrium, it was chosen to represent the scenario characterized by flat
and baffles element as covering. In fact, this solution allowed to converge acoustic and

architectural perspectives.

As it can be observed in Figures 8.13-8.19, it was imagined to cover the panels with a
sound-transparent fabric covering. The idea was to create a “play of colors” aimed at
making the treatment pleasing to the eye. Furthermore, the use of a textile covering

highlighted the fabric origin of the wastes used as base matrix of the panels.

A metallic grid of “C” section bars was imagined to fix the panels (250%x90 cm) applied
on the opaque walls of the buildings surrounding the atrium. A color similar to that of the
other plastered opaque walls was chosen in order to emphasize the horizontal stripes

created by strip windows across the fagcade of the building surrounding the atrium.

Gradual nuances of green and blue were selected for the baffles between the worktables
and for the elements of the covering which were arranged following an alternate rhythm.
The aim was to include elements which discontinue the regular harmony of the atrium
space where all the elements repeats in the same way on the all floors, i.e. the horizontal
strip windows, the opaque plaster walls with the same width and the vertical aluminum
elements which divides the fagades of the building in similar rectangular partitions. Panels
with variable height (i.e. 150, 160 and 170 cm) and constant width (i.e. 30 cm) were used
as baffles between worktables; whereas panels 100x120 cm, 80x120cm or 70x120cm were

used as flat elements and baffles for atrium covering.

However, the quantity of absorbing material supposed to be used for the treatment was

about 600 m?, coinciding with that calculated for acoustic simulation previously analyzed.
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Chapter 8

Figure 8.1. Rendering of the atrium:view 0O1.
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Figure 8.14. Rendering of the atrium: view 0.
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the atrium: view
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Figure 8.17. Rendering of the atrium: view 05.
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Figure 8.18. Rendering of the atrium: view 06.
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Figure 8.19. Rendering of the atrium: view 07.
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Chapter 9

Conclusions and future directions

The scope of the present research work was that of investigating the performance of
innovative materials obtained from the use of fibers derived from recycled textile wastes
(100% merino wool), combined with different binders to be used as building materials with
sound absorbing and thermal insulating properties. This last Chapter summarizes the
results which were illustrated in detail in the previous sections, confirming that the
investigated materials have similar or better performance than conventional thermal
insulating and sound absorbing products. Thus, in order to understand whether the
innovative materials might be actually competitive, worth being used in the real world,
some considerations about their circularity and sustainability values are also included.

Eventually, future directions are recommended in order to investigate further aspects
especially relating to the industrialization process and its environmental impacts through a
Life Cycle Assessment (LCA). In fact, the industrial upscaling of some BICO samples was
performed with the aim of comparing the hygrothermal and the acoustic performances of

the industrial panels with laboratory scale samples.
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9.1 Conclusions

The overall aim of the research work was to investigate the possibility of developing
building materials from textile wastes, in response to European and National objectives of
circularity and sustainability. Three types of non-woven materials were produced and
tested. Two manufacturing techniques and three binders were investigated to prepare
samples with different density values. Particularly, “BICO” samples were obtained
bonding 100% wool recycled fibers with CoOPET/PET bicomponent fibers by means of the
thermal bonding technique. Otherwise, chitosan and gum Arabic were investigated as
binding agents to produce woolen samples (respectively “CH” and “GA” samples) using
the chemical bonding technique. The experimental results were promising both from a
thermohygrometric and from acoustic point of view, proving the real possibility of using
textile wastes as secondary raw materials in building sector. In this final chapter, a
summary of the main findings based on the objectives of this Ph.D. research is presented

and considerations on the possible future applications of the obtained outcomes are given.

9.1.1 Review of the state of the art on use of textile waste in building

industry

Collecting textile leftovers without recycling them can become a serious environmental
problem due to the huge availability of pre-consumer and post-consumer wastes. For this
reason, more and more researchers are studying alternative solutions to their disposal. An
example is the use of textile wastes as secondary raw resources for developing
environmental friendly building materials. An overview of building components produced
from textile waste has been compiled through a literature survey up to 2020. All analyzed
researches agreed that recycling textile leftovers in construction industry could limit the
environmental impact of the building materials, reducing the use of new virgin sources and
preserving them for future generations.

Textile waste fibers were mostly used to produce sustainable thermal insulators or
sound absorbers in form of mats or panels. In some cases the investigated materials
showed much better acoustic and thermal properties than the products currently available
in the market. In order to transform textile waste into building components, direct and non-

woven methods were proposed. In the latter case, chemically gluing, mechanically
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entangling, or thermally bonding techniques were compared. However, there were limited
studies about the structure of the textile-based materials, its influence on the insulation and
sound absorbing properties, and about the effects of the manufacturing methods on the
microstructure of the products.

Furthermore, textile waste fibers were proposed as lightening material for energy
efficient lightweight bricks or as reinforcing materials for innovative concretes or plaster
mortars with high mechanical resistance performance.

The analysis of the state of the art was useful to have a global idea on the topic and was
a starting point to make a responsible choice of the production technologies followed for
this research and of the methods used to analyze the experimental data obtained from

laboratory tests.

9.1.2 Analysis of different production methods: chemically gluing and

thermally bonding techniques

“BICO”, “CH” and “GA” materials were produced and tested from various perspectives
and their thermal, hygric, acoustic and fire resistance behaviours were analyzed. The
experimental results obtained for the three typologies of material were then compared in
order to investigate the effects of the two different manufacturing technologies. In fact,
testing of the non-acoustic properties (i.e. the porosity, the tortuosity and the air flow
resistivity) allowed to analyze how chemical gluing and thermal bonding procedures
affected the microstructure of the final products, influencing their hygrothermal and
acoustic performances. Conclusions on data collected in the laboratory were drawn,
generalizing the information contained in the produced samples using the statistical
inference method.

Taking into account the thermal behaviour, all the developed materials exhibited
suitable properties (i.e. thermal conductivity less than 0.06 W/(m-K)) to be used as thermal
insulation components. Furthermore, the thermal conductivity values were well
comparable with literature results and reference values given in national standards.

The statistical analysis proved that changes in the bulk densities of the three different
types of material affected their thermal conductivity values in the same way, regardless of
the different fabrication techniques. In fact, the slopes of the three regression lines obtained

after plotting the thermal conductivity versus the bulk density for BICO, CH and GA
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samples were considered comparable when a two tailed hypothesis test with a significance
level of 0.05 was carried out. The results of the statistical tests could be expected due to the
similar porosity values shown by the compared materials which exhibited a void fraction
close 90%.

In light of the high porosity values, the produced materials could be considered a
mixture of fibers and air and both of these two phases influenced the thermal behaviour of
the whole in terms of effective thermal conductivity. A deeper theoretical analysis showed
that the only significant heat transfer mode through tested materials was the conduction of

the two phases.

Contrary to what has been observed for thermal conductivity, no significant correlation
was found between the bulk density and the water vapour permeability, whatever the
material considered.

A two samples Student’s #-test on the mean values of water vapour permeability of
BICO, CH and GA samples showed that the mixes with bicomponent fibers and natural
solutions as binder belong to two different groups of materials. This was due to the effect
of production techniques used on tortuosity values which resulted to be higher for BICO
samples than CH and GA ones. In fact, the thermal bonding technique led to a richly
entangled microstructure of the BICO samples which showed a more complex vapour flow
path and a consequent lower water vapour permeability than CH and GA ones.

However, the mean values of water vapour permeability resulted to be 2.441-10™"
kg/(m-s-Pa) for samples produced using natural solutions as binding agents, and 2.155-
10" kg/(m-s-Pa) for samples using bi-component binding fibers. Both results could be
considered in agreement with the current construction standards and with literature data on

natural insulators.

Porosity and tortuosity variations also affected the air flow resistivity of samples, with
consequent implications on their acoustic performance. For each typology of material,
more porous samples were characterized by a lower air flow resistivity, showing a better
sound absorption in the mid and high frequency ranges. On the contrary, the increased air
flow resistivity values of the less porous samples improved sound absorption at low

frequencies yielding values as high as 0.5 from 315 Hz on.
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The more intricate pores structure of the BICO samples resulted in less air permeability.
As a consequence, BICO materials showed acoustic behavior comparable with CH and GA
samples despite they exhibited higher values of air flow resistivity, while being less dense.

The non-acoustic properties were useful not only to characterize the microstructure of
the materials, but also to predict their acoustic response, in order to validate the
experimental data. A comparison between measured and predicted absorption coefficients
showed that the phenomenological model developed by Johnson, Champoux and Allard
estimated the acoustic behaviour of most samples better than the empirical model proposed
by Delany and Bazley. Thus, the importance of the microstructure in altering the sound
path was confirmed. However, the empirical model well estimated the behaviour of the

samples with lower air flow resistivity values.

The fire resistance behaviour of the tested materials was investigated in relation to a
reference sample of pressed wool. Smoke and/or flame spreading on the topmost part of
the samples were observed in quantity depending on the type of binder used. Although
small carbonized portions of BICO and GA samples kept burning after the burner was
retracted, the results could be considered promising for the three typologies of material in

light of the possibility of improving their behaviour with additives.

Eventually, part of the research was designated to investigate how the integration of
Phase Change Materials (PCMs) in the tested gum Arabic-based samples could improve
their thermal performance. Two types of mix, i.e. PCM-26 and PCM-41, respectively
containing 26% and 41% of phase change materials were produced. Their thermal
properties as a function of temperature were examined in dynamic condition and were
compared with results obtained for a reference sample without PCMs (i.e. PCM-00).

It was observed that thermal conductivity increased with increasing temperature and
PCM content. Furthermore, the samples containing PCMs showed specific heat capacity
values higher than reference sample. However, PCM-00 sample exhibited a specific heat
capacity value higher than wool-based samples found in literature, proving a greater
thermal storage capacity.

A Hot Box test was carried out in order to better demonstrate the temperature regulation

ability of the samples with PCMs. The addition of the microcapsules in the woolen
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samples allowed a reduction of the temperature fluctuations on their internal surfaces and
shifted temperature peaks on the external ones. The thermal energy storage capacity of the
tested samples was further highlighted analyzing the heat flux exchange across the walls of

the Hot Box as a function of time and temperature.

9.1.3 Application to a case study

The best performing material among those tested (BICO-5) was selected for a potential
application as an acoustic treatment of the internal atrium of the Architecture’s Building of
the Polytechnic University of Bari in order to improve comfort conditions for the students,
while reducing noise exposure in the atrium and save energy thanks to the application of
treatments on the walls so to increase their thermal resistance.

The atrium was first modeled with CATT-Acoustic® software and several scenarios
characterized by different arrangements of the absorbent material in form of panels were
simulated and compared. A total of about 600 m > of panels were applied on the opaque
walls at the first and the second floors of the buildings surrounding the atrium, partly
suspended to the ceiling over the atrium, and as baffles between the worktables usually
placed in the atrium. In order to evaluate the acoustic quality of the simulated space, the A-
weighted sound pressure level obtained by CATT-Acoustic simulations was compared by
the A-weighted sound pressure level calculated taking into account the possible Lombard
effect caused by spontaneous increase of people vocal effort due to the high ambient noise
level.

Results showed that in the scenario without panels the occupants of the atrium raised
their vocal efforts by 4 dB more than the normal vocal spectrum, as a consequence of the
Lombard effect. The solutions in which the panels between the worktables didn’t create
“sound barriers” between the sources and the receivers allowed to reduce the vocal effort
of the occupants by at least 4 dB compared to the current situation, while maintaining the
normal speech level. When the baffles between the worktables cut the line of sight between
the sources and the receivers, acoustic comfort conditions were achieved and the vocal
effort of the occupants resulted to be lower than that corresponding to a normal a speech

level.
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Energy simulations were also carried out using DesignBuilder® software. The aim was
to analyze the effects of the panels application on the energy behaviour of the rooms with
atrium view, whose opaque walls were treated with the insulating panels.

Results showed that adding the panels allowed to reduce the heating winter loads by
10%; whereas a slight increase of cooling summer loads (i.e. 4%) was observed. In fact,
the increase of the insulation allowed to reduce the transmittance value of the external
walls of the simulated rooms, reducing their rate of heat loss during the winter seasons. At
the same time, heat exchange during the fresh hours of the summer seasons became more
difficult, negatively influencing the cooling summer loads.

The application of panels had only negligible effects on the thermal comfort of the
occupants of the simulated rooms whose comfort conditions are influenced by
environmental factors mainly depended on the HVAC system parameters. Being the
HVAC system the same in both solutions with and without BICO panels, the insulating
treatment of walls did not have significant effects on the PMV values. However, most of
the PMV values resulted distributed around 0.3 during January and around 0.7 during July.
Such results meant that acceptable comfort levels were achieved most of the working time
during winter seasons, and minimum requirements for thermal comfort were verified most

of the time during summer seasons.

9.1.4 Summary of main achievements

The conclusions are summarized in order to highlight the main scientific achievements:

- BICO, CH and GA materials were produced using respectively bi-component fibers,
chitosan and gum Arabic as binders, and obtained following two different production
processes (thermal and chemical bounding techniques). They were tested from
various perspectives and their thermal, hygric, acoustic and fire resistance behaviour
was analyzed;

- statistical analysis proved that changes in the bulk densities of the three different
types of materials affected in the same way their thermal conductivity values. On the
contrary, the technique followed to produce the nonwoven (with or without binders)
affected pore microstructure with consequent implications on the sound absorption
and water vapour diffusion properties;

- all the materials exhibited suitable thermal properties (i.e. thermal conductivity less
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than 0.06 W/(m-K)) to be used as thermal insulation panels;

deeper theoretical analysis showed that the only significant heat transfer mode
through tested materials was the conduction of the two phases (i.e. solid matrix
consisting of fibers and a gas phase formed by air);

the mean values of water vapour permeability which resulted to be 2.441-10 "
kg/(m-s-Pa) for samples produced with natural solutions as binder agents and
2.155-10"" kg/(m-s-Pa) for samples using bi-component binder fibers, were in
agreement with the current construction standards;

although small carbonized portions of BICO and GA samples kept burning after the
burner was retracted, the results of the fire resistance test could be considered
promising for the three typologies of material in light of the possibility of improving
their behaviour with additives;

all materials, apart from samples with the highest density, showed good sound
absorption coefficients as high as 0.7 at frequencies from 500 Hz on;

the more intricate pores structure of the BICO samples resulted in less air
permeability. Thus, BICO materials showed acoustic behavior comparable with CH
and GA samples despite they exhibited higher values of air flow resistivity, while
being less dense;

a comparison between measured and predicted absorption coefficients showed that
the phenomenological model developed by Johnson, Champoux and Allard estimated
the acoustic behaviour of most samples better than the empirical model proposed by
Delany and Bazley;

the addition of PCMs microcapsules improved the thermal energy storage capacity of
the tested samples;

the simulation of the application of the BICO-5 material for improving the acoustic
comfort of the internal atrium of the Architecture’s Building of the Polytechnic
University of Bari showed a reduction of the vocal effort of the occupants compared
to the current situation;

only negligible effects on the thermal comfort of the rooms interested the application
of panels was observed, however acceptable comfort levels were achieved most of
the working time during winter seasons, and minimum requirements for thermal

comfort were verified most of the time during summer seasons.
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9.2 Further considerations

According to the Green Public Procurement (COM 400, 2008), an eco-friendly material
is a product having a lesser or reduced effect on human health and the environment when
compared with competing product that serve the same purpose. A material can be eco-
friendly by itself, or even conventional products can become eco-friendly based on the
construction technique that is used. To this purpose, the raw materials used for this
research both as matrix and as binder were appropriately selected and thoroughly

characterized in order to optimize the manufacturing process.

9.2.1 Environmental advantages of the proposed samples

In terms of the environmental impact of the binders, the actual quantities of materials
needed must be taken into account, based on the sample composition.

Taking into account the thermally bonding technique, 200 g of bicomponent fibers were
used for 1 kg of material. It might seem a large amount considering the environmental
impact of the synthetic fibers production which involves the use of petrochemical materials
responsible for carbon dioxide emissions. However, the possibility of using recycled
materials offsets the negative effects. Abbasi and Kotek (2019) investigated the potential
of producing side-by-side bicomponent fibers from recycled polyester which otherwise
become a post-consumer waste in garbage, leading to serious ecology difficulties. In fact,
when synthetic fibers are disposed of, do not decompose, becoming source of microplastics
and contributing to the environmental pollution (Stréhle et al., 2017).

Considering the chemical binding technique, the chitosan solution includes 15 g of
chitosan per kg of water, and the amount of binder is 60% the mass of the sample. This
results in just 9 g of chitosan per kg of (wet) sample prepared. Thus, the incidence of
chitosan production is only marginally reflected on the panel preparation. However,
chitosan could be considered an environmentally-friendly choice as its production avoids
the composting process of the crab shells, leading to a saving in toxic emissions, especially
ammonia (Munoz et al., 2018).

With reference to gum Arabic, the situation is a bit different as the amount of dry
product requested to manufacture 1 kg of composite panel is 120 g, which is much higher
than chitosan. However, in the light of the positive effects related to Acacia tree

cultivation, we might expect a lower overall impact. In fact, gum Arabic is an exudate of
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widely distributed Acacia threes, whose cultivation usually involves spontaneously grown

plants that do not involve the use of water, fertilizers and pesticides (Mariod, 2018).

The choice of using wool textile leftovers as matrix allowed to implement a circular
approach for managing the waste flow. To better appreciate this aspect, it is important to
identify the environmental benefits of recycling option compared to the traditional landfill
disposal. Recycling activities are promising strategies to lessen the landfill space, reducing
the air, earth and water pollution and limiting the harmful effects which a disposal of fibers
could have on human health (Yalcin-Enis et al., 2019). In fact, during their decomposition
process, organic animal fibers as wool produce ammonia, which is responsible for creating
toxicity in land and water (Jayasinghe et al., 2010). Furthermore, when it downpours, water
depletes through the solid fibers not yet decomposed, grabbing perilous chemicals. This
water is absorbed by earth and feeds the seas and oceans being lethal if ingested in
excessive quantities by the marine population (Senthil Kumar and Yaashikaa, 2018).

Using textile wastes as secondary raw materials extended the end-of-life of fibers whose
decomposition process, as well as their production represents a risk to the earth and water
supplies. Animal fibers like wool, generate environmental pollution due to the large use of
land, water, fertilizers and pesticides. Sandin et al. (2019) estimated that the greenhouse
gas emissions associated with wool fibers production ranges from 1.7 kg CO , to 36.2 kg
CO; equivalents per kg of fibers. Differences in gas emissions for the production of wool
could be affected by geographical location changes (Gowane et al., 2017).

A textile disposal solution different from the landfill involves the use of fibers at the end
of their useful life as an alternative fuel source. Muthu et al. (2012a) demonstrated the
environmental advantages of recycling practices versus incineration in terms of energy
conserved versus the energy generated by incineration, estimating a saving of 16,389
kWh/ton of energy.

In the light of the promising experimental results, the tested materials could be used as
alternative to traditional thermal insulators and sound absorbing materials. In this way, the
ecological effects of using new virgin sources could be reduced. In fact, materials obtained
from mineral wool fibers are the most used for thermal insulation and sound absorption,
because of their good performances and low cost. Normally, mineral wool materials are

made from molten glass, rock or slag, using a manufacturing process extremely energy-
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intensive which involves not-recyclable raw materials. Furthermore, the manufacturing
process of mineral wool requires high melting temperatures of 1400/1500 °C; whereas the

working temperature used to produce the tested samples was 100 °C.

9.2.2 Economic advantages of the proposed samples

Recycling textiles yielded not only environmental benefits, but also economic
advantages due to the decrease in the cost of acquiring new materials, expanding profit
efficiency. Muthu et al. (2012a), introduced an Economic Gain Index (EGI) obtained from
the ratio of the price of the recycled fibers versus that of virgin ones. An EGI of 0.17 and
0.82 was found respectively for wool and polyester, proving the economic advantages of
using recycled materials.

Although the cost of recycled fibers is less than the virgin ones, one of the barriers
which complicates the transition from a linear to a circular textile/clothing model is
represented by the economic viability. As anticipated in the Introduction Section, the
present study was carried out in collaboration with a private company for which the cost of
pre-consumer textile disposal (which is considered a special waste) was 70% higher than
that of ordinary municipal waste.

Therefore, it is recommended that the textile special waste management system be
modified and improved to make it compatible with the requirements of the textile/clothing
companies as they can maximize their efforts to actively contribute to converting the waste

from their production activities into new sources.

9.2.3 The end-of-life of the proposed materials

Another issue that might raise some concerns is the end-of-life behaviour of the
proposed non-wovens. Although the disposal of samples made with bicomponent fibers as
binders may seem more problematic than that of the samples made with sustainable
solutions of chitosan and gum Arabic, the treatment of mixed fibers is not a new issue.
Nowadays, most of the fabrics are blends of synthetic and natural fibers. The presence of
non-biodegradable synthetic materials makes the decomposition of natural fibers more
difficult, favoring landfilling or incineration of the textile waste (Pensupa, 2020).
However, the possible reuse of textile waste made of mixed fibers to produce industrial

wipes or filling materials may represent a significant advantage in terms of use of virgin
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materials and environmental impact, even if compared to incineration (Schmidt et al.,
2016). Obviously, to make the recovery of textile waste really effective, it would be
necessary to recycle the fibers separately (Ostlund et al., 2017). From this point of view
Yousef et al. (2020), tested an ecofriendly hydrophilicity solvent to separate polyester from
cotton in jeans fabrics, proving a significant reduction of 1,448 kg CO , equivalents per ton

of waste than usual approaches (i.e. landfilling and incineration).

9.2.4 Industrial upscaling of the tested materials

As the aim of this research was to investigate and propose solutions that could be
applied in practice, a final effort was made to outline the main steps of an industrial
production process and actually realize them. As it will be seen, at the present stage, the
main steps had to be carried out by different specialized companies. Thus, transportation
played a significant role at this early stage, but shortening the distances and clustering the
different manufacturing activities would be an obvious requirement of any real-world
application.

First, a total of 450 kg of tailored cuttings supplied by Gordon Confezioni s.r.l. were
packed to be sent to ZO-MA srl company (Vicenza, Italy) (Figure 9.1(a)). This is a
national company with a solid experience in marketing of staples and wastes for operations

in textiles, apparel and geotextiles which was commissioned to convert the wastes in a

suitable form to became base materials for the non-wovens.
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Figure 9.1. Textile wastes packaged to be sent to ZO-MA srl. company (a) and their
detail (b).

As observed in Figure 9.1 (b), the textile wastes used as raw materials consisted not
only in yarns, but also in fabric remnants. Thus, they have been subjected to a “rag
grinding” process by a garnett technique able to transform them by first cutting and then
tearing pieces in an extremely robust machine. Being feed materials above about 50 mm in

length, they needed to be further cut prior to the garnett process.

Then, the conversion of textile batts in building panels was commissioned to Cormatex
srl (Prato, Italy), a textile machinery manufacturer working worldwide since 1938. It also
supplied the bicomponent fibers used as binder. The panels were produced following an
airlaying process which involved the uniformly dispersion of wool and bicomponent fibers
in an airstream, after blending them in suitable proportions. The aim was to obtain a mix of
fibers which did not interact each other mechanically or by friction. This fibers mixture
was led towards a permeable conveyor where they were randomly deposited in the form of
a web. During the last step, a web with the 5 cm tick was molded in an oven and several

panels (120 cmx60 cm) were cut from the web. Figure 9.2 shows some important steps of

the airlaying process.

(b)
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TN i )
(c) (d)

Figure 9.2. Raw materials: textile batts and bicomponent fibers (a), mix of base and
binder materials (b), fibers deposited in form of web before (c) and after (d) their
treatment in the oven.

Three different types of materials were commissioned with density values of 50, 90 and
120 kg/m’, respectively similar to BICO-5, BICO-4 and BICO-3 laboratory scale samples.
Binding fibers and working temperature similar to those of the laboratory scale process
were used; but slightly different base fibers were considered. In fact, during laboratory
tests 100% wool wastes were used in order to better analyze the effects of the synthetic
fibers, identifying the minimum content able to guarantee the adequate cohesion of the
final product. The wastes used for the industrial process were selected among tailoring of
the autumn-winter company collection, resulting mainly of wool, but including small
percentages of synthetic material. In this way the upscaling process was more coherent
with real-world conditions, considering the difficulty of selecting a large amount of 100%
wool residues among the production wastes of a tailoring company. Being the synthetic
content unknown, two different binding fibers contents were investigated: 20% b.w. and
10% b.w. The first percentage was selected in order to reproduce a process with the same
boundary condition of the laboratory, while the lower percentage was selected in order to
take into account the additional synthetic fibers found in the the waste used as base raw

materials.
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9.2.5 Further investigations

The upscaling process was useful to collect data about the energy and gas consumptions
with the aim to analyze the environmental impacts of the industrial production process.
The capacity of the production line of Cormetex srl is 1000 kg/h of wastes converted into
web, with an energy demand of 140 kWh for all the production steps, from the mix of base
and binder fibers to cutting the panels. The gas demand is about 70 m  */h. These data, in
addition to more detailed information which will be required to the companies charged in
the industrial transformation will be useful to assess the environmental aspects associated
with the industrial production process of the investigated materials through a Life Cycle

Assessment (LCA).

Thanks to the full-size of the panels obtained with the industrial process compared to
the samples produced in laboratory, their random incidence sound absorption coefficients
could be measured in the reverberation chamber, following the standard procedure (ISO
354, 2003). Furthermore, a test room could be also developed in order to test and compare
the data collected by the experimental campaign, with the results achieved on fields testing

the hygrothermal behaviour of the building envelope under dynamic conditions.

Further research is recommended to develop an experimental investigation of the
thermal and hygric properties of the panels produced following the industrial process,
paying attention to their microstructure. In fact, a different fiber orientation could be
observed due to the industrial method, with consequent effects on the porosity and the

tortuosity of the materials and hence on the performances depending on them.

Although wool is known to have a very good capacity for storing water vapour, further

investigation could be carried out with reference to aging and resistance to external attacks.
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