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Title
From waste to thermal insulation for buildings: an investigation of potentialities in the Italian
context

Abstract

The demand for green insulation materials is expected to grow rapidly in the coming years as the building
sector moves towards carbon neutrality. Waste-based thermal insulation materials offer a promising area
of research which aims to make a significant contribution to energy and resource efficiency, while helping
the building sector to achieve sustainability targets. However, despite the growing interest of researchers,
proposed waste-based thermal insulation products are still mostly at an experimental research level, far
from ready for the construction market. The study investigates the potential availability of waste materials
for use in thermal insulation products, focusing on the Italian context. The objective is to identify available
guantities of waste suitable for use in or as insulation products and the possible barriers to their widespread
adoption in the construction industry. The methodology starts with an international literature review,
followed by an analysis of national waste statistics to verify quantities, and production and/or collection
points for each waste. As a result, more than 20 materials are identified as promising for market uptake.
The materials are mostly based on early-stage research, thus a lack of comprehensive analysis regarding
their performances limits their application in building renovation and highlights need for further research.

Keywords
thermal insulation; recycle from waste; circularity of resources; low-impact material; sustainable
constructions

Introduction

Construction is responsible for 37% of carbon emissions globally, and about one-third of global resource
consumption and waste generation (IEA, 2021; McKinsey & Company, 2022). Applying circular economy
principles — including recycling and reusing materials — to the construction sector has the potential to reduce
both material processing-related CO2 emissions (embodied carbon) and resource consumption. It is
estimated that circularity has the potential to reduce the embodied carbon emissions of the built
environment by up to 75%, while generating considerable financial value (WEF and McKinsey & Company,
2023). This is inextricably linked with the acceleration of deep energy retrofits, to reduce energy
consumption and increase the lifespan of existing building stock, therefore reducing resource consumption
rates. As over 75% of Europe’s building stock is energy inefficient, the European Commission (EC) calls
for the widespread and intensive energy retrofit in order to achieve a decarbonised building stock by 2050
(European Commission, n.d.).

Through the European Renovation Wave, the EC intended to boost deep energy retrofit of the existing
stock as current rates are extremely low: in 2019 deep renovation represented only 0.2% of total EU
renovations, involving less than 2% of the total EU stock (BPIE (Buildings Performance Institute Europe),
2021; COM(2020) 662 Final. A Renovation Wave for Europe, 2020; European Union, 2019). In response
to the Renovation Wave, member states implemented renovation incentive campaigns, increasing
especially the rate of thermal envelope upgrades and building heating system upgrades. Accordingly, an
increased use of thermal insulation in building envelopes is expected in the coming years. The total thermal
insulation market value has an estimated annual growth (CAGR index) of 4.5% by 2028 (European Union,
2019; Markets and Markets, 2023). The increase in demand is predicted especially for synthetic thermal
insulation products such as mineral wool (e.g., glass and stone wool) and plastic foams (e.g., Expanded
Polystyrene - EPS, Extruded Polystyrene - XPS, Polyurethane - PUR). Synthetic products are indeed the
most used building insulation materials due to their cost-effectiveness (European Union, 2019), and their
use has an expected increase of +38% in the decade 2015-2025 (Pavel & Blagoeva, 2018; Visiongain,
2017).

As demonstrated by the support for a whole life-cycle approach to construction, the traditional sustainable
construction focus on operational energy is widening to include the environmental impact of carbon
embedded in building materials and components. When considering a building’s whole life carbon the
choice of thermal insulation material emerges as crucial. An increased use of thermal insulation products
at an EU scale would further rise the construction sector's environmental impact. This is why the demand
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for green insulation materials is predicted to grow (Markets and Markets, 2023) against the market of
conventional products which have considerable environmental impact (Dovjak et al., 2017; Fuchsl et al.,
2022).
Itis in this context that research and applicative studies are seeking less carbon-intensive energy-efficient
insulation materials. Considerable work has been carried out in developing bio-based materials and making
them economically competitive. Waste-based materials are shown as promising alternatives, to be studied
further (Platt et al., 2023). Waste-based thermal insulation materials offer a promising research field to
significantly contribute to energy and resource efficiency, while supporting the building sector to reach the
European 2050 carbon neutrality target. Despite the potential to transform waste from an economic and
environmental burden to a construction sector resource (Biyada et al., 2023), waste-based thermal
insulation lacks the comprehensive studies and feasibility analysis needed for market development.
Currently available approaches, studies, and practices that deal with waste-based materials for
construction, bio-based and non bio-based, are mostly based on research experiments, far from market
launch(European Circular Economy Stakeholder Platform, n.d.). Besides green insulation materials,
particular interest has been raised towards Off-site Construction (OSC) solutions for thermal insulation,
thanks to the benefit as reduced construction times and CDW, reduced disruption to dwelling’s inhabitants,
and improved product and process quality (Benedetti et al., 2024).
On these premises, the study undertakes a scientific literature review to identify available or experimental
waste-based thermal insulation products suitable for use in sustainable building energy retrofits. Of those
identified, the study maps the potential availability of the waste needed for the identified waste-based
insulation products in the Italian context, which is the preferential research bed.
The choice of limiting the exploration to a specific country at this stage is based on the need to have a
homogeneous source of information regarding generated and accessible waste. Being one of the best-
performing countries in waste treatment across the EU, Italy was chosen as the testbed to investigate
whether the volume of generated waste is sufficient to meet the production demand of alternative insulation
products. According to Eurostat, in fact, the EU average of recovery-recycling rate of waste treatment in
2020 was 40%, and 83% for Italy (Eurostat, 2020). On the other hand, Italy was chosen because of the
significant increase in energy retrofitting rates in recent years, encouraged by the governmental incentive
for facade thermal recladding (called ‘Superbonus’): insulation works increased by about 13,000
interventions/year in the past two years in comparison to 2014-2020 (ENEA, 2022). Italy was therefore the
first choice for exploration; however, the method is structured to be replicable in any EU country.
The study reported in this paper is under the umbrella of a broader nationally funded project named
OFFICIO (“Ottimizzazione Filiere oFf-site per la rlqualifiCazione del’amblente cOstruito”, i.e., “Optimization
of off-site supply chains for the renovation of the built environment”) which aims to deepen the application
of prefabricated components and the related supply chain to boost building energy retrofitting, reducing
both intervention time and disruption. Among the project’s tasks, mapping and characterizing low-impact
thermal insulation materials, in particular those from the waste of other products, represents a key phase
to increase the sustainability of prefabricated solutions. Therefore, even if the materials mapped in the study
are not necessarily useful solely for OSC components including the thermal insulation layer, those which
were not suitable for such use were not considered within the scope of the study. Nevertheless, the paper
does not focus on OSC components for thermal insulation. The specific objectives of the study are to:
- Objective 1: Identify waste-based thermal insulation products studied and tested at national and
international levels (Stage 1)
- Objective 2: Identify products that meet the specific study’s performance goals (Stage 2).
- Objective 3: Extract the list of waste materials that the products are composed of, and map their
availability across the country, while identifying specific barriers or potentials to their use (Stage 3).
- Objective 4: Critically analyse the waste materials as a whole and identify which show promise for
market development, according to barriers and potentials (Stage 4).

Methodology

In order to achieve the study’s outlined key objectives and support further reflection on the role of
prefabricated solutions in adopting a circular-based design approach, the study first identified waste-based
thermal insulation materials or products that have been investigated, experimented, or developed within
past or ongoing research, projects, or actions at an international level. The identified materials and products

3



were then assessed for their capacity to meet the expected sustainable renovation targets, through
examination of the technical requirements and the viability of their production.

The methodology consists of four consequential stages, graphically represented by Figure 1 diagram,
which can be summarised as follows:

1. Stage 1is anchored by a scientific literature review, to find novel waste-based materials that show
promise for use as thermal insulation for buildings. The result of the literature review is a list of
referenced products that describe the international landscape. The list is considered to be the most
up-to-date list of alternatives to conventional thermal insulation products, a reference for the further
development and innovation of resource circularity in this field.

2. Stage 2 is the development of a matrix describing the technical and non-technical performances of
each product, enabling the list of materials to be filtered according to eligibility criteria informed by
the parameters of the study’s scope.

3. Stage 3 extracts and groups the waste materials of the eligible products and maps their availability
in the reference context through a two-step process (identification of the waste codes, and quali-
guantitative analysis).

4. Stage 4 critical analysis of the resulting clusters and examination of potentialities and barriers to
market integration.

Hereinafter ‘material’ will be used for waste or by-products that can be used in thermal insulation ‘products’,
while this latter refers to a component or a bulk composite.

Objective Research activity Research output
STAGE 1 01 Detect waste-based thermal iterature review of waste- List of waste-based
insulation products studied and based thermal insulation insulation products from
tested in the literature roducts the literature
v
STAGE 2 02 Sglgct prochuc‘[s meeting the Setting of a matrix for List of ?"g'ble pro_duc‘ts
specific study's performance products categorization according to multi-
goals criteria matrix
——____-—‘,-__-—
v

Waste info-sheets with
quali-guantitative
analysis

—_.___,__‘--'"--__

STAGE 3 03 Extract the list of waste the
products are made of, and map
their availability across the
country and barriers or potentials

Mapping of waste availability
in the selected country

Y

¥ ¥ ¥ ¥

STAGE4 04 Critically analyze the waste Clustering and discussion e T T o
materials as a whole and identify of potentials and barriers to further studies
promising to market development market uptake

-.._._____,._--""""'-___

Figure 1. Research workflow and output breakdown per phase.

Stage 1: Literature review of waste-based materials with thermal insulation features

The literature review utilised the Scopus database. Literature responding to both the keywords “thermal
insulation material” and “building” were selected. After a first search attempt with “waste” or “by-product” in
the search string, it was decided to exclude these keywords as results were too limited; and to instead
manually screen results for reference to the waste-origin of products.

Articles published from 2017 until the end of 2022 were selected, as the study was conducted between
2022 and 2024 and literature represented only the first step of a long investigation process as illustrated in
the following paragraphs. Indeed, in this study, the literature review is used as a starting point for selecting
waste-based thermal insulation products to be further analysed for their market development. It should be
noted that the review is not intended to be exhaustive; rather, its purpose is to screen a wide range of

4



different materials which can give a robust outlook of the test bed site situation. Given the time required to
complete the following research step and the scope of the study, the search was not updated during the
study. Instead, the most recent literature was used at the end of the mapping process to reinforce and/or
validate the research findings and directions. On this basis, the methodology established can be readily
adapted as new materials are proposed in the literature.

Review articles, conference proceedings, articles published in languages other than English or in national
journals, grey literature, no-peer-review articles, and articles not fitting the topic have been excluded. The
search was not limited by the product's development stage, in order to evaluate a comprehensive range of
alternative thermal insulation materials, from those at the foundational research stage to those tested in
real-world case studies, or those nearly ready for market implementation.

Literature that met the inclusion criteria and reported on multiple case studies was analysed in greater
depth. For each case study the title of the article, the digital object identifier (DOI), the waste material used
in the insulation product, and the country where the study was carried out, were recorded. Furthermore,
where possible, physical, and thermal data related to the thermal insulation products have been recorded,
such as: density, thermal conductivity, specific heat capacity, thermal diffusion, fire resistance, water vapour
resistance factor, and compressive strength. In the case where studies provide a range for the material or
products thermal conductivity, the lowest value has been recorded as it is the most promising value of a
new technology, which may be improved over time. If thermal conductivity values are provided for numerous
sizes of the product or material, the value of the unit whose size is most comparable to industry application
was recorded. Product’s durability was recorded where available, as the lifespan of a product or service is
a key parameter of its environmental performance.

The study also recorded information on the origin source of the waste material or by-product, the cost
associated with its production, potential for end-of-service-life circularity, the emittance of any harmful
substances, and the products development or research stage. The study noted the form of the developed
and tested products, boards, loose material, or foam.

Stage 2: Matrix for product selection and categorization
The multi-criteria matrix, based on both technical and non-technical information, that may be useful to
develop the identified thermal insulation products for market, categorises the products (Table 1). The list
of requirements and possible classes (i.e., noted in square brackets) are extracted from the EU Product
Regulation - Annex 1 (Regulation (EU) No 305/2011 of the European Parliament and of the Council of 9
March 2011 Laying down Harmonised Conditions for the Marketing of Construction Products and Repealing
Council Directive 89/106/EEC Text with EEA Relevance, 2011) and integrated with information frequently
displayed in products’ info sheets.
The matrix was formatted as a spreadsheet, detailing the findings of the products identified in the literature
review. An additional set of eligibility criteria for the categorised products was defined:

i) criterion 1 — maximum thermal conductivity.

ii) criterion 2 — suitability for prefabricated components.
For criterion 1, a thermal conductivity (A) < 0.09 W/(mK) is set. This value is derived from the recent UNI/TR
11936:2024 ‘Insulation materials and building finishing - Guidelines for verifying compliance of thermal
performance information with the regulatory framework’ (UNI Ente Italiano di Normazione, 2024), which in
par. 3.7 describes ‘thermal insulation’ as a “material intended to reduce heat exchange whose properties
depend on its chemical nature and/or physical structure. For the purposes of this technical report, materials
with a thermal insulation function can be considered to be those with a conductivity of less than 0.09 W/(mK)
and at the same time a thickness that provides a thermal resistance greater than 0.5 (m2K)/W.” Therefore,
materials from the literature with A greater than 0.09 were discarded. The additional criteria of a thermal
conductivity limit excluded bio-based mortar and plasterboards, with better thermal performances than their
conventional alternatives, from the study as no longer within the study’s scope.
Through application of criterion 1, products in the spreadsheet are classified as follows:

- A=20.09 W/mK: discarded product

- A<0.09 W/mK: passed to the following phase with this distinction:

o 0.04 < A <0.09 WmK: yellow traffic light, with conductivity performances above the
standard products on the market, but still acceptable.
o A<0.04 W/mK: green light, with performances comparable with conventional products on
the market (e.g., EPS)



Table 1. Multi-criteria matrix for categorizing products from the literature.
Product’s name or description

Country of production/study
Category 1 [fibre - close cells - other]

Identikit

Category 2 [mineral - organic - synthetic - mix - other]
Waste material to search info useful for step
Density (kg/m*3) 3a waste identification
Thermal conductivity (W/mK)
Specific heat capacity (J/kgK)
Thermal diffusion (m*2/s)

Fire resistance

info useful for step
2b eligibility criteria

features

Water vapor resistance factor

Compressive strength

durability

©
=
=
]
gt
3]
7]
=

Durability

Type of waste [by-product - waste]
Cost
Recyclability/dismantlability potential

info useful for step

Dimensional stability [in-situ- panel - bulk] 2b eligibility criteria

VOC or other dangerous substances

features

Production

Maturity [fundamental or applicative research]
Barriers

Notes

Article reference

The above grading distinction was made by examining the performances of products currently distributed
on the Italian market, Table 2 of UNI 10351:2021 ‘Building materials — Thermo-hygrometric properties -
Procedure for choosing design values’ (UNI Ente Italiano di Normazione, 2021), where more than half of
the 13 product categories have A < 0.04 W/mK. As this study’s test bed is the Italian context, criterion 1 is
set according to the nations’ regulation, if replicating the method in jurisdictions with more restrictive
thresholds, the value can be adjusted and the collected products assessed accordingly. However, the
study’s adopted threshold values are appropriate for most EU national contexts and allow a credible
comparative approach with business-as-usual products, as the values are defined through consideration of
the average threshold across Europe, and the conventional insulation materials currently on the market.
As criterion 2 ensures the product is suitable for OSC, insulation products to be applied in-situ (i.e., products
to be rendered onto existing buildings’ assemblies, or products to fill existing wall cavities) are excluded
(red light). The terminology and reasoning of this criterion was derived from referencing technical standards
of products on the market, which distinguish thermal insulation products that are ‘factory-made’ and ‘in situ-
made’. Thus:

- products available in ‘panels’ are assigned a green light for inclusion,

- for bulk materials used as, or with potential use as formwork filler, either factory made or in-situ, an

additional distinction is made.

o For bulk materials that are reported to be used as precast formworks, whose A value may
vary depending on the application method, an alert is set to check that the solution
proposed in the literature allows for homogeneous product performance: yellow traffic light.

o For bulk, spreadable materials requiring on-site application such as filler for wall cavities,
wall finishes, and other similar applications (i.e., in-situ): red traffic light applies.

In both criteria, the ‘yellow traffic light' does not exclude the product but highlights that further studies are
needed to assess its suitability for inclusion. Whereas products with at a ‘red traffic light’ are excluded.
The selection process is synthetized in Figure 2.
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Figure 2. Selection and mapping process for waste-based thermal insulation products, from literature to detailed info-
sheets grounded in the national context.

Stage 3: Selection of suitable materials and mapping of their availability in the country

As illustrated in Figure 2, the literature review carried out in Stage 1 led to the compilation of a list of
products, Stage 2 assessed these products for inclusion against criteria 1 and 2, Stage 3 is a two-step
process to map the potential availability of related waste materials in the national context.

The spreadsheet of products and their descriptions is codified progressively (A01, A02, A03, etc.) and
provides a list of waste materials to be investigated, grouped by waste type origin (i.e., organic, animal,
plastic, mineral) and organised into resulting waste categories (e.g., plant origin > paper > waste material
1, waste material 2, waste material n).



The ‘waste identification’ step consists of an expeditious search to determine whether the waste material
needed to support the production of the identified thermal insulation products can be found in the defined
territory. It is worth noting that although the previous stage is not country specific, the following stages are
focused on the selected area/market to be investigated. Therefore, the waste statistics and database used
are country-specific, without reference to imported/exported waste, as the scope is to estimate the potential
of the test bed country to turn local waste into new resources for thermal insulation of buildings.

Waste specific names and synonyms are searched in national legislation or market documents used to
catalogue either industries/businesses or waste management. Another red traffic light applies here: the
material is discarded as unsuitable for market development if none of the selected lists mention the waste
(or associate a code to it).

The second step, called ‘waste-material quali-quantitative analysis’, employs desktop-analysis or survey
research methods to gather quantitative and geographic data to produce material information sheets
(Figure 3) that identify where to locate information on waste quantities, and any technical/non-technical
barriers to the associated products market development. As national statistics and waste collection data
are often provided in general categories (e.g., in the case of Italy the first two numbers of the CER or
ATECO code) detailed information on specific material waste can be hard to find. Therefore, scientific or
market reports that estimate the amount of by-product or waste generated by the production of a given
material are referenced where available, enabling an estimation of the available waste to be derived. For
instance, producing 1 ton of white rice generates about the 70 kg of the ‘waste material’ rice bran. As the
national annual production of rice is near 1.6 million tons, it can be derived that an estimated112.000 tons
of rice bran is available annually in Italy. For each waste category, where relevant, conceptual and/or
geographical maps illustrating the typical production process or main sources of waste at national, regional,
or local levels are produced based on the material(s) information sheets.

Applying of these steps in the test bed of Italy, utilising the Classification of Economic Activities — ATECO’s
description field (Istat, 2009), and the National list of waste codes (CER, Capitolo Europeo dei Rifiuti —
European Catalogue of Waste) (Albo Nazionale Gestori Ambientali, n.d.). The main sources of information
for the second step, was the national statistic databases and annual waste reports (e.g., (ISPRA, n.d.,
2023a, 2023h)), services for waste treatment companies (e.g., Registro Recupero Rifiuti, a web portal
where you can find the facilities of operators involved in waste recovery and/or disposal in Italy (Registro
Recupero Rifiuti, n.d.)), and the national database for economic activity production (Istat, n.d.).

Stage 4: Clustering and discussing the potential of the mapped waste materials
Based on results from Stage 3, waste materials are clustered according to i) the availability of specific data
on quantities, ii) the detection of specific places of production or collection of the waste, iii) barriers to the
use of the waste (i.e. if it the material is considered promising for market development), iv) the technical
performance of the product.
This categorising enables a critical analysis of the mapping phase for each material, facilitating the
discussion and ranking of their potential. This analysis is recorded as a synoptic table where columns i-iii
represents key factors affecting the decision-making. For each factor a Yes/No decision is assigned to the
materials according to their potential for market development. No (N) is assigned to materials that have at
least one serious barrier to the potential market development of the associated product, such as insufficient
waste availability, or difficulties in waste collection due to distribution of production points, or mixed waste
that is not easily separable (e.g., organic domestic waste).
Accordingly, the remaining materials are classified as:

- Highly promising: at least two Y in columns i-iii and a green traffic light for criterion 1 in column iv.

- Medium priority: at least one Y in columns i-iii and a green traffic light for criterion 1 in column iv;

or at least two Y in columns i-iii.

- Low priority: the remaining materials, including those not worth investigating (N in column iii).

Table 4 exemplifies this process applied to the Italian context.



Category

Material

MATERIAL'S NAME code
Waste identification Waste origin
CER code: e.g. industry,
ATECO code: agriculture

Potentially available quantities
Potential amount of waste material which can be found in Italy

Production/retrieval places
Type of places and sources where to find the waste/by-
product
conceptual graphical map if relevant (&=)

Notes
e.g. barriers if any to market development

References
Link to database and/or document where info were retrieved

Related products
Linked product(s) code and info-sheet

Figure 3. Material sheet template for quali-quantitative analysis.

Results

Literature review

The analysis of the reviewed literature shows that there is significant research studies and experimental
applications of waste-based thermal insulation materials. The complete analysis of products retrieved, and
their performance can be found in Susca et al. (2024), while here it follows a synthesis of results relevant
for the next research steps. Out of 1357 initial records, 171 articles were found to be in-scope. 69% (n=312)
of the analysed case studies focus on the use of textile, agricultural, and animal fibres (e.g., (Boquera et
al.,, 2021; Charai et al., 2021; Lin et al., 2021; Majumder et al., 2021; Malheiro et al., 2021)), 22%
concentrate on the use of inorganic wastes (Abu-Jdayil et al., 2021; Antolinc & Filipi¢, 2021; dos Reis et
al., 2020; Gao et al., 2019; Gu et al., 2021; Kogyigit, 2020; Kurek et al., 2022; Wong et al., 2020), 7% focus
on pyrolytic wastes like industrial and carbonised wastes (e.g., (Ahmad et al., 2020; Jiang et al., 2019;
Santos et al., 2021; Taki et al., 2020)), 1% explores the use of organic non-fibrous materials, and 1%
focuses on aerogel from wood waste (e.g., (Garemark et al., 2022; Lachheb et al., 2019; Martinez-Garcia
et al., 2020; Moussa et al., 2022; Sen et al., 2022). Furthermore, the analysis shows that the case studies
on newly developed products are concerned with utilising globally or locally available waste. In fact, about
63% of the case studies focused on local waste. Five of these case studies focused on products developed
using local waste in China, six in Morocco, and three case studies in Poland and Tunisia. Four case studies
based in Italy explore the use of locally available waste such as paper pulp originating from recycled paper
and cardboard, coffee pods, sawdust powder, granulated cork, rice husk, and coffee chaff (Ricciardi et al.,
2021). Other case studies consider the use of waste, such as raw wool (Wazna et al., 2019), acrylic (Wazna
et al., 2020), sheep wool (Dénes et al., 2022), and olive pomace (Belkharchouche & Chaker, 2017).

The data retrieved from each case study has been analysed. Results find that information on the
compressive strength of the newly developed products is provided in 44% of the case studies, whereas
density and thermal conductivity information is largely present in the case studies with only 5.36%
(e.g.,(Khoukhi et al., 2021)) and 1.28% (e.g., (de Oliveira et al., 2022; Georgescu et al., 2022)) of the case
studies omitting density and thermal conductivity information, respectively. Heat capacity and thermal
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diffusivity properties are provided in approximately 10% (e.g., (Mehrez et al., 2022; Raza et al., 2022)) and
13% (e.g.,(Charai et al., 2021; Liuzzi et al., 2022)) of the case studies, respectively. Only 5.36% of the case
studies (e.g., (Arregi et al., 2020; Gu et al., 2021)) provide information on fire resistance, and 3.6% report
on water vapour diffusion resistance (e.g., (Augaitis et al., 2020; Cetiner & Shea, 2018)). Two articles
provide information on the cost of the newly developed products (i.e.,(Safari¢ et al., 2020; Sen et al., 2022)),
and one discusses the release of harmful substances (i.e., (Khoukhi et al., 2021)). None of the studies
provide explicit information on the products research stage, or barriers to the development and widespread
use of waste-based products.

Eligible products and waste material identification
As synthesized in Figure 4, 68 products (corresponding to 453 variations in total) were identified from review
of the scientific literature. 8 products (14 variations in total) are discarded due to the following reasons:
- 4 variations: Further investigation found that these are variants of a product reported in another
article (the authors have reported the same study in two articles, describing different study steps).
- 9variations: The products were composed of bio-based material derived from primary production,
rather than by-product or waste material (e.g., cork, hemp).
- 1 product: The thermal conductivity value was calculated for the unprocessed materials not for the
composite product.
Eligibility criteria were then applied (i.e. criterion 1: conductivity performance; criterion 2: OSC suitability)
and products with at least one red traffic light were discarded, resulting in
- 16 products (274 variations) excluded, as thermal conductivity values exceeded the threshold (A =
0.09 W/mK)
- 1 product excluded as not suitable for OSC.
A progressive code was assigned to the remaining 43 products (with a total of 164 variations), (AO1, A02,
A03, etc.), and their waste material(s) composition identified.
Looking at thermal conductivity value range (criterion 1), the 43 products can be divided in two groups:
- 17 products with A < 0.04 W/mK (with only 2 presenting A < 0.3)
- 26 products with 0.04 < A < 0.09 (half of which has at least one variation with A > 0.07).
While for products eligible for criterion 2 (suitability for prefabricated components):
- 30 products are panels
- 13 are bulk materials.
Overall, less than one-third of the total product list (12 of 46 products) qualified for green traffic lights for
both criteria (c1 and c2).
The corresponding waste materials are reported as a separate table and organised according to macro-
category (e.g., animal, plant, mineral). Resulting in 4 macro-categories and 18 categories (e.g., wool, wood,
acrylic). The waste categories are composed of 38 specific waste materials, as shown in the third column
of Table 2.
Given that the same material is used in more than one product, the product codes associated with each
material are recorded, as shown in Table 3. The expeditious search by ATECO and/or CER code, found
13 waste materials to have no match, the remaining 25 materials can be found in Italy as by-products or
waste. The 25 waste materials available in Italy continue to the quali-quantification stage of the study.

10



- Product variations removed:
© ¢ 5| | Products identified in the * duplicates (n = 4)
> = . . .
s g literature » < non waste bio-based materials (n = 9)
g = n = 68 (453 variations) « thermal conductivity provided for material rather
than final product (n=1)
S v
= Products to check against Product variations removed:
= eligibility criteria » ° cl:thermal conductivity over threshold (n = 274)
% . n = 60 (439 variations) * c2: unsuitability for OSC component (n=1)
S =
g ‘% 2 Products thermal conductivity (c1)
3 [ *A=<0.04 WimK (n=17)
S Eligible products 1 +0.04 <A<0.09 WmK (n=26)
- n = 43 (164 variations) | Products suitability for OSC (c2)
— ~=- ¢ panels (n = 30)
* bulk materials (n=13)
S v
Waste materials they are ATECO a/o CER code associated:
2 made of » +no match (n = 13)
'§ n = 38 (18 categories)
: v
@
(%]
g Waste materials to map
n = 25 (18 categories)

Figure 4. Selection process, from products to materials to map.

Table 2. Categorization of detected materials per categories.

Macro category Category Number of materials within the category
Animal 1. Wool
2. Feathers
3. Palm tree

4. Peat

5. Coffee
6

7

8

9

Plant

Paper
Wood
Straw
. Corn
10. Rice
11. Hemp
12. Cotton
13. Linen
14. Other plants
Mineral 15. Bauxite
16. Perlite
Synthetic 17. Plastic
18. Acrylic

WP WRRORPRRPRRWRRLRUONN®N|(RPE

Tot. 8
Table 3. Extract of materials from the expeditious mapping stage.

Related product CER ATECO Potential
Category Code Material from literature  code code availability
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in ltaly

ANIMAL
Wool Anl Waste from sheep wool treatment A2; A3; A26 Y Y Y
(generic - raw - for carpet)
Feathers An2 Chicken feathers Al12 N Y Y
PLANT
Palm tree  Discarded Fibers from date palm surface A6; A4l N N N
Coffee Ve2 Coffee ground from pods Al13 Y N Y
Ve3 Coffee silverskin A21 N Y Y
Paper Ve4d Recycled paper (paper wool - pulp - A11;A13;A35 Y Y Y
sheets)
MINERAL
Bauxite Inl Bauxite residuals A24 N Y Y
Perlite In2 Perlite (treatment waste) A36 N Y Y
SYNTHETIC
Plastic Snil Nonwoven polyethylene scraps Al7 N Y Y
Sn2 Polyurethane foam panels A20 Y Y Y

(regenerated)

Mapping and analysis of waste materials in the country

A quali-quantitative analysis of the qualifying 25 materials was performed. Figures 4, 5, and 6 illustrate a
sample output of this stage with reference to coffee waste. Figure 4, is a conceptual map of the coffee
processing value chain from farming to consumption, highlighting the generation stages of waste or by-
products that have potential for use in thermal insulation products. Conceptual maps facilitate concise
communication of where in the production chain to find waste materials with the potential for use in thermal

insulation products.

The study found a lack of accessible fine-grain information about waste materials on the national waste
statistic database. To address this gap, scientific articles or market reports were examined to attain the

relevant information, on the availability of waste connected with a given material processing.

Coffee
farming

Figure 5. Conceptual map of coffee waste generation sites (relevant for thermal insulation components) along the value

chain.
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coffee

COFFEE SILVERSKIN

Waste identification Waste origin
CER code:- Industry
ATECO code: 10.83.01 Coffee treatment

Potentially available quantities
- General: ATECO 10-11 Food and beverage industry: RS NP 3.049.398 /2021
- 100.000 tons/year waste from coffee roasting [source Resoil foundation]

Production/retrieval places
- Major coffee roasting companies as in the geographical map — link
- Othercoffeeroasting SMEs across Italy

Notes

The main by-product of coffee roasting, also known as silverskin, is used as a
soil conditioner in agriculture and gardening, employed in the cosmetics
. . . : . °
industry, a partial substitute for cereal flour in baking, and marketed as an ° PR
absorbent product for composting toilets. e

Therefore, limited amount can be available for the new use. On the other hand, e
Italy coffee processing sector is growing: in 2020 it accounted for 1016
companies, of which 604 are corporations, and 139 SMEs. Many roasters are
also registered in the coffee wholesale sector, which has 1695 companies, of
which 842 are corporations, and 173 are growing.

References

- Rapporto Rifiuti SpecialiISPRA 2023: pp. 13;25

- Economia circolare e pula di caffé: https://quifinanza.it/green/usare-gliscarti-di-caffe- a
come-fertilizzante-un-e sempio-di-economia-circolare/6 76603/ ;

- T. Gallina at alii,, Coffee Silverskin: Characterization, Possible Uses, and Safety Aspects,
Journal of Agricultural and Food Chemistry. 62 (2014) 10836—10844; Making a case fora
circular economy in the coffee sector

- https://www.monitoraitalia.it/caffe-analisi-delle-torrefazioni-italiane-nel-2020/

Related products
A21: Panel with cork and rice/coffee/rubber waste (variants) [c1:« c2: e

Figure 7.
Figure 6. Coffee silverskin material info-sheet. Major coffee roasting factories in Italy.

Clustering and discussing the potentials of waste materials

Critical analysis of the investigated materials is performed and synthetised in Tables 4 and 5. The waste
material info-sheets are reviewed and the data curated in Table 4 to provide an overview of findings.
Table 5 is an extracted list of materials identified as promising for market development and further research,
the materials assigned Y’ in column fiii’ in Table 4.

13



Table 4 Synoptic table of materials mapping and associated products. A green circle marks a green light for thermal conductivity performance and suitability for

prefabricated components, respectively for c1 and c2, while a yellow bullet alerts that the related performance should be checked further.

iii)
i) Promising for iv)
i) Specific Specific market Eligibility
Category Code Material guantities places development Related products criteria
Animal
Wool Anl Waste from sheep wool Y Y Y A2 (Sheep's wool panel with polyurethane acrylic cl:e c2:
treatment (generic - raw - for resin) (Dénes et al., 2022)
carpet) A3 (Sheep's wool panel with natural rubber latex) cl:e c2:
(Dénes et al., 2022)
A26 (Wool textile waste (raw, for carpets) cl: e c2:
compressed as sheets) (Wazna et al., 2019)
Feathers An2 Chicken feathers Y N Y A12 (Bulk chicken feather) (Fedorik et al., 2021) cl:e c2:
Plant
Peat Vel Peat N Y N (limited A7 (Panel with peat) (Fedorik et al., 2021) cl:e c2:
quantities and “Ag'(Bulk peat) (Fedorik et al., 2021) clie c2:
unsustainable)
Coffee Ve2 Coffee ground from pods Y N N (difficultto  A13 (Panel with paper pulp and spent coffee grounds cl: ¢ c2:
collect or from pods) (Liuzzi et al., 2022)
separate)
Ve3 Coffee silverskin Y Y Y A21 (Panel with cork and waste of rice/coffee/rubber) cl1: ¢ c2:
(Ricciardi et al., 2021)
Paper Ve4  Recycled paper (wool - pulp - Y Y Y A11 (Panel in paper wool recycled) (Fedorik et al., cl: » c2:
sheets) 2021)
A13 (Panel with paper pulp and spent coffee grounds c1: « c2:
from pods) (Liuzzi et al., 2022)
A35 (Panel made from poplar bark, resin and glass cl: » c2:
fibre mesh/recycled paper sheets) (Tsalagkas et al.,
2019)
Ve5 Cellulose (production waste) N Y Y A33 (Cellulose-based insulation) (Almalkawi et al., cl:e c2:
2019)
Wood Ve6  Shredded wood, chips, sawdust N Y Y A10 (Wood shavings/cutter chips) (Fedorik et al., cl: o c2:
2021)
A32 (Wood-based insulation) (Almalkawi et al., 2019) c1: « c2:
A38 (Kiln-dried wood residues (without binder) used cl: » c2:
as thermal insulation within timber frame structures)
(Cetiner & Shea, 2018)
Ve7  Pine sawdust (carbonized/not) N N A15 (Packed bed with pressed charred pine sawdust) c1: « c2:

(Li & Huang, 2022)
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N (difficultto  A22 (Polyurethane foam boards with pine cl: » c2:
collect sawdust/hemp) (Augaitis et al., 2020)
separated)
Ve8 Wood pulp Y A18 (Aerogel made of wood pulp) (Sen et al., 2022) cl:e c2:
Ve9 Bark (oak - larch - pine - poplar) Y A22 (Polyurethane foam boards with pine cl: o c2:
sawdust/hemp) (Augaitis et al., 2020)
A25 (Panels made of oak bark, expanded corn, urea  cl: « c2:
formaldehyde) (Kain et al., 2020)
A35 (Panel made from poplar bark, resin and glass cl: « c2:
fibre mesh/recycled paper sheets) (Tsalagkas et al.,
2019)
Straw VelO Crushed straw Y A4 (Straw brick) (Janowska-Renkas et al., 2022)
A33 (Crushed straw-based insulation) (Almalkawi et  cl: e c2:
al., 2019)

Corn Vell Corn marrow Y A39 (Board made of corn marrow and alginic) cl: « c2:
(Palumbo et al., 2018)

Rice Vel2 Puffed rice from food waste N (difficultto ~ A16 (Puffed rice board) (Khoukhi et al., 2021) cl: » c2:
collect -
separate)

Vel3 Rice husk Y A21 (Panel with cork and waste of rice/coffee/rubber) cl1: ¢ c2:
(Ricciardi et al., 2021)
A23 (Geopolymer foam with rice husks) (Wang etal., cl: ¢ c2:
2020)

Hemp Veld Hemp shives N (lack of a Al (Bulk hemp shives) (Kosinski et al., 2022) cl: » c2:
structured A5 (Board in hemp shives) (Kubi$ et al., 2022) cl: o c2:
chaln_a_nd low A22 (Polyurethane foam boards with pine cl: o c2:
guantities) -

sawdust/hemp) (Augaitis et al., 2020)
A31 (Filling material with hemp shives and sapropel cl: « c2:
with lime) (Visockis et al., 2019)
A42 (Sapropel and hemp composite panel) (Brencis cl: » c2:
etal., 2017)

Cotton Vel5 Waste from cotton fibre Y A28 (Vacuum insulation panels with agricultural and cl:e c2:
textile waste cotton fibres) (Zach et al., 2020)

Linen Vel6é Waste from linen fibre Y A28 (Vacuum insulation panels with agricultural and cl:e c2:
textile waste linen fibres) (Zach et al., 2020)

Other Vel7 Rapeseed straw Y A40 (Panel made of resin-bonded rapeseed straw) cl: » c2:

plants (Dukarska et al., 2017)

Mineral

Bauxite Inl Bauxite residuals Y A24 (Bauxite residues in unsaturated polyester resin ~ cl1: « c2:

(Abu-Jdayil et al., 2021)
Perlite In2 Perlite (treatment waste) Y A36 (Perlite and sodium silicate compound) (Gao et  cl: « c2:

al., 2019)
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Synthetic

Plastic Snl Nonwoven polyethylene scraps N A17 (Non-woven polyethylene sheets) (Antolinc & cl: « c2:
Filipi¢, 2021)
Sn2  Polyurethane foam panels N A20 (Waste or recycled polyurethane foam panels cl:e c2: e
(regenerated) regenerated using alcohol catalysts) (Gu et al., 2021)
Sn3  Rubber granulates from end-of- Y A21 (Panel with cork and waste of rice/coffee/rubber) cl: ¢ c2: e
life tires (Ricciardi et al., 2021)
Acrylic Sn4  Acrylic for spinning and knitting N A27 (Woven from acrylic processing waste) (Wazna  cl: e c2:

(processing waste)

et al., 2019)

Highly promising

Anl Waste from sheep wool treatment (generic - raw - for carpet)
Veb5 Cellulose (production waste)
Sn2 Polyurethane foam panels (regenerated)

Medium priority

An2 Chicken feathers

Ve3 Coffee silverskin

Ve4d Recycled paper (wool - pulp - sheets)
Veb Shredded wood, chips, sawdust

Ve8 Wood pulp

Ve9 Bark (oak - larch - pine - poplar)

VelO Crushed straw

Vel3 Rice husk

Vel5 Waste from cotton fibre

Vel6 Waste from linen fibre

In1 Bauxite residuals

Sn3 Rubber granulates from end-of-life tires
Sn4 Acrylic for spinning and knitting (processing waste)
Low priority

Vell Corn marrow

Vel7 Rapeseed straw

In2 Perlite (treatment waste)

Snl Nonwoven polyethylene scraps

Table 5. Materials clustering by priority level
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Discussion

There is a growing body of literature on waste-based thermal insulation products for buildings, often in
relation to embodied carbon or circularity in construction. The geographic distribution of scientific studies
on the topic is well balanced, demonstrating a global interest in harnessing waste as a resource, and
thereby reducing virgin material extraction and processing. This field of research is closely intertwined with
that of bio-based materials, as evidenced by the fact that approximately three-quarters of the examined
literature pertains to textile, agricultural, or animal fibres, inventoried in this study under the macro-
categories of animal and plant-based materials.

However, a limitation of the current literature is that most of the products in the studies are at an early
development stage, with few attempts to provide a comprehensive analysis of waste based thermal
insulations that could support the development of the waste reuse market. Indeed, in addition to thermal
conductivity, which is detected in the majority of articles, the other requirements (i.e., fire resistance, water
vapour diffusion, cost) — which are useful for describing and selecting an appropriate material on a case-
by-case basis — are seldom reported.

The following paragraphs discuss specific results per category.

Promising materials per origin

e Animal origin: The animal waste material category is worth investigating further as the responsible
economic activities are well established in Italy, and therefore the quantity of available waste is
potentially quite large. Available data enables the correlation of producers (i.e., farms and textile
companies) with waste collectors or collecting centres, and with annual data on waste treatment

typologies. In addition, materials in this macro category hold great potential as they currently present a

disposal cost for the producer (farmer/company) which could be monetised if reused in the production

of new useful products.

Specific materials within the animal origin category:

- Wool: Including raw wool and wool suitable for carpet spinning are used in products A2 (i.e.,
Sheep's wool panel with polyurethane acrylic resin), A3 (i.e., Sheep's wool panel with natural rubber
latex) and A26 (i.e., Wool textile waste (raw, for carpets) compressed into sheets). A2 and A3 both
have two green traffic lights. A26 has a green traffic light for thermal conductivity but a yellow traffic
light for compliancy with prefabricated components, as the textile fibores must be compressed
between two wooden panels so experienced thermal performances may vary depending on the
“formwork” material. Near 5000 tonnes of wool waste material is produced by industry annually,
considering the amount needed to produce a unit of the aforementioned wool-waste based thermal
insulation products, there is potential for interesting market opportunities.

- Feathers: Bulk chicken feathers (and its associated product, A12) is a waste material that can be
used to fill gaps in a wall or, in precast components, the latter of which has been proposed but not
yet investigated by researchers. The primary barrier to A12 is the inconsistency of density and
conductivity performances across a large sample of feathers filled into a formwork.

e Plant origin: As plant waste represents the largest category, with a variety of waste sources ranging
from peat to paper, from wood to rice, generalisation can be difficult.

Specific materials within the plant origin category:

- Peat: As the natural production of peat in Italy is rare and concentrated in the northern alpine area,
often within natural parks, the development of associated products cannot be considered promising
at the national level. Additionally, peat bogs act as carbon sinks, therefore peat extraction may
contrast with the primary objective of this study, to reduce the environmental impact of the
construction sector.

- Coffee: As ltaly is one of the most important coffee roasters (and consumers) in the EU, with a
significant: about 217.000 tonnes/year from coffee pods, and 11.000 from silverskin. There is great
potential for further research, even if the associated products are not excellent (green traffic light)
in terms of thermal conductivity. Specifically, panels that utilise silver skin (A21) seem patrticularly
interesting. Insulation products made of used coffee grounds for pods (A13) are hampered by the
fact that, although widely available, it is challenging to establish a collection infrastructure for
domestic, and/or restaurants and coffeehouses pod waste. In addition, coffee hulls are already
reused in agricultural products. It is therefore worth considering the holistic value add of developing
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and integrating coffee waste in the construction chain, taking into account costs, environmental
benefits, etc. The coffee value chain has already initiated recycling loops for waste, so it has great
potential to build on previous experience, to develop other products.

- Paper: Paper waste is already separately collected, providing access to around 3.6 million tonnes
per year. A well-established chain from waste producers to collection/treatment companies offers
great potential for reuse of paper waste (paper wool, pulp, sheets, and cellulose) in the construction
sector. However, none of the associated products (All, A13, and A35) possess excellent thermal
conductivity properties, with exception of the Aerated mud with cellulose-based insulation (A33). It
can also be argued that the material waste is already diverted to successful circular processes for
other sectors.

- Wood: Similar reflections apply to wood as paper waste. Wood waste is available at the national
level, with greater concentration in northern Italy, and is already subject to successful circularity in
other sectors. Nonetheless, the associated products hold great potential for further investigation.
Wood based insulation products are (re)gaining attention in recent year. Although there is potential,
such as product Al1l8 (i.e., Aerogel made of wood pulp) which presents excellent thermal
conductivity (down to 0.024 W/mK), there is a lack of accurate data on the availability of wood
waste and by-products from sawmills. Estimates could be made based on the type and amount of
material processed and produced annually by an individual plant. It therefore may be useful to
contact EFESC Italy and/or the National Register of Forest Enterprises to gather further information
on waste quantities and current management processes.

- Agricultural waste: Both crushed straw (Vel0) and rapeseed straw (Vel7) are worth investigating
further. However, it can be difficult to collect agricultural waste material in a structured and efficient
manner, due to its source being distributed across the country and, the common practice of reusing
agricultural waste within the farms.

- Textile waste: Hemp shives (Vel4) are not promising for further developed as the country lacks a
structured value chain for this plant. As a consequence, production companies and/or collection
agencies are a niche and disconnected. There is potential for cotton and linen fibre waste (Vel5-
16), considering the amount of textile waste retrievable at the municipal level.

- Rice waste: While the collection and recycling of rice from food waste (Vel2) is an interesting
proposal, its potential for further development is currently hampered by the difficulties of collecting
uncontaminated rice food waste, the perishability of the material, and the fact that collection points
(restaurants and similar) are thoroughly dispersed and independent. However, the use of rice husk
for thermal insulation panels has promise as evident in products A21 and A23. Several experiments
have been carried out on rice waste as construction materials (i.e., bricks, fibres for mortar, etc.).

¢ Mineral origin: Includes waste materials (In1 and In2) which each have two yellow traffic lights, one for
criterion 1 (c1) and one for criterion 2 (c2), marking the products for closer examination before being
considered as for use in thermal insulation products. Nevertheless, bauxite residues show great
potential as every ton of aluminum produced, produces a ton of bauxite residues.

e Synthetic origin: External to the bio-based sphere, the recycling/reuse of synthetic materials is
promising. Polyurethane foam panels (regenerated) (Sn2) are accessible in large quantities from the
packaging of appliances, or from construction & demolition waste (i.e., leftovers or end-of-life
polyurethane panels). The associated product, A20 (i.e., waste or recycled polyurethane foam panels
regenerated using alcohol catalysts) present excellent A value while offering good durability and water
vapour permeability, comparable with its market competitors. Similarly, Sn3 (i.e., rubber granulates
from end-of-life tires) is composed of a waste material widely available through disposal streams (more
than 429.999 tonnes/year) and has good durability ratings but does not perform competitively regarding
thermal conductivity. Waste from synthetic textiles is also interesting for further study, particularly Sn4
Acrylic for spinning and knitting which can utilise from both industry waste, and clothes waste from
municipal collection. However, information about specific waste quantities can be challenging to locate
for this material.

Study limitations, replicability potential and further steps

The first observation to be discussed is the technical performance parameters for defining thermal insulation
products. Both international and national standards are quite general in this regard, with thermal
conductivity (lower than 0.09 W/mK) the defining parameter. The lack of technical performance properties
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thresholds, is reflected in the literature review which found a lack of reporting on other technical
performance properties, such as water vapour diffusivity, geometric stability, durability, etc. Therefore, the
study has highlighted a regulatory gap that deserves to be filled. The study supports the future development
of a comprehensive definition for a product suitable for use as thermal insulation; the study’s collection and
analysis of documents and standards in order to define eligibility criteria for building thermal insulation can
be further developed to aid in addressing the regulatory gap. The waste-based field in particular would
benefit from a clear and decisive list of defining criteria with corresponding thresholds to assess products
suitability, as it would mitigate against research time spent investigating ineffective materials.

Concerning the main limitations of the study, the reviewed literature gives little or no mention to the amount
of waste material needed to produce a unit of the given product, adding to the challenge of assessing if
current waste availability could meet potential waste as a resource demand. Given that many of the
identified materials were bio-based, which are typically faster to perish than the synthetic alternative, the
durability of the final product should become an essential assessment criterion before exploring any market
development potential.

To date the study’s focus has been waste “materials”, but future advancements of the study could analyse
the “product” level, taking into account other technical and non-technical performance properties, supported
by gathered the information on available material quantities and identified barriers. Although the objective
of the study was the identification of low environmental impact thermal insulation products suitable for off-
site components, there is potential for their utilisation in more conventional processes and solutions to
increase their sustainability, as, for instance, in the assembly of a thermal coating typically performed on-
site with panels and liquid finishing.

Not of minor importance is that about two-thirds of the 43 mapped products have thermal conductivity
values above 0.04 W/mK (i.e., yellow light) which can be considered under the market-driven threshold.
This means that potential new products developed in Italy would need to be almost twice as thick as current
products (e.g., EPS, XPS, etc.) to meet the energy performance requirements set by the regulations. This
highlights a significant limitation that hampers standard sizing of prefabricated solutions, in relation to both
production and installation.

Whilst the study assumed lItaly as a test bed, it should be noted that a significant proportion of the findings
can be applied to a range of other contexts, as products are derived from the international panorama, where
a high number of raised concerns are shared. For instance, with regard to thermal performance, in the
northern EU, the thermal conductivity of insulation materials must be lower than the set market threshold
for ltaly, otherwise energy efficiency targets cannot be reached with a viable thickness of material.
Regarding the mapped waste materials, at international scale quantities and specific market barriers or
drivers might change, with some of the discarded ones in this study being applicable, and viceversa.
However, certain materials may be universally available, particularly those not reliant on local ecosystems.
For instance, the development of all waste plastic-based products is feasible across the EU, encompassing
Regenerated polyurethane foam (Sn2), Rubber granulates from end-of-life tyres (Sn3), and Textile waste
from acrylic and cotton.

General discussion against the recent literature

The investigation confirmed the potential of waste based thermal insulation products to contribute to reduce
the construction sector impact on the environment, by helping limit landfill waste and lower greenhouse gas
emissions associated with energy consumption in buildings as necessary to achieve the Climate Neutrality
targets set at the EU scale (Braganca et al., 2024; City Loops, 2023; Haigh, 2023). By repurposing various
types of waste, such as wood, textiles, paper, and plastics, the products that have been screened in the
review provide sustainable alternatives to traditional insulation products, but their full integration in
construction is not without challenges. Issues such as variability in performance, durability, and
reprocessing technical and financial feasibility can hinder widespread adoption. The same issues remain
for most recent literature reporting experimental studies on waste-based materials for building thermal
insulation, such as those made from recycled mattresses (Haigh, 2024), or solid waste (Liu et al., 2023), or
same materials analysed in other studies included in this paper, such as feathers (Alsamaraie et al., 2023)or
bio-mass materials (Siciliano et al., 2023).

Additionally, regulatory complexities surrounding building materials and the need for increased awareness
among industry professionals pose further barriers to their implementation. Despite these challenges,
recent research and technological advancements continue to enhance the viability and performance of
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waste-derived insulation materials, paving the way for broader acceptance in sustainable construction
practices (Mahrous et al., 2024; Marin-Calvo et al., 2023).

The study confirmed the potential of such products to reduce the environmental impact of insulation
materials at production stage (Dovjak et al., 2017; Fichsl et al., 2022; Platt et al., 2023), but also offered
an overview of current issues of these products compared to their conventional alternatives spread on the
market. Thermal performances of waste-based products hardly compete with their less sustainable
alternatives, which may pose technical and feasibility challenges especially in the building renovation
segment. This is something which is often neglected in the analysed studies, which mainly focus on
materials performances without relating to their final installations. The same applies for durability and
longevity of the waste bio-based products, where variations in the quality of recycled materials can lead to
inconsistencies in performance over time, and this contributes to the cultural resistance of both customers
and manufacturers, as recently underlined by (Zerari et al., 2024).

Overall, it emerges that to unlock the potential of waste-based thermal insulation products to spread on the
market and bring environmental benefits, comprehensive studies analysing technical and financial
feasibility must be performed involving the entire value chains. At present, this is still a low investigated
topic in the literature, which often claim for the need of market and regulatory support, without advancing
in that direction(Lisowski & Glinicki, 2025). This study represents a first attempt to move material innovation
from a theoretical point of view to real challenges, using Italy as a testbed to verify market barriers and
drivers for the use of waste-based thermal insulation in buildings. Most of the studies in the literature
analysed, and in the most recent one included in this paragraph, focus on one of a few materials at a time,
while the present article has simultaneously presented the investigation of 25 materials, leading to a wide
perspective of innovation in the field, allowing a quick comparison and analysis of trade-offs.

Conclusions

The article presents a study which is part of a larger research project investigating the value chain of thermal
insulation for prefabricated components in the Italian context specific project task of considering carbon
neutrality targets and thermal insulation market projections for the coming years. The study aims to pave
the way for the identification and development of low environmental impact thermal insulation products in
real markets. To this end, waste-based products were selected as a focus of the research, in line with the
objectives and principles of the circular economy supported by the European Commission. Although the
methodology has been implemented in Italy as a test bed, it is easily replicable into other areas, where
waste materials type and quantities may vary according to the context, without affecting the validity of the
process. In summary, the article analysed and framed the following key points:

- Growing body of literature at theoretical level: it was found that the literature is rich with examples and
experimental studies on circular thermal insulation materials, but that comprehensive studies or
products near ready for market launch are scarce. A strong need for comprehensive market analysis
at value chain scale is derived as a consequence.

- Environmental reduction potential which lacks detailed assessment: in the majority of the examined
cases, life cycle assessments are absent due to the case studies being on materials in the early
research stage. Nevertheless, the result of the study indicates that there is potential room for expanding
the market by harnessing waste for use as and in thermal insulation products.

- Bio-based waste are overall the most promising: out of the 20 waste materials identified as promising
if further developed, bio-based waste materials appear to have the greatest potential as data on waste
volumes are often available from national statistics, and due to the instances of established large-scale
waste collection and treatment chains as a result of previously implemented circular initiatives (e.g.,
rice, coffee, wood).The recycling of polyurethane panels, which have been installed in buildings at
scale, could also be a promising field of action in a few decades, given the expected life span of the
thermal coatings already applied.

- Thermal performances of these products must be improved: the thermal conductivity performance of
'new' low environmental impact insulation products that may emerge from the performed screening
need to be carefully considered with regard to their whole life cycle impact, given that over half those
identified are above the market competitive threshold of 0.04 W/mK.
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In addition to providing insights into the mapping of specific waste materials, the study offers a promising
outlook on the potential of waste materials from diverse sources to be transformed into new resources for
the building sector value chain. This could be achieved applying circular principles, which could significantly
contribute to the sector's efforts in reducing material-related emissions.
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