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Abstract: The textile and clothing (T&C) industry, despite its significant contribution to the European economy,
is one of the most polluting industries globally. Therefore, the EU's Green Deal has identified the T&C sector
as a strategic area for allocating public funding and transitioning towards a circular economy (CE). In this
context, the “Circular Design for Natural Fibers” project, financed by the PNRR MICS “Made in Italy Circolare e
Sostenibile” programme, focuses on enhancing the use of natural fibrous material, related by-products and
waste from local production chains. In the research, a crucial aspect is the evaluation of the effectiveness of
circularity through life cycle approaches, such as LCA, LCC, S-LCA and LCSA, for environmental, economic
and social sustainability evaluation, respectively. A systematic review was carried out, to provide a synthesis
of the available scientific evidence regarding the life cycle approaches in the international/national context
within the production, processing, and post-consumer supply chains of natural fibers. The study identifies
gaps in the literature on life cycle evaluation approaches for natural fibers. Specifically, the LCA approach
appears preponderant compared to the others. The paper offers insights for researchers and professionals
interested in improving the sustainability of natural fiber production processes and the evaluation of their
overall sustainability.

Keywords: LCA; LCC; S-LCA; LCSA; circular design; natural fibers; environmental sustainability;
social sustainability; economic sustainability; evaluation approaches; life cycle

1. Introduction

Assuming the objectives of the “Made in Italy Circolare e Sostenibile” (MICS) an ongoing project
(2023-2025), the “Circular design for natural fibers”(CD4NF) project, included in the MICS, focuses
on the clothing and furniture sectors, with particular reference to the textile and agro-industrial
supply chains and the related waste and by-products. Precisely, the project focuses on exploring and
enhancing the use of natural fibrous material and related by-products and waste from local
production chains. In fact, the textile and clothing (T&C) industry, despite its significant contribution
to the European economy, is one of the most polluting industries globally. The EU's Green Deal has
identified the T&C sector as a strategic area for allocating public funding and transitioning towards
a circular economy (CE).

The research project aims to evaluate the effectiveness of circularity through life cycle
approaches for evaluating, also jointly, the economic, social and environmental sustainability. Focus
is posed on approaches normed by the international standards and regulations such as Life Cycle
Assessment (LCA), Life Cycle Costing (LCC), Social LCA (S-LCA), and Life Cycle Sustainability
Assessment (LCSA).

As a first step of the research project, a systematic review was carried out, with an in-depth
literature analysis conducted with the support of specific tools (i.e. VOSviewer software). This
involved the use of several keywords and queries to identify relevant findings. The systematic review
aims to outline and provide a comprehensive and unbiased synthesis of the available scientific
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evidence regarding the application of life cycle approaches in the international and national context
within the production, processing, and post-consumer supply chains of natural fibers. A
‘Bibliographic Portfolio” (BP) built- up by selecting the most representative research products
highlights the current state of the art, emphasising their implications for environmental, social and
economic sustainability within the circular design framework of the textile and furniture sector.

The study identifies gaps in the literature on life cycle assessment approaches about natural
fibers and aims to fill these gaps by providing a brief overview of current research. The paper shows
an imbalance in the scientific literature between the different approaches. Specifically, publications
on the LCA approach appear preponderant compared to other approaches (LCC, S-LCA, LCSA).
Moreover, there has been an increasing trend from 2005 to 2023, with a particular escalation in
publications over the last five years.

The study serves as a foundation for subsequent research steps that focus on defining and testing
a methodology based on life cycle assessment approaches in the context of natural fibers addressed
to the textile and building sectors. The paper offers valuable insights for researchers and professionals
interested in improving the sustainability of natural fiber production processes and provides a
scientific background for defining a methodology to evaluate their overall sustainability.

The paper is articulated as follows. Section 1 introduces the work. Section 2 presents the research
methodology and the assumptions of the literature review. Section 3 illustrates and comments on the
results of the literature review. Section 4 discusses the strengths and weaknesses of the research.
Finally, section 5 concludes by outlining future research addresses.

2. Materials and Methods

The goal of life cycle approaches is to assess sustainability by proposing solutions and
interventions through integrated, comprehensive and participatory processes in which both the
scientific and social paradigms work together [1]. Life Cycle Thinking (LCT) principles are based on
the life cycle concept, playing a crucial role. LCT conception involves the implementation of
principles aimed at the continuous improvement of sustainability performance at all stages of a
system's life cycle, including design (eco-design), as well as production, use, disposal and end-of-life.
The holistic conception of sustainability, through approaches such as Life Cycle Assessment (LCA),
Social Life Cycle Assessment (5-LCA) and Life Cycle Costing (LCC), recalled below, includes the
environmental, social, cost and benefit assessment associated with products, sectors or processes,
from the extraction of raw materials to the end of the product's life cycle itself creating a global view
of the production system [2]. It also allows the integration of the three domains of sustainability into
the assessment discipline through the Life Cycle Sustainability Assessment/Analysis (LCSA)
approach, as synthesized in Figure 1.

\ife cycle Thinking (Ler)

inability Assessment /Anay, ..
gustaind alysis (“
c\e Cs

Life cycle So:;:llellfe Life cycle
assessment costing
assessment
(LCA) (SLCA) (LcC)

Other methodologies
accounting for all supply chain

Figure 1. Life Cycle approaches in the context of Life Cycle Sustainability Assessment and Life Cycle
Thinking. Source: Authors' re-elaboration from Caldeira, C., Farcal, F., Moretti, C. Mancini, L.,
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Rauscher, H., Rasmussen, K., Riego Sintes, J., & Sala, S. (2022). Safe and Sustainable by Design
chemicals and materials: Review of safety and sustainability dimensions, aspects, methods,
indicators, and tools, [1] p. 13.

2.1. Life Cycle Approaches

The standard UNI EN ISO 14040/44, Environmental management - Life cycle assessment -
Principles and framework, based on ISO/TC 2007/SC 5 activities, defines Life Cycle Assessment
(LCA) as a “compilation and evaluation of the inputs, outputs and potential environmental impacts
of a product system throughout its life cycle.” System inputs are the parameters involved in
discussing energy resource conservation issues, while outputs relate to pollution and waste issues.
The LCA approach can be developed at product and supply chain scales [3]. In the ISO definition it
is divided into four main steps: 1) Goal and Scope Definition; 2) Life Cycle Inventory Analysis - LCI;
3) Life Cycle Impact Assessment - LCIA; and 4) Life Cycle Interpretation.

Social Life Cycle Assessment (S-LCA) is a methodology for assessing the social impacts of
products and services throughout their life cycle and it is based on a combination of methods, models,
and data used to provide a representation of a product's life cycle. The S-LCA approach provides a
framework for a systematic assessment that combines quantitative and qualitative data and provides
information on social and socioeconomic aspects for decision-making, with a view to improving an
organisation's social performance and, ultimately, the well-being of stakeholders [4]. UNEP, within
its guidelines, proposes an inventory that encompasses indicators that relate to the five main groups
of stakeholders: workers, consumers, local communities, society, and actors in the value or
production chain. S-LCA can be applied alone or in combination with Life Cycle Assessment (LCA)
and/or the Life Cycle Costing (LCC) approach.

Life Cycle Costing (LCC) is an approach for quantifying the costs and benefits of a product or
service, starting from the stages before production to its final disposal, to select scenarios capable of
minimising costs over the entire life cycle. Total costs are assumed to be the sum of the costs of each
phase of the building life cycle [5] Like all LC approaches, the LCC takes the form of a decision
support tool that can be applied to a single product or component, a system or an entire building, or
an intervention project on an existing asset [6].LCC can be applied to compare different production
processes by estimating the relative difference between the costs in the life cycle and the cost budget.
Inherent to Life Cycle Costing are the concepts of global cost, whole life cost, life cycle cost in
construction, and life cycle cost in use, which support the assessment of economic feasibility and
performance and can be grouped according to life cycle stages. SETAC has defined three types of Life
Cycle Costing [3]:

1. Conventional LCC: in the analysis of all costs related to a product's life cycle that are directly the
responsibility of the primary producer or primary user during the product's life cycle.

2. Environmental LCC: the assessment of all costs related to a product's life cycle that are directly
assumed by one or more participants in the product's life cycle

3. Societal LCC: assessment of costs associated with the entire life cycle of a product, which is the
responsibility of all individuals in society, both in the current period and in the long term.

Within the international scientific community, a study model based on “Life Cycle Thinking”
logic is currently being widely debated, which integrates the three pillars of sustainability,
environmental, social and economic, through the wuse of Life Cycle Sustainability
Assessment/Analysis. To date, there are two definitions of LCSA [7]: the LCSA analysis understood
as Life Cycle Sustainability Assessment by Klopffer (2008) [8] and later also taken up by Valdivia et
al. (2011) [9] differs from the LCSA analysis understood as Life Cycle Sustainability Analysis by
Guinee (2011) [10]. In the former case, sustainability assessment simultaneously requires
environmental, economic and social study without considering their mutual relationships [11] and
without requiring formal weighting among the three pillars by applying the formula:

LCSA = (environmental) LCA + LCC + S-LCA

where:

LCA is the SETAC/ISO life cycle environmental assessment;

LCC is the ISO life cycle economic assessment;
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S-LCA stands for social assessment in the life cycle.

In the second case, a holistic approach is adopted in Life Cycle Sustainability Analysis [10] which
introduces causal relationships between activities in various domains, such as product-level
(product-oriented), sector-level (meso-level) and economy-wide (economy-wide), integrating the
three dimensions of environmental, social and economic [3].

2.2. Systematic Literature Review: Methodology

The systematic review aims to outline the state of the art of research, providing a comprehensive
and unbiased synthesis of the available scientific evidence, concerning the application of life cycle
approaches in the international and national context within the production, processing, and post-
consumer supply chains of natural fibers.

The review is based on a replicable method that uses clear and planned a priori criteria to
identify, select, evaluate, and synthesise publications, providing a structured list of bibliographic
sources examined during the research process.

For the selection of publications, the time frame from 2005 to the present was defined to collect
the widest variety of publications produced on the topic.

The search was done on the online databases Scopus, Science Direct and Web of Science using
keywords. The keywords chosen to identify Life Cycle approaches (LCA, S-LCA, LCC, LCSA) target
areas described by the MICS project (fashion, furniture) and the processes and products (fiber, waste,
by-product) of the supply chains under investigation (agrifood, textile).

Next, VOSviewer software (Projest S.p.A., version 1.6.19) was used to:

e  visualise citation networks between different articles or authors, observing connections and
influences between scientific papers;

e identify thematic clusters by investigating related research areas and groups of articles covering
similar topics;

analyse keywords to better understand prevailing themes and areas of interest;

explore and graphically represent the information in the bibliographic data to identify trends,

connections and research patterns within the subject area.

The clustering of the most relevant and recurrent terms within the publications proposed by
VOSviewer was reworked by the authors according to the selection criteria and research objectives.
The keywords were divided into categories that, when combined crosswise, generate the selection
criteria for publications. The combinations of terms were searched within the titles, abstracts and
keywords of the publications.

Finally, it was necessary to further narrow the boundary of the search system by specifying the
reference areas (fashion and furniture) only for the LCA approach, which had the highest number of
results.

3. Results
3.1. Bibliographic Portfolio (BP)

The selection of items to compose the Bibliographic Portfolio followed several steps (Figure 2)
that included greater specification within the scope of the research and the elimination of repetitive,
redundant, and unrelated articles to the research topic.

The first selection criteria defines the topics, the second is related to the reference area, and the
third is related to the topics of the MICS project.

The survey of bibliographic data was identified (Figure 3) in the first step of 1422 publications.
Performing a reading by life cycle approach, a high prevalence of LCA studies is observed (1344
results) that amounts to 95% of the total number of publications, a smaller amount of publications
are related to the LCC approach (65 results), and finally, only a few can be attributed to the S-LCA (7
results) and the LCSA approach (6 results).

Further investigation carried out based on the keywords related to the LC approaches sees that
most of the results can be traced back to the items “natural fiber” and “food and waste.” Concerning
the LCA approach, the topic “food and waste” got 931 articles out of 1344 dealt with as a search result,


https://doi.org/10.20944/preprints202409.1930.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

while 252 articles responded to the search made through the keywords “natural fibers.” Similar

dynamics are also found for the LCC approach but with proportionately lower results.

Due to the topics' complexity and the high number of results obtained for the LCA approach, it
was necessary to introduce additional filters in the literature search by specifying the reference areas
(fashion and furniture). Further investigation of the survey showed that there is no correlation
between the keywords “furniture”/“fashion” and “food and waste” (Figure 4).

On the other hand, the keyword “waste,” linked to the areas “fashion” and “furniture,”
produced results more relevant to the search, therefore a total of 1237 results were excluded, selecting
only 185 articles relevant to the survey.

Finally, articles that emerged through the keyword search dealt with:

e  topics not relevant to the scope of the research, such as LC methodologies applied to the study
of food supply chains, water management and treatment, chemicals, plastics and non-natural
fibers;
methodological approaches applied to the evaluation of waste management and collection;
topics that are inherent but address neither the model definition of the LC approach nor the
application of the approaches.

The third and last selection criteria is relevant to point out that articles that present an interesting
application of the methodological approach are included in the search, even if they concern topics
unrelated to the MICS project. Thus, the BP of this review consists of 80 articles obtained from three
selection criteria (Figure 2).

SELECTION CRITERIA NUMBER OF RESULTS

natural fibers / textile / food

+ —

waste / byproduct / virgin fibers

+
fashion / furniture
185

Elimination of repetitive and
redundant articles unrelated tothe p—mMmMMMMmmm™  ------------—--—--—-
topic of the Mics project —

80 \ Bibliographic
Portfolio (BP)

Figure 2. Number of results related to the three selection criteria. Source: Authors' elaboration.
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Number of results expressed by approaches

1400 1344
1050
Total number
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Figure 3. Number of results expressed by approaches (first selection criterion). Source: Authors'

elaboration.
Approaches
gy words LCA SLCA Lcc LCSA
natural + fibers 252 3 19 0
textile + waste 11 1 5 1
textile + byproduct 0 0 0 0
textile + virgin + fibers 13 0 2 0
food + waste 931 3 38 5
food + byproduct 37 0 1 0
food + virgin + fibers 0 0 0 0
Total 1344 7 65 6

Figure 4. Number of results expressed by keywords in relation to approaches (first selection criterion).
Source: Authors' elaboration.

3.2. Scientific Publications Over Time

The dynamic nature of scientific evolution over time, depicted by Figure 5, reflects a division
into three phases:

e  afirst phase from 2005 to 2007 characterised by a small number of publications (total No. 1) and

an absence of research-related scientific production in 2006 and 2007;

e asecond phase from 2008 to 2016, in which there was a development of scientific production

(No. 28) with peaks of publications in 2011 and 2013 (+27% compared to phase I);

e  athird phase between 2017 and 2023, which sees a scientific deepening of the review topics and

an increase in the number of publications (73 total) (160.7% increase over phase II).

The year 2017 is characterised by a sudden increase in publications; this can be attributed to the
deepening of economic tools for life cycle assessments akin to the present review. The year with the
largest number of papers produced is 2022, with a total of No. 15 publications. It should be noted that
the scientific production for the year 2023 is partial as it is in progress at the time of delivery of the
‘work package’ related to the state of the art (MICS). Therefore, the following analyzis could be
implemented with the subsequent publications (May 2023 to date).
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Figure 5. Time distribution of publications (2005-2023). Source: Authors' elaboration.

3.3. Research Journals

The distribution of journal articles includes 60 different sources, reflecting a wide variety of
multidisciplinary sources such as energy, waste, construction, environment, and sustainability,
which are strongly related to the Life Cycle.

The impact factor, assessed by Thomson Reuters (JCR), is considered the main metric for
evaluating scientific journals. This represents a summary index that measures the mean number of
citations received by articles published in a scientific journal in the previous two years.

The journal with the highest impact factor is Resources, Conservation and Recycling, followed
by the Journal of Cleaner Production and Science of the Total Environment. In addition, the Journal
of Cleaner Production reports the highest number of publications.

3.4. Results Interpretations VOSviewer

Affiliation

The BP includes articles and publications from 43 countries in the global context.

The use of VOSviewer software made it possible to depict the relevance of countries based on
the number of publications, citations, and link strength (total link strength). The latter, in the
VOSviewer software, refers to the sum of link strengths between network elements, i.e., the measure
used to assess the overall intensity of connections between different elements, such as authors,
keywords, or scientific papers.

Analysis of the data shows that Italy represents the country most engaged, in the time frame
considered, in scientific production on the study and application of Life Cycle approaches related to
natural fiber fields (Figure 6).

Figure 6. Relevance of countries based on number of publications, citations and the strength of links.
Source: Authors' elaboration using VOSviewer software.
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Keywords

Keywords represent the basic units of a specific field of study and can provide insight into
knowledge structures and research trends.

Through the use of VOSviewer software, an analysis of keywords was conducted by
investigating into their frequency and recurrence. Within the software, keywords with a minimum
limit of 5 occurrences were selected, providing a more in-depth analysis of the characteristics/content
of the literature. Each identified keyword corresponds to a junction in the network, and the
recurrences of the keywords constitute the edges between the junctions. The connection between the
two junctions is expressed through the co-occurrence relationship [12].

The most recurrent keywords are “life cycle” (occurrences 46), “life cycle assessment”
(occurrences 45) and “environmental impact” (occurrences 37).

The keyword mapping revealed that the life cycle dimension of environmental sustainability
prevails over the economic (cost analysis) and social dimensions. In fact, in the ranking compiled by
recurrence, the keyword “cost” is ranked 13th, and the Life Cycle Costing (LCC) approach is ranked
71st. The S-LCA approach is not represented by any keyword highlighting a poor presence in the BP
of the social issue.

This mapping was graphed with VOSviewer software highlighting the presence of 4 strongly
interconnected categories. Each category is identified by distinct colours (Figure 7):

e red colour, associated with the “Life Cycle” theme, deals with issues related to waste recycling,
with particular attention to the implications on environmental impacts, declining further toward
energy valorisation processes;

e green colour, related to the “Life Cycle Assessment” theme, is related to environmental issues,
focusing more on impact categories;

e  blue colour, assigned to the “Recycling” theme, addresses issues related to waste recycling;

e  yellow colour, identified with the “Waste Management” and “Cost” themes, deals with impacts
concerning the economic value of waste.

From the above and depicted in Figure 7, it can be seen that the red and green categories are
strongly interconnected, and both refer to the environmental impacts associated with LCA while the
blue and yellow categories are more oriented toward waste management and valorization.

In Figure 8 the keywords are indicated in order based on the recurrence of the term and the
strength of the connection as elaborated by the VOSviewer software.

The core of the investigation is represented by the keyword Life Cycle, which is located in the
central position of the diagram, because it constitutes the method used to assess the environmental,
social and economic impacts on which the research focuses and is declined in the LCA, LCC, S-LCA,
LCSA (Figure 7).

Another keyword on par with “Life Cycle” is “Life Cycle Assessment” since it is the most
frequently addressed assessment tool in the sample of articles considered in the literature analysis.
Another important aspect to note is that some keywords can be aggregated since they have the same
meaning, such as the terms “Life Cycle Assessment,” “LCA,” and “Life Cycle Assessment (LCA)”;
this further underscores the importance of the LCA approach as prevalent over the others. The issues
most related to the LCA predominantly address certain impact categories, including acidification,
eutrophication, land use, global warming potential and carbon footprint. It can be argued that the
presence of these impacts, within the selected publications, can be attributed to the nature of the
research focused on natural fibers, as the life cycle of natural fibers directly affects these aspects. Other
important issues related to LCA and in line with the nature of the research project are related to
resources understood as biomass, electricity, biofuels, and fossil fuels and also to products, as
described for example by the keywords “wood products”, “furniture,” “by-product” and production
processes, such as “supply chain.”

For the economic evaluation tool, referred to by both the terms “Life Cycle Costing” and “LCC,”
the most closely related issues address the valorization of waste as research investigates whether
waste possesses economic value as by-products that can be reintegrated into the market. Economic
evaluation is employed to consider the cost benefits “Cost Benefit Analysis” in the practices of
“Recycling” and “Reuse” of waste and by-products in a circular economy “Circular Economy”
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perspective. A connection between economic evaluation, environmental impacts and LCA can be
observed.

As mentioned above, in the areas investigated regarding natural fibers by VOSviewer, the
methodological approach of S-LCA emerges neither as a keyword nor as a connecting force. The only
term referring to the social sphere appears alongside the economic aspects “Economic and Social
Effects.” This shows a lack of investigation on the topic in the Bibliographic Portfolio and, more
generally, in the research compared to the other two evaluation methods.

The keyword mapping highlighted the dimension of sustainability in the three pillars with a
prevalence on the environmental pillar over the economic and social pillars, giving particular
importance to the issues of reuse, recycling and waste management.

biggas anaerobic digestion compesting
food waste
biafue!
greenholise gases lec life cycle costing
FpRets animalia
gas engissions . fossilifuels | greenh@lise gas costs
¥ ; landfill
economic and social effects
biogass |
agriagiture  landiuse ‘ N4 VT life cy*alyﬂs
/ \ 8 B\ el i Waste treatment
o econoimigianalywaste managemerit® ' 0
carbongigotprint © | r i lea
byprgc P L idgee
/ Y waste ingineration
environmentaisustainability carborigoxide a Y globalwarming
supplyehain's 3 suﬂ‘bnlltx SITCUarggonomy. \ incinggpation
R ' cost benefit analysis
sustainable development
“life cycl*ssment controllgd study
life cycle a’sment (lea) ) : refusedisposal
} e
wood faducts o 8, .greenh‘e effect energylfecovery
environmental impact
sensitivigganalysis ret‘ng
eutrophiication e
environmental Igipact assessmen
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environmentalperformance textilegpdustry

Figure 7. The keyword mapping performed using VOSviewer software. Source: Authors'
elaboration.
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10
Order by Keywords ~ Recurrence of Strength of the
strength of the term connections
connections
1 . life cycle . 46 . 471
2 . life cycle assessment ! 45 466
3 environmental impact ! 37 391
4 . life cycle analysis ! 30 349
5 ‘ life cycle assessment (Ica) 31 293
6 ‘ recycling ! 21 208
if . waste management ! 16 208
8 . global warming ! 14 193
9 . sustainable development ! 21 184
10 waste disposal 11 165
1 . food waste ! 13 v 153
12 environmental management ! 13 152
13 costs 11 148
14 greenhouse effect 7 136
15 ' carbon dioxide ! 11 130

Figure 8. BP's top 15 keywords by recurrence and strength of connections. Source: Authors'
elaboration.

Critical analysis of the results
The process of content classification is a procedure by which items and components of the

Bibliographic Portfolio (BP) are categorised into "clusters’, which refer to a grouping of items or data
that are similar to each other.

The goal of this categorization is to create a homogeneous data set by macro-theme, with the

purpose of:

facilitating the reading of clustered content;

facilitating the management of complex information;

facilitating interpretation of the data;

providing a conceptual framework;

facilitating the possibility to implement data during the research activities

In the first instance, the articles part of the BP were classified on the basis of the approaches used,

which are either applied individually or in a joint and integrated manner, namely: LCA, S-LCA, LCC,
LCA+LCC, LCA+S-LCA and LCSA. The research group provided a further categorization of the BP
by research themes. The clusters identified are as follows:

‘energy’, includes a wide range of aspects related to the production, transformation,
distribution and use of energy;

‘product’, refers to a specific product, its use and/or development within a business, industrial
or commercial context;

‘by-product’, refers to the production of a result and/or product that is obtained as a
consequence of a main process or activity to obtain added economic value;

‘end of life’, includes all those studies in which processes are analysed up to the end of a
product's life without investigating its subsequent management;

‘manufacture’, refers to the process of producing goods or products through the
transformation of raw or semi-finished materials using specific equipment and techniques;
‘method’, includes scientific production that describes the application of one or more
evaluative approaches to issues that are also outside the subject of the research but
methodologically significant (e.g., LCA, S-LCA, LCC etc.);

‘system’, refers to a set of interconnected components working together to achieve a common
purpose.
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The clusters identified with their respective prevalence percentages within the research have
been graphically represented. From the study conducted, it can be seen that the prevailing macro
themes appear to be ‘product’ with a percentage of 21,4 percent and ‘method” with a percentage of

21,4 percent (Figure 9).
System
5,1%
Energy
19,4%
Method
21,4%
Product
Manufacture
12,2%
End of life
8,2% By-product
— 12,2%

Figure 9. Percentage prevalence of clusters. Source: Authors' elaboration.

To enhance data management and information interpretation, ‘categories’ related to the
aforementioned clusters were identified. These categories describe the services or products to which
environmental assessments were applied in the analyzed studies. These categories are as follows:

e ‘fashion and furniture’, is a category used for publications that are particularly focused on the
research topics (“Made in Italy Circolare Sostenibile” - MICS);

e ‘fibers’ category that identifies the project “Circular Design for Natural fibers”(CD4NF)

e ‘wood, is the category chosen for articles that have wood-based products as the subject of the
research;

e ‘waste’, groups all articles that investigate the treatment and management of waste from
different supply chains;

e ’food’, includes all articles investigating food products;

e  ‘others’, identifies selected articles in the BP that do not have as their object of analysis
products, systems, and services that fall under the above categories but have topics of more
general interest for the MICS project, for example topics related to biofuels.

It is interesting to observe that scientific research has mainly focused on products identifiable as
‘wood’ or related to the food sector ‘food” or to “other” topics not strictly related to the topics of the
CDA4NF project (Figure 10).
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Figure 10. Percentage prevalence of categories. Source: Authors' elaboration.

Further deepening of the content resulted in the drafting of 22 article filings related to the
category ‘fashion and furniture’ and ‘fiber’, among which 17 studies apply LCA. Only 1 article refers
to the LCC methodological approach, and 3 additional publications use the LCC approach combined
with LCA. The S-LCA methodological approach was used within one study only, combined with the
LCA approach.

The analysis explores multiple dimensions beyond methodological approaches, focusing on
critical aspects such as the type of study, product context, and data sources. It categorizes studies
based on whether they are comparative or single-application and whether they contribute to
methodological development or are practical applications. Critical elements like functional units,
which form the basis of the assessments, and commonly calculated impact indicators are investigated
to identify environmental hotspots. Additionally, databases and software are reviewed to highlight
existing resources and tools, while the analysis of life cycle phases helps establish system boundaries
and enable comparison across studies. This comprehensive evaluation aids in better understanding
environmental assessments within the scope of circular design for natural fibers.

The filing of items related to the subcategory “Fashion and Furniture” shows:

A. the research ranges between pre- and post-consumer textile waste, natural fibers and bio-
composites;

B. most of the articles are applicative, i.e., they involve the application of an evaluative approach
according to the relevant methodological framework;

C. the articles involve a comparative study between several products or focus on a single
product/service;

D. the functional units appear highly diversified from each other and specific to each evaluative
study, leading to criticality in a possible future comparative analysis;

E. the calculation of indicators is not uniformly present among different articles. In this regard,
several methodologies can be found, the most popular for LCA being the ILCD, ReCiPe, and
CML methods. In cases where no preferred method is highlighted, individual indicators are
given in full. The evaluation of costs considers different types at a given life cycle stage. No
specific indicator calculation methods are given in the S-LCA;

F. the most consulted databases for environmental assessment appear to be Ecoinvent and Gabi,
but frequently, studies have found it necessary to supplement inventory analysis with primary
data from the literature. In addition, referring to a general analysis of the BP, it appears that the
most widely used database for S-LCA analysis is PSICLA, which carries the name of the software
in which it is used;

G. as for the software used for the environmental assessment method, these is SimaPro and
OpenLCA. For LCC, the cost analysis provides a specific quantification for each case study, with
no references related to databases and software;
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H. regarding the life cycle taken into account by the different studies, this appears to be variable:
some research considers the entire life cycle (from cradle to cradle, A1-D), but most analyses
only the production phase (from cradle to gate, A1-A3).

The filing, aimed at deepening and categorization the information of the most relevant articles
in the BP, has seen strong interest from the scientific community in the “product” and “energy”
clusters and, specifically, regarding the areas of the research project (MICS), pre- and post-consumer
textile waste, natural fibers, and bio-composite products or materials. The analysis regarding the
‘fashion and furniture’ and ‘fiber’ can be carried out for the other aforementioned categories.

Citations of the 22 filed articles are given in extended form in the “List of Filed Articles” as an
additional file.

Data of the Bibliographic Portfolio (80 publications) are given in extended form in the
“Bibliographic Portfolio” as an additional file.

4. Discussion

The discussions are related to the Bibliographic Portfolio and more specifically to the “Made in
Italy Circolare Sostenibile” “Circular Design for Natural Fibers”.

It is interesting to highlight that the majority of the publications are related to LCA and
specifically the ‘fashion and furniture’ industries. A small part investigates topics related to the
automotive industry. These three areas are defined by the MICS projects as the “3A” which are
Abbigliamento, Arredamento and Automazione (fashion, furniture and factory automation).

In addition, it is relevant to underline that the LCC approach appears to have been investigated
longer than the others, and is mainly related to topics of ‘food” and ‘waste’. In the context of the
research project CD4NF, LCC is mainly concerning the context of construction and building
production [13-16].

Concerning the social aspect of S-LCA, which is scarcely investigated in publications, it is
important to point out that it is often applied correlated with LCA and LCC [13-16]. This could be
determined by the fact that LCA and LCC approaches involve a structured regulatory and
methodological framework. An issue attached to S-LCA studies lies in the inventory phase since the
data are not only quantitative in nature but also qualitative and difficult to find.

LCA and LCC are regulated by international standards and based on a national and European
regulatory framework; S-LCA and LCSA refer to guidelines drafted by UNEP/SETAC and CALCAS.

The mismatch between different approaches and their regulatory frameworks generates a
critical element but, at the same time, a research potential for integrated assessment of social,
environmental and economic aspects. The complexity of integrating approaches results, for example,
in a dual interpretation of LCSA [7], namely as a holistic approach (LCSA-Analysis) or a reductionist
approach (LCSA-Assessment). The study on the different LCSA types shows a more circumscribed
scientific production than the other evaluative approaches.

The critical issues regarding the difficult comparability of data and results is determined by
multiple aspects, including:

e the absence of a regulatory framework for S-LCA, LCSA;

o the difficult applicability of the approaches to sectors other than construction and to different
product, process and system levels;

e the limited presence of benchmarks, which causes researchers to frequently develop
comparative analyses with Business As Usual (BAU) products;

e the site-specific aspect of LC analyses due to supply chain fragmentation (geographic location,
local regulations, energy systems, etc...).

5. Conclusions and Future Outlooks

This systematic review shows an imbalance in the scientific literature between the different
approaches. Specifically, out of a total of 1430 publications, those related to the LCA approach are
predominant (95%) compared to other approaches (LCC, S-LCA, LCSA), and for this reason, there is
an increasing trend in the time span from 2005 to 2023 with a particular increase in publications in
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the last 5 years (2017-2023). The systematic review was deepened by conducting a keyword and
content reading of the data. Specifically, the use of VOSviewer software made it possible to analyze
keywords by delving into their frequency and recurrence. This showed that the life cycle dimension
of environmental sustainability prevails over economic and social sustainability. Therefore,
keywords related to ‘cost’ and ‘Life Cycle Costing’ are less recurrent than those related to
environmental impacts and ‘Life Cycle Assessment’. Keywords regarding the social sphere did not
recur except in relation to ‘cost’. In addition, from a general reading of the keywords, four categories
can be observed that address strongly interrelated aspects, namely: environmental impacts with a
greater declination toward energy valorization processes, environmental issues but with a greater
declination toward impact categories, issues related to waste recycling, and finally considerations of
the economic value of waste.

A Bibliographic Portfolio (BP) was created to showcase the most significant research on circular
design in the textile and furniture industries.

Articles of the Bibliographic Portfolio (BP) have been published in multiple journals, with
“Resources, Conservation and Recycling” being the editorial venue with the highest impact factor,
followed by “Journal of Cleaner Production” and “Science of the Total Environment.” However, the
journals with the highest number of publications are “Journal of Cleaner Production” and
“International Journal of Life Cycle Assessment.” The focus of the journals in which the articles in
the BP were published is related to energy, waste, construction, environment and sustainability
issues.

Regarding the affiliation of the authors of the publications in the BP, it can be seen that Italy
represents the country most engaged, in the time frame considered, in scientific production on the
study and application of Life Cycle approaches related to the areas of natural fibers.

Further investigation of the contents of BP articles resulted in categorization by research themes
and the identification of seven clusters, among which the prevailing macro themes were ‘product’
with a percentage of 24 per cent and ‘method’ with a percentage of 23 per cent.

To simplify data management and information understanding, categories related to the above-
mentioned clusters were defined, such as ‘fashion and furniture’, “‘wood’, “waste’, “food’, and “other’.
The application of the clusters and categories allowed for the emergence of items closely related to
the areas of the “3A”(Abbigliamento, Arredamento and Automazione / fashion, furniture and factory
automation), which characterise the “Circular Design for Natural Fibers” CDNF project, for which
filings were made. The aforementioned made it possible to delve into the methodological approaches
applied, organising information regarding the comparative or singular application nature of the
study, the methodological or application study, functional units, impact indicators, databases,
software, and life cycle stages considered.

The filing procedure further highlighted that the scientific community has taken particular
interest in studying issues related to the ‘product’” and ‘energy’ clusters. In particular, in-depth
interest emerges in pre- and post-consumer textile waste, natural fibers, and bio-composite products
or materials. Consistent with keyword mapping, content analysis, and filing, a prevalence of interest
in Life Cycle Assessment and environmental issues over economic and social issues was confirmed.
In addition, the filings see a prevalence of application studies to products, processes and services
compared with Business As Usual products.

Starting from the outcomes of the systematic review, future research needs deepening through,
for example, the construction of the taxonomy of approaches and indicators concerning the specific
application domains, aimed at the creation of a methodological structure designed to classify and
organise the different methodologies (approaches) and assessment measures (indicators) according
to the specific contexts of use (application domains). In addition, it needs an in-depth study of the
critical aspects that may arise in the actual application of the investigated approaches.

Notes

1 The results of the work package related to the analyzis of the state of the art was finished in
November 2023, therefore the BP represents a time frame from 2005 to the date of the delivery of the
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work package. During the next phases of the research new results emerge and therefore will be
integrated and considered for future phases of the research MICS project (duration 2023 — 2025). The
Figure 5 shows this integration.
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