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Summary

The textile industry is one of the most impactful worldwide and there are numerous impacts during
the value chain of clothing. One of the most significant ones is textile waste, which is mainly
incinerated or landfilled. To tackle these and other challenges, the EU has developed the Ecodesign
for Sustainable Products Regulation, introducing specific design requirements for various products
put in the European market and the concept of the Digital Product Passport as a tool to enhance
traceability and sustainability. The extension of longevity in clothing is a critical approach to slow
down material flows and decrease environmental impacts.

This work focuses on analyzing Ecodesign, Circular Economy and Traceability strategies for
longevity extension of garments through the value chain and tackling the found gap in the downstream
traceability. To do so, first, a literature review is prepared about these topics; then, semi-structured
interviews with KTU experts are done during March and April of 2025.

After classifying the longevity main strategies according to the stakeholder and life cycle phase, an
LCA is performed, using SimaPro 9.5 and the ReCiPe 2016 method, for one polyester dress (0.478
kg), showing the differences between the baseline, which includes raw materials extractions,
manufacturing, distribution, first use, collection, sorting and incineration as EoL, and different
scenarios with variations across the whole life cycle stages. Results show that one polyester dress
made with fiber-to-fiber recycled PET, in a sustainable manufacturing process and with extended use
by re-purchase in a C2C platform, can decrease the environmental impact by 68%.

DPP is proposed to be an integral tool that can help track garments after purchase and gather more
accurate data about the use phase, allowing more precise LCAs to identify unknown hotspots. Further
research needs to be done around this topic to find the best strategies to ensure long-lasting garments
without compromission quality and their environmental performance.
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Santrauka

Tekstilés pramoné ir visa tekstilés vertés grandiné¢ daro reikSmingg poveikj aplinkai. Vienas
svarbiausiy poveikiy kyla dél tekstilés atlieky deginamy arba Salinamy sgvartynuose. Siekiant spresti
Sias ir kitas aplinkos, Zaliavy ir gaminiy problemas, ES parengé Tvariy gaminiy ekologinio
projektavimo reglamentg (ESPR), kuriuo nustatomi specialiis dizaino reikalavimai jvairiems Europos
rinkai tiekiamiems gaminiams ir skaitmeninio gaminio paso (DPP) koncepcija, kaip atsekamumo ir
tvarumo didinimo priemoné. Drabuziy naudojimo laiko pratgsimas jvardijamas, kaip svarbi strategija,
siekiant sulétinti medziagy srautus ir sumazinti poveikj aplinkai.

Siame darbe pagrindinis démesys skiriamas ekologinio projektavimo, Ziedinés ekonomikos ir
atsekamumo strategijoms, prailginant drabuziy ilgaamziskuma ir vertinant bei siekiant valdyti
atsekamumo spragas vertés grandinéje. Siam tikslui pirmiausia atlikta literatiiros analizé, véliau 2025
m. kovo ir balandZio mén. atlikti pusiau struktiiruoti interviu su KTU tekstilés ir mados ekspertais,
tada tyrimas papildytas poveikio aplinkai vertinimu.

Bivio ciklo analizé (LCA) atlikta vienai poliesterio suknelei (0,478 kg), naudojant SimaPro 9.5 ir
ReCiPe 2016 metoda, skirtingiems ilgaamziskumo scenarijams, sudarytiems pagal suklasifikuotas
pagrindines strategijas, suinteresuotgsias $alis ir gyvavimo ciklo etapus. Si analizé leido jvertinti
skirtumus tarp keliy darbe apibréZty scenarijy: bazinio scenarijaus, kuris apima Zaliavy gavyba,
gamyba, platinimg, pirmaj} naudojima, surinkima, rii§iavimg ir deginima (kaip gyvavimo ciklo
pabaiga); ir kity scenarijy, kurie skiriasi specifiniais pozymiais skirtinguose gyvavimo ciklo etapuose.
Rezultatai rodo, kad viena poliesterio suknelé, pagaminta i§ perdirbto PET pluosto, taikant tvary
gamybos procesg ir ilgesn] naudojimg — parduodant antrinio naudojimo C2C (vartotojas vartotojui)
platformoje — gali sumazinti poveikj aplinkai iki 68 %.

Skaitmeninj produkto pasa (DPP) sitiloma laikyti neatsiejama priemone, galinfia padéti stebéti
drabuzius po jsigijimo ir surinkti tikslesnius duomenis apie naudojimo etapa, leidziancia tiksliau
atlikti LCA ir nustatyti neZinomus ,,karStuosius taskus®. Atlikus tyrimus nustatytas poreikis Sia tema
vykdyti tolesnius mokslinius tyrimus, kad biity galima rasti geriausias strategijas, kaip uZztikrinti
drabuziy ilgaamZiSkuma, nepakenkiant jy kokybei ir aplinkosauginiam veiksmingumui.
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Introduction

The textile industry is one of the most impactful in the contemporary world, not only ecologically,
but also socially. Fast fashion and consumer culture has led to a considerable number of garments
being produced and discarded annually. Not only the high amount of waste generated is of concern,
but also the different impacts occurring along the entire value chain of textiles: use of hazardous
substances, water use and pollution, air emissions, not to mention the precarious conditions in which
workers may find themselves.

Trying to tackle all the problems above, the EU has developed the Strategy for sustainable and circular
textiles, which includes the updated Ecodesign for Sustainable Products Regulation, which focuses
on energy—related products and most physical products, including textiles. Even though the concept
of Ecodesign is not new, the implementation of this as a legal requirement might be a game changer
for manufacturers and retailers.

The Ecodesign methodology has multiple approaches, depending on the type of product, but it can
differ from the selections of raw materials to the final disposal. Considering that it is widely known
that waste generation is a major problem in the textile industry, extending the lifespan of garments
can prevent unnecessary purchases and disposals. Thus, there are different strategies to increase
longevity of clothing, starting with circularity principles, design decisions and alternative business
models.

Circular Economy seeks to shift the linear economy model, where waste is generated from
manufacturing processes, losing value, and generating significant environmental impacts. On the
other hand, Ecodesign focuses on the efforts that designers and manufacturers can make to reduce the
environmental footprint of products. Among all Ecodesign approaches, this study focuses specifically
on design for longevity. Additionally, alternative business models aim to enhance cooperation
between different stakeholders and to preserve the value of goods as long as possible.

This work has two main subjects: strategies for clothing longevity extension and downstream
traceability. Starting from a literature review, this work lists the most important strategies
implemented in the life cycle of garments. Within the use phase, a traceability gap is found from
reviewed studies, showing the difficulty to track and apply the mentioned strategies. This is why an
LCA is chosen as a tool to measure the environmental impacts of a garment based on different
strategies, and to proof the need to trace clothing with the DPP and gather more data about the use
stage. For purposes of this work, the words apparel, clothing, clothes and garment are used with the
same meaning.

Research questions

How strategies for clothing longevity extension based on Circular Economy, Ecodesign and
Traceability can influence the environmental impact of a garment through the value chain?

Aim

Analyze the potential of different strategies within the value chain for longevity extension of clothing
to increase circularity and decrease environmental impacts.

Objectives



To determine the most relevant longevity extension strategies used in the EU, based on
literature review and interviews.

To evaluate the environmental impact of a garment's life cycle in Lithuania, based on different
strategies for longevity extension.

To identify areas of opportunity to increase the lifespan of textiles apparel and their
traceability after purchase.

10



1. Relevance of longevity extension in clothing

Focusing on extending the lifespan of clothing is important, not only to comply with the legal
requirements in the EU, but to shift the way consumers and producers behave regarding
manufacturing processes and sustainable products. It is becoming increasingly evident that society
has an obligation to transition to a circular economy and to prevent more potential environmental
impacts from textile products and related services.

1.1. EU regulations

The EU has developed the Strategy for Sustainable and Circular Textiles [1], which includes the
updated Ecodesign for Sustainable Products Regulation [2], as a response for the European Green
Deal [3] and the Circular Economy action plan [4] that started in 2020. This strategy includes the
Ecodesign for Sustainable Products Regulation (ESPR), that replaces its last version of 2009. This is
highly important because of two reasons: the 2009 Directive was aimed at energy—related products,
while the 2024 version covers virtually all physical products; and it expands the Ecodesign
requirements to enhance durability, circularity and the environmental performance of products that
are put in the European market [2].

The Digital Product Passport (DPP) is a tool proposed by the recent ESPR. Its main objective is to
contain all relevant information about a product and its environmental impact throughout the supply
chain, it needs to disclose data about its material and origin, technical performance, and repair
activities. The DPP pretends to help manufacturers, consumers, and authorities to make more
informed decisions about sustainability, circularity, and regulatory compliance [2].

The Waste Framework Directive (WFD) sets up basic principles for waste management in EU
countries. It introduces the “polluter pays principle” and “extended producer responsibility.” After
the 2023 amendment, and in accordance with the Strategy for Sustainable and Circular Textiles, it
establishes that, by 1 January 2025, Member States need to implement separate textile containers for
its collections. It also reinforces the need to have a stronger capacity for sorting, re-use, and recycling,
by doing investments for infrastructure and new technological solutions [5].

EPR is considered to be soon mandatory for the textile industry as well, as it has been successful in
managing waste from multiple products, such as batteries, electric and electronic equipment and
packaging. This is expected to reduce waste and increase circularity within the value chain, by
implementing Ecodesign into the products. The European Commission’s proposal encourages
funding by producers on research, and the development of innovative technologies aimed at
enhancing circularity in the textile sector [6]. EPR also favors traceability on global material flows
and CMBs, by attracting investments in the infrastructure needed for collection, sorting, reuse and
recycling [7].

Other relevant policies are REACH Regulation [8] dedicated to managing chemicals within industries
and promotes the reduction of these or the use of non-hazardous alternatives. The Directive on repair
of goods [9] which makes manufacturers responsible for the repair, extending the lifetime of products.
With this, producers need to consider Ecodesign requirements and the availability of spare parts. Even
though the Directive is aimed mainly at electric devices, The Commission is working on updating the
list of products subjects of reparability. Additionally, the Directive regards Empowering Consumers
in the Green Transition [10], aimed to inform users to make informed purchases and avoid
greenwashing.

11



1.2. Industrial challenges and needs

The textile industry has multiple impacts throughout its whole life cycle and value chain. Below in
table 1, are listed some of the main aspects to consider when thinking about the textile industry and
its sustainability. That is why it is important to have a holistic perspective and life cycle while

addressing all these situations.

Table 1. Challenges and responses in the textile industry

Challenge

Current responses

Future opportunities

Specifically talking about cotton
production, the global average
GWP of conventionally grown
cotton is 1,808 kg of CO» equivalent
per 1,000 kg of fiber produced, while
organic cotton result is 978 kg of
CO; equivalent per 1,000 kg of fiber
grown, meaning a reduction of 46%

[11].

Use of alternatives of natural fibers,
to replace cotton, such as cellulose
or fiber-to-fiber recycled cotton.

Considering new sustainability
requirements from regulations and
from user wishes, clothing
manufacturers need to find
alternatives for the traditional fibers.
Research is particularly important
for technological innovation.

Excessive water demand during
natural fiber growing (up to 15,000
m?® per ton grown cotton [11]), but
also during manufacturing processes
of fabrics [12].

Efficient wastewater treatment plants
and recirculation in manufacturing

[13].

Creating novel strategies to dye and
process textiles with a less amount of
water. Alternative dying techniques
can reduce the demand for chemical
dyes since they use up to 90% less
water and 85% less energy than

traditional dying methods [14].

Water pollution, not only with toxic
chemicals but microplastics from
washing synthetic fibers [12].

Eliminate or replace hazardous
substances from textile industry [13].

Green chemistry principles aim to
reduce the load of effluent while
increasing resource efficiency. Using
safer substances [15].

Pre-consumer waste, the fashion
industry is responsible for around
40 million tons of post-consumer
textile waste a year, most of which
is either sent to landfills or

incineration [ 16].

Reduce waste by different strategies
such as increasing life use of the
products, reuse, remanufacture,
recycling [13].

It is imperative to develop innovative
solutions for textile waste
management.

Fast fashion not only causes great
impacts to the ecological means, but
also to the population where these
factories are located. Seasonal
collections are released each year,
promoting an accelerating
consumption behavior of cheap low-
quality products.

DPP is the tool designed to disclose
all the social and environmental
impacts of manufacturing processes

[2].

Companies need to be equally
environmentally and socially
responsible. Moreover, consumers’
education is needed to slow down
materials flows and extend life use
of products.

Textiles are hard to recycle due to
mixed fibers and lack of technology.

Chemical or mechanical recycling,
which can be energy intensive, is
usually for non-woven fabrics.

Developing non-mixed fibers, with
the least chemical substances
possible and innovative technologies
to have efficient and affordable
recycling processes [17, 18].

All these challenges mentioned above might be addressed through the whole value chain, and that is
why different Ecodesign, and circular strategies are important, not only for the textile industry, but
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also for multiple sectors. Environmental aspects like waste generation can be prevented, which is the
first and main aspect for waste management, for instance. Considering how large Ecodesign and
Circular Economy subjects are, this work focuses on strategies to extend clothing longevity.
Designing and manufacturing long-lasting products and encouraging extended use of clothing are
critical strategies to slow down the material flow by decreasing the purchase of new products [19]
and, thus, reducing the industrial pressure on natural resources.

1.1. Current state of textile production, international market and waste generation

Fashion and textile products change through several activities that involve the conversion of fiber to
yarn, yarn to fabric and fabric to garment. During these processes, a large amount of waste is
generated, which reduces productivity and efficiency [20]. The EU was the first importer of apparel
and textiles worldwide in 2022, with 35.5% and 20.7% each [21]. For the year 2020, 8.7 million tons
of finished textiles were imported, of which 45% (3.9 million tons) represented clothing. In average,
EU citizens consumed 6.0 kg of clothing, 6.1 of household textiles and 2.7 kg of shoes that year for
a total of 14.8 kg per capita [22] (Fig. 1). In consequence, according to the European Environment
Agency [23], in 2020, 6.95 million tons of textile waste was generated, meaning around 16 kg per
person. It is 1.2 kg more than what was consumed. It was reported that 72.9% were recycled, 15.7%
incinerated and 10.7% landfilled (Fig. 1).

0.7% B |ncineration
without energy
recovery

® Household ® Landfill
textiles
m Clothing
B |ncineration with
= Footwear energy recovery

® Recyclingand
backfilling

Fig. 1. a. Estimated consumption of clothing, footwear and household textiles (excluding fur and leather
clothing) in 2020, kg/capita [22]. b. Treatment of textile waste in the EU in 2020 [23].

Particularly for Lithuania, in 2018, 13.5 tons of clothing were supplied, with an average of 4.8 kg per
capita. Out of the municipal waste flow, 8% represents textiles [24]. The report made by the European
Environment Agency states that collection rates are low (11%), as is the recycling rate (20%).
According to the Post-consumer textile circularity in the Baltic countries' report [25], by the same
year, used textiles came from various sources: charities/social enterprises (10%), commercial
collectors (50%), brands (7%) and municipal waste centers (33%) (Fig. 2). However, it was not until
2025 that the implementation of textile waste collection containers became mandatory for all
municipalities in the EU. Municipalities in the country have successfully started this initiative,
following the strategies established in their Municipal Waste Prevention and Management Plans [26].
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Fig. 2. Separate collection of used textiles in Lithuania in tons (2018) [25]

Lithuania not only has to manage its own waste, but it is also known for being involved in the import,
processing (sorting into different categories based on quality and value), and trade of used textiles.
The country was the first European importer of used textiles and rags per capita (around 22 kg) in
2018. This practice might be significantly negative for domestic circularity, since certain recycling
businesses prioritize imported textiles due to consistency in the supply, over textiles collected locally
[25].
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2. Literature review
2.1. Circularity and traceability within the fashion industry

Circular economy is a concept that is gaining more importance with time, and it is being slowly
adopted by society. This concept refers to a new systematic model of consumption and production
and aims to eliminate the “end of life” concept (replacing the “linear economy”) by implementing
different actions such as reducing, reusing, recycling, and recovering materials throughout the value
chain. It encourages the use of renewable energy, and the elimination of hazardous substances and
waste [27]. It operates in different scales from micro level (products, companies, and consumers),
meso level (industrial parks) and macro level (cities, regions, etc.), with the goal of achieving
sustainable development in an environmentally and socially way [28].

Circularity strategies have become well known, moving from the 3Rs to the 9Rs model, shown in
Fig. 3, emphasizing the deceleration in the consumption of natural resources and dematerialization.
The more circular a material is, the longer it remains in the value chain, preferably retaining its
original quality and value, thus less materials are needed to manufacture new products. The priority
is always preventing the use of natural resources and new raw materials [29].

Circular economy Strategies

A Make product redundant by
abandoning its function or by offering
the same function with a radically
different product

Increasing Sm:zlrte{ i\:a ke phroﬂuclt use mé:nre intengive (e.g.
—— produc . through sharing products, or by putting
circuarity use and R1 Rethink multi-functional products on the
manufacture market)

Ro Refuse

Increase efficiency in product
Rz Reduce manufacture or use by consuming
fewer natural resources and materials

Re-use by another consumer of
R3 Re-use discarded product which is still in good
condition and fulfils its original function

Rule of thumb:
Higher level of

Repair and maintenance of defective

circularity = Rq Repair product so it can be used with its
fewer natural original function
resources and less Extend
environmental  CXLEN .
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pressure product and R5 Refurbish (4 e
its parts
R6 Remanu- Use parts of discarded product in a new
facture product with the same function
R+ R Use discarded product or its parts in a
7 REPUTPOSE  naw product with a different function
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ecycle (high grade) or lower (low grade) quality
Useful
application
of materials ) ) - -,
Rg T Incineration of materials with energy

recovery

pbl.nl
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Fig. 3. Circular economy strategies [29]

The concept of “circular fashion” has been mentioned in 2014 in Sweden based on the principles of
circular economy and sustainable development. In this way, the fashion industry must design durable
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non-toxic products that can be biodegradable, reusable and recycled. Brands not only need to focus
on environmental sustainability, but also on social responsibility with decent working conditions and
preferences in local resources [30].

Within the methods to implement and manage circularity, there are Life Cycle Assessment (LCA),
Traceability and Ecodesign. LCA is the evaluation and analysis of the potential environmental
impacts throughout the life cycle of a product or service. It considers multiple environmental
categories that can help to identify hotspots in a value chain. On the other hand, Traceability is the
capacity to track and disclose information about all stages of a product, from raw materials extraction,
to manufacturing, use and end of life [31]. This means that producers must have detailed knowledge
of their suppliers to know the origin and nature of the resources used and useful information for other
stakeholders within the value chain: users, repair services, reuse markets and recyclers.

2.2. Ecodesign

According to the Regulation (EU) 2024/1781, Ecodesign is “the integration of environmental
sustainability considerations into the characteristics of a product and the processes taking place
throughout the product’s value chain” [32]. In general terms, Ecodesign is the implementation of one
or more sustainable strategies into the product’s design in order to reduce its environmental footprint
throughout its life cycle. The ISO 14006: 2020 mentions it is a “systematic approach”, which is
imperative to consider when a product is contemplated as a system where multiple processes are
related to each other [33].

Research made by Jochamowitz Yriberry, Jochamowitz and Yriberry [34] and Islam and Perry [13]
have valuable information about this topic, but one of the aspects they have in common is the
difference between two approaches for Ecodesign implementation: operational/ hard side, which
refers to the technical part, while the organizational/ soft side, refers to the main actors involved and
their importance of performing Ecodesign practices. This shows the importance of having a
systematic perspective when assessing sustainability within a company or organization.

The literature review made by Harsanto et al. [35] establishes three approaches regarding
sustainability in the textile industry: 1) product innovation, where includes Ecodesign, Ecolabel,
LCA, Materials innovation and Packaging; 2) process innovation, which consists of Cleaner
Production (CP), Ecoefficiency, Waste management and Supply Chain Management; 3) and
organization innovation, with Environmental Management System (EMS), Collaboration and
Business Models. The first two approaches can be analog to the operational approach cited above.

On the other hand, The Nordic Council of Ministers develops a list of requirements before the EU
Regulation was updated in 2024, setting an example of how Ecodesign can be also implemented for
non-energy related products [36]. In general, the main aspects they consider when implementing
Ecodesign are recyclability, durability, reparability, and reusability. The last three concepts are under
the idea of extending the life span of products.

Ghezzo [37], mentions a different Ecodesign approach, but equally relevant for textile manufacturing:
zero waste pattern cutting. Discarding the left cut-offs is losing high-quality material, it means that it
is an inefficiency of the process, because these may go to incineration or to other downcycling
processes. Saccavini and Shafqat [31] comment on biodegradability and composability, while
Vezzoli et al. [38] indicate the concept of biocompatibility, which means that outputs should not affect
the dynamics of ecosystems. Thus, the selection of biocompatible materials and resources must be
evaluated.
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Alternatively, textiles are complex products because in many cases fabrics are a mixture of different
fibers, which make them hard to manage at the end of their life. With the concept of Ecodesign, these
should increase their recyclability, not only to produce other textiles, but for any other product too.
Ovam [39] mentions a different requirement: closing the loop through implementation of recycled
content, dismantlability, traceability and recyclability. It also highlighted responsible production
through environmentally friendly textiles, labor conditions, and chemical use and content.
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Fig. 5. Mapping of Ecodesign organizational strategies [13, 31-39]

Summarizing the literature review regarding the operational and organizational approach of
Ecodesign and a deep emphasis on Life Cycle, the strategies are listed in Fig. 4 and Fig. 5. All
strategies are relevant to managing the environmental aspects and decreasing impacts. However,
specific strategies for longevity extension are explained in the next section.

2.2.1. Design for longevity

Talking specifically about the design process, the main goal is to extend the life span of products,
also known as design for longevity. For this, different principles may be implemented. For example,
technical requirements are summarized in the report by Ovam [39] on standard norms. One of them
is extending life span through quality materials, reparability, and maintenance. In addition, Cooper
et al. [40] report more options to extend longevity in garments, also mentioning the relevance of
classic designs. A different concept is disclosed by the NGO WRAP [18] which is versatility to extend
the lifespan. Also, Vezzoli et al. mentioned the Design for reliability, explaining it is related to “a low
number of components and solid assembly solutions” [38, p. 142].

On the other hand, Botta [41] reports general definitions and recommendations on how to implement
minimum Ecodesign requirements in textiles products. She highlights the importance of good
technical requirements of fabrics (fabric performance, finishing processes, etc.) and yarns. One of the
most remarkable is the definition of festing methods to evaluate longevity in terms of hours of wear
or washing cycles and achieve longer-lasting garments. For example, the EF guidelines for a t-shirt
establish an expected lifetime of only 52 washes, meaning it would last only a year if washed once
per week. Moreover, Guo et al. [42] highlights the need to have standardized methods to evaluate the
absolute durability and to compare different types of garments, regardless of how a particular
consumer may use them in real life.

After quantitative research, Laitala, Boks, and Klepp [43] identify the reasons for wardrobe
discarding, aiming to find design solutions to extend lifespan. After collecting seventy reasons, they
highlight strategies focused on size and fit; clothing care; technical quality, durability, and
functionality; emotional attachment; and fashion trends. From their study with the Wardrobe method,
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researchers are able to confirm that reasons to buy or discard an item go beyond physical durability
and highlight the importance of focusing on different approaches like repair services and
communication strategies.

In addition, from a survey among 161 young people, McNeill et al. [44] proves that they are willing
to maintain or repair their articles if they have a connection to them, whether because the article has
a high price or sentimental meaning. Redress [45] also indicated that this emotional attachment can
be created by designers and brands when they collaborate with the customer, for example, collecting
feedback to better understand their values; or when there are embedded values in the garment since

its production.

In summary, the Ecodesign strategies for longevity extension are classified as follows in Fig. 6:
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2.3. Alternative business models

Ecodesign and circular economy are not practices that can be implemented individually. It is
necessary to create and increase collaboration between companies and sectors [13, 35]. Manufacturers
have limitations when guaranteeing products longevity, because it is related to the design itself [46],
thus, there are bigger forces that need to act for fashion longevity, circularity, and sustainability. The
inevitable implementation of EPR within the fashion industry gives companies the opportunity to
rethink their business model.

Circular Business Models (CBMs) seek to ensure that systems and services retain resources for the
longest possible duration [47] and reduce the number of products made while maintaining the value
of the ones already existing [48]. They show how resources efficiency is increased, and the
environmental footprint is reduced [35]. There are distinct types of businesses models: for example,
Tura and Laukkanen [46] discuss specifically Sharing Economy Business Models (SEBMs) with
practices like gifting, lending, sharing, swapping, renting, leasing, and second-hand. Although
environmental impacts for producing added items may be decreased, the impacts of logistic, shipping
and take-back may rise [49]. Outside the sharing concept, within the fashion industry also exists
repairing and recycling (up and down) business models. Collection and recycling are expected to
increase in the EU with the adoption of the Directive 2018/851 EU for separate collection of textile
waste to ensure its re-use from 2025.

Next, take-back and warranty programs are designed to increase the length of product life and to
reduce landfill waste [50]. Take-back models can be brand-selective or unselective, also, they can be
operated by the brand itself or by third parties [49]. For example, the company PVH has a take-back
pilot program to repurpose post-consumer clothing with different options like product repair, resale,
downcycling, or chemical recycling opportunities [51]. On the other hand, H&M has a program as a
service provided by a third party [52], that manages collection and coordination to complete the
sorting process in three distinct categories, rewear, reuse and recycle [53]. The company responsible
for this is SOEX I:CO, with headquarters in Berlin. They have two sorting facilities that focus on the
waste hierarchy: prevention, reuse, preparation for reuse, recycling, recovery, and disposal [54].

Big companies have the capacity to implement programs for post-consumers’ garments, like re-
commerce, rental, and reuse. It is imperative that these big forces collaborate and create partnerships
with small and medium enterprises with different business models. According to the analysis made
by Dragomir and Dumitru [51], big companies like VFC, H&M and Inditex have donated millions of
EUR and collaborated with multiple NGOs to work around collection and reuse of clothing. Also,
they have the economic means to fund research on, for example, textile re(up)cyling, as Inditex did
in 2020, investing 3.5 million USD. These initiatives show that large companies can implement EPR
in their business models.

Digital platforms are stronger than ever, especially after Covid lockdown, becoming highly relevant
for e-commerce and the life extension of used clothing. Two Lithuanian companies have implemented
CBMs: Vinted, Giver Tag and Looptex. Founded in 2008, Vinted has expanded all around Europe
and even to United States. This is a C2C marketplace, where users can sell and buy not only clothes,
but different second-hand items [55]. Used garments are becoming more popular, as demonstrated by
the French case, where the platform generates the highest volume of income in the country, surpassing
two big actors like Amazon and Kiabi [56]. On the other hand, Giver Tag not only focuses on online
exchanges, but on physical events, where people gather to swap their wardrobes [57]. This platform
has been released recently but has the potential to promote longer life use for clothing, indicating the
savings of environmental impact based on the swapping.
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A good example of how different CBMs can work together in Lithuania is Looptex [58]. This is a
digital platform with fashion solutions, from the purchase of second-hand items to repair services.
Looptex has integrated stakeholders in a collaborative network to maximize the use and value of
clothing. As shown in Fig. 7, there are different actors and services working simultaneously to ensure
a circular economy within the fashion industry. By providing repair services or a website to buy and
sell, this company, which is not related to the design phase, ensures the longevity extension of fashion
apparel in the country.
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Fig. 7. Looptex business structure [58]

2.4. Research gap

Claxton et al. [59] conducted a practical study to evaluate design for longevity in clothing products
and create a protocol to evaluate this aspect related to laundry habits by consumers. On the other
hand, Gwilt and Pal [60] performed experimental works to extend garments’ longevity through two
specific strategies: modularity and incremental aspects (referring to micro-design elements that can
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be added to the garments; this strategy is very related to the principle of versatility). These two show
two different approaches to facing the same object: the extension of clothing longevity.

On the other hand, Luo, Wu and Ding [61] confirm the difficulties to perform an LCA with a cradle-
to-grave scope because it is challenging to estimate the total number of wears, since this variable
depends on many factors like the material properties, the use, and care from the consumer. Here it is
important to highlight that many studies assume there is only one consumer that has specific laundry
habits. There are some authors that consider the reuse or repair within their analysis, but it is
imperative to keep exploring the environmental impacts of these actions, because there is a potential
reduction in environmental pressures due to the minimization of purchases and resources use. Also,
the processes in the use phase, defined by the system boundaries, vary notably according to the
purpose of the study and the conditions under which the research is conducted [61]. Thus, doing
comparative analysis among studies becomes a more challenging task for researchers and
organizations.

At first instance, this work focuses on strategies for longevity extension in clothing and their influence
on the environmental impact through its life cycle. To assess that impact, LCA is performed
considering all stages, from raw material to EoL. While researchers generally agree that the use phase
is the most environmentally impactful, this conclusion is largely based on theoretical data and
assumptions. In practice, tracking consumer behavior, such as laundry frequency or garment reuse
(and reuse), is extremely challenging. As a result, the actual impact of the use phase remains partially
underexplored, highlighting the need to gather more empirical data on this stage.

An outstanding study by Klepp, Laitala, and Wiedemann [47] aims to establish functional units of
clothing lifespan for LCAs. They focus on what to measure and how to measure it. First, they establish
that lifespans can be measured in four ways: number of uses, years, number of users and number of
cleaning cycles. Among the methods for measuring are surveys, qualitative interviews, and wardrobe
studies. They prove through a wardrobe survey how different values of units vary depending on the
type of garment and whether intensive or extensive wear. This research is a good example of how the
gap during the use phase is attempted to be filled.

Nevertheless, there is not a specific study mentioning how to track the lifespan of a product once the
user has purchased it. Experts have put their efforts into mapping how many tons are sold and
discarded every year, but there is no data about how long a specific product functions after its
purchase until its final disposal. Evaluating the number of units of items that are reused or discarded
every year is crucial to better know what type of garments are discarded first and why, and in the
same way, to work in different strategies to extend life span and prevent premature disposal. Fig. 8
shows the current and ideal scenario for clothing traceability. Now, data availability is regarding how
many tons of products are sold and discarded each year, but it does not mean the purchased items are
the same discarded. Then, in the ideal scenario, with improved traceability mechanisms, allow to
know how many products and which type are bought and discarded each year, and to estimate how
long each garment is used.
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Fig. 9 exhibits the traceability differences between upstream and downstream stages. Producers have
detailed records of their supply chains and environmental impacts during manufacturing processes.
However, when it comes to stages after the purchase, there is uncertainty about the use phase and the
EoL path, making assumptions based on theoretical information or surveys that can be biased or not
wide enough.
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Fig. 9. Gap in the downstream traceability for clothing

Far from longevity extension, Dani, and Shabiimam [62] have a clear example of LCA for viscose
fabric, with a gate-to-gate scope, but Bianco et al. [63] have an LCA with cradle-to-gate scope. These
two scopes are the most common ones for LCAs, since it is difficult to trace the end of life of specific
products and there is no exact data that can be analyzed, even though that is commonly known the
main options that textiles go through at the end of life, as incineration. This is the reason increasing
downstream traceability of textiles is key to understanding gaps regarding the circularity of
clothing and how they can be fulfilled with potential strategies for longevity extension.
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3. Methodology
3.1. Methodology flow

The necessity of research on the topic of longevity extension comes from the updated EU Regulation
about Ecodesign in various products. Considering the large environmental impacts of the textile and
clothing industry, this needs to be reviewed carefully regarding upcoming sustainability requirements
and how they are implemented in manufacturing. Fig. 10 shows the flow research stages.
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Fig. 10. Research design

The literature review is conducted on Ecodesign, Circular Economy, Traceability, and sustainability
practices during manufacturing processes of fashion products. The main Database used is Scopus,
using filters for the year (from 2020 until 2025, mainly) and key words such “Ecodesign”,
“sustainability”, “longevity”, “durability”, “extension”, “clothing”, “textiles”, among others. Other
reports made by NGOs and companies are equally important to understand tendencies throughout the
years in the fashion industry. Most of the reviewed articles are focused on the EU or European

countries.

After the research gap is identified, the specific research question, aim and objectives are established,
focusing specially on strategies to extend the use of fashion products. From this, two paths are
followed: a qualitative approach, with interviews and a quantitative one, based on an LCA. From the
literature review and interviews comes the need to proof how the strategies for longevity extension
influence the environmental impacts in the life cycle of garment, and this is the reason the LCA is
performed after gathering all the theoretical information. Finally, results are discussed, providing
recommendations and future opportunities to fulfill this gap.

3.2. Interviews

After having a theoretical framework, semi-structured interviews are designed to collect data about
strategies and challenges for the design of long-lasting fashion products and implementation of
sustainable strategies. The target groups for interviews are experts in the textile field, professors from
KTU Fashion Engineering program, listed in Table 2. For each expert, general and special questions
are formulated, depending on their field of knowledge (see Appendix 1 for specific questions).
General questions are about their experience in the textile industry and how they perceive durability
through the value chain. Specific questions are related to quality of materials, standards for quality
evaluation, mechanical properties of fabrics and confection, and consumers’ education.

The interviews are conducted during March and April of 2025 during sessions of 30 minutes each.
Every session is recorded and transcribed automatically with the consent of the interviewers. The
consent form template can be found in Appendix 2. It is pertinent to notice here that the interviews
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have been done during the early stages of this study, thus the questions are oriented mainly to
Ecodesign strategies for producers.

Table 2. List of interviewers

No. Code Name Description

1 El dr. Daiva Mikucioniené¢ | Vice-Dean for Research, Professor and Researcher in the Faculty of
Mechanical Engineering and Design, KTU.

2 E2 dr. Erika Adomavicitité | Associate Professor and Researcher in the Faculty of Mechanical
Engineering and Design, KTU.

3 E3 dr. Jurgita Domskiené Associate Professor and Head of Study Programs in the Faculty of
Mechanical Engineering and Design, KTU.

4 E4 dr. Vaida Jonaitiené Associate Professor in the Faculty of Mechanical Engineering and
Design, KTU.

5 D1 dr. Kestutis Lekeckas Professor in the Faculty of Mechanical Engineering and Design, KTU.

6 S1 Rasa Virbicke Doctoral student at the Institute of Environmental Engineering.
Research in the field of non-traditional yarns and fabrics for
sustainable textiles, KTU.

7 S2 Agné Juciené Doctoral student at the Institute of Environmental Engineering.
Research in the field of sustainable resource management in circular
systems, KTU.

8 Cl Reda Siudikiené Quality manager at Omniteksas.

9 C2 Mantas Naulickas Purchasing and Warehouse manager at a textile company (title is
confidential).

3.3. Life Cycle Assessment

An LCA using SimaPro is the chosen method to evaluate and compare how different strategies of
longevity extension alter the environmental impacts of the life cycle of garments. The life cycle refers
to the consecutive and interconnected stages of a product system, including raw materials extraction
to final disposal [64]. LCA can be comprehended as a method to evaluate and manage environmental
impacts associated with goods or services. The first time the ISO incorporated LCA 1is in 1997 with
the Standard ISO 14040 Environmental Management — Life cycle assessment among other norms that
have been summarized in the most recent version of 2006.

Although this methodology has been standardized in the 1990s, it began around the 1960s with the
name of Resource and Environmental Profile Analysis (REPA) or Ecobalances. These methods are
based on the inventory of materials, energy, emissions, and waste. However, data has become more
complex, and it has been needed to summarize it in potential environmental impacts. At the same
time, databases like Ecolnvent and software like SimaPro, GaBi or OpenLCA are born to manage
and calculate these impacts [65].

According to ISO 14040, there are four study stages: goal and scope definition, where it is included
the system boundaries; the inventory analysis, which is the inputs and outputs data related to the
system; the impact assessment, that provides additional information to evaluate results from the
inventory and understand the environmental performance of products or services; and interpretation,
where results are summarized and analyzed, to come to conclusion or recommendations, according
to the goals stipulated (Fig. 11) [64].
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After the literature review, strategies for longevity extension and the gap in the traceability of
clothing’ use phase are identified. An LCA is chosen to evaluate the potential environmental impacts
that clothes really have during their life use. LCA is a key tool withing the ESPR since Ecodesign is
based on the environmental performance through life cycles stages. LCA allows identifying hotspots
or key points, promoting designers and producers to improve the product design and reduce those
pressures. It is an essential element for decision making when thinking about the materials, processes
and the expected product life span [66, 67].

3.3.1. Goal and scope

Goal: to compare the environmental impact of different use scenarios for a polyester dress, based on
strategies for longevity extension, in Lithuania.

Polyester has been selected as the material of study because most textile LCAs focus on cotton, and
further insights and comparisons involving PET are needed [68, 69]. Also, the estimated data needed
for the LCA of a polyester drees has been gathered by Sandin et al. [70] for the environmental
assessment of Swedish clothing, which has been used in this study, considering the geographical and
socio-economical similarities with Lithuania.

Different scenarios are performed to make the comparisons, considering the main stages of the life
cycle for the dress. The purpose is, not only to evaluate different paths of reuse, but also how different
raw materials, manufacturing processes and distributions can alter the environmental impacts through
the value chain. The data available from literature describes the manufacturing process of a polyester
dress based on fast-fashion models and virgin PET. To make a comparison with “sustainable
manufacturing” and other types of PETs, an additional literature review has been necessary to
estimate how much is the difference between alternatives. The stages of first use, collection sorting
and second use are modeled in the software, with collected data. The specification of each scenario
is described below.

Functional unit: one new polyester dress (0.478 kg) used twenty-six times, with 8.7 laundry cycles
[70].
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System boundaries: Cradle-to-grave: raw material extraction, production, distribution and retail, use
and EoL.

Data and software: SimaPro 9.5 is used, which has Ecolnvent databases included. The data used for
the baseline is based on the research made by JucCiené et al. [71]. However, their scope only includes
raw material extraction, production, distribution and retail, first use, and EoL, being the first use
considered as 19.4 laundry cycles. Hence, data has been modified to correspond to 8.7 laundry cycles.
Additionally, in the baseline, collection and sorting stages have been added in this study. Further data
for inputs has been collected from scientific literature and/or estimated based on empirical
information. Interview with S2 is particularly important in data collection for the LCAs, because more
information is considered besides the one disclosed in the published study [71]. Detailed information
for inputs can be found in Appendix 3.

Impact categories from the ReCiPe2016 method in midpoints [72]: according to the LCA performed,
these are the most significant impacts among the eighteen categories the method use.

e Global warming (kg CO2 eq): it measures greenhouse gases emission, and it is the main
indicator of environmental impact, it is used for the Carbon footprint.
e Freshwater and marine ecotoxicity, and Human toxicity (carcinogenic and non-carcinogenic)
(1.4-DCB eq): they consider the environmental persistence, accumulation in the human food
chain and toxicity of a chemical. These are selected due to the high number of chemical
substances involved in the life cycle, especially considering global datasets are used, like
energy sources.
Fossil resource scarcity (kg oil-eq): it is the relation between the energy content of fossil
resource and the energy content of crude oil. It is selected due to the intensive energy-use
activities involved in the life cycle of clothing, especially when global datasets are used.
Water consumption (m?): it measures the water that has been incorporated into products,
transferred to watersheds, evaporated or disposed into the sea. It is selected because of the
intensive water-use activities involved in the life cycle of clothing.

Categories have been characterized and normalized in the software and then weighted separately
using the weighting scores proposed by Sala et al. [73]. These scores (Table 3) are selected because
this approach focuses on the Environmental Footprint method suggested by the European
Commission. These factors have been identified after workshops with experts and a literature review
about various weighting approaches.

Table 3. Weighting factors used for the single score [73]

Impact category Final weighting factors (%)
Climate change 21.06

Human toxicity, cancer effects 2.13

Human toxicity, non-cancer effects 1.84

Ecotoxicity freshwater 1.92

Water use 8.51

Resource use, fossils 8.32

The system shown in Fig. 12 considers a general picture of all scenarios for the use phase. The main
raw material is polyester from PET. The manufacturing process includes melt-spinning of PET fiber,
yarn production, fabric production, and confection. The manufacturing process is assumed to be done
outside Lithuania, considering the data used by Sandin et al. [70]. Generally, LCAs for clothing
consider reuse as one option for EoL. With this approach, reuse is a strategy to extend the life use,
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thus, it is part of the use phase. The use phase includes washing, machine drying and ironing. EoL is
the stage when the product no longer fulfills its original function, for example, it is recycled to other
fibers, downcycled or incinerated. For this study EoL can be done in the country or outside.
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Fig. 12. General system boundaries for LCA
3.3.2.Inventory and scenarios

Base line — Local EoL (BL)

World Lithuania

Raw materials F[ Manufacturing ]»» Distributtiqln and First use
retail

Collection via Sorting Incineration
containers

Fig. 13. Flow chart for the baseline scenario

The starting point is an LCA that estimates the environmental impacts of one kilogram of new fabrics
(Fig. 13). In this case, only polyester is considered, in this case, from virgin PET. This analysis only
includes washing, drying, ironing and partial transportation during the use phase, plus incineration as
EoL. Based on Sandin et al [70], it is assumed that a dress is used 26 times by the first user and
washed 8.7 times. One laundry cycle considers washing, drying, and ironing. It is important to notice
that the information is based on H&M data that the author includes for the study. To this research,
H&M is considered a fast-fashion model regarding manufacturing practices. Therefore, Li et al. [74]
state that fast-fashion brands are eleven times more impactful than traditional companies.

Scenario 0 — Export EoL

World Lithuania

Raw materials Manufacturing ,.| Distribution and First use Collection and b Export
retail sorting

Fig. 14. Material flow for scenario 0
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Pakistan is chosen as the destination of export, considering that it is the country that imports the most
used clothing from Lithuania [75]. However, for this study, landfilling is the EoL due to the
uncertainty of how really textiles are managed in this country [76] (Fig. 14).

Scenario 1 — Container collection (S1-2U)

World Lithuania

Raw materials }—»‘ Manufacturing J»» Distributtiqln and
retai

Collection via Sorting Local reuse -
containers physical

Fig. 15. Material flow for scenario 1

This scenario, shown in Fig. 15, considers a fast-fashion manufacturer with rPET. The inventory is
the same for raw materials, manufacturing, distribution and first use as the base line. However, based
on Fidan et al. [69], a fabric made with rPET can be 32.45% less impactful than virgin PET. So, this
is the environmental impact reduction considered for raw materials in this situation. After the dress
is used 26 times, it is discarded through the textile containers available in the cities. After the
collection and sorting, 88% of clothing is prepared for reuse and the rest is incinerated [77]. In this
study, local reused is selected, which includes 13 uses. In SimaPro, collection includes the transport
and the sorting process.

Scenario 2 — Boxes collection (S2-2U and S2-B2C)

boxes

World Lithuania
Local reuse -
—— - - physical
Raw materials }—»l Manufacturing }»» D'Smb“t“‘?ln and First use Collection via ]—»[ Sorting
retai
Local reuse - B2C

Fig. 16. Material flow for scenario 2

Fig. 16 shows a similar flow to scenario 1. It is also considered a fast fashion model with rPET, and
with 26 uses by the first user. However, the discard is through special boxes, following the business
model of Looptex (explained in section 4.2). This company prioritizes local reuse and keeping the
product value within the country. After clothing is collected, it is washed, and repaired, if needed. In
this case, it is assumed that there are two alternatives after maintenance: local repurchase, which can
be done via the physical store or the website. In SimaPro, physical reuse includes user transport, while
B2C reuse includes delivery with an average distance between Vilnius and four other cities (Kaunas,
Klaipeda, Siauliai and Panevézys).
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Scenario 3 — Digital C2C (S3-C2C)

World Lithuania

Raw materials }_.{ Manufacturing Distributtic_)ln and l First use }»,‘ Delivery (app) ]—»{ Local reuse
retai

Fig. 17. Material flow for scenario 3

In scenario 3 from Fig. 17, the raw material is fiber-to-fiber recycled polyester, and the manufacturing
process is more traditional or sustainable. Thus, the materials represent 73% less impact [78], while
the production is eleven times less impactful than fast fashion [74]. The distribution and the first use
remain the same as previous scenarios. Here, there is no collection by a third party, since there is
direct delivery to the second user, considering it is sold on a digital platform like Vinted.

Scenario 4 — Swapping (S4-swapp)

EU Lithuania

Raw materials Manufacturing }—p‘ First use (with repair) }»;

Swapping }—>‘ Local reuse

Fig. 18. Material flow for scenario 4

This scenario, in Fig. 18, considers a local customized process to manufacture the dress. Raw
materials represent 15% less impact because of shorter supply chains [79]. While the manufacturing
process is the same, there is no distribution since the user goes directly to the physical studio. Here it
is assumed that the manufacturing process is higher quality than fast fashion, thus it has a higher
price. With these conditions, the consumer wants to keep the garment as long as possible, and it is
used 52 times and repaired once. This includes the transport and repair process. After, it is swapped
directly with another person, who uses it 26 times.

For scenarios from 1 to 4, EoL is not considered because after the second use, because the dress may
be reused again through one of the alternatives shown here. This cycle can repeat a certain number of
times, but there is no certainty, since there is no data available. In Table 4, there is a summary of
scenarios showing the main differences between them.
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Table 4. Main differences in the baseline and each scenario

Scenario Materials | Manufacturing | Distribution | First Collection | Sorting Second
and retail use use/EoL
Baseline Virgin Fast fashion International | 26 uses | Container Regular Incineration as
(BS) PET haul EoL
Scenario 0 | Virgin Fast fashion International | 26 uses | Container Regular Export and
(S0) PET haul landfilling
Scenario 1 | rPET Fast fashion International | 26 uses | Container Regular 13 uses,
(S1-20) 32.45% haul purchased
less physically
impactful
Scenario 2 | rPET Fast fashion International | 26 uses | Boxes With 13 uses,
(S2-20) 32.45% haul industrial | purchased
less washing | physically
impactful
Scenario 2 | rPET Fast fashion International | 26 uses | Boxes With 13 uses,
(52-B2C) 32.45% haul industrial | purchased
less washing website
impactful
Scenario 3 | Fiber-to- Sustainable International | 26 uses | N.A. N.A. 13 uses,
(S3-C2C) fiber manufacturing, | haul purchased app
recycled 11 times less
PET impactful than
73% less fast fashion
impactful
Scenario 4 | Local Sustainable N.A. 52 uses | N.A. N.A. 26 uses, direct
(S4-swapp) | virgin manufacturing, and swapping
PET 11 times less repair
15% less impactful than
impactful | fast fashion
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4. Results and analysis
4.1. Interviews discussion

The following two sections disclose the responses from eight interviewers (without S2) and their
analysis supported with the literature review.

4.1.1. Two-way responsibility: producers and consumers

For the question “What is the percentage of responsibility producers and consumers share when
ensuring clothing longevity?” fifty-fifty is the general response of interviewers. One of the aims of
this work is to understand the role of designers and manufacturers when implementing Ecodesign
strategies for product longevity. However, during these interviews and the literature review it has
become evident that consumers have a significant role in ensuring a long lifespan of apparels.

In the first instance, the main aspect of textile longevity is the physical durability of materials and
confection, which is well known among the field, and it is standardized for its evaluation. However,
when it comes to other features, like classic designs or reusability, it is difficult to measure those with
numerical means. Considering that at least half of the lifespan of garments depends on consumers, it
is relevant to develop methods to measure these characteristics. Thus, more questions are generated:
what criteria can be used to compare two designs and determine if one is more long-lasting than the
other considering more aspects besides physical durability?

Manufacturing companies ensure physical durability of their products by choosing high-quality
materials and technological processes for confectionery. For example, E1 focuses more on the
importance of mechanical properties and technologies for manufacturing processes, and as E2
mentions too, designers and manufacturers are familiar with the ISO norms (Table 5) to assess
durability and quality properties.

Table 5. Most common standards for durability assessment [80]
Durability characteristics Standard used

Tensile strength: maximum stress fabrics can manage without breaking, elongation | ISO 13934-1,2
and elastic recovery.

Tear strength: The tear strength indicates the force needed to propagate a ISO 13937-1,2,3,4
previously started tear in a fabric.

Bursting strength: measure of the tensile strength and extensibility of knitted and ISO 13938-1, 2
elastic fabric.

Seam strength: maximum force application needed to break sewn seams. ISO 13935
(“Fundamental textile testing: Mechanical and physical tests”)

Seam slippage: exposing seams to strong forces and assessing the ease of yarn ISO 13936 1,2,3
distortion in the fabric.

Abrasion resistance: the resistance to wear and holes, caused by rubbing during ISO 12947-2 (2016)
use.

Pilling is the formation of small knots on the surface of fabrics caused by wear and ISO 12945-1,2,3
rubbing. Different test methods may be used.

Dimension stability is a measure of how textiles change in length and width after ISO 5077
being washed and dried.
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Color fastness properties: evaluate a material’s color resistance against fading or List of ISOs 105
staining under certain conditions or treatments.

The main outcome from the interviews with C1 and C2 is their business models and the approach
they have towards clothing. Even though Omniteksas also offers services to produce fashion products,
their main market is workwear and sportwear. C2’s company also focuses mainly on workwear and
official uniforms for governmental institutions. Considering this, both have design specifications
from clients they must comply with and follow their quality expectations. When it comes to this
precise type of garment, standards and requirements are well established by clients, because they need
to fulfill a specific function. This illustrates how “brands” can demand high quality services and
materials from their suppliers. However, in the fashion industry, this is not always the case because,
sometimes, companies choose to attract consumers’ attention with competitive prices over durability
or sustainability.

On the other hand, brands have the responsibility to add or to create emotional attachment through
their designs: the shape, colors, or logos they decide to implement. As stated by C1 and C2 during
the interviews, clients have the final decision on design matters, and they only comply as service
providers. Also, it is important to add symbols to build relationships between, for example, the
consumer and their heritage.

E3 mentions how Fashion forecasting plays a crucial part in garments longevity: forecasting months
before with innovative designs and fabrics may lead to an incorrect approach for the current market,
causing many products not to be sold. ZARA s example, from INDETEX, they have the capability to
collect and analyze vast amounts of data to renew their designs every two weeks [81]. Social media
and artificial intelligence also have a crucial role in this task currently.

Sustainability and circular strategies are becoming increasingly important in manufacturing processes
but implementing these may be harder than expected. E3 states this is a long discussion due to its
complexity, but specifically talking from a business perspective, it is not easy since these strategies
mean to consider consumers’ intentions and to study if they are ready for these new products with
new prices. Interviews made to experts in Europe and Australia confirm this statement, who claim
that consumers prefer good looking garments over sustainable garments because they are driven by
fast fashion tendencies and brands are indecisive about whether to charge more for their products in
order to implement design features that increase quality and durability [82-84].

De Aguiar Hugo, De Nadae and Da Silva Lima [85] point out the current circular actions that
companies have implemented so far, dividing them into three categories: reduce (raw materials,
resources, chemical substances, consumption), reuse (raw material, resources and clothing) and
recycling (mechanical and chemical). From this point of view, it is clearer to understand the main
challenges found in their research. Challenges are divided into five main categories: market/economic
(organizational and lack of importance in the design phase), institutional (lack of support to
implement “ecological solutions”), social/cultural (fast fashion and lack of attention in second-hand
clothing), technological, and stakeholders (difficulty of having a sustainable supply chain).

From their literature review about the obstacles in the fashion industry, Abdelmeguid, Afy-Shararah
and Salonitis [86] divide their study into two main parts: hard and soft aspects. Firstly, the hard aspects
are Business Model Innovation (BMI), related to how fast fashion has overridden the market and sets
the standards for other elements as resource efficiency, circular design, product life extension and
end-of-life circularity; regulatory pressures, where it also mentioned the lack of government support
and lack of strict regulations to implement circularity principles in the industry; stakeholders’
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pressures, as mentioned above, it is the necessity to align all the supply chain actors in the context of
circular economy; and financial pressures, meaning the difficulty of having support for long-term
returns such as circular business, because they are not “’profitable”.

Regarding the soft aspects, Abdelmeguid, Afy-Shararah and Salonitis [86] mention the Green
Intellectual Capital, divided also in three sub-categories: green human capital (GHC), referring to the
lack of knowledge, skills and resources, like time or money; green structural capital (GSC), as the
lack of circular economy principles embedded in the organizational culture and resistance to change;
and green relational capital (GRC), as the lack of collaboration and trust among brands, retailers and
supply chain stakeholders. Finally, the second soft aspect is Customer-related issues, such as the
difficulty of communicating to consumers, the importance of circular economy initiatives and
managing behaviors outside companies.

Fast fashion is a remarkably successful business that takes years to replace while new business models
and economic systems are built. As part of practical research, looking into the sustainability reports
of different large apparel companies worldwide, Dragomir and Dumitru [51] find that the emphasis
on durability differed from the fast fashion business model but supports the companies’ goal of
minimizing their environmental impact across the entire value chain. As a result, companies aim to
extend the lifespan of garments by collecting second-hand clothes, cleaning, repairing, reselling, or
renting them.

There are studies that compile information about how companies and designers are facing upcoming
challenges to adapt to more sustainable products and migrate from a linear to a circular economy.
Companies which have sufficient capacity can calculate their carbon emissions and perform LCAs,
facilitating their adaptation to circular practices. Some brands focus more on durability than using
natural fibers, mono-materials, or biologically circular materials, because there are no alternative
resources for specific products, like winter jackets, which need unique quality requirements. Thus,
they expect the recycling of mixed fiber to develop further. Others may implement adaptive design
strategies to extend their life use, like an extra seam to the waistbands, arms, or legs; or incorporate
permanent collections, meaning, timeless designs that can be worn at any time or season [82-84, 87-
89].

Karell and Niiniméki [84] confirmed that participant companies in their study have product longevity
as the most important approach, focusing in two discussions: technical longevity (select high-quality
materials, product structure and reparability) and aesthetics (timeless designs). However, designers
may feel restricted by companies’ values and operations, and it might be difficult for them to
implement sustainability into their designs. Designers are advised what material and process to use,
and they lack major influence in design strategies or sourcing processes, because most of the time
these decisions come from the directives [84, 88].

Despite all the effort large companies put into their brands, small companies have more difficulties
implementing circular strategies such as measuring emissions, testing products or implementing
recycling programs, because they lack time, resources, or capacities to do so. When it comes to
prioritization, small and medium enterprises cannot comply with eco-innovations [82, 84, 90, 91].
Small companies implement durable designs attached to their brand ethos, while larger enterprises
can focus on physical and technical durability [88].

In the second instance, it is needed to identify new consumers’ behaviors towards clothing and
sustainability, considering that the EU Strategy for Sustainable and Circular Textiles emphasizes user
education and awareness. Extending the lifespan of clothing is not only the responsibility of brands
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during the design phase; it also depends on consumers and how garments are used and cared for.
Extending longevity of textiles is crucial to reducing fast fashion and consumer culture. Customers
can enhance garments’ circularity by boosting their active lifespan by following maintenance and
repair guides, for example. Many brands opt to publish care instructions on their websites, focusing
on, for instance, water use in cleaning. To disclose this information, brands may employ blogs, social
media, labels, and catalogs [51]. The next step is to evaluate how much consumers follow these
guidelines.

A Lithuanian example is the brand LeKeckas by Kestutis Lekeckas, characterized to create tailored
suits for man with scrap of high-quality fabrics. Even though they work with excellent materials, D1
remarks on the importance of the buyer’s care with the products. They are provided with care
instructions and repair services, but it is completely up to them if they let the suits “reshape” after
each use, as D1 mentions, this is one of the main strategies to guarantee the product’s durability.

El and E3 highlight the importance of new generations being more aware of climate change and
sustainability. Changing consumers’ behavior is vital. People are more aware of this situation because
information is easier to access than before. However, digitalization and information can be a double-
edged sword because sustainability must not be seen as a temporary trend, but an actual and
established parameter in our daily lives.

Particularly, a report made by the NGO WRAP reveals essential information about how United
Kingdom consumers practices can reduce the ecological footprint of textiles use. For example,
extending the active use of clothing by an additional nine months could lead to a reduction in carbon
emissions, waste, and water use by 20-30% for each of these environmental impacts [92]. Besides
the known practices for producers, the report shares that washing clothes less often (10% less),
washing at a lower temperature (from 46°C to 39°C), using larger loads (0.3 kg more) and tumble-
drying less in summertime (30%) can cut the carbon footprint by 7% [92]. Also, life extension by
reuse and better practices for production and fiber choice can have a significant impact on decreasing
ecological footprints, as shown in Fig. 19.

Carbon footprint saving
Water footprint saving
Waste footprint saving

Potential reduction (%)

Production and Life extension Laundry Re-use and
fibre choice recycling

Fig. 19. Projected reductions in carbon, water and waste footprints based on implementing good practice [92]

35



The report made by Cooper et al. [93] covers exhaustive work with different methods to analyze
design for longevity in garments. This study includes interviews with the industry representatives to
understand their point of view regarding design for clothing longevity and focus groups with
consumers to comprehend their perspective about products lifespan and their behavior. Their general
findings are that consumers lack knowledge of how to make clothing last longer: take care of labels,
repair or recycle products. Also, consumers are not aware of efficient or sustainable laundry habits,
and they may vary depending on habits, traditions or priorities like time, energy, or water. However,
consumers are open to having more education and information about clothing care.

An additional important finding is the relation between quality and the brand image that consumers
have. This presents an opportunity that product developers must seize to ensure they meet consumers’
expectations and enhance their product quality, durability, ease of care and aesthetics [93]. Wakes et
al. [94] confirm through a survey that respondents expect higher-priced products to have a better
quality than others and they expect to wear them more often than lower-priced garments. Also, they
prove a direct relation between the price and the likeliness to read care labels and follow the
instructions after purchase. However, there is still a sizable portion of respondents who do not follow
these after the first wash.

The survey conducted by McNeill et al. [44] reveals that consumers’ high sensitivity to fashion trends
is the main motivator for purchasing and disposing of a considerable number of garments. However,
emotional connection may increase the time they own products and might encourage them to repair
their clothes. Thus, the authors suggest that creating this connection between products and consumers
may change disposal behavior even more effectively than fashion itself and emphasize the importance
of “providing support for garment maintenance (such as repair or modification upskilling)” [44,
p.367].

After reviewing 217 articles, Schiaroli, Fraccascia and Dangelico [95] focus on different topics: the
“pre-purchase” phase, meaning the intention to buy and everything involved before using the product;
the use phase; and the post-use phase. Specifically talking about continuing wearing, the authors
confirm that consumers are pressured by social factors and fashion trends to update their wardrobes
very often. Regarding laundry practices in the use phase, it is stated that consumers prefer elevated
temperatures and specific washing frequencies, due to habits. However, these practices vary
depending on the garment type: for example, underwear and sportswear are washed more frequently
due to the detection of strong odor, compared to jeans or sweaters.

Another important aspect for consumers to discard or replace an item is repairing, since most people
lack these skills, they cannot do it themselves, and repair services are even more expensive than
purchasing a new product. Once again, the emotional connection to a specific garment can be a
motivator for the consumer to get it repaired [95]. Additionally, the third aspect of the use phase is
the concept of clothing as a shared service, where many barriers and drivers are explained to be part
of a collaborative fashion consumption network.

A third actor needs to come in place, and it is Governments / regional authorities. As E3 remarks,
even though there are plenty of guidelines and methods created by different organizations, companies
are still not sure how to implement Ecodesign requirements, for example the DPP as one of these.
Coscieme et al. also mention the importance of policies to target design choices by “defining quality
requirements and increasing taxation on less durable products” [49, p. 455].

Directives and Regulations, at least in the EU, need to specify what is a product of high quality and
what are the values for those parameters that are expected to be met. In the latest communication from
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the European Commission [96], the working plan for Ecodesign for sustainable products is
established, putting Textiles/Apparel in the first place of priority and recognizing the need to set
Ecodesign requirements about product performance and product information (DPP) through
delegated acts within the next five years.

Another key element in the EU strategy for sustainable and circular textiles is banning the destruction
of unsold or returned textiles and restricting the export of textile waste. The destruction itself is
already highly impactful, not only for the environment, but also for communities where products
become waste and are incinerated in open air, releasing toxic substances without filtering [97].
Moreover, this practice just keeps encouraging producers to maintain the fast fashion model and
consumerism culture. Fig. 20 shows the product flows for returned items, and even when there is an
attempt to slow down, at the end, clothing is destroyed by incineration, recycling, or landfilling. For
this reason, prohibiting the destruction of unsold or returned products can encourage brands to change
the way they design and manufacture their goods [98].
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Fig. 20. Product flows for returned and unsold textiles [97]

4.1.2. The importance of Hubs and Databases in innovative supply chains

Alternatively, E3 focused on the supply chain and the responsibility each actor has within the
production line. It is relevant to have an aligned understanding of sustainability in the fashion
industry, to share common goals and an agenda to be able to walk in the same direction and ensure
high quality and long-lasting products.

Dragomir and Dumitru [51] state that large fashion companies control and monitor their suppliers by
imposing circularity policies in manufacturing processes. For example, auditing quality standards,

37



implementing Codes of Conducts or demanding compliance with The Higg Index, which is a
framework based on five tools to measure sustainability performance (social and environmental) in
the apparel industry [99]. Once again, here it is visible how big enterprises have the capacity to choose
and demand from their suppliers align to their sustainability goals and implement managerial tools to
enhance their environmental performance in their supply chain.

Now, the previous might be particularly difficult for start-ups, small and medium enterprises, so they
need wider options regarding their suppliers. Digital hubs are modern directories that have the
potential to enhance, not only collaboration that is needed as mentioned above, but the access
alternative raw materials, supplies, designers, or collaborators. This is particularly important since
some brands might lack the knowledge to compare sustainability within varied materials because
available sources are not open for everyone or they want to access local suppliers with competitive
prices [84, 89].

An example of this is the Circular & Biobased Textiles Innovation Hub, by Textile ETP, that has
multiple options for learning, networking, collaborating, and sharing information about a great variety
of topics regarding circularity and alternative options in the textile industry [100]. Their high expertise
in the topic requires annual subscription, making it unavailable for many people. Other instances are
from NGO WRAP, which has an open-source database of over 200 textiles sorters, pre-processors,
recyclers, and yarn spinners in the UK and Europe; and The Solutions Directory by Sustain20, also
an open directory to find alternatives throughout the lifecycle of fashion products.

The study made by Cicconi [101] sets an example of how interactive platforms can boost
collaboration and the integration of sustainability practices during the design phase, considering the
whole supply chain, and closing the gap between different stakeholders like material developers,
researchers, designers, manufacturers and consumers. This is done in the context of creative
industries, but it can be easily replicated in other fields like the fashion industry. Hubs and databases
are not new ideas, but they are not spread enough, considering that every year there are more
researchers working on novelty materials and substances to replace traditional and polluting ones in
the fashion industry. Hubs can spread innovation for sustainable fashion and facilitate the expansion
and adoption of effective upcycling strategies [49].

An example of alternative material is the one provided by S1, a PhD candidate working on the
research of natural fibers for apparel products, which is chiengora or “dog wool”. S1 states this object
of study comes from the need to find more sustainable natural fibers for the fashion industry and the
opportunity to use “waste” from dogs” coat. In general terms, S1 confirms this alternative shows good
or even better performance compared to other fibers, and it is promising to be useful in the future as
a durable material for clothing.

When asked about the perception of producers and consumers about this type of fiber, S1 confirms
producers are more concerned about the quality itself, while consumers have mixed feelings: some
are positive about undercoat being used instead of thrown away, while others might find it
“disgusting”. Again, here is present the need to educate consumers regarding fashion trends and
alternative materials, as mentioned before.
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4.2. Life Cycle Assessment of longevity extension scenarios
4.2.1. LCA of baseline scenario (BL)

The LCA for the baseline, in Fig. 21, shows the most significant stages for the life cycle of one
polyester dress of 0.478 kg.
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Fig. 21. Characterized LCA results for the baseline scenario

Fabric production and garment confection have a significant weight in all categories because of these
are energy intensive activities and the electricity dataset selected: medium voltage, global, since it is
assumed all the manufacturing process is outside the country. This aligns with the results by Sandin
et al. [70], showing fiber production and confectioning as great contributors to the GWP and energy
use. The other important stage is the use phase, where the washing never weights more than 50% of
each impact, thus, drying and ironing are more intensive due to the Lithuanian energy mix. Even
though 42% of electricity generation comes from wind, followed by hydro with 17% and solar
photovoltaics with 11.5%, in 2023, 67.8% was imported [102]. The container collection is almost
insignificant, while the incineration is more visible in global warming, freshwater ecotoxicity and
marine ecotoxicity.

4.2.2.Scenario 0 — export

Since the baseline and scenario 0 are quite similar, the overall difference is not much. The biggest
reduction is less than 7% for marine ecotoxicity, as shown in Fig. 22. Incineration is slightly more
impactful than export and landfilling.

39



100

99 -

98 -

97 -

96 -

94 -

93 -

92 -

91 -

90 - T T
Global warming Freshwater ecotoxicity ~Marine ecotoxicity Human carcinogenic Human non- Fossil resource scarcity Water consumption
toxicity carcinogenic toxicity
Comparing 0.478 kg 'Baseline-EoL’ with 0.478 kg 'EoL-export’;
Method: ReCiPe 2016 Midpoint (H) V1.04 / World (2010) H / Characterization

M BL-incineration M SO-export

Fig. 22. Characterized comparison per category between the BL and SO

Because the only difference between the BL and S0 is EoL, Fig. 23 shows how local incineration and
export for landfilling behave. Export includes transport from Vilnius to Klaipeda (port) and from
Klaipeda to Pakistan by ship, and incineration itself. Even with the long-haul distance, export is still
less impactful than incineration because it only considers landfilling. Other alternatives like reuse and
incineration can be calculated as well for a more precise result. The EoL of clothing is outside the
scope of other scenarios, but it is important to notice this is the current tendency in the European
market, where a considerable percentage of used textiles is exported to countries in Africa and Asia,
making its fate highly uncertain [103].
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Fig. 23. Normalized comparison between local incineration and export for landfill
4.2.3. Comparison of scenarios 1 — 4

In these scenarios, different strategies for longevity extension are considered and the results vary
depending on them. It is important to notice that literature review and information gathered from
interviews function as a background and justification of why different variables are selected for each
scenario. Fig. 24 shows the comparison between the baseline and the five scenarios exposed here.
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Fig. 24. Characterized LCA results by impact category and scenario

At first sight, all scenarios are lower than the BL, proving that any type of reuse is less impactful than
purchasing a new garment. S1-2U, S2-2U, and S2-B2C have a similar behavior since raw materials
and manufacturing are the same. Minor differences arise due to specific processes like transport (lorry
7 tons vs lorry 32 tons) and the washing in both S2. This does not increase impacts much, because it
is assumed this is an industrial process that is more efficient than domestic washing.

The scenario with the least impactful performance is S3 with repurchase by a digital C2C platform,
with a reduction in every category of more than 50%. The impacts decrease significantly because of
the raw materials and the manufacturing process. As mentioned before, it is assumed that the fiber
production stage is 73% less damaging, while the manufacturing is eleven times less than in S1 and
S2, where the fast-fashion model persists. The biggest difference is in global warming, with a
reduction of 74.3%.

S2-B2C is slightly higher than S1-2U because of the additional process of industrial washing, but less
impactful than S2-2U, because physical purchase means consumers need to move by car or public
transportation, while online purchase is counted as the delivery transport and this magnitude is lower
than private vehicles.

According to Zamani, Sanding and Peters [104], environmental impacts are lower when the product
life use is longer (reused as many times as possible), when it is resold online and collected from pick-
up points (assuming that consumers go walking or biking). This is a similar scenario to S3, but it also
considers other sustainability strategies like lower-impact materials and cleaner manufacturing
processes. It explains why it is much more minor than S4.
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For S3-B2C and S3-C2C, it has been used the dataset for lorry 3.5-7 metric tons because there is no
data for electric delivery vehicles. If the electric passenger car dataset is used, this scenario is the
most impactful due to transportation.

Both S3 and S4 consider sustainable manufacturing but S4 with swapping is significantly higher
because of a more “intensive” use. However, the tailored dress with 52 laundry cycles has the same
impact and two dress with 26 cycles each. If it is assumed to be the same fraction of time for both
cases, only the first option generates more waste. Also, if all scenarios have the same raw materials,
manufacturing process and distribution, the main difference is in the use phase and EoL and, thus,
direct swapping is the best option to reduce the environmental impact of the garment. Sandin et al.
[70] prove how wearing twice any of the studied garments can reduce almost by half climate change,
energy use and water scarcity. In this study, only S4 contemplated doubling the number of wears, so
more comparisons can be made with other scenarios consider this variable as well. Also, they confirm
how a combination of different strategies through the whole life cycle can reduce the environmental
impact up to 78%, considering double use, solar-power production and walking to the store.

Fig. 25 below shows the single scores for each scenario, based on the weighting factors of Sala et al.
[73]. The most significant impact in all cases is Freshwater ecotoxicity, followed by the other
assessed toxicities. According to the data and the analysis of the program, this is due to the highly
intensive energy processes during the manufacturing, specifically, the fabric production and the
garment confectioning. Weighting highlights the large amount of chemicals used and released during
the life cycle and the need to rethink processes and the substances used in these. Since this aspect
weighs more than 50% in each scenario it is necessary to make a new revision in the inputs of the
data and the weighting scores used for this study, because the marine ecotoxicity is not included in
those. This approach has scores with and without toxicity categories (human toxicity and freshwater
ecotoxicity) because the Environmental Footprint (EF) method proposed by the EU do not consider
those categories robust enough to be communicated externally or aggregated in a single score. This
can be the reason why other ecotoxicity impacts from the ReCiPe method (marine and terrestrial) are
not included in the EF.
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Fig. 25. Weighted categories according to Sala et al. approach [73]

The study made by Trzepacz et al. [105], also selects collection, sorting and transportation to evaluate
the environmental impact of a reused polyester t-shirt (52 wears = 52 washing cycles) sold in Pakistan
compared to a new product made in Asia and sold in Pakistan. The sorting process includes allocation
for incineration and landfilling of “discarded” products, while EoL is divided between landfilling and
incineration equally. The environmental impacts only include Global Warming Potential (IPCC) and
User deprivation potential (deprivation-weighted water consumption) (AWARE). From the three
activities analyzed, international transport is the most impactful (0.0594 kg COz eq), followed by the
transport to sorting (0.023 kg COz eq) and finally the sorting itself (0.0033 kg CO- eq). Results from
this study also show higher environmental impact from the export process (0.595 kg COz eq) than
collection and sorting (0.0347 kg CO> eq).

On the other hand, Schmidt et al.[106] model 1 kg of polyester reused locally and internationally. The
first scenario considers incineration as EoL, while the second one considers landfilling. The finals
scores are presented in Person equivalent per ton. Regarding a qualitative comparison, both reuse in
the Nordic region and RoW are remarkably close, RoW being slightly more impactful. The difference
with this study relies on the fact there is no reuse in the BL and S0, while scenarios 1-4 do not have
EoL at all.

Horn et al. [68] demonstrate the environmental impact of a polyester t-shirt, considering two hundred
uses (150 washing cycles) and incineration as EoL for the base line. For the comparative scenarios,
the first one considers recycled PET as raw material, and the second one considers local reuse (four
hundred uses) with EoL. Local reuse decreases environmental impact by 18%, while using recycled
PET only 9%; logically, the reuse of an rPET polyester t-shirt is 27% less impactful than the baseline.
The most significant impacts are global warming and resource depletion, due to the fabric production
and the use phase, which is intensive because of the number of uses and the resources needed for
washing and drying. In this study, the reuse of the rPET polyester dress decreased the impact between
35 and 39%.
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Previous studies show how experts have been studying the life cycle of textiles and clothing in the
EU and abroad. Both Trzepacz et al. and Schmidt et al. consider varied materials and other EoL paths
such as recycling. However, it is difficult to find integral research that studies multiple variables
throughout the life cycle specifically regarding longevity extension. Even though Horn et al. [68],
contemplate different circular strategies, such as using rPET, reuse and recycling as EoL, and Zamani
et al. [104] consider various reuse scenarios, there is still missing research focusing on design
approaches and consumers’ behavior (different than the laundry habits). Usually, consumers’
transportation is not included in studies, because laundry is given more importance, when, in reality,
transport can have a bigger GWP [104].

For example, repair services may not be particularly impactful themselves but encouraging consumers
to learn how to repair their own garments can decrease the necessity of transportation for this activity
and extend the use life of garments, preventing purchasing new ones. Thus, the avoided impacts might
be quantified. Also, it is worth mentioning that studies vary significantly due to geographical contexts;
in Sweden, for instance, laundry may have relative low contribution to GWP, because their energy
mix is composed by nuclear power, hydroelectricity and wind, and drying machines are not used as
often as elsewhere [104].

4.3. DPP as an integral solution tool

Educating consumers is necessary to ensure longevity extension of fashion products, as most
interviewers agreed, consumers have a critical role in the lifespan of clothing, depending on the care
given to it. Providing accurate and pertinent information is one of the objectives of the upcoming
DPP. This tool is expected to improve sustainability throughout the whole life cycle of textile
products, by showing the environmental impacts of each stage, including the use phase. Specifically
for clothing, DPP shall disclose information about sustainable laundry practices and repair
instructions when needed.

Implementing the DPP can be difficult for companies for several reasons. E3 highlights there is still
no specific way to do this and there is not much information about potential costs. It is needed to have
more guidance and instructions about this. Companies are willing to implement the DPP, if there is
the necessary support to follow the required steps [107]. Even though large retailers already use
different instruments like social media to increase the transparency of their value chain, DPP should
standardize the way all pertinent agents disclose the required information. The report made by
TrusTrace [108] confirms the need for standardized processes of different subjects like data,
collection, management, and disclosure. Having basic guidelines allows data transferability through
all stakeholders and assures better traceability in the value chain.

The same report [108] gives a prototype of how the DPP can be developed, taking as examples the
companies Kappahl and Marimekko. It suggests a Data protocol for companies to implement, due to
the lack of guidelines provided by the EU and reassures the need for collaboration within actors of
the value chain. From an overview of the DPP, it looks easy to read with simple information for the
consumer to understand (Fig. 26). This is only a prototype, but it is a good point to start. Materials
and Care data are similar to what is already disclosed to consumers, so it is necessary to have more
specific data about the materials and components, like their origin.

Also, to mention social sustainability and responsible sources can go under the Compliance title. In
this example, it gives instructions about the take-back service provided by the company and URL to
follow repair instructions. However, it can also be mentioned whether the company provides repair
services and where they are located. For instance, H&M is a large fashion company that only offers
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repair services in four of the dozens of countries where it operates. The Supply chain headline
provides information about upstream traceability, so in the same way, there can be a different headline
for the downstream traceability: where it is purchased and where it goes after the first user discards
it.

ERNA UNIKKO PLACEMENT

Made of cotton jersey. the Erna t-shirt has a relaxed fit, and &
features the placemend primd Unikko pattem flower inthe fromt. 25%
ot the material is made up of recycled fioers derived from Iefiover
matenals from the manutaciuning of Marimekka's jfersey products.
The Unikko paticm, symibolizing croativity, was born in a ime when
Fiardly any Hioral designs were included in Marimekio® collections.
Majjz Isola, however, was fascinated by the theme of flowers ard
decided to create an entine range of novel fioral prings.
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Fig. 26. Information available for the DPP prototype [108]

Alves et al. [109] deliver a more integral proposal for a traceability platform, based on blockchains.
They consider multiple environmental, circular, social, and economic indicators through the value
chain to estimate the impact of textiles and clothing. The prototype shows easiness to add the
information by the stakeholders and to access via a QR code. The user interface shows the journey of
the product, meaning the countries it has been to be manufactured and delivered, the detailed
information, the detailed index (performance indicators) and maintenance instructions (Fig. 27). E1,
E2 and E4 mentioned the importance of mechanical properties and the quality material and in this

46



example, quality control standards are used as environmental indicators, showing how they can be
pondered in a single score, giving more detailed information to consumers.
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Fig. 27. Traceability app interface for users, including product journey, product specifications, detailed index
and maintenance [109]

Legardeur and Ospital [110] list eleven potential categories for the DPP and one of them is Tracking
and tracing after sales, which focuses on sales, modifications and services after products are put in
the market. Only here is suggested that customers record data about the conditions and alterations of
the item, like if it has been shortened or personalized, for resale, repair, or maintenance purposes.
Since the DPP can be a large cloud-based platform, it allows it to be updated automatically by
stakeholders. This also opens the possibility for users to submit information, for example, laundry
habits, frequency, and other specifications. Another potential feature is not only mentioning the nature
of used materials, but explaining the importance of alternative materials, for example, fiber-to-fiber
recycled fabrics or natural fibers substitutes, like chiengora, researched by S1.

Both examples disclosed here prove the need to implement traceability after purchase, to better
understand textiles flows and their environmental impacts, considering the first purchaser not as the
final consumer and that CBMs aim to prolong the intrinsic value of clothing.

DPP has the potential to trace flows and dates when products are sent to retailers, then sold to
consumers and sold to second-hand stores, or sent to final disposal, for instance. Fig. 28 exposes a
Material flow of how products behave through their life use, considering more aspects besides
washing and drying processes. There is a first cycle when a garment leaves the retailer store to be
used by the first user. After some time, the user discards it and it is collected in separate ways: textile
containers, mixed waste, third parties, others. There is a sorting process after the product leaves the
first user, so it can be sent to its second destination. The Distribution options are reuse in local market,
export for reuse, recycling and downcycling [25]. If the product does not meet the requirements for
any of the possibilities mentioned, it is incinerated in its final stage. These cycles might repeat N
times until the item is discarded for incineration.
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Fig. 28. Clothing flow model for traceability with the DPP

According to the ERSP, each product will have a “unique product identifier” that can facilitate
traceability after its purchase. Gathering life use data throughout the clothing flows of Fig. 28 can
help map the actual routes garments take after their purchase and have a better view of the real
scenario. Moreover, understanding how many months or years are worn each type of garment can
help better identify consumers’ practices and propose solutions to tackle this problem from a distinct
perspective. For example, having an exact number of months for life use is decisive to perform more
accurate environmental assessments, such as LCAs. Also, the resulting mapping may lead to
discovering other impacts during the use phase, besides water and energy use, such as the
underestimated effect of transportation because, as mentioned above, there are exporters and
importers countries of second-hand clothing, meaning there are different carbon footprints depending
on the region and their energy mix.

DPP can quantify and help to calculate the complexity of the use phase and, hypothetically, allow the
extrapolation of data regarding the number of wears or washing cycles. Currently, data collection is
challenging, and it is done through questionnaire surveys, diary studies, wardrobe audits, interviews,
focus groups, among others [61]. This implies direct contact with consumers and bias, which makes
it unviable on a larger scale, where information is generalized or assumed. Data can be collected
automatically and directly from users, as Legardeur and Ospital suggest in their report [110], DPP
may have an option for users to provide, not only feedback, but information about their laundry habits.
This can give better insights into their behavior towards several types of garments, fabrics or even
colors.
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It is important to notice in this section that DPP is outside the scope of the interviews made, so their
contributions are limited. However, this topic can be developed further with additional insights from
experts.

4.4. Summary of results

The research question “How strategies for clothing longevity extension based on Circular Economy,
Ecodesign and Traceability can influence the environmental impact of a garment through the value
chain?” has been address in two main parts. The first one has been identifying said strategies. Table
6 lists those strategies based on the most relevant life cycle stages. Regulators are the rule-setters, so
their influence is noticeable in all phases.

Table 6. Matrix of strategies for longevity extension, based on the interaction between stakeholders and life

cycle stages

7.Repairability.
8.Care/repair
instructions.

16.Repair services.

17.Product warranty.

18.Availability of
Spare parts.

on responsible
consumption.
22.Care/repair
instructions.
23.Laundry habits.
CBM:

24 Sharing.
25.Swapping.
26.Re-selling.
27.C2C platforms.

Designers Producers and Consumers Regulators
retailers
Raw materials Physical durability: 9.Transparent and Education through: 28.Providing
1.High quality sustainable supply 19.DPP. detailed standards
materials. chains. 20.Awareness of for Ecodesign and
2.Alternative 10.Investment in responsible 29.DPP
materials. research for consumption. requirements.
alternative materials. 30.Provide economic
Manufacturing 3.Construction 11.Testing methods. | Education through: aids/incentives for
standards. 12.Investment in -DPP. circularity
efficient -Awareness of implementation.
technologies. responsible
consumption.
Use 4.Timeless fashion 13.Forecasting. 21.Emotional
designs. 14.EPR. attachment.
5.Emotional CMBs: Education through:
attachment. 15.Take-back -DPP.
6.Adaptability. programs. -Awareness raising

To summarize the strategies that manufacturers and brands may implement to extend life use of their
products, a checklist is made based on Fig. 4, considering aspects of Ecodesign, Circularity and
Traceability (Table 7). This is intended to be a potential tool that companies consider when designing
and producing new long-lasting garments.

Table 7. Checklist for the companies within the textile value chain to ensure longevity extension of apparel
Durability Physical durability 1.Do these materials comply with durability standards?

2.Are these certified materials?

3.Are these solid assembly solutions?

4.What is the lowest possible number of parts?

5.Is there access to hubs/data bases to find more durable materials?
6.Do suppliers have more durable options?
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7.Does the supply chain align with durability goals?

Timeless designs 8.Classic silhouettes

9 Neutral colors

Emotional durability 11.Is personalization a service that can be provided?

12.Is it possible to collaborate with third parties to have limited
edition collections?

13.What is the purpose of this product?
14.What is the story the product tells?
15.What is the origin of this product?

16.Does the price really reflect the work and quality of this product?

17.How can customers become loyal to the brand?

Extended use | Adaptation 19.Can this design be modular for separate occasions or weathers?

20.Can this product be used in varied sizes?

21.Can this product be used by different genders?
22.Is this product adjustable?

Reuse 23.Is there a take-back program?

24 Is there a second-hand program?

25.1s there a rental program?

Maintenance | Laundry habits 26.What are the laundry specifications?
27.1s there something else customers need to know, besides the
label?
Care instructions 28.Are care and maintenance instructions provided?
Reparability 29.1s there a warranty program?

30.Is it easy to access the parts in case of repair?

31.Are repair services accessible for users?

32.Are repair instructions provided?

33.Are spare parts and accessories available in case of repair?

34 Is it possible to collaborate with third parties to provide these
services?

Now, the second part of the research question has been addressed through the LCA to quantitatively
calculate and compare different life cycle scenarios of a polyester dress, considering various strategies
to extend its longevity. The strategies have been identified according to literature review and
interviews with textile industry experts. Among the identified, there are Ecodesign, CBMs and
traceability strategies, highlighting the importance of different actors such as the producers,
consumers, and regulators. LCA is chosen because it is an integral tool of analysis, used worldwide
to study the environmental impacts of a specific product or service. In the baseline, fiber production,
garment confectioning and the use phase are the most impactful in all assessed impacts, with a weight
over 60%. All scenarios show a decrease in the environmental impact compared to the baseline, but
scenario 3, with fiber-to-fiber recycled PET, sustainable manufacturing, and reuse through re-selling
in a C2C platform, is the least impactful of all scenarios, with a reduction of 68%. Different variables
may be altered in the LCAs, like the material, number of uses, or the path of reuse, to create new
scenarios and estimate which options are more or less critical.

To make a more accurate analysis, additional data is needed for the sustainable manufacturing, rPET
and fiber-to-fiber recycled PET. Several assumptions are made for the collection and sorting in
Lithuania since it differs in every region. The results shown here are a general picture of textile
sustainability, and it is important to notice that there is no allocation, sensitivity analysis or avoided
processes included in these LCAs, making these future considerations for a deeper study. Also, other

50



impact categories can be used, like the remaining ones from the ReCiPe method, water scarcity or
Cumulative Exergy Demand. Considering other impact categories might also change the single score,
depending on the weighting approach selected. According to Sala et al. [73], there are other categories
more meaningful than the toxicity ones, such as ozone depletion and particulate matter, but these have
not been used in this study.

Additionally, there are some Ecodesign aspects like the emotional attachment or aesthetics that cannot
be evaluated in a LCA easily. Hence, further brand and product oriented environmental analysis is
needed, since it has been proved how these qualitative factors might affect significantly clothing life
use.

Integral traceability with DPP

Strategies Life cycle phases
Ecodesign strategies > Design <
A
Supply chain _ Raw material and
management supplies
Y
Sustainability strategies > Manufacturing Sustainahility
performance
A
Y
Traceability data > Exteded life use
A
End of life

Fig. 29. Developed model for management and environmental assessment of clothing

Finally, Fig. 29 exposes how environmental management and assessment of clothing can be enhanced
with traceability data provided by the DPP. This figure contemplates all stakeholders explicitly or
implicitly and a continuous improvement in the sustainability performance. Different strategies
influence each life cycle phase and alter the environmental impacts of a product. Implementing
Ecodesign, Circular Economy and Traceability strategies can extend garments’ durability, slowing
down their discard and, thus, decreasing their environmental impact.
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Conclusions

This work focuses on two main topics: identifying strategies for longevity extension in fashion
garments throughout the value chain and discussing the gap in the downstream traceability.
Based on literature review and interviews with experts, longevity extension can be ensured with
thirty strategies identified among the value chain, starting from the design phase, the
manufacturing process and the use phase, where this is conceived as all possible uses by different
consumers. In the same way, garments’ lifespan is beyond producers’ scope, and it goes to the
consumers’ behavior and other factors like policies and education.

This work evaluates the environmental impacts of different life cycles scenarios for a polyester
dress in Lithuania by performing an LCA, considering different strategies for longevity extension
that may vary significantly the environmental performance. However, LCAs prove themselves to
not be completely accurate due to lack of data in the use phase and it is proposed to use the DPP
as a tool to fill this gap.

From the LCA, in the base line, fiber production, garment confectioning and the use phase are the
most impactful stages in all assessed impacts, with a weight over 60%. Even though all scenarios
show a decrease in the environmental impact, S3 with fiber-to-fiber recycled PET, sustainable
manufacturing, and reuse through re-selling in a C2C platform shows the lowest reduction in 68%.
After weighting, freshwater ecotoxicity is the most significant one, with over 50% in each
scenario, highlighting the large amount of chemicals used and released during the life cycle of
garments.

Digital Product Passport is an upcoming tool useful for all stakeholders in the value chain of
textile products, and it can be the key to filling the gap in the downstream traceability to gather
precise data and perform more accurate sustainable evaluations for clothing in the future.
Thirty-four guiding questions for companies are mentioned in a checklist, oriented to longevity
extension by the strategies identified during this work. Also, here is remarked the importance of
consumers’ education to ensure longer lifespans from their behavior.

Further research is necessary to have a deeper and more integral analysis of clothing longevity
extension.
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Appendices
Appendix 1. Questions per interview

Erika Adomaviciiité

How is the process of New Product Development?

What mechanical properties can ensure durable products?

What features are the most important when designing long lasting garments?

How do you evaluate the quality or the durability of the materials in the lab? What are the parameters
to evaluate?

Daiva Mikucioniené

What are the main strategies that can be implemented for textile longevity? How can they be
measured?

How can a garment be defined as high quality/long lasting?

What are the main obstacles for entrepreneurs and intrapreneurs when implementing sustainable
practices during manufacturing processes? Besides creating skills and knowledge, what else is
missing to have more sustainable business models?

What other projects have you worked on regarding sustainability in textiles/clothing?

How do companies feel regarding adopting strategies for longevity?

Jurgita Domskiené

What are the main strategies that can be implemented for textile longevity? How can they be
measured?

What are the obstacles companies face to implement ESPR requirements and sustainable practices?

Vaida Jonaitiene

What are the parameters to have a “high quality” garment? How are they measured? What are the
most common ones?

How is Ecodesign implemented in clothing? What strategies are the most common ones?

What are the strategies of Design for longevity?

What is the main obstacle when implementing Ecodesign/sustainability in the products?

What is your experience in the textile industry?

Kestutis Lekeckas

When does the opportunity of leKeckas to come to life arrive?

What Ecodesign strategies do you implement in your designs? What environmental aspects do you
implement?

How difficult is it to implement them?

How do you understand durability and how do you implement it?

What parameters do you consider when choosing materials?

What decisions do you consider when designing long lasting products?

What is the behavior of customers towards your designs and materials (sustainability)?

As a designer, what challenges do you consider designers encounter when implementing Ecodesign
or sustainable strategies?
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Rasa Virbicke

What is your experience in the textile industry and research?

I understand there is a need to find alternative “natural” fibers for textiles? Where does this idea come
from?

Can you describe more deeply what your research is? How are you evaluating the quality of these
fibers?

What are the results for durability?

What is the perception of producers and consumers about this type of fiber?

What other alternative natural fibers can be produced?

According to your research, what are the most durable fibers?

Reda Siudikiené - Omniteksas

What is your experience in the textile/fashion industry?

How do you ensure durability in your products?

Where does this initiative to have wool for sportswear come from? Did a client request it? Or by your
own research?

You offer white label service with a catalog; how do you decide the designs offered by the company?
You stand out for your sustainable practices, is there something you consider that can be improved in
this area?

Are brands oriented to longevity? Do they have circular business models for longevity extension?
Durability/quality?

Mantas Naulickas

How do you ensure durability in your products?

Could you please tell me more about sustainability in the products the company manufactures?
Do you provide repair services?

Agné Juciené

Did you do LCA of different fabrics considering the whole life use?

Where did you get the data for the LCAs?

How much textile waste is discarded every year?

What happens with collected textiles in Lithuania?

On your research, did you assume that clothes were washed 19,4 times by the first user? How do you
estimate the washing and drying?

How did you estimate the average distance for transportation to the store?

Did you consider packaging?

Who takes care of the textiles collection and sorting in LT? private companies or the municipal sorting
points?
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Appendix 2. Consent form sent to interviewers.

Participant Consent Form
Student: Luisa Maria Santofimio Varon ~ Email of student: luisa.santofimio@ktu.lt
Study program: MSP Sustainable Management and Production
Supervisor: Inga Gurauskiené Email of supervisor. inga.gurauskiene@ktu.lt

Thesis topic: Ecodesign techniques and strategies in apparel for longevity extension, Lithuanian
context.

Purpose of the research interview: How can longevity be implemented and measured in apparel
products?

No. Items to consent 'Yes INo

L. [ am informed that my participation in the interview is voluntary, and I can
withdraw from the research at any time without giving any reason and without any
adverse consequences or penalties imposed.

2. [ give permission to be quoted directly in the final master thesis.
3. [ give permission to use my name and surname in the final master thesis
4. [ am informed that the data collected during the research can be reviewed by the

authorized persons outside the group of researchers (for example, the Research
Ethics Commission of Kaunas University of Technology, the Data Protection
Officer of Kaunas University of Technology, the Office of the Ombudsperson for
|Academic Ethics and Procedures of the Republic of Lithuania, the State Data
Protection Inspectorate, the court).

S. [ am informed who will have access to my provided personal data, how the data
will be stored and what will happen to the data at the end of the research.

6. [ am informed that the research results will be publicly available (eLABa).

7. [ agree to being video recorded (online meeting).

The research data collected will be stored in password-protected computers and password-protected

online cloud at https://ktuedu-my.sharepoint.com/, and only those designated individuals have
access to my data.

Address the student, supervisor, and/or the ethics committee of KTU to raise a concern or make a
complaint.

Participant

Name and surname Date Signature
Student

Luisa Santofimio April 04-2025
Name and surname Date Signature
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Appendix 3. Inventory for the LCA

Inventory for use phase is based on previous LCA performed by Agné Juciené [71], following the next logic:

laundry cycle equals one washing, one drying and one ironing.

26 uses equal 8.7 laundry cycles. One

Collection
Inputs Dataset used Quantity Unit Comments
Plastic bag from user GLO: market for packaging film, low density | 0.01 kg Assuming the weight of a plastic grocery
polyethylene bag.
Transport from LT to VNO (Collector) RER: market for transport, freight, lorry 16-32 | 0.006 tkm Assuming lorry 16-32 metric tons and 191
metric ton, EURO6 km.
Sorting (electricity) LT: SE: market for electricity, low voltage 0.014793 kWh Based on Nerup etal. [111].
Sorting (heating) RER: market group for Heat, district or 0.0007 m3 Based on Nerup etal. [111].
industrial, natural gas
Bailing GLO: market for packaging film, low density | 0.00267 kg Based on Norup etal. [111].
polyethylene.
Transport (user) From baseline km
Industrial Garment from First Use phase 1 kg Based on Sandin et al [70].
washing
Water RER: market group for tap water 12 kg Based on Sandin et al [70].
Detergent from detergent process 0.009 kg From baseline.
Electricity LT: SE: market for electricity, low voltage 0.4 kWh Based on Sandin et al [70].
Heating CH: wood pellets, burned in stirling heat and 6.84 MJ Based on Sandin et al [70].
power cogeneration unit, 3 kW electrical,
future
Wastewater (output) Europe without Switzerland: market for 11 kg Based on Sandin et al [70].
wastewater, average
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Outputs

Plastic waste treatment of waste plastic, mixture, municipal | 0.01 kg Assuming the weight of a plastic grocery
incineration bag.
Second use and export
Inputs Dataset used Quantity Unit Comments
Transport from VNO to Klaipeda RER: market for transport, freight, lorry 16- | 0.0099 tkm Assumed.
32 metric ton, EURO6
Transport from LT to Pakistan transport, freight, sea, container ship, heavy 13000 km
fuel oil Estimated with https://sea-distances.org/
Transport from VNO to LT RER: market for transport, freight, lorry 3.5- | 0.0255 tkm Assuming lorry 3.5-7.5 metric ton + 191 km.
7.5 metric ton, EURO6
Transport (user) From baseline km
Use From baseline 13 Unit
Repair Transport (user) Roundtrip | From baseline km
Electricity LT: SE: market for electricity, low voltage 0.58 kWh Assuming that 0.029 kWh per minute and 20
min in the process, based on Sandin et al
[70].
Delivery (app) RER: market for transport, freight, lorry 3.5- | 0.1448 km Assuming lorry 1.2 metric ton + average
7.5 metric ton, EURO6 distance between five cities in LT
Packaging GLO: market for packaging film, low density | 0.02 kg Assumed.
polyethylene
Outputs
Bailing waste treatment of waste plastic, mixture, 0.00267 kg Based on Nerup etal. [111].
municipal incineration
Packaging waste treatment of waste plastic, mixture, 0.02 kg Assumed.
municipal incineration
Landfilling Waste yarn and waste textile {IN}| treatment | 1 Kg Assumed.
of waste yarn and waste textile, unsanitary
landfill
Incineration Waste polyethylene {RoW}| treatment of 1 kg From baseline.

waste polyethylene, municipal incineration
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