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1 Introduction

Textiles are indispensable to our lives. People need clothing as a protection from cold or heat as well as
from ultraviolet irradiation [1,2], but textile fabrics are also used in medicine [3], in various technical
applications [4-7] and in other areas of human life. On the other hand, textiles can cause skin irritations
and other health problems, either directly through toxic dyes and other harmful chemicals used in their
production [8,9] or indirectly by environmental pollution during the production, transport, and washing of
textiles, as well as through waste at the end of their life cycle [10-12].

One possibility to address the latter problem is to implement so-called R principles in the textile industry
in order to overcome the traditional linear structures and transform it into a circular economy [13]. In the
following, we define these principles and point out the main problems of non-circular principles in the
textile chain, before giving a brief overview of the latest approaches to implementing R principles in the
textile industry.
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2 Circular economy and R principles

The circular economy is an alternative concept to the linear model of production / consumption / waste
and aims at thinking in terms of life-cycle [14]. A circular economy, as proposed by the Ellen MacArthur
Foundation [15], has not only been proven to be important for combating climate change [16], but also
offers new business opportunities [17].

Cycles in the circular economy can be divided into technical and biological material cycles [18]. While
many industries can be clearly assigned to the technical material cycle, textile materials can be assigned
partly to the technical and partly to the biological cycle, so that both parts of the circular economy must
be taken into account here.

For the technical cycle, mechanical and chemical textile recycling processes have been investigated with
regard to the possibilities of reducing the environmental problems caused by fast fashion [19], of fiber
waste recycling [20], recycling of clothing [21] or chemical dissolution of cellulose textiles [22]. Closed
textile recycling loops can be established in the biological cycle using bio-based processes, as shown in
Fig. 1 [23]; however, this approach has been little studied.
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Fig. 1 Establishing a closed-loop bio-based process for cellulose-based textile recycling routes. From [23],
originally published under a CC-BY license.

The so-called R principles include the ideas of reduce, reuse, recycle and recover, as discussed in the
4R framework [24]. They can also be extended to the 9R framework, which consists of refuse, rethink,
reduce, reuse, repair, refurbish, remanufacture, repurpose, recycle, and recover [25]. In both
frameworks, the first principles are favorable compared to the latter [26] and should therefore be
preferred to avoid downcycling as much as possible [27].

3 Disadvantages of traditional linear structures in the textile industry

In many industries, a comparison between linear and circular supply chains clearly shows the
advantages of the latter [28]. In general, the circular economy can support economic, environmental and
social aspects of sustainable development [29]. It is obvious that the motivation of companies and
investors to implement circular economy concepts requires economic profitability [30].

Using the construction industry as an example, Nasir et al. emphasized the environmental benefits of
circular economy principles, especially in the case of insulation materials, also mentioning the transport-
intensive and thus carbon-emitting elements in the circular supply chain [31]. Walker et al. examined the
advantages and disadvantages of a tax on plastic products in the context of a circular economy and
showed that such a tax should only be used cautiously and in combination with other suitable
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instruments to avoid undesirable side effects [32]. The problem of recycling composites was discussed
by Korniejenko et al. focusing on tires, wind turbine blades and solar panels, showing that many
technologies for separating multi-material composites still need to become more effective and
economically justified or are not yet available [33]. For the manufacturing industry in general, Lieder and
Rashid emphazised the importance of organizational development and the mindset of managers in terms
of change management to move from linear to circular structures [34]. Furthermore, for small islands
dependent on tourism, Schumann found that the shift to a circular tourism model could even have a
positive impact on a larger shift to a circular economy [35].

In the textile and clothing industry, the negative environmental impacts of production and processes are
well known [36,37]. Many research projects have therefore investigated the environmental impact of
various aspects of the textile chain. According to studies, the main disadvantages of traditional linear
structures in the textile industry include the large amount of textile waste that is not recycled or reused
[12,38], as well as toxic dyes and other hazardous chemicals [39-41]. However, there are other
environmental impacts of the textile industry, such as the depletion of water bodies, eutrophication of
freshwater, the use of agricultural land or the reduction in the diversity of ecosystems and the availability
of resources [42].

Numerous methods for integrating circular economy principles into the textile industry have been
described in detail in the academic literature, with various strategies explored to achieve this goal (see
Fig. 2). However, this discussion focuses specifically on the application and implementation of the 9R
framework within the textile chain.
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Fig. 2 Web of Science results for “textile circular economy”. Data received on Dec. 09, 2023.

4 R principles in the textile industry

Since the R principles in the textile industry within the 4R or 9R framework [43-45] are only rarely
discussed, we will address the 9 different principles of the 9R framework separately here.

4.1 RO — Refuse

The RO principle of rejecting one product means replacing it with another, i.e. making the production of a
product redundant. In relation to the textile industry, this could mean creating “slower” fashion with fewer
collections per year or even producing “timeless” designs that can be worn for as long as the garments
are physically intact [46]. The idea of refusing to buy textiles is hardly discussed in the literature [47]; the
less restrictive approach of at least refusing ecologically unfavorable clothing is also not often mentioned
[48,49]. In contrast, the slow fashion approach — which includes new business models that prioritize
quality over quantity — is discussed more frequently in the literature and is integrated into the textile
industry to a small extent [50-52].
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4.2 R1 - Rethink

Rethinking means extending the use phase of a textile product, e.g. by making it more efficient through a
multifunctional design or by changing its shape. It can also mean that a textile product is no longer
owned but rented, as is already the case in the workwear sector [46].

R1 is found more frequently in the literature than RO [53]. Todeschini et al. cited “the inability to rethink
the design phase” as one of the problems in the transition of the textile industry to a circular economy
[54]. The same observation was recently made by Chen et al [55]. Some authors also state that
companies need to rethink and innovate their business models, taking into account environmental and
social aspects in addition to the necessary benefits for their customers [56,57]. Valencia et al. extend the
process of rethinking to policy, value chains, territory, management, business models and corporate
social responsibility (CSR) [58].

On the technical side, a rethinking of the raw materials used in the production of textiles has been
encouraged, e.g. by using materials from renewable resources, recycled materials or revitalized
materials [59,60]. To this end, food waste or textile waste has been analyzed for potential reuse [60,61].
On the other hand, bacterial cellulose or other bio-based materials that require only small amounts of
water and energy for production have been proposed [62-64].

4.3 R2 — Reduce

A reduction of the use of resources can be achieved by increasing efficiency in production and use, e.g.
by avoiding waste and using recycled and bio-based materials instead of virgin materials [55,65]. On the
other hand, returned products and other losses during production and in stores must be taken into
account [46]. In addition to solid waste, environmental aspects such as air emissions, wastewater, the
consumption of harmful materials and environmental accidents as well as economic aspects such as the
cost of material procurement, energy, fees and fines for waste and environmental accidents should also
be reduced [66,67]. Finally, the user can reduce unnecessary washing and drying and thus reduce the
consumption of energy, water and chemicals [46].

The reduction of textile waste is frequently mentioned in the literature [68]. This could be achieved by
wearing clothes for longer and by effectively recycling and reusing textile waste as a raw material for
new textiles [69]. This approach is often linked to green chemistry, which also aims to reduce pollutants
and waste as well as energy costs in production for environmental and economic reasons [61]. In
general, many of the principles of the 9R framework are interlinked, so product and manufacturing
process redesign has also been proposed as a way to reduce waste [66].

On the other hand, vehicle emissions caused by the transport of textiles should be reduced through
optimized planning and cleaner urban freight transport [70]. This aspect can also be addressed by
producing clothing locally and reducing the negative impact of international supply chains [71].

It should be mentioned that the so-called “circular economy rebound” (CER) can occur if only the
material resource flows are considered and the economic and market forces are neglected, e.g. lower
prices due to lower material or energy consumption could lead to an increase in demand, which would
eventually lead to higher material or energy consumption [72].

4.4 R3 - Reuse

While principles R0O-R2 belong to the general strategy “smarter product use and manufacturing”, R3 is
the first part of the strategy “extending the life of products and their parts” [25]. In the textile industry,
reuse refers to used but still intact textiles that are either donated or resold to other people [46]. Although
reuse is frequently discussed and practiced, a recent study considers it an under-researched circular
economy principle, not only in the textile industry [73].

Reuse is one way to reduce the production of new textiles [74]. It applies to “slow fashion” or “long-
lasting fashion”, which is made from durable materials and designed to last, as opposed to fast fashion,
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which is usually recycled rather than reused [75]. According to the Thred-Up 2019 Resale Report, reuse
is one of the fastest growing parts of the fashion market [76]. Nevertheless, the share of reused solid
textile waste (8%) in Europe is still lower than the share of recycled waste (10%), while both shares are
far below the share of solid textile waste sent to landfill (57%) [77]. A report by the European Parliament
even assumes that only 1% of textiles are reused [78].

On the other hand, there are already approaches based on design aspects to improve reuse and inspire
future designers through the creative potential of reuse [79-81]. Furthermore, the members of the Waste
Framework Directive have agreed to establish separate collection and treatment of textiles to improve
preparation for reuse and recycling from 2025 [82-84], so the proportion of reused textiles should be
increased in the near future.

4.5 R4 - Repair

Repairing textiles and clothing allows them to be used for longer. This step includes the repair of buttons
or zippers, but also of seams or even the textile structure itself. While the former can often be done by
consumers themselves, the latter often requires repair sewing, but can also be supported by patches or
other means that allow for effortless repair [46].

Repairing is discussed more frequently in the literature than the previous steps and is actively carried out
by consumers and businesses. Potential challenges for consumers include the lack of time and repair
skills and the relatively high cost of some repair methods compared to buying a new, cheap textile [85-
87]. Some studies have found a positive association between clothing repair and concern for climate
change [86,88], while other studies have found that even people interested in reducing their
environmental footprint do not repair their clothing [85,87].

Community repairs - e.g. in the form of repair cafés - can help to raise awareness that repairing is an
important part of the circular economy, support people who do not know how to repair textiles and add a
social component to the purely material-related repair process [89,90]. On the other hand, the repair
industry faces challenges such as low profitability of repair work and insufficient access to skilled
personnel, as well as the low quality of new products, which often make repairs inefficient and
unattractive to consumers [91]. Both challenges — improving the quality of the original product and
improving consumer knowledge about repairs — must be overcome in the future in order to improve the
possibilities for repairing textiles.

4.6 R5 — Refurbish

In the textile sector, refurbishing is a method of overcoming fashion dictates and boredom with long-worn
clothing, as well as simple problems resulting from changes in body measurements that cause garments
to no longer fit a person. Refurbishing can therefore mean refitting, but also redesigning, e.g. by adding
new features or changing the color of a textile to bring it back in line with current fashion [46].

Refurbishment can be carried out by a consumer or a company, especially if the textile products are
leased rather than purchased [92]. Manufacturers can refurbish products to the same standards as the
original products and return them to customers [93]. However, such leasing models suffer from the
limited leasing fees possible for products with high resale value on the second-hand market, so that an
established second-hand market, such as for baby and children’s clothing, can reduce the economic
potential and thus the advantage of a leasing model for manufacturers [94].

The environmental impact of refurbishing was investigated for an event tent and a beach flag, both
textiles that are generally only used once, and was between 45 and 88% [95]. However, this is a special
case. For frequently purchased clothing, various challenges must be overcome before remanufacturing
is possible, such as the technical necessity of sorting the textiles despite low economic viability and the
low social acceptance of mandatory return and refund schemes [96]. These obstacles to refurbishment —
as well as to reuse and recycling — must be overcome in order to achieve a greater circularity in the
textile industry.
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4.7 R6 — Remanufacture

In remanufacturing, new textile products are produced from industrial and/or consumer waste [46].
Remanufacturing is a greater challenge than conventional manufacturing due to the great variance of
returned textiles in terms of quality and quantity [97]. Therefore, remanufacturing is less established in
practice than, for example, recycling or repair, especially for low-value clothing [98].

To overcome this problem, it is important to design textiles for remanufacturing [99], which is why some
authors proposed design methods to extend the life of a product through remanufacturing and other
circular principles [100,101]. Nevertheless, only a few case studies of textile companies practicing
remanufacturing as part of the circular economy can be found in the literature [102,103]. However,
different researchers discussed chances and challenges of remanufacturing. Pal et al. mentioned
process challenges that reduce the industrial scalability of fashion remanufacturing and suggested a
lower process interdependence for larger-scale fashion remanufacturing [104]. Aravindan et al.
investigated remanufacturing of woven carbon fiber industrial waste into fiber composites [105]. For the
special case of e-textiles in which components are adhesively bonded, Hirman et al. suggested design
methods for remanufacturing [106].

4.8 R7 — Repurpose

Repurposing can be applied to textile products by using raw materials from other industries to
manufacture new textile products or by using textile waste and surplus textile material for new functions,
thereby changing the application of a product [46]. Reuse has been defined as a potential solution to the
problem that textiles collected for recycling are often exported to countries where there is no collection
infrastructure [74].

Various textile and shoe companies have reported on the reuse of plastic bottles and leather scraps
[107,108]. Pre-consumer waste could be converted into merchandising products for circular fashion
[109]. But unwanted items could also be reused as a potential solution to the fast fashion problem, where
overconsumption is followed by disposal [110,111].

4.9 R8 — Recycle

Principles R8 and R9 belong to the beneficial use of materials and can be used when the previous
principles are not applicable [25]. The recycling of discarded textiles, i.e. pre-consumer or post-consumer
waste, usually starts with sorting the textiles, followed by chemical, mechanical, thermal or mixed
recycling processes. Recycling is easier for single-material textiles than for multi-material fabrics.
Depending on the quality of the textile waste, the recycled fibers can be used to produce new fibers for
apparel or for composites and other low-value products [46].

Recycling is one of the frequently used and studied principles to make the textile industry more circular
[112]. Nevertheless, potential problems also arise here, e.g. from companies wanting to use the best
available raw materials instead of recycled materials in order to maintain the quality of their products
[66]. In most recycling processes, the quality of the final product is reduced compared to the original
product from which the waste was obtained, so it is necessary to think about new models to improve the
quality of recycled products instead of downgrading them during recycling [113].

410 R9 - Recover

Recovering textiles by incineration for energy recovery is the last option for recovering the value of used
textiles, although it is not actually part of the concept of the circular economy [46]. Nevertheless, many
textile materials are incinerated as a last alternative to disposal in landfills [92,114-116].
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5 Conclusions

This mini-review provides an overview of the recent application of the 9R framework principles — refuse,
rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose, recycle, and recover — in the textile
industry. In particular RO — refuse — is little discussed, although it is very valuable for the circular
economy approach. On the other hand, R9 — recovery — is still very often used as the last alternative to
landfill disposal of textile waste.

Our brief overview clearly shows the need to focus on the first, more valuable principles to establish a
circular textile economy. In the apparel sector, a shift to “slow fashion” is essential, while technical
textiles mostly require careful design that enables extended lifecycles and especially “smarter product
use and manufacture”, e.g. through cradle-to-cradle approaches, to keep textiles in the circle as long as
possible. Furthermore, by combining the technical with the biological cycle, incineration can be avoided,
e.g. in case of no longer usable wool fabrics which could be given a second life as natural fertilizer.

Author Contributions

A. K. Schnatmann: conceptualization, methodology, investigation, writing — review and editing; F.
Schoden: conceptualization, methodology, investigation, writing — review and editing; A. Ehrmann:
conceptualization, writing — original draft preparation; E. Schwenzfeier-Hellkamp: conceptualization,
writing — original draft preparation, supervision. All authors have read and agreed to the published
version of the manuscript.

Acknowledgements

This research was partly funded by the Federal Ministry of Education and Research, grant 03IHS211A
“Innovation Campus for Sustainable Solutions (InNCamS@BI)”".

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

10.

Fu, K.; Yang, Z.; Pei, Y.; Wang, Y. X.; Xu, B. B.; Wang, Y. H.; Yang, B.; Hu, L. B. Designing Textile
Architectures for High Energy-Efficiency Human Body Sweat- and Cooling-Management. Advanced Fiber
Materials 2019, 1, 61-70. DOI: https://doi.org/10.1007/s42765-019-0003-y.

Capjack, L.; Kerr, N.; Davies, S.; Fedosejevs, R.; Hatch, K. L.; Markee, N. L. Protection of Humans from
Ultraviolet Radiation through the Use of Textiles: A Review. Family & Consumer Sciences 1994, 23, 198-218.
DOI: https://doi.org/10.1177/1077727X94232007.

Vilhena, L.; Ramalho, A. Friction of Human Skin against Different Fabrics for Medical Use. Lubricants 2016, 4,
6. DOI: https://doi.org/10.3390/lubricants4010006.

Pyka, W.; Jedrzejowski, M.; Chudy, M.; Krafczyk, W.; Tokarczyk, O.; Dziezok, M.; Bzymek, A.; Bysko, S;
Blachowicz, T.; Ehrmann, A. On the use of textile materials in robotics. J. Eng. Fibers Fabrics 2020, 15,
1558925020910725. DOI: https://doi.org/10.1177/1558925020910725.

Sup Shim, B.; Chen, W.; Doty, C.; Xu, C. L.; Kotov, N. A. Smart Electronic Yarns and Wearable Fabrics for
Human Biomonitoring made by Carbon Nanotube Coating with Polyelectrolytes. Nano Lett. 2008, 8, 4151-
4157. DOI: https://doi.org/10.1021/n1801495p.

Vé Wiewel, B.; Lamoree, M. Geotextile composition, application and ecotoxicology—A review. Journal of
Hazardous Materials 2016, 317, 640-655. DOI: https://doi.org/10.1016/j.jhazmat.2016.04.060.

Sharma, N.; Allardyce, B.; Rajkhowa, R.; Adholeya, A.; Agrawal, R. A Substantial Role of Agro-Textiles in
Agricultural Applications. Front. Plant Sci. 2022, 13, 895740. DOI: https://doi.org/10.3389/fpls.2022.895740.
Akarslan, F.; Demiralay, H. Effects of Textile Materials Harmful to Human Health. Acta Physica Polonica A
2015, 128, B-407-B-408. DOI: https://doi.org/10.12693/APhysPolA.128.B-407.

Manzoor, J.; Sharma, M. Impact of Textile Dyes on Human Health and Environment. In Impact of Textile Dyes
on Public Health and the Environment, Khursheed Ahmad Wani et al. (Eds.); IGI Global, 2020; pp. 162-169.
DOI: https://doi.org/10.4018/978-1-7998-0311-9.ch008.

Karthik, T.; Gopalakrishnan, D. Environmental Analysis of Textile Value Chain: An Overview. In Roadmap to
Sustainable Textiles and Clothing; Muthu, S. (Ed.); Springer, Singapore, 2014; pp. 153-188. DOI:
https://doi.org/10.1007/978-981-287-110-7_6

300



11.
12.

13.

14.

15.

17.

18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Uddin, F. Environmental hazard in textile dyeing wastewater from local textile industry. Cellulose 2021, 28,
10715-10739. DOI: https://doi.org/10.1007/s10570-021-04228-4.

Moazzem, S.; Crossin, E.; Daver, F.; Wang, L. J. Environmental impact of apparel supply chain and textile
products. Environment, Development and Sustainability 2021, 24, 9757-9775. DOI:
https://doi.org/10.1007/s10668-021-01873-4.

Schoden, F. Ecological and sustainable smart nanotextile. In Nanosensors and Nanodevices for Smart
Multifunctional Textiles. In Nanosensors and Nanodevices for Smart Multifunctional Textiles, Ehrmann, A.,
Nguyen, T. A.; Nguyen Tri, P. (Eds.); Elsevier, 2021; pp. 287-320. DOI: https://doi.org/10.1016/B978-0-12-
820777-2.00017-0.

Lacy, P.; Rutqvist, J. Waste to Wealth — The Circular Economy Advantage. Palgrave MacMillan, London,
2015. DOI: https://doi.org/10.1057/9781137530707.

The Ellen MacArthur Foundation. Growth within: A circular economy vision for a competitive Europe. 2015.
Ellen MacArthur Foundation. Completing the picture: How the circular economy tackles climate change. 2021.
Ellen MacArthur Foundation. The Business Opportunity of a Circular Economy. In An Introduction to Circular
Economy; Liu, L.; Ramakrishna, S. (Eds.); Springer Nature, Singapore, 2021; pp. 397-417. DOI:
https://doi.org/10.1007/978-981-15-8510-4_20.

Ellen MacArthur Foundation. Towards the Circular economy: Economic and Business Rationale for an
Accelerated Transition. Cowes, 2013.

Niinimaki, K.; Peters, G.; Dahlbo, H.; Perry, P.; Rissanen, T.; Gwilt, A. The environmental price of fast fashion.
Nature Reviews Earth & Environment 2020, 1, 189-200. DOI: https://doi.org/10.1038/s43017-020-0039-9.
Hamouda, H.; Lu, J. Current status of fiber waste recycling and its future. Adv. Mater. Res. 2014, 878, 122-
131. DOI: https://doi.org/10.4028/www.scientific.net/AMR.878.122

Roos, S.; Sandin, G.; Peters, G.; Bjorn, S.; Bour, G. S.; Perzon, E.; Jonson, C. White paper on textile
recycling. Mistra Futura Fashion, report No. 2019:09. Available online: http://mistrafuturefashion.com/wp-
content/uploads/2019/10/S.-Roos.-White-paper-on-textile-recycling.-Mistra-Future-Fashion.pdf (accessed Dec.
09, 2023).

Maattanen, M.; Vehvilainen, M.; Hummel, M.; Haslinger, S.; Wedin, H. Comparison of the Cellulose
Dissolution Technologies. Sodium hydroxide and ionic liquid based technologies. Trash2cash Paper 9, 2018.
Available online: https://issuu.com/trash2cash/docs/d2.22_comparison_of_the_cellulose_d (accessed Dec. 09,
2023).

Ribul, M.; Lanot, A.; Pisapia, C. T.; Purnell, P.; McQueen-Mason, S. J.; Baurley, S. Mechanical, chemical,
biological: Moving towards closed-loop bio-based recycling in a circular economy of sustainable textiles.
Journal of Cleaner Production 2021, 326, 129325. DOI: https://doi.org/10.1016/j.jclepro.2021.129325.
Kirchherr, J.; Reike, D.; Hekkert, M. Conceptualizing the circular economy: An analysis of 114 definitions.
Resources, Conservation and Recycling 2017, 127, 221-232. DOI:
https://doi.org/10.1016/j.resconrec.2017.09.005.

Potting, J.; Hekkert, M.; Worrell, E.; Hanemaaijer, A. Circular Economy: Measuring Innovation in the Product
Chain. PBL Netherlands Environmental Assessment Agency, Report number 2544, The Hague, 2017.
Available online: http://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2016-circular-economy-measuring-
innovation-in-product-chains-2544.pdf (accessed Dec. 09, 2023).

Van Buren, N.; Demmers, M.; van der Heijden, R.; Witlox, F. Towards a circular economy: the role of Dutch
logistics industries and governments. Sustainability 2016, 8, 647. DOI: https://doi.org/10.3390/su8070647.
Braungart, M.; McDonough, W. Cradle to Cradle: Remaking the Way We Make Things. North Point Press,
New York, USA, 2002.

De Angelis, R.; Howard, M.; Miemczyk, J. Supply chain management and the circular economy: towards the
circular  supply  chain. Production ~ Planning &  Control 2018, 29,  425-437. DOI:
https://doi.org/10.1080/09537287.2018.1449244.

Korhonen, J.; Honkasalo, A.; Seppala, J. Circular Economy: The Concept and its Limitations. Ecological
Economics 2018, 143, 37-46. DOI: https://doi.org/10.1016/j.ecolecon.2017.06.041.

Ghisellini, P.; Cialani, C.; Ulgiati, S. A review on circular economy: the expected transition to a balanced
interplay of environmental and economic systems. Journal of Cleaner Production 2016, 114, 11-32. DOI:
https://doi.org/10.1016/j.jclepro.2015.09.007.

Nasir, M. H. A.; Genovese, A.; Acquaye, A. A.; Koh, S. C. L.; Yamoah, F. Comparing linear and circular supply
chains: A case study from the construction industry. International Journal of Production Economics 2017, 183,
443-457. DOI: https://doi.org/10.1016/j.ijpe.2016.06.008.

Walker, T.; Gramlich, D.; Dumont-Bergeron, A. The Case for a Plastic Tax: A Review of Its Benefits and
Disadvantages Within a Circular Economy. In Sustainability (Business and Society 360, Vol. 4), Wasieleski, D.
M. and Weber, J. (Eds.); Emerald Publishing Limited, Leeds, pp. 185-211. DOI: https://doi.org/10.1108/S2514-
175920200000004010.

Korniejenko, K.; Kozub, B.; Bak, A.; Balamurugan, P.; Uthayakumar, M.; Furtos, G. Tackling the Circular
Economy Challenges—Composites Recycling: Used Tyres, Wind Turbine Blades, and Solar Panels. J.
Compos. Sci. 2021, 5, 243. DOI: https://doi.org/10.3390/jcs5090243.

Lieder, M.; Rashid, A. Towards circular economy implementation: a comprehensive review in context of
manufacturing industry. Journal of  Cleaner  Production 2016, 115, 36-51. DOl:
https://doi.org/10.1016/j.jclepro.2015.12.042.

301


https://issuu.com/trash2cash/docs/d2.22_comparison_of_the_cellulose_d

35.

36.
37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

Schumann, F. R. Circular economy principles and small island tourism: Guam’s initiatives to transform from
linear tourism to circular tourism. Journal of Global Tourism Research 2020, 5, 13-20. DOI:
https://doi.org/10.37020/jgtr.5.1_13.

Slater, K. Environmental impact of textiles — production, processes and protection. Woodhead Publishing Ltd.,
Cambridge, England, 2003.

Muthu, S. S. Assessing the environmental impact of textiles and the clothing supply chain. Woodhead
Publishing Ltd., Cambridge, England, 2020.

Yacout, D. M. M.; Hassouna, M. S. Identifying potential environmental impacts of waste handling strategies in
textile industry. Environmental ~ Monitoring  and  Assessment 2016, 188, 445, DOI:
https://doi.org/10.1007/s10661-016-5443-8.

Gita, S.; Hussan, A.; Choudhury, T. G. Impact of textile dyes waste on aquatic environments and its treatment.
Environment & Ecology 2017, 35, 2349-2353.

Sivaram, N. M.; Gopal, P. M.; Barik, D. Toxic waste from textile industry. In Energy from Toxic Organic Waste
for Heat and Power Generation, Woodhead Publishing Series in Energy, 2019; pp. 43-54. DOI:
https://doi.org/10.1016/B978-0-08-102528-4.00004-3.

Szajczyk, M.; Wojcik-Augustyniak, M.; Ganczewski, G. Striving for a less toxic production of metallized textiles
— Environmental impact assessment. Journal of Cleaner Production 2023, 394, 136265. DOI:
https://doi.org/10.1016/j.jclepro.2023.136265.

Beton, A.; Dias, D.; Farrant, L.; Gibon, T.; Le Guem, Y.; Desaxce, M.; Perwueltz, A.; Boufath, I. Environmental
improvement potential of textiles (IMPRO Textiles). JRC Scientific and Policy Reports, European Commision,
2014. Available online: https://publications.jrc.ec.europa.eu/repository/bitstream/JRC85895/
impro%20textiles_final%20report%20edited_pubsy%20web.pdf (accessed Dec. 09, 2023).

Manickam, P.; Duraisamy, G. 3Rs and circular economy. In Circular Economy in Textiles and Apparel, The
Textile Institute Book Series, 2019; pp. 77-93. DOI: https://doi.org/10.1016/B978-0-08-102630-4.00004-2.
Christensen, T. B. Towards a circular economy in cities: Exploring local modes of governance in the transition
towards a circular economy in construction and textile recycling. Journal of Cleaner Production 2021, 305,
127058. DOI: https://doi.org/10.1016/j.jclepro.2021.127058.

Uvarova, |.; Atstaja, D.; Volkova, T.; Grasis, J.; Ozolina-Ozola, |. The typology of 60R circular economy
principles and strategic orientation of their application in business. Journal of Cleaner Production 2023, 409,
137189. DOI: https://doi.org/10.1016/j.jclepro.2023.137189.

Winquist, E.; Horn, S.; Tuovila, H.; Lavikko, S.; Sorvari, J.; Joutsjoki, V.; Karhu, M.; Slotte, P.; Kautto, P;
Kivikyt6-Reponen, P.; llvesniemi, H. R-strategies in the circular economy: Textile, battery, and agri-food value
chains. Natural Resources and Bioeconomy Studies 57/2023. Natural Resources Institute Finland, Helsinki.
Papamichael, |.; Chatziparaskeva, G.; Pedreno, J. N.; Voukkali, |.; Aimendro Candel, M. B.; Zorpas, A. T.
Building a new mind set in tomorrow fashion development through circular strategy models in the framework of
waste management. Current Opinion in Green and Sustainable Chemistry 2022, 36, 100638. DOI:
https://doi.org/10.1016/j.cogsc.2022.100638.

Abbas, S.; Halog, A. Analysis of Pakistani Textile Industry: Recommendations Towards Circular and
Sustainable Production. In Circular Economy, Environmental Footprints and Eco-design of Products and
Processes; Muthu, S. S. (Eds.); Springer, Singapore, 2021; pp. 77-111. DOI: https://doi.org/10.1007/978-981-
16-3698-1_3.

Morseletto, P. Targets for a circular economy. Resources, Conservation and Recycling 2020, 153, 104553.
DOI: https://doi.org/10.1016/j.resconrec.2019.104553

Abbate, S.; Centobelli, P.; Cerchione, R. From Fast to Slow: An Exploratory Analysis of Circular Business
Models in the Italian Apparel Industry. International Journal of Production Economics 2023, 260, 108824. DOI:
https://doi.org/10.1016/j.ijpe.2023.108824.

De Aguiar Hugo, A.; de Nadae, J.; da Silva Lima, R. Can Fashion Be Circular? A Literature Review on Circular
Economy Barriers, Drivers, and Practices in the Fashion Industry’s Productive Chain. Sustainability 2021, 13,
12246. DOI: https://doi.org/10.3390/su132112246.

Goldsworthy, K. The Speedcycle: a design-led framework for fast and slow circular fashion lifecycles. The
Design Journal 2017, 20, S1960-S1970. DOI: https://doi.org/10.1080/14606925.2017.1352714

Shrivastava, A.; Jain, G.; Paul, J. Circular Economy and Re-Commerce in the Fashion Industry. 1GI Global
2020.

Todeschini, B.; Cortimiglia, M.; Callegaro-de-Menezes, D.; Ghezzi, A. Innovative and sustainable business
models in the fashion industry: Entrepreneurial drivers, opportunities, and challenges. Business Horizons
2017, 60, 759-770. DOI: https://doi.org/10.1016/j.bushor.2017.07.003

Chen, W.-K.; Nalluri, V.; Hung, H.-C.; Chang, M.-C.; Lin, C.-T. Apply DEMATEL to Analyzing Key Barriers to
Implementing the Circular Economy: An Application for the Textile Sector. Appl. Sci. 2021, 11, 3335. DOI:
https://doi.org/10.3390/app11083335.

Suchek, N.; Fernandes, C. I.; Kraus, S.; Filser, M.; Sjogrén, H. Innovation and the circular economy: A
systematic literature review. Business Strategy and the Environment 2021, 30, 3686-3702. DOI:
https://doi.org/10.1002/bse.2834.

Karell, E.; Niinimaki, K. Addressing the Dialogue between Design, Sorting and Recycling in a Circular
Economy. The Design Journal 2019, 22, 997-1013.

Valencia, M.; Bocken, N.; Loaiza, C.; de Jaeger, S. The social contribution of the circular economy. J. Clean.
Prod. 2023, 408, 137082. DOI: https://doi.org/10.1016/j.jclepro.2023.137082.

302


https://doi.org/10.1016/B978-0-08-102528-4.00004-3
https://doi.org/10.1002/bse.2834

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.
72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.
. New Article 11(1), Directive 2008/98/EC.
84.

Camere, S.; Karana, E. Fabricating materials from living organisms: an emerging design practice. J. Clean.
Prod. 2018, 186, 570-584. DOI: https://doi.org/10.1016/j.jclepro.2018.03.081.

Provin, A. P.; de Aguiar Dutra, A. R.; de Sousa e Silva Gouveia, |. C. A.; Leal Vieira Cubas, A. Circular
economy for fashion industry: Use of waste from the food industry for the production of biotextiles.
Technological Forecasting and Social Change 2021, 169, 120858. DOI:
https://doi.org/10.1016/j.techfore.2021.120858.

To, M. H.; Uisan, K.; Ok, Y. S.; Pleissner, D.; Lin, C. S. K. Recent trends in green and sustainable chemistry:
rethinking textile waste in a circular economy. Current Opinion in Green and Sustainable Chemistry 2019, 20,
1-10. DOI: https://doi.org/10.1016/j.cogsc.2019.06.002.

Garcia, C.; Prieto, M. A. Bacterial cellulose as a potential bioleather substitute for the footwear industry.
Microb. Biotechnol. 2019, 12, 582-585. DOI: https://doi.org/10.1111/1751-7915.13306.

Domskiene, J.; Sederaviciute, F.; Simonaityte, J. Kombucha bacterial cellulose for sustainable fashion. Int. J.
Cloth. Sci. Technol. 2019, 31, 644-652. DOI: https://doi.org/10.1108/IJCST-02-2019-0010.

Cazon, P.; Velazquez, G.; Vazquez, M. Bacterial cellulose films: evaluation of the water interaction. Food
Pack. Shelf Life 2020, 25, 100526. DOI: https://doi.org/10.1016/j.fpsl.2020.100526.

Du, L. Z,; Yu, L. Q.; Chen, R. The construction research on Rapid-Response Eco-Supply Chain of the textile
industry based on the circular economy. 20710 International Conference on E-Health Networking Digital
Ecosystems and  Technologies  (EDT), Shenzhen, China, 2010, pp. 248-251. DOI:
https://doi.org/10.1109/EDT.2010.5496593.

Jia, F.; Yin, S. Y.; Chen, L. J.; Chen, X. W. The circular economy in the textile and apparel industry: A
systematic literature review. J. Clean. Prod. 2020, 259, 120728. DOl:
https://doi.org/10.1016/j.jclepro.2020.120728.

Ezhilarasan, P. J.; Umakanta, M. A sustainable three-layer circular economic model with controllable waste,
emission, and wastewater from the textile and fashion industry. J. Clean. Prod. 2023, 388, 135642. DOI:
https://doi.org/10.1016/j.jclepro.2022.135642.

Shirvanimoghaddam, K.; Motamed, B.; Ramakrishna, S.; Naebe, M. Death by waste: Fashion and textile
circular economy case. Science of the Total Environment 2020, 718, 137317. DOI:
https://doi.org/10.1016/j.scitotenv.2020.137317.

Koszewska, M. Circular Economy — Challenges for the Textile and Clothing Industry. Autex Res. J. 2018, 18,
337-347. DOI: https://doi.org/10.1515/aut-2018-0023.

Dhonde, B.; Patel, C. R. Implementing circular economy concepts for sustainable urban freight transport: Case
of  textile manufacturing supply chain. Acta Logistica 2020, 7, 131-143. DOI:
https://doi.org/10.22306/al.v7i2.172.

Mishra, S.; Jain, S.; Malhotra, G. The anatomy of circular economy transition in the fashion industry. Social
Responsibility 2021, 17, 524-542. DOI: https://doi.org/10.1108/SRJ-06-2019-0216.

Siderius, T.; Poldner, K. Reconsidering the Circular Economy Rebound effect: Propositions from a case study
of the Dutch Circular Textile Valley. J. Clean. Prod. 2021, 293, 125996. DOI:
https://doi.org/10.1016/j.jclepro.2021.125996.

Delanoeije, J.; Bachus, K. Reuse: The understudied circular economy strategy. Research Group Sustainable
Development, HIVA, KU Leuven, Belgium, 2020.

Chen, X. D.; Memon, H. A.; Wang, Y. H.; Marriam, |.; Tebyetekerwa, M. Circular Economy and Sustainability
of the Clothing and Textile Industry. Mater. Circ. Econ. 2021, 3, 12. DOI: https://doi.org/10.1007/s42824-021-
00026-2.

Early, R.; Goldsworthy, K. Designing for Fast and Slow Circular Fashion Systems: Exploring Strategies for
Multiple and Extended Product Cycles. Proc. of PLATE: Product Lifetimes and the Environment;. Nottingham,
UK, 17-19 June, 2015.

ThredUp. 2019 Resale Report. Available online: https://cf-assets-
tup.thredup.com/resale_report/2019/thredUP-resaleReport2019.pdf (accessed on Dec. 10, 2023).

KeBler, L.; Matlin, S. A.; Kimmerer, K. The contribution of material circularity to sustainability—Recycling and
reuse of textiles. Current Opinion in Green and Sustainable Chemistry 2021, 32, 100535. DOI:
https://doi.org/10.1016/j.cogsc.2021.100535.

Sajn, N. Environmental impact of the textile and clothing industry—What consumers need to know. EU
(European Parliamentary Research Service) 2019. Available online:
https://www.europarl.europa.eu/RegData/etudes/BRIE/2019/633143/EPRS_BRI(2019)633143_EN.pdf
(accessed Dec. 10, 2023).

Bake-Brown, D. The Reuse Atlas: A Designer's Guide Towards the Circular Economy. Routledge 2019.

Ballie, J.; Woods, M. Circular by Design: A Model for Engaging Fashion/Textile SMEs with Strategies for
Designed Reuse. In Crocker, R.; Saint, C.; Chen, G.; Tong, Y. (Eds.) Unmaking Waste in Production and
Consumption: Towards the Circular Economy; Emerald Publishing Limited, Leeds, pp. 103-121. DOI:
https://doi.org/10.1108/978-1-78714-619-820181010.

Smith, P.; Baille, J.; McHattie, L.-S. Sustainable Design Futures: An open design vision for the circular
economy in fashion and textiles. The Design Journal 2017, 20, $S1938-S1947. DOI:
https://doi.org/10.1080/14606925.2017.1352712.

Directive (EU) 2018/851 amending Directive 2008/98/EC on waste.

Whereas 41 of Directive (EU) 2018/851 amending Directive 2008/98/EC.

303



85.

86.

87.

88.
89.
90.
91.

92.
93.
94.

95.

96.

97.

98.
99.
100.
101.
102.

103.

104.

105.

106.

107.

108.
1009.

110.

Gwilt, A. What prevents people repairing clothes? An investigation into community-based approaches to
sustainable product service systems for clothing repair. Mak. Futures J. 2014, 3. Available online:
http://shura.shu.ac.uk/8125/ (accessed on Dec. 10, 2023).

Laitala, K.; Klepp, |. Care and production of clothing in Norwegian homes: Environmental implications of
mending and making practices. Sustainability 2018, 10, 2899. DOI: https://doi.org/10.3390/su10082899.
McLaren, A.; McLauchlan, S. Crafting Sustainable Repairs: Practice-Based Approaches to Extending the Life
of Clothes. In Proceedings of the PLATE Conference, Delft, The Netherlands, 17—-19 June 2015. Available
online: http://www.plateconference.org/crafting-sustainable-repairs-practice-based-approaches-extending-life-
clothes/ (accessed on Dec. 10, 2023).

Diddi, S.; Yan, R.-N. Consumer Perceptions Related to Clothing Repair and Community Mending Events: A
Circular Economy Perspective. Sustainability 2019, 11, 5306. DOI: https://doi.org/10.3390/su11195306.

Van der Velden, M. ‘Fixing the World One Thing at a Time’: Community repair and a sustainable circular
economy. J. Clean. Prod. 2021, 304, 127151. DOI: https://doi.org/10.1016/j.jclepro.2021.127151.

Moalem, R. M.; Mosgaard, M. A. A Critical Review of the Role of Repair Cafés in a Sustainable Circular
Transition. Sustainability 2021, 13, 12351. DOI: https://doi.org/10.3390/su132212351.

Laitala, K.; Grimstad, Klepp, |.; Haugronning, V.; Throne-Holst, H.; Strandbakken, P. Increasing repair of
household appliances, mobile phones and clothing: Experiences from consumers and the repair industry. J.
Clean. Prod. 2021, 282, 125349. DOI: https://doi.org/10.1016/j.jclepro.2020.125349.

Fischer, A.; Pascucci, S. Institutional incentives in circular economy transition: The case of material use in the
Dutch textile industry. J. Clean. Prod. 2017, 155, 17-32. DOI: https://doi.org/10.1016/j.jclepro.2016.12.038.
Kumar, P. S.; Carolin, C. F. Future for circular economy. In Circular Economy in Textiles and Apparel, The
Textile Institute Book Series, 2019; pp. 207-217. DOI: https://doi.org/10.1016/B978-0-08-102630-4.00010-8.
Van Loon, P.; van Wassenhove, L. N. Transition to the circular economy: the story of four case companies.
International Journal of Production Research 2020, 58, 3415-3422. DOI:
https://doi.org/10.1080/00207543.2020.1748907.

Kaddoura, M.; Kambanou, M. L.; Tillman, A.-M.; Sakao, T. Is Prolonging the Lifetime of Passive Durable
Products a Low-Hanging Fruit of a Circular Economy? A Multiple Case Study. Sustainability 2019, 11, 4819.
DOI: https://doi.org/10.3390/su11184819.

Brauner, P.; Vervier, L.; Ziefle, M.; Sachtleben, M.; Schlichter, S.; Gries, T. Clothing-as-a-Service? — A
Research Agenda towards a Sustainable and Socially Accepted Circular Economy of Clothing. Human Factors
for Apparel and Textile Engineering 2022, 32, 159-168. DOI: https://doi.org/10.54941/ahfe1001551.

Sinha, P.; Muthu, S. S.; Dissanayake, G. The remanufacturing industry and fashion. In Remanufactured
Fashion. Environmental Footprints and Eco-design of Products and Processes. Springer, Singapore, 2016; pp.
1-9. DOI: https://doi.org/10.1007/978-981-10-0297-7_1.

Singh, J.; Ordonez, I. Resource recovery from post-consumer waste: important lessons for the upcoming
circular economy. J. Clean. Prod. 2016, 134A, 342-353. DOI: https://doi.org/10.1016/j.jclepro.2015.12.020.
Van Dam, K.; Simeone, L.; Kesin, D.; Baldassarre, B.; Niero, M.; Morelli, N. Circular Economy in Industrial
Design Research: A Review. Sustainability 2020, 12, 10279. DOI: https://doi.org/10.3390/su122410279.
Mortati, M. A Framework for Design Innovation: Present and Future Discussions. Des. Issues 2015, 31, 4-16.
DOI: https://doi.org/10.1162/DESI_a_00347.

Roos, G. Design-Based Innovation for Manufacturing Firm Success in High-Cost Operating Environments.
She Ji J. Des. Econ. Innov. 2016, 2, 5-28. DOI: https://doi.org/10.1016/j.sheji.2016.03.001.

Jensen, J. P.; Prendeville, S. M.; Bocken, N. M. P.; Peck, D. Creating sustainable value through
remanufacturing:  Three  industry cases. J. Clean. Prod. 2019, 218, 304-314. DOL:
https://doi.org/10.1016/j.jclepro.2019.01.301.

Rossi, E.; Bertassini, A. C.; dos Santos Ferreira, C.; Neves do Amaral, W. A.; Ometto, A. R. Circular economy
indicators for organizations considering sustainability and business models: Plastic, textile and electro-
electronic cases. J. Clean. Prod. 2020, 247, 119137. DOI: https://doi.org/10.1016/j.jclepro.2019.119137.

Pal, R.; Samie, Y.; Chizaryfard, A. Demystifying process-level scalability challenges in fashion
remanufacturing: An interdependence perspective. Journal of Cleaner Production 2021, 286, 125498.
Aravindan, P.; Becagli, F.; Longana, M. L.; Block, L. G.; Pozegic, T. R.; Huntley, S. J.; Rendall, T.; Hamerton,
I. Remanufacturing of Woven Carbon Fibre Fabric Production Waste into High Performance Aligned
Discontinuous Fibre Composites. J. Compos. Sci. 2020, 4, 68.

Hirman, M.; Benesova, A.; Navrétil, J.; Steiner, F.; Tupa, J. New Recycling Procedure of SMD Components for
Reuse in E-Textiles in Accordance to the Green Deal Policy. In: Kim, KY., Monplaisir, L., Rickli, J. (Eds.),
Flexible Automation and Intelligent Manufacturing: The Human-Data-Technology Nexus. FAIM 2022. Lecture
Notes in Mechanical Engineering. Springer, Cham, 2023.

Lakatos, E.-S.; Nan, L.-M.; Bacali, L.; Ciobanu, G.; Ciobanu, A.-M.; Cioca, L.-I. Consumer Satisfaction towards
Green Products: Empirical Insights from Romania. Sustainability 2021, 13, 10982. DOI:
https://doi.org/10.3390/su131910982.

Furferi, R.; Volpe, Y.; Mantellassi, F. Circular Economy Guidelines for the Textile Industry. Sustainability 2022,
14, 11111. DOI: https://doi.org/10.3390/su141711111.

Haqg, U. N.; Alam, S. M. R. Implementing circular economy principles in the apparel production process:
Reusing pre-consumer waste for sustainability of environment and economy. Cleaner Waste Systems 2023, 6,
100108. DOI: https://doi.org/10.1016/j.clwas.2023.100108.

Fletcher, K. Local and light. In Sustainable fashion and textiles design journeys; Earthscan, London, 2008; pp.
137-159.

304



111.

112.

113.

114.

115.

116.

Young, C.; Jirousek, C.; Ashdown, S. Undesigned: A study in sustainable design of apparel using post-
consumer recycled clothing. Clothing and Textiles Research Journal 2004, 22, 61-68. DOI:
https://doi.org/10.1177/0887302X0402200108.

Papamichael, I.; Chatziparaskeva, G.; Voukkali, I.; Pedreno, J. N.; Jeguirim, M.; Zorpas, A. A. The perception
of circular economy in the framework of fashion industry. Waste Management and Research 2023, 41, 251-
263. DOI: https://doi.org/10.1177/0734242X221126435.

Hussain, A.; Kamboj, N.; Podgurski, V.; Antonov, M.; Goliandin, D. Circular economy approach to recycling
technologies of postconsumer textile waste in Estonia: a review. Proc. of the Estonian Academy of
Sciences 2021, 70, 80-90. DOI: https://doi.org/10.3176/proc.2021.1.07.

Schmutz, M.; Som, C. Identifying the potential for circularity of industrial textile waste generated within Swiss
companies. Resources, Conservation and Recycling 2022, 182, 106132. DOl
https://doi.org/10.1016/j.resconrec.2021.106132.

Savini, F. The circular economy of waste: recovery, incineration and urban reuse. Journal of Environmental
Planning and Management 2021, 64, 2114-2132. DOI: https://doi.org/10.1080/09640568.2020.1857226.
Stenton, M.; Houghton, J. A.; Kapsali, V.; Blackburn, R. S. The Potential for Regenerated Protein Fibres within
a Circular Economy: Lessons from the Past Can Inform Sustainable Innovation in the Textiles Industry.
Sustainability 2021, 13, 2328. DOI: https://doi.org/10.3390/su13042328.

305



