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The fashion industry has long been linked to complex social and environmental issues like labour exploitation,
resource depletion, and carbon emissions. In alignment with the Sustainable Development Goals (SDGs) 8, 12,
13, and 15, various sustainable fashion initiatives have emerged to mitigate the industry’s impact on the
economy, society, and the environment. While there has been extensive research on sustainable fashion, there
are limited studies that simultaneously investigate the geospatial collaborative networks alongside a compre-
hensive systematic review of the digital and material innovations, policies, and regulatory frameworks that
facilitate the transition to a net-zero future. This integrative systematic review critically examines the ad-
vancements in sustainable fashion transition towards net-zero over the last two decades. It was found that recent
efforts in digital, materials, and process innovations, along with the enforcement of existing policies and regu-
latory interventions are accelerating the transition towards net-zero for the achievement of the "Fashion Pact
2050". The findings suggest that collaboration and partnerships are essential for advancing sustainable fashion,
as they enable fashion brands, NGOs, and governmental entities to unite their diverse expertise to drive inno-
vation and share best practices. Such collective efforts enhance the impact of sustainability initiatives, fostering a
more effective transition toward a net-zero future in the industry. This article further provides practical rec-
ommendations and implications for industry, academia, and governments for accelerating the transition to net-
zero fashion; making it a useful material for researchers, fashion businesses, funding organizations, and
policymakers.

1. Introduction aimed at promoting sustainability and addressing climate change,

biodiversity loss, reducing carbon footprint and ocean protection within

The fashion and textile sector is considered to be one of the world’s
most polluting industries - surpassed only by the oil and gas sector [1].
This pollution can be attributed to the extensive use of energy, water,
and chemicals during production along with the associated carbon
emissions [1,2]. As the global awareness of climate change intensifies,
stakeholders across the apparel sector are increasingly recognizing the
importance of sustainability not merely as a trend, but as a fundamental
necessity for reducing the industry’s carbon footprint. The global net--
zero’ (GNZ) 2050 and the UNDP SGDs 2030 goals [3-5] are central to
the call for climate action. Consistent with these calls, the “Fashion Pact
2050" was signed at the G7 Summit in Biarritz, France, in August 2019
[6]. This initiative was launched by a coalition of fashion companies
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the fashion industry [7]. This has led to fashion industries adopting
strategies to herald this global transition. This transition represents a
critical milestone in the global effort to mitigate climate change and
reduce the environmental footprint of human activities [8,9]. Such a
paradigm shift requires a holistic rethinking of the entire fashion value
chain from raw materials production, sourcing, design and production,
distribution, and consumption[10].

In the past decade, businesses and organizations have significantly
invested in sustainable initiatives and innovations, including substantial
funding for digital technologies, material innovations, enhancing
customer awareness, enforcing sustainable policies, and developing in-
dustry and regulatory frameworks (see Fig. 1) [10,11]. The "Cradle to
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Cradle" strategy is a socio-technology innovation strategy that aims to
reduce waste by designing items with the intention of recycling or
composting them at the end of their lives [12]. Also in focus are the
efforts to maximize energy efficiency in production processes and the
shift to renewable energy with the ultimate aim of eliminating fossil fuel
from textile manufacturing and reducing carbon footprint [13-15].
Technological innovations are essential components in the journey
towards net-zero emissions [16,17]. Digital innovations such as 3D
printing, digital design tools, IoT, robotics and advanced manufacturing
processes are driving sustainable innovation in the fashion industry
leading to reduced energy consumption and less waste generation
[18-20]. Typical technologies like Product Lifecycle Management Sys-
tems (PLMs) enable better traceability of materials and products,
ensuring ethical sourcing and production practices. This technology also
ensures transparency in supply chains, which is crucial for promoting
sustainability and accountability within the fashion industry.
Strategies for consumer inclusion in the transition to net-zero future
fashion are essential for holistic solution transition [21]. Similarly,
policies and regulations play a significant role in shaping the sustainable
fashion drive [22]. Studies on policy development and industry stan-
dards provide valuable insights into creating a supportive regulatory
environment for sustainable fashion practices [23]. Governments and
international organizations are increasingly implementing policies
aimed at reducing the environmental impact of the fashion industry
[22]. These regulations serve as both a catalyst for innovation and a
guiding force for ethical practices, ensuring that sustainability becomes
ingrained in the very fabric of fashion. While these efforts continue to
shape the fashion industry’s transition to a greener future, the needed
results can only be achieved through multifaceted strategies that pri-
oritize circular economy principles [24] and emphasize digitally
enabled manufacturing processes [25,26]. These developments mini-
mize waste and resource consumption while empowering consumers to
make more informed choices. However, the integration of these in-
novations into established practices requires a concerted effort from all
stakeholders, including designers, manufacturers, and policymakers.
While recent efforts have led to a significant expansion in the body of
literature on sustainable fashion, there appears to be a considerable void
in understanding how these innovations interact with existing regula-
tory frameworks and the degree to which they may facilitate a smooth
transition to net-zero emissions. While many studies highlight individ-
ual technological innovations [17,27,28], policy initiatives [29,30], and
circular economy initiatives [24,31], only a few studies provide a
comprehensive analysis of their interconnections and cumulative impact
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on how the fashion industry can successfully navigate the net-zero
transition. As the industry takes steps to transition to net-zero, it is
important to understand the geospatial research collaborative networks
and examine the role of digital and materials innovations, policy, and
regulatory framework in this transition.

The purpose of this study is to conduct a comprehensive review of the
current landscape of sustainable fashion, focusing on the role of digital
and material innovations in facilitating the transition towards net-zero
emissions. This review systematically analyzes existing literature, pol-
icies, and regulatory frameworks to elucidate the interconnections be-
tween technological advancements and regulatory support and provide
actionable insights and recommendations for stakeholders within the
fashion industry, policymakers, and researchers, fostering a collabora-
tive approach to achieving sustainability goals in the fashion sector. To
that end, this review seeks to answer the following research questions:
RQ1. What are the digital innovations driving net-zero future fashion?
RQ2. What are the materials and process innovations driving net-zero
future fashion? RQ3. What are the consumer and social innovative
drives propelling net-zero future fashion? RQ4. What are the existing
policies and regulatory frameworks and their impact on the transition to
net-zero future fashion?

2. Methodology

The bibliometric data for the systematic review was obtained from
the Scopus database (SDB) using the enhanced PRISMA guideline [32].
This approach enabled a systematic retrospective evaluation of the
research in sustainable fashion over the last 20 years. Thus, to provide a
thorough picture of the sustainable fashion conundrum, an integrative
systematic qualitative analysis was done based on the themes developed
from the documents. The choice of SDB is due to its enhanced data
categorization features, wider, and up-to-date content coverage, indi-
vidualized author and institutional profiling, as well as its serial source
profiles and interconnected database interface [33]. To obtain a thor-
ough understanding of the field, other commercial databases and
fashion new portals (details shown in Fig. 2) were explored to provide a
balanced discussion on this important transition.

2.1. Search strategy

The systematic literature search was conducted on 30th March 2024
using the procedure illustrated in Fig. 2. The search strings were "sus-
tainable* fashion OR sustainable* textiles", "sustainable* fashion
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Fig. 1. Sustainable fashion innovations and initiatives.
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Fig. 2. PRISMA 2020 framework for records retrieval from databases.

non non

sourcing", "sustainable* textile production", "sustainable* fashion ma-
terials", "sustainable* fashion business", "sustainable* clothing*" and
“net-zero fashion”. The search string results are shown in Table 1.

2.2. Inclusion and exclusion criteria

To exclude irrelevant items, data refining tools were employed. From
the "document type" drop-down option, only "articles" and "review" were
chosen. Additionally, the "language" option was limited to "English,"
while the "source type" option was limited to "journal." The publication
year was limited to 2006 — 2024 to understand the publication trend

Table 1
Searched string used in SDB and resultant documents as of March 30, 2024.
S/ Searched Total Documents Documents Documents
N string documents results after after after
result applying abstract and ~ removing
filters title reading  duplicates
1. Sustainable* 1329 759 480 335
fashion OR
Sustainable*
textiles
2. Sustainable* 37 17 12 12
fashion
sourcing
3. Sustainable* 34 10 9 9
textile
production
4. Sustainable* 801 435 172 133
fashion
materials
5. Sustainable* 14 8 8 8
fashion
business
6. Sustainable* 133 96 91 74
clothing*
7. Net-zero 105 34 18 18
fashion
Total 589

over the last twenty years (see details in Fig. 2). The final documents
were sorted in MS Excel after being downloaded as Comma Separated
Values (CSV).

2.3. Quality assessment of literature

As part of the quality assessment, titles, abstracts, and conclusions of
the articles were thoroughly examined independently by three authors
to ensure they covered the subject matter overtly. In instances of
disagreement about the inclusion of a document, the team discussed and
reached a consensus. Articles downloaded from other websites (see
Fig. 2) were also examined and blog posts without references and editors
were removed. To avoid duplication, screening of the article titles was
done in MS Excel using the sort and filter option before analysis. To
ensure accuracy in the information presented articles with no author
names, affiliations, or journal names were further removed. For the
thematic analysis, files that could not be retrieved (downloaded) were
exempted leaving a total of 238 documents. The files obtained from
other sources shown in Fig. 2 were only included in the content analysis.

2.4. Evidence extraction and data analysis

To extract the evidence from the documents, the bibliometrics soft-
ware, VOSviewer developed by Nees Jan van Eck and Ludo Waltman
[34], and Biblioshiny in R studio [35] for scientific mapping and visu-
alizations were used. For part 3.1 under descriptive evolution of
research, the entire bibliometric data made up of 589 was used. For the
evidence extraction under the thematic analysis, 238 retrieved docu-
ments were analysed (See Fig. 3 for details) similar to the previous study
[36]. VOSviewer (version: 1.6.20) and, in some cases, Biblioshiny soft-
ware was used to generate the themes and social network clusters based
on the keyword plus analysis.
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Fig. 3. Evidence extraction and data analysis procedure.

3. Results and discussion
3.1. Evolution of research

An examination of the annual publication trend shows a noteworthy
output of scholarly works over the first two decades. Notably, 20 pub-
lications were made between 2006 and 2011, designating this period as
an emerging phase. Since then, there has been a steady rise in publica-
tions from 2012 to 2016 (a total of 149 publications), denoting the "pick-
up and pace" phase in sustainable fashion research followed by an
exponential rise (R? = 0.6132) in the overall number of publications
from 2017 to 2023, which suggests that sustainable fashion research was
fast expanding in different research institutions around the globe
compared to the previous years. This development may have been
impacted by the “United Nations (UN) Sustainable Development Goals
(SDGs) Agenda 2030", and the increasing consumer campaigns and ad-
vocates on sustainable fashion. These developments coupled with the
new product label regulations in many countries have shifted fashion
product consumption towards a more greener alternative, thus feeding
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into the circular economy model. To track the evolution of organiza-
tions’ research output, the affiliations production over time was visu-
alized. As shown in Fig. 4b, Yonsei University, Donghua University, and
Aalto University have been at the forefront of sustainability research for
quite a long time with an exponential increase in research output since
2015. Presently, fund allocations are geared towards sustainability is-
sues, hence, there’s bound to be an enormous rise in research output in
sustainable fashion in the years ahead to 2030. This is estimated to
propel the agenda towards attaining a green world. The highly cited
countries/regions in the world indicate a strong scientific impact.

As shown in Fig. 4c, the United States is the major contributor to
sustainability research in fashion and serves as the collaborative
powerhouse to most countries, with significant collaboration between
the United Kingdom and China. Country and regional collaborations are
critical to expanding the frontiers of sustainable fashion research to-
wards the achievement of net-zero targets.
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Fig. 4. (a) Annual global publication trend (b) Affiliation production over time, (c) Network visualization of influential countries in sustainable fashion.
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4. Major themes in sustainable fashion transition to net-zero

Out of the accessible documents, the themes in sustainable fashion
transition towards net-zero future fashion were consolidated into five
major key topical themes comprising (i) sustainable fashion approaches,
(ii) digital technologies in sustainable fashion, (iii) materials and process
innovations, (iv) consumer and social innovations (v) policies and reg-
ulatory framework. A thorough examination of the documents under
each theme provided insight into the transition towards net-zero future
fashion from which recommendations were made for an accelerated
transition.

4.1. Sustainable fashion approaches

The fashion business has expanded steadily throughout the years,
outpacing other sectors in size as one of the global economies with an
anticipated global revenue expected to exceed $2 trillion by 2025 from
an estimated $1.5 trillion in 2021 [37,47]. Clothing unlike most prod-
ucts is ubiquitous and typically has a shorter lifespan because of the
overconsumption culture that fast fashion has fostered over the years
[38-40]. As noted by Cosscieme et al., [41], the production of garments
generates all forms of waste amidst fair trade and labour issues. Ac-
cording to Mukherjee Sudeshna [42], the fashion industry uses the
second-most water resources worldwide with 10 % of carbon emissions,
and 20 % of wastewater as well as high energy consumption. For
instance, to create one t-shirt and a pair of pants, 20,000 L of water, 24 %
insecticides, and 11 % pesticides are used in the cotton production
process [43]. Thus, the fashion industry’s effects on society and the
environment have received a lot of criticism in recent years [44]. As a
result, the industry is at a crossroads to adapt its business models and
production processes to align with the moral rights and the environ-
mental appeals of society [37,42]. Based on these alignments, many
brands have embraced recycling and upcycling practices to minimize
waste and extend the lifespan of garments [45]. These practices help
reduce the reliance on virgin resources and decrease the amount of
clothing sent to landfills. Another area of concern in recent years is the
exploitative labour practices within the fashion value chain. To address
this, there has been a growing emphasis on fair trade and ethical labour
standards. In recent years, the slow fashion movement has also acquired
substantial traction as a protest to the industry’s fast-paced, disposable
nature [46]. This movement urges consumers to purchase fewer,
well-made, long-lasting clothes. Slow fashion encourages a move away
from the "throwaway" culture and toward a more sustainable, long-term
approach to fashion consumption by emphasizing timeless designs,
durability, and craftsmanship.

Beyond these ideas, buyers are calling for more openness about the
sources and manufacturing methods of the apparel they buy resulting in
the introduction of digital passports in Europe and other economic blocs
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[19]. Additionally, the fashion industry is witnessing collaborations and
partnerships between brands, designers, and organizations to drive
circular economy initiatives [47] in Fig. 5. These programs, which
include clothing rental, repair services, and take-back programs, are
designed to extend the life of materials and products. Such programs
support a more circular approach to fashion, foster resource efficiency,
and lessen waste. Though the industry still has a long way to go, the
current sustainable fashion movement has seen significant growth [48].
Lately, most luxury brands have put sustainability first in meeting
customer demands [49] by switching from the traditional methods of
obtaining raw materials to more environmentally friendly alternatives
[50]. For instance, top fashion manufacturers like Schoeller Textil AG
and Flex apparel, as well as many fashion brands like the Swedish
retailer H&M, the American seller of outdoor gear, Patagonia, and the
French retailer Louis Vuitton, have all embraced a variety of green
technologies [51]. Additionally, physical luxury retail stores have
demonstrated admirable attempts to integrate green technologies into
their supply chains and operations by utilizing low-impact materials,
investing in renewable energy sources, and implementing waste reduc-
tion strategies [52,53]. Although the fashion industry in recent times
placed a high priority on sustainability, it still thrives on consumerism,
hence an unprecedented collaboration amongst all stakeholders will be
required to radically shift the existing paradigm towards net-zero future
fashion [54].

4.2. Digital technologies in sustainable fashion

Beyond the traditional sustainability models, most fashion brands
have embraced digital technologies as a way of mitigating the envi-
ronmental impact of traditional fashion and its associated impact [55,
56]. Some typical examples include virtual showrooms, digital fashion
experiences, augmented reality try-on options, virtual fashion shows,
etc., (see Fig. 6). These digital innovations reduce the need for physical
samples and travel, thus contributing to lessening the carbon footprint.
Typically, in the case of virtual showrooms and digital fashion weeks,
rather than organizing physical fashion shows and showrooms that
require extensive energy consumption, travel, and infrastructure, brands
are leveraging virtual showrooms and digital fashion weeks [57]. De-
signers no longer need to physically attend events in person to present
their collections to a worldwide audience thanks to these internet
channels [57,58]. This trend is consistent with the findings of Silvestri
Barbara [59] indicating that virtual showrooms have the potential to
offer interactive experiences that allow buyers and customers to virtu-
ally browse collections, examine comprehensive product information,
and even use augmented reality (AR) technology to try on virtual gar-
ments. Beyond the virtual showrooms, Kim Jiyeon, and Sandra Forsythe
[60], advanced that virtual fitting, for instance, has enhanced the online
shopping experience, thereby reducing the need for multiple size
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Fig. 5. Circular economy initiatives.
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variations and minimizing returns as well as reducing the need for
travels. Similarly, digital prototyping, virtual fittings using body scan-
ning, and 3D design tools are making design faster, more flexible, and
less wasteful by enabling designers to digitally develop and test clothing
on virtual avatars before generating actual prototypes [61,62]. Pro-
totypes are lately produced using additive manufacturing, which re-
duces waste and creates seamless design and product innovation.

Another important, although not so new technique is the use of
digital lookbooks and catalogues instead of the traditionally printed and
distributed lookbooks and catalogues [63]. Different brands create
digital versions that can be accessed online or through mobile applica-
tions. Digital lookbooks can be created to be interactive, which allows
for easy updates and customization [64]. From a sustainability
perspective, digital lookbooks reduce environmental impact by elimi-
nating paper production, printing, and physical distribution contrib-
uting to reducing the overall reduction of the carbon footprint of the
fashion industry. The flexibility to make updates and distribute content
easily allows brands to stay current and reach a wider audience. The
interactive features create engaging and immersive experiences, while
the global reach and accessibility transcend geographical boundaries
[65]. Digital lookbooks and catalogues enable fashion brands to show-
case their collections in a more sustainable, engaging, and accessible
manner, while also reaping the benefits of improved efficiency and
enhanced customer engagement, and at the same time helping accel-
erate the transition to net-zero future consistent with the fashion pact
2050 [65].

Online retail and e-commerce have revolutionized the way fashion is
bought and sold lately. Almost all brands have online retail platforms
and e-commerce websites, which reduces the need for physical stores
and the associated energy consumption, waste generation, and trans-
portation emissions [66]. Beyond the advantages of online retail plat-
forms and e-commerce websites, this mode of fashion retailing also
enables brands to reach a wider audience and personalize the shopping
experience, reducing the likelihood of overproduction and excess in-
ventory helping to promote sustainability [67]. Another important
digital fashion sustainability technique is live streaming and video
content. Live streaming fashion events, runway shows, and pre-
sentations enable viewers worldwide to experience the event in
real-time without the need for travel thereby helping reduce carbon
emissions [68]. Lately, brands have created high-quality video content

that showcases their collections, behind-the-scenes footage, and in-
terviews with designers, reducing the need for physical attendance and
its associated carbon emissions.

In recent years, the advancement in digital communication and
collaboration tools has enabled seamless communication and collabo-
ration among designers, suppliers, and stakeholders [69]. Remote
collaboration is made easier by technologies like cloud-based platforms,
project management software, and video conferencing, which lessen the
need for travel and in-person meetings, both of which increase carbon
emissions [70]. Similarly, data analytics and sustainability reporting
tools like product life cycle management have pervasive helping brands
to collect, analyse, and report data on their sustainability performance
over time. These tools enable real-time tracking and measuring of key
environmental metrics helping identify areas for continuous improve-
ment, set new targets, and communicate sustainability efforts trans-
parently to all stakeholders [71].

The garment industry’s efforts to achieve net-zero emissions have
been significantly transformed by artificial intelligence [28]. Al tech-
nologies are being leveraged by fashion brands and businesses to opti-
mize various aspects of industry operations, including manufacturing,
materials, supply chain, and circular economy practices [28,72]. These
advancements have had and will continue to have a significant impact
on sustainability, which will pave the way for a more eco-friendly and
responsible fashion industry. In the area of manufacturing, AI has
revolutionized the manufacturing process in the fashion using Al-driven
automation and robotics. Garment manufacturers can optimize pro-
duction schedules, reduce waste, and increase efficiency because Al al-
gorithms can analyse data to determine the most effective production
methods, minimize energy consumption, and optimize the use of re-
sources [73]. This not only results in reduced emissions but also en-
hances the overall sustainability of the manufacturing process.
Regarding materials sourcing and selection, Al plays a crucial role in
transforming the way materials are sourced and used in the fashion in-
dustry. This can be achieved by leveraging Al-driven analytics that can
analyse the environmental impact of different materials, providing in-
sights into more sustainable alternatives. This enables fashion brands to
select materials that are environmentally friendly, biodegradable, and
require fewer resources to produce [74]. With Al-driven technologies,
fashion brands can implement more efficient and effective recycling and
reuse programmes [75]. Al algorithms can identify opportunities for
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recycling and reusing materials, enabling brands to close the loop and
reduce waste [76]. Additionally, AI can facilitate the tracking and
tracing of materials throughout their lifecycle, ensuring transparency
and accountability in the circular economy [77]. Furthermore, Al has
enabled personalized shopping experiences, virtual fitting rooms, and
improved supply chain optimization, all to reduce waste and improve
sustainability. Al-powered fashion recommendations and virtual try-on
technologies help consumers make more informed purchasing decisions,
reducing the likelihood of returns and ultimately reducing waste [78,
79]. Al algorithms can optimize inventory management and demand
forecasting, enabling brands to produce the right number of garments,
minimizing overstock, and reducing the environmental impact of excess
inventory [80]. This, in conjunction with the Internet of Things (IoT),
blockchain technology, and big data analysis, offers an extensive array
of capabilities, including device-to-device communications, and
cyber-physical systems that significantly influence the fourth industrial
revolution [81]. More creative and efficient approaches to clothing
design have been made possible by the widespread use of intelligent
design assistants, fashion style analysis, creative generating, and size
customization [82]. Additionally, fashion labels and clothing manufac-
turers may make better use of their resources thanks to Al algorithms,
which lower costs and increase productivity, effectiveness, and effi-
ciency [83]. Al-enabled fashion blockchain made up of interconnected
blocks of information, guarantees traceability systems where every ac-
tivity and transaction is visible, trackable, and retrievable resulting in
transparency, and guarantees a decrease in the adverse effects of fashion
products on the environment [75]. Therefore, the industry’s path to-
ward balancing growth and sustainability will be determined by the
availability of technology, interoperability standards, and transparent
reporting frameworks.

4.3. Materials and process innovation

Sustainable fashion is greatly influenced by polymers and composites
because they provide creative ways to make apparel and accessories that
are both socially and environmentally conscious. Fashion labels are
searching for substitutes for the materials that are already in use. As a
result, materials innovations have for the past few years focused on
developing environmentally friendly solutions by re-engineering tradi-
tional materials into forms that support the carbon transition. Following
these developments, high-tech materials that are aesthetically pleasing
with less environmental effects have been engineered [84,85].

4.3.1. Biodegradable and renewable polymers

In the area of fibre engineering, newer, safer, and sustainable fibres
are presently been given priority against the conventional petroleum-
based fibres on the market [86]. Research over the last few decades
has found natural polysaccharide-based materials for fibres [87,88] as
listed in Table 2. Most natural polysaccharides, when sustainably
sourced, offer several advantages because they are biodegradable and
environmentally friendly. Multiple polyester products are engineered to
be biodegradable, biocompatible, and renewable. For instance, poly-
lactic acid is produced from the bacterial fermentation of corn, sugar-
cane, potatoes, and other biomass [89,90].

Its sustainable properties include renewable origin, recyclability,
biodegradability, biocompatibility, and bio-absorbability, making it

Table 2

Some typical polysaccharides from natural sources [91].
Origin Polysaccharide type
Plants Starch, cellulose, glucomannan, pectin, hemicellulose, gums, mucilage
Algae Algar, galactans, alginate, carrageenans
Animal Chitin, chitosan, hyaluronic acid, glycosaminoglygen, cellulose
Bacteria Dextran, levan, polygalactosamine, gellan, xanthan, cellulose
Fungal Elsinam, chitin, chitosan, pullulan, yeast glucans
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ideal for various commercial applications. Natureworks LLC and Total-
Corbion are the leading manufacturers of PLA under the brands
Ingeo™ and Lumiy®, respectively [92]. PLA’s properties make it a
sustainable substitute for traditional plastics, with applications in in-
dustries such as medical, food packaging, textiles, and even more [93].
Compared to traditional poly(ethylene terephthalate) (PET) fibres, PLA
fibres are not only biodegradable but can also be developed to have high
functionality and intrinsic qualities including bacteriostatic,
flame-retardant, and weather-resistant capabilities [94,95]. Another
type of biodegradable polyester, poly(butylene
adipate-co-terephthalate) (PBAT), was commercialized by a German
chemical company, BASF, under the trade name of Ecoflex® [89]. The
BASF also introduced a blend of 55 % PBAT and 45 % PLA with the trade
name of Ecovio® and claimed its accelerated biodegradability than
Ecoflex® under certain conditions. Having a wide range of shrinkage,
tenacity elongation, modulus, and abrasion properties, PBAT is widely
used in carrier bags, compostable can liners, mulch film, and food
wrapping. Recent developments have also leveraged biotechnology to
produce low-impact textiles that are renewable and made from algae
biomass, bacteria, fungi, and agricultural wastes [96,97]. A typical
example is polyhydroxyalkanoates (PHAs). PHAs are produced by a
variety of microorganisms, including bacteria, that can accumulate
these biopolyesters as intracellular granules. Different types of PHAs can
be produced by different microorganisms under varying conditions.
PHAs offer a highly promising solution to this significant ecological issue
posed by synthetic polyesters because they possess properties similar to
synthetic plastics, making them a viable alternative as a biodegradable
and biocompatible bioplastic [98].

Bacteria cellulose (BC) has become an important textile material in
the fashion industry [99] due to its many advantages. In a recent study
by Phan et al. [100], leather-like BC materials were successfully syn-
thesized in the non-woven textile fabric in a simple 3-in-1 textile fin-
ishing approach using a padding approach, which confers rich colour,
softness, and unique surface patterns on the fabric. This finishing tech-
nique is waterless with high finishing efficacy. This smart manufacturing
process uses no chemicals, is less cumbersome, and is environmentally
friendly. Similar to this, it has been discovered that fungal leather sub-
stitutes have important mechanical and physical qualities because of the
hyphal network that is interlaced throughout the fungal mycelium.
Additionally, their bioactive metabolites have been linked to antibac-
terial activity [101]. The past few years have seen significant progress in
the production of fungal (microbial-based) leathers as discussed exten-
sively by Ayodeji et al., [101]. Table 3 shows some companies that have
invested are currently producing fungal leather as an alternative to
animal leather. By 2030, the size of the worldwide market for mushroom
leather is anticipated to reach USD 1.9 billion. Grand Research Store
projects the market to expand at a compound annual growth rate
(CAGR) of 12.2 % between 2023 and 2030 [102].

To lessen the environmental impact of livestock farming for leather
production, mushroom-based leather substitutes are emerging as envi-
ronmentally friendly and sustainable alternatives to various animal and
synthetic leather products [103-105]. Several companies, including
MycoWork, Bolt Threads, Desserto, Mycotech Lab, and Mycel have
recently recognized the commercial potential of mushroom leather.
These companies have encouraged collaborations with luxury brands
like Hermes and Mercedes-Benz to produce raw leather, luxury goods,
and car interior textiles to lessen the environmental impact of animal
leather production [105]. Other renowned fashion brands, such as
Adidas and Lululemon, also started launching mushroom-based leather
product lines. The term “Fungi Fashion” has become a trend lately not
only because of the source of the raw material but also the aesthetics that
such fashionable products exude. Furthermore, sustainable building
materials can be produced using leather technology based on mush-
rooms. Also, fish skin has resurfaced as an alternative material to replace
industrial leather made using toxic chemicals in the production of
parkas, boots, mittens, and hats [106]. The fish leather is not derived
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Table 3
Companies involved in fungal leather substitute production. Adapted from [101].
Company Country of origin ~ Trade name/Brand name Range of Products Value (USD) Website
Bolt Threads USA Mylo Shoes, bags, jackets 472.1 https://boltthreads.com/technology/mylo/
Ecovative USA Mycomposites, Shoes, bags, jackets, foams 91 https://www.ecovative.com/pages/leather
AirMycelium
Grado Zero Espace  Italy Muskin Jackets, Bags shoes 5 https://espace-s-Ib.com/collections/leather-ja
ckets
Mugu Italy Ephea Bags, shoes, jackets, 5.7 https://mogu.bio/
MycoWorks USA Reishi Bags 187 https://www.mycoworks.com/fine-myc
elium-an/
MycoTech Indonesia Mylea Shoes, Bags, Jackets, watch straps 1.4 https://mycl.bio/

* Value in millions of USD.

from any endangered species; rather, it is produced from salmon fish
raised organically, usually as a byproduct of the smoked salmon in-
dustry. Currently, there are over 16 global companies producing fish
leathers [107] whose market target is mainly luxury fashion. The fish
leather market was valued at USD 103.0 million in 2023 and is expected
to reach USD 133.2 billion by 2032, with a projected CAGR of 2.9 %
during the forecast period (2024-2032) as shown in Fig. 7 [108]. These
innovations in leather products not only reduce reliance on traditional
cattle farming, which is notorious for its high carbon emissions and land
use but also create new economic opportunities for communities
engaged in sustainable practices. The carbon footprint associated with
conventional leather production is substantial. Traditional tanning
processes often involve toxic chemicals and extensive water usage,
contributing to pollution and environmental degradation. However,
sustainable leather initiatives prioritize eco-friendly tanning methods
and utilize byproducts from the fishing industry, thus promoting a cir-
cular economy. Similar sustainable efforts are ongoing across the entire
textile value chain to reduce the carbon footprint of fashion products.

Recently, the spinning of fibres from unconventional materials such
as carrageenan, residual soybeans, peanut protein, etc., into value-
added woven and nonwoven textile materials for various fashion prod-
ucts has gained significant momentum as an environmentally friendly
alternative to conventional textile materials [109].

While some of these innovations may be perceived as potential
threats to food security, their development has not yet reached a level of
significance that could substantially impact this issue. Nevertheless, the
benefits they offer in terms of reducing carbon footprints outweigh these
concerns. In light of such apprehensions, recent advancements have
increasingly focused on unconventional materials as alternatives to
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those derived from petrochemicals. In this regard, Svensson [110] wet
spun zygomycetes fungus into sustainable monofilament yarns with
potential commercial application in the fashion industry. Aumnate et al.
[111] synthesized polylactic acid (PLA)/kenaf biocomposite filaments
fibre via melt-extrusion process in the formation of sustainable textile
fibres for applications in functional apparel. More extensive and focused
research and reviews have been undertaken on sustainable textile ma-
terials for the fashion industry [112-114], hence the discussion here is
only brief.

4.3.2. Colouration and finishing

Sustainable colouration and finishing are integral to the fashion in-
dustry. This aspect of manufacturing is notorious for contaminating
water bodies, land, and air pollution. Sustainable fashion colouration
focuses on implementing environmentally friendly and socially
responsible approaches in these processes. Sustainable fashion strives to
minimize the environmental impact of colouration and finishing while
maintaining the aesthetic and functional qualities of textiles and
clothing. It does this by promoting eco-friendly finishing techniques,
using non-toxic chemicals, adopting eco-friendly dyeing and printing
methods, and the enactment of responsible waste management by dye
houses. Sustainable colouration has received significant research
attention over the last decade and some very comprehensive and
important reviews have been published [115-118], hence, only a few
recent studies will be highlighted. Thanks to developments in biotech-
nology, microbial dyes derived from microalgae, yeast, moulds, bacte-
ria, and cyanobacteria have been developed. These colours can be grown
in bioreactors or enhanced through biotechnological procedures [119].
These dyes can be produced through fermentation processes using
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Source: Straits Research

Fig. 7. Estimated global fish leather market [108]. Reprinted with permission from Straits Research.
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renewable feedstocks. Microbial dyes offer a sustainable and potentially
more eco-friendly alternative to traditional synthetic dyes, as they have
lower environmental impacts and can be produced with minimal
chemical inputs. In recent years, microbial dyeing has emerged as a
sustainable alternative, utilizing the natural capabilities of microor-
ganisms to produce vibrant and eco-friendly dyes for textiles. This
innovative approach taps into the natural metabolic processes of these
microorganisms, which can produce a variety of pigments. For instance,
certain strains of bacteria can generate colours ranging from deep reds to
bright yellows, while fungi can produce rich, earthy tones. These mi-
crobial dyes are not only biodegradable but also less toxic, making them
a safer option for both the environment and human health. In a recent
colouration innovation, Nakpan and Sirinkraporn [120] designed a
melanin-like brown colour thin, light, and smooth cellulose sheet with
lines resembling human skin from soil harbouring favourable Strepto-
myces bacterium. They then transformed the material into an amplitu-
hedron dress to Thai people’s skin colour, with the hue determined by
employing the Fitzpatrick skin prototype (as illustrated in Fig. 8a-d).
This technique provides a sustainable means of providing functional
coloured textile material with no environmental consequence. This thus
exemplified a green fashion trend which potentially creates a new design
standard that highlights aesthetics. Utilizing bio-based ingredients and
the Do-It-Yourself (DIY) method, Bell, McQuaid, and Alistar [121]
designed a fully sustainable cloth (see Fig. 8e-g) by heating, chopping,
blending, and setting alganyl (a product made of water, glycerine, and
agar) in a microwave. The study’s conclusions suggested that it might
lead to a time in the future when clothes serve as a free-standing means
of self-expression with little environmental impact. One of the key
advantage of microbial dyeing is its potential to significantly reduce the
carbon footprint of the textile industry. The cultivation of
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microorganisms typically requires fewer resources than traditional
dyeing methods, such as water and land. Additionally, microbial dyeing
can often be conducted in controlled environments, reducing the need
for harmful chemicals and minimizing waste. This shift towards mi-
crobial solutions not only addresses environmental concerns but also
promotes a circular economy, where waste materials can be repurposed
as substrates for microbial growth. Despite the obvious benefits of mi-
crobial dyeing, the technology for full-scale industrial integration is still
in its infancy, and scaling up production to meet the demands of the fast
fashion industry can be difficult. Moreover, the colourfastness and
consistency of microbial dyes may vary, which can hinder their accep-
tance in mainstream textile applications. That notwithstanding, recent
research and advancements in biotechnology are addressing these is-
sues, paving the way for more reliable and effective microbial dyeing
processes.

Also, waterless colouration innovations such as air-dyeing, foam
dyeing, supercritical, and subcritical colouration technologies have
significant reductions in water usage, energy consumption, and chemi-
cal waste associated with traditional dyeing processes [122-125]. These
developments improve the overall sustainability of the textile business,
reduce pollution, and protect water resources. Additionally, waterless
colouration technologies offer increased flexibility, efficiency, and cus-
tomization options, enabling fashion brands to respond to changing
market demands and reduce production lead times while maintaining
their sustainability targets [125]. For most synthetic fibres, colouration
techniques based on supercritical technologies that require no water or
very little water have been marketed [126,127]. Gupta and Shukla
[128] employed a cutting-edge technique for dying textile materials that
uses less energy, water, and waste by applying a dry-dye process to
recycled polyester made from PET bottles. Other waterless colouration

Fig. 8. Examples of sustainable fashion clothing: (a) Amplituhedron dress; (b) Amplituhedron dress no 2; (c) Amplituhedron dress no 3; (d) Amplituhedron dress no
4. 120]; An alganyl biotextile DIY clothing made into (e) a dress, (f) a shirt, (g) a skirt [121].



B. Tawiah et al.

techniques, such as air dyeing and foam dyeing, minimize or eliminate
the use of water in the dyeing process. These methods use alternative
mediums, such as compressed carbon dioxide or foam, to transfer colour
to the fabric. Waterless colouration reduces water consumption, elimi-
nates waste and reduces carbon footprint. Natural and low-impact
synthetic dyes have been developed to minimize their environmental
footprint [129]. These dyes are typically classified as eco-friendly
because they require less water, energy, and chemicals during the
dyeing process. They are designed to have high absorption rates,
resulting in reduced wastewater discharge and improved colour fastness
[130]. Also, digital printing technology allows for precise colour
application directly onto textiles, eliminating the need for excessive
dyeing and rinsing processes [131]. It uses a great deal less water, en-
ergy, and chemical waste than conventional printing techniques. Digital
printing technology allows for precise colour application directly onto
textiles, and direct-to-garment printing places photo-realistic imagery
on finished products such as t-shirts, hoodies, and bags. Piezoelectric
nozzles precisely control microscopic droplets of specially formulated
ink eliminating the need for excessive dipping, rinsing, and drying
processes [132]. It significantly reduces water consumption, energy
usage, and chemical waste compared to traditional printing methods.
Digital printing also enables design customization and on-demand pro-
duction, and therefore, contributes to waste reduction and prevents
overproduction [132].

In the area of environmental remediation, most dyes can be degraded
photochemically or biologically using microbes. There is a lot of
research being done on the application of bioremediation-based tech-
nologies for treating dye house effluent, and their mechanism is well
understood [133]. Extensive research work and reviews have been
written on this; hence further reference can be made from these articles
[134-138]. An important progress in environmental remediation is the
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use of Microbial Fuel Cells (MFCs). MFCs have emerged as a promising
technology for sustainable dye degradation utilizing electroactive bac-
teria through the power of microbial metabolism. MFCs offer the unique
advantage of simultaneously treating wastewater and generating elec-
trical energy. In the MFC process, as the bacteria break down the dyes,
they release electrons, which can be captured and utilized through an
electrode system to generate electrical energy as shown in Fig. 9a. This
characteristic makes MFCs an attractive option for sustainable dye
degradation, as they not only treat wastewater but also produce usable
electrical power. A comprehensive description of the mechanism, vari-
ations, and large-scale applications have been described elsewhere in a
comprehensive review by Sonawane et al. [139].

Despite the significant progress in bioremediation, degradation of
big organic dyes is mostly achieved by photodegradation [140,141]. The
degradation of big dye molecules involves a series of advanced oxidation
reactions. Because advanced oxidation reactions are non-selective, they
can eliminate practically all organic pollutants [141]. The advanced
oxidation of dyes can be achieved through various methods, including
chemical reactions with a catalyst and reagent, photochemical reactions
utilizing UV light or solar energy, electrochemical reactions powered by
an electric source, and sonochemical reactions employing ultrasonic
technology, making it significantly faster than conventional techniques
due to its highly reactive nature. The simplest of these oxidation tech-
niques is photodecomposition, which uses ultraviolet light (UV light) to
break down H30, and Os, creating an OH radical that breaks down
contaminants like dyes [142]. The light energy that is absorbed during
this process can result in direct photolysis, sensitized photolysis, and
indirect photolysis, among other transformation processes. Advanced
oxidation process details have been covered in depth elsewhere [143,
144]. Dopant and heterojunction-based semiconductor metal sulfide
nanostructures (MSNSs) nanostructures that function as photocatalysts

Photo-reduction

.2
0;" ey 2HOO® =y H,0; b 20H'

7
-~ \

‘OH /H'/OH"

ho=E_ | Semiconductor
(MSNSs)

| Degra.dallol
Valence band PR oiEaton Products
H,0 /OH
Power
Generator
Basic Fresh

solution water
] CEM

Reduction
Oxidation

Electrode)
Rinse
Solution

Fresh
water

Salt
water

Fig. 9. Schematic representation of the MFC working mechanism [139]. (b) Diagrammatic representation of the process of photocatalytic dye degradation using
semiconductor metal sulfide nanostructures exposed to light [145], (Reprinted with permission from Elsevier under CC license). (c) An illustration of the hybrid tight
ultrafiltration (TUF) filtration process, (d) A schematic illustration of bipolar-membrane electrodialysis [148]. (An open-access article under CC license by Elsevier).
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have been thoroughly studied for the environmentally benign and sus-
tainable degradation of large organic dyes through photocatalysis to
address environmental pollution caused by textile manufacturing com-
panies [145]. Fig. 9b shows the general method of organic dye degra-
dation by photocatalysis utilizing several types of MSNSs. The impacts of
different dopants, heterojunctions, band gap, size, light intensity, sur-
face area, response time, and degradation efficiency have all been
thoroughly explored recently due to their high efficiency and environ-
mentally benign nature [145,146].

Similar to this, extremely saline textile wastewater can be recovered
with hybrid tight ultrafiltration (TUF) and bipolar-membrane electro-
dialysis (BMED) methods as illustrated in Fig. 9 (c-d). TUF is a pressure-
driven membrane filtration process that removes contaminants based on
size exclusion, while BMED is an electrochemical separation technique
that selectively transports ions and generates acids and bases. These
processes can recover dye effluent, acid/base conversion, and pure
water regeneration [147].

4.3.3. Production process automation

To overcome the environmental and social issues facing the fashion
industry, innovations in sustainable fashion production are becoming
more and more crucial. Various technologies and practices have
emerged to promote sustainability throughout the fashion supply chain.
Automated manufacturing processes and robotics have played a critical
role in the march toward net-zero emissions in the fashion industry
[149,150]. Computer-aided-manufacturing enables precision cutting
and reduces fabric waste by optimizing pattern markers, minimizing
errors, and maximizing material utilization [151]. Additionally, auto-
mation has helped fashion and textile companies streamline production
lines, reduce energy consumption, and improve overall efficiency in
textile and apparel manufacturing [152,153]. For instance, the use of 3D
virtual prototypes has reduced significant carbon generation processes
compared to the traditional modus operandi [154] by saving lots of
materials and international shipping efforts. Laser cutters equipped with
advanced vision technology detect the surface properties of fabrics and
eliminate excessive use of inks, chemicals, and solvents, which makes
the entire process environmentally benign [151]. More importantly,
laser technology eliminates inks, chemicals, and solvents, which makes
the entire process environmentally benign. Such automation processes
run accurately, produce less waste, improve production quality, swift
processing, and use less energy [155].

Also, novel fabric production processes that eliminate weaving and
cutting steps in garment production have been engineered by an Indian
designer Siddhartha Upadhyaya designed direct panel on loom (DPOL)
can be made to speed up the textile and garment production process
[156]. The DPOL process can be immediately woven into ready-to-sew
pieces on a loom following computerized processing, considering both
the texture and patterns. Other important developing technologies
include negative tailoring, 3D printing, seamless knitting, and biological
fashion [157]. These technologies minimize waste by focusing on
essential design elements, conserving resources and reducing environ-
mental impact while allowing for precise, on-demand garment produc-
tion, significantly cutting material waste and transportation emissions.
Similarly, emissions from the use of hazardous chemicals as well as the
creation of safe working conditions are paramount to the sustainable
fashion discourse. Therefore, finding alternate manufacturing options
for potentially dangerous and injurious textile and garment
manufacturing processes remained an important area of research by the
fashion industry [89]. Recently, robotics and automation have been
achieved in garment cutting and sewing. This automation reduces
human error and prevents production mistakes, which raises produc-
tivity and enhances the quality of fashion items. Specifically, significant
progress has been made in mechanized fabric handling, computer nu-
merical control (CNC) cutting, automatic stitching machines, and fully
automated robot manufacturing [115,151]. With the current advance-
ment in Al, clothing production lines autonomously self-organize and
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self-optimize using machine learning algorithms and real-time data
thanks to smart automation interoperability and connection technolo-
gies [55]. These protocols aid in guaranteeing that workpieces flow
automatically through a process or between processes.

In recent years, the textile industry has abandoned some of its
chemically dangerous manufacturing processes in favour of safe nano-
technology techniques, enzyme technology, and/or bioactive in-
gredients in traditional wet chemical processes. This has produced high-
performing, eco-friendly, and multipurpose products for a variety of
applications while taking social, economic, and ecological concerns into
account [158-160]. It is envisaged that the application of ionic liquid in
various production and chemical processes will be practicable soon
[161]. For instance, current advancements in the denim industry, like
"Ego" allow clothes to be treated with ozone in both water and air to
provide the appearance of true bleach without the use of hazardous
chemicals. Similarly, new inventions like the "NoStone" abrasive drum
produce stone-washed effects without requiring pumice. Likewise, the
labour-intensive manual abrasion processes in denim production have
been replaced with laser and photobleaching processes, allowing de-
signers greater creative freedom.

Because of the lengthy process flow chain and extensive machinery
utilization in the textile sector, energy is one of the primary cost factors
[162]. It has been estimated that the textile sector uses approximately 70
% of electricity and >50 % of thermal energy in its numerous processes
[162,163]. To reduce this, a patented technology called "UP" circulates a
steady, uninterrupted flow of water inside the processing apparatus for
injection, collection, and recirculation in textile wet processing and
finishing. These technologies reduce the thermal energy needed for
sizing, dyeing, and drying [164]. In recent years, pollution has
decreased and energy efficiency has increased due to the introduction of
alternative production processes and technical advancements in some
operating operations [165]. The shift represents a new direction for
innovation and economic growth without compromising environmental
sustainability thereby helping reduce the carbon footprint. Concerns
over climate change, greenhouse gas emissions, and the loss of natural
resources are the main drivers of this trend [166]. Solar energy systems
have been adopted to reduce their dependence on fossil fuels, thereby
reducing carbon emissions [167]. In recent times, the investment in
hydropower and wind power has helped lower dependence on fossil
fuels [168,169]. With the right investment in efficient energy systems
and the right technology, the costs will reduce and the outputs from
energy resources will increase.

4.4. Consumer and social innovation drive

Consumer awareness of sustainable fashion has risen in recent years
driven by the “UN Sustainable Development Goals (SDGs)” Agenda
2030, COP28, and the increasing concerns from various governments
and environmental advocacy groups [170,171]. Reducing the environ-
mental impact of clothing production, supporting moral labour stan-
dards, and fostering responsible consumption are the primary
underlying goals of sustainable fashion [172]. Although there has been a
significant increase in consumer awareness of sustainable fashion over
the past decade, some recent studies point to generational differences in
the level of awareness of fashion sustainability. According to a study by
Statista Consumer Insights conducted in October 2024, awareness of the
term "sustainable fashion" was most pronounced among younger adults
in Japan. Notably, the highest recognition was found among teenagers
aged 15 to 19, with 43.4 % indicating familiarity with the concept of
sustainable fashion [173]. In a similar study [174], between January
2020 and February 2023, the average number of searches for sustainable
fashion brands per 1000 visits revealed that the American outdoor brand
Patagonia led globally, with approximately three million monthly
searches. Reformation ranked second with an average of 896 monthly
searches, followed by Everlane (516), Allbirds (386), Rothys (259),
Cotopaxi (177), Girlfriend Collective (138), Eileen Fisher (138), and
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Nudie Jeans (124). Organic Basics had the lowest average, with 73.4
monthly searches [174]. The frequency with which the term "sustain-
able fashion" is searched serves as an indirect indicator of consumers’
awareness and interest in exploring products from sustainable fashion
brands. This heightened awareness reflects a growing desire for sus-
tainable consumption, which necessitates that consumers make fewer
purchases, extend the lifespan of products, and reduce waste. By con-
necting brand awareness to these behaviours, it becomes evident that
informed consumers are more likely to engage in practices that support
sustainability in the fashion industry. In this context, Product Service
Systems (PSS) can offer a valuable framework by combining techniques
that encourage greater consumer involvement, such as participatory
design and customization, with commercial models like renting, upcy-
cling, and redesigning. Together, these elements create a more engaging
and sustainable approach to fashion consumption [175]. This will help
maintain environmental friendliness, economic stability, and in-
novations for sustainable consumption considering human instincts and
desires. Instinctively, even among the more morally conscious con-
sumers, moving away from fast fashion is difficult [176]. Even the most
morally upright people consume "grey" goods and are vulnerable to
programmed obsolescence across the fashion cycles [177]. The ability of
consumers to demand and obtain new goods and services that satisfy not
just their ingrained tastes for costs, fashions, and quality, but also social
and environmental standards, has risen [178]. Consumers who care
about the environment place a high value on social values in the com-
munity and the usefulness of recycled apparel [179]. The decision to
purchase environmentally and socially conscious items is often influ-
enced by consumer preferences for other product features like price,
quality, style, and design in addition to environmental and social issues.
According to Statista Consumer Insights [180], approximately 81 % of
Indians purchase eco-friendly and sustainable fashion, compared to 69
% 49 % 41 %, and 39 % of China, the USA, Germany, and the UK,
respectively (see Fig. 10).

The purchasing decision of fashion products by consumers is not only
influenced by economic factors but also by complex ethical and cogni-
tive reasoning [181]. Other research studies have suggested that age and
gender are important predictors of consumers’ intentions to purchase
sustainable clothing or otherwise [182]. Therefore, Rahman et al. [183]
examined the consumer behaviour of Polish people towards the pur-
chase of sustainable and non-sustainable products using several matrices
against gender and age.

It was found that a large percentage of consumers would not buy
sustainable or "green" products if they did not meet their needs and goals
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Fig. 10. Share of consumer purchasing of sustainable fashion [180]. An open
access figure From Statista under CC BY license.
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in terms of appearance, functionality, and affordability. With regards to
gender, it was realised that women were more dependent on clothing fit
and style with less regard to sustainability than men. This indicates that
sustainable fashion should not only advocate environmental, social, and
ethical benefits but must also satisfy the aesthetic, symbolic, functional,
and financial needs of consumers. In a study by Koszewska [178], the
sustainable consumption pattern of Pole consumers was investigated
and the results showed that the buying patterns are influenced mostly by
ecological and social considerations. In a similar study by Gadhavi et al.
[184], it was revealed that young Indian consumers were quite reflexive
and cognizant of their social groupings, social references, and social
image in their choice of fashion products. Drawing from several studies
on the fashion buying behaviours of young adults, it is reasonable to
infer that peer acceptance, price, accessibility, and social trends deter-
mine the majority of young consumers’ fashion consumption [185].
However, depending on the geographical location, social norms and
other factors, fashion sustainability could be oversimplified to mean
clothing repair, less frequent laundry, and other circular economy
practices as sustainable clothing consumption [186]. Although there are
disparities in the comprehension of the notion of sustainable fashion,
environmentally and socially conscious products have generally
received a more favourable reception from consumers. For instance,
84.3 % of South Korean consumers favour sustainable and ethical
fashion products indicating their belief in sustainable fashion-related
endeavours [187].

4.5. Policies and regulatory frameworks

The structural change needed for an ethical and sustainable industry
has not been historically attained by businesses’ voluntary activities.
This historical antecedent must therefore guide how governments
approach the sustainable fashion quagmire for a greener future. For the
sector to move more quickly towards ethical practices and a net-zero
future, enforceable regulatory frameworks are required [188]. Since
the 1987 release of Brudtland’s study, originally drafted in 1992 and
revised in 2002, sustainable development (SD) and sustainability have
progressively made their way into public policy and business strategy
[189]. Agenda 21 established a framework for action on sustainability
challenges at the international, national, and local levels [190]. This has
prompted the creation of sustainability measures along the three axes of
fashion (namely materials innovation, supply chain transparency / fair
trade, and sustainable consumption habits), such as the indicators put
forth by the UN Commission for Sustainable Development, and the
Transcontinental Accords like the Kyoto Protocol on climate change
[190]. Two initiatives that highlight how the practices used by the
fashion industry impact the environment are Textiles 2030 and the UN
Sustainable Development Goals [191]. Governments and economic
blocs have for the past few decades introduced various regulations to
reduce carbon footprint fashion. For instance, the UK government has
since the Textiles 2030 initiative enacted policies that aim at curbing the
worst excesses of the fashion sector since 2007 [192]. It introduced the
Sustainable Clothes Road Map (SCRM) in 2007, compiled data on the
effects of clothes on the environment across time, and created a sus-
tainable vision outlining the immediate, intermediate, and long-term
actions to guide the sector [192]. In most of these initiatives,
bottom-up strategies are usually employed in policy initiatives due to
the rejection and relative ineffectiveness of top-down measures as well
as the growing recognition that diverse techniques are necessary to
include consumers in lessening the impact of fashion [192].

The implementation of certification standards aids in the definition
and control of sustainability claims. Concerning textile materials and
products, the Oeko-Tex Standard 100 is the most representative
ecological barrier, ensuring that textile products do not endanger human
health or the environment [193]. Equally, regulatory frameworks such
as the International Organization for Standardization (ISO) published a
standard framework that outlines four stages of a life cycle assessment
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(LCA) [194]. Though ISO 14,044 outlines specifications and criteria for
LCA, ISO 14,040 essentially covers the ideas and framework of LCA
[195]. While international cooperation on fashion policy initiatives is
still crucial, it is important to acknowledge that standardization levels
the playing field and ensures that leaders in sustainability don’t face
unfair disadvantages. It is, therefore, recommended that governments
must balance prescriptive regulations against flexibility for continued
innovation [30,196]. Equally, policy combinations including both
voluntary and mandatory measures tailored to make an impact can act
as catalysts, not constraints, to spur the industry’s transition to a
net-zero and socially just future.

4.5.1. Government policies and initiatives

Governments are being compelled by the growing urgency of
addressing climate change worldwide to adopt stronger environmental
legislation to reduce greenhouse gas emissions. In the wake of the June
2015 Rana Plaza catastrophe, the G7 Leaders’ Declaration evaluated
international efforts to create industry-wide due diligence standards for
the ready-to-wear and apparel sector [197]. Global agreements like the
United Nations Paris Climate Agreement further put pressure on the
fashion sector to address its environmental impact. As a result, 195
nations have pledged to limit global temperature rise to <2 °C [198,
199]. The implementation of collaborative governance efforts can pro-
vide the necessary systemic changes to address sustainability concerns
in a variety of fields. A range of formal and informal, legally enforceable,
and voluntary agreements involving market players, civil society orga-
nizations, and states are included in governance efforts. Additionally,
single-actor entry points like laws that indirectly affect other actors are
included [200]. For instance, tax policies may help lessen the detri-
mental effects of consumption, both generally and specifically about
fashion on the environment [201]. Currently, export markets have
standardized sustainability labelling verifications to protect integrity.
Examples of these are the Energy Star (Emidast) sign from the Envi-
ronmental Protection Agency of the United States, the EU’s sign, which
is a flower with twelve stars, TCO’s sign in Sweden, “Svanen (Stand-
ardiseringskommisionen i Sverige)”, “Umweltzeichen” in Germany, and
Environmental Choice in Australia [202]. Notably, global pledges such
as the “UN Fashion Industry Charter for Climate Action”, a movement
that advocates science-based emission reduction goals [203]. Such
multi-national and country-specific regulations significantly influence
industrial development towards sustainable, circular, and fair models
that counterbalance the historical disadvantages of fashion through
norms, incentives, and systemic reconfiguration [22]. Regulation in the
fashion industry can foster greater stability, facilitate market consoli-
dation, enhance average profitability, and ensure strict compliance with
established rules. For instance, a cursory analysis of a few regulations of
the fashion industry in some Asian countries is presented in Table 4.

4.5.2. Industry standards and certifications

Standards and certifications are essential instruments for driving
ethical practices across intricate global supply chains as the fashion in-
dustry grapples with environmental and social issues [204]. As noted by
Fontana et al. [205], compliance with these protocols signals to con-
sumers that brands are aligning processes with defined ethical and
sustainable benchmarks beyond legal minimums. Unfortunately,
obtaining environmental performance certification via eco-labelling is
entirely voluntary [206]. However, these labels mark an important
milestone for the fashion industry in the attainment of sustainable
fashion because consumers have become increasingly aware of their
fashion choices. The largest global registry of ecolabels, the "Ecolabel
Index," keeps track of over 456 ecolabels across 199 countries, spanning
25 industry sectors [43]. The implementation of green labelling as a
standard is a significant step toward addressing the issue of environ-
mental degradation for sustainable development [206]. Approximately
one hundred ecolabels are applied in the textile sector at the national
and international levels, covering various phases of the production life
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Table 4
Examples of some government’s initiatives in Asia.

No. Country/ Name of initiative

region

Purpose

e China’s GFP restricts the
import of low-quality and
contaminated recyclable
materials, including textiles,
which encourages higher quality
and more sustainable recycling
practices.

o CELP is a voluntary eco-
labelling initiative that certifies
textiles meet environmental

1 China Green Fence Policy (GFP)

China Environmental
Labelling Program (CELP)

standards.

o The HKGL eco-label certifies a
wide range of products,
including textiles, based on their
environmental performance.

o It assesses variables like
emission control, waste
minimization, and resource
conservation.

e GMP is an eco-labelling
scheme that certifies
environmentally friendly
products, including textiles that
meet specific criteria.

o It evaluates products based on
environmental criteria such as
energy efficiency, resource
conservation, and reduced
environmental impact.

e JOCA is a certification system
for organic cotton products. It
ensures that cotton products
meet specific organic standards,
including the cultivation and
processing of cotton fibres.

o QTEC provides certifications
for textile products that comply
with environmental and safety
standards.

o The TGL is eco-labelling
certified products, including
textiles, based on their
environmental attributes.

2 Hong Kong  Hong Kong Green Label

(HKGL)

3 Taiwan Green Mark Program

(GMP)

4 Japan Japan Organic Cotton
Association (JOCA)

Certification

Japan Textile Products
Quality and Technology
Center (QTEC):
5 Thailand Thailand Green Label
(TGL)

o It assesses factors such as
energy efficiency, water
conservation, and reduced
environmental impact.

o The KEL certification evaluates
and certifies various products,
including textiles and clothing,
based on their environmental
impact.

o It takes into account things like
protecting the environment,
preventing pollution, and
ensuring product safety.

e GMM is an eco-labelling
initiative that certifies products,
including textiles, based on their
environmental performance.

o It assesses things like resource
conservation, energy efficiency,
and the usage of eco-friendly
products.

e SGL is an eco-labelling
initiative that certifies products,
including textiles, that meet
specific environmental criteria.
o It evaluates elements including
water conservation, energy
efficiency, and the usage of
sustainable materials.

6 South
Korea

Korea Eco-Label (KEL)

7. Malaysia Green Mark Malaysia

(GMM)

8. Singapore Singapore Green Label

(SGL)
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cycle. The most common eco-labels used in the global textile industry
are “Oeko-Tex Standard 100, “Global Organic Textile Standards
(GOTS)”, “Better Cotton Initiative”, “Organic Exchange Standard”, and
“Organic Content Standard” [207]. These eco-labels assure consumers
that the product has undergone rigorous environmental and social
evaluations. Others include BMP Certified Cotton originating from
Australia, the bluesign®, and the fair trade symbol - all certify that
fashion raw materials and production processes are environmentally
friendly and consistent with the general sustainability guidelines
[208-210]. Some examples of the eco-labels are shown in Fig. 11 with a
brief explanation of the aims. As observed by Shim et al., [211] these
ecolabels facilitate consumers’ decision-making process by fostering
transparency and confidence. With minimum price guarantees and
ecologically friendly procedures for cotton and other natural fibres,
Fairtrade International Textile Standard (FITS) places a strong emphasis
on improving farming circumstances [212]. Beyond the effort of the
FITS, ISO standard ISO 14,040 (Life Cycle Assessment (LCA)) measures
the full impact that every phase of the supply chain produces and es-
tablishes "hotspots," or potential places for decreases [194]. Based on
this, the Sustainable Apparel Coalition (SAC) created the Higg Index,
which rates each stage of the production process - factories, packaging,
ingredients, dyeing and finishing, and branding in terms of social and
environmental sustainability [213,214]. More so, many fashion business
have adopted proactive benchmarking their standards thereby facili-
tating practice improvement through the use of performance indicators
and iterative self-assessment scores [215]. Stricter certifications are
being widely adopted throughout supply chains, which helps to
normalize sustainability, fight back against laggards, and honour in-
dustry leaders who are transforming the industry toward ethical,
net-zero fashion [216,217]. This promotes sustainability from the bot-
tom up, utilizing commodities that are frequently entangled in destitu-
tion and excessive chemical use.

4.5.3. Stakeholder engagement and collaborations
The fundamental structure of the SDGs recognizes the vital signifi-
cance of partnerships and stakeholder participation as indicated by the
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United Nations Department of Economic and Social Affairs (UNDESA)
objective, “To make decisions on sustainable development, all stake-
holders must actively participate” [219]. In that document, agenda 21
advocates a shift to sustainable production and consumption by
encouraging the development of a framework of initiatives to support
national, state, and local initiatives during the Rio Earth Summit [220].
As aresult, more businesses now view sustainability as a crucial strategic
concern [221]. The fundamental components of inter-organizational
relationships are achieved through alliances based on shared vision,
buyer-supplier ties, and cross-sector collaborations [222]. Governments,
businesses, and consumers are working together to create a real systemic
transformation and expedite the adoption of technologies and circular
business models that will speed the transition to a circular economy
[41]. Achieving this requires a collaborative effort from NGOs, technical
experts, and policies that offer incentives for sustainability. Corporate
Social Responsibility (CSR) is long been recognised as a crucial initiative
for fashion businesses to help them balance their obligations to the
economy, society, and environment while also satisfying the demands of
their shareholders and stakeholders [223]. It is through such efforts that
sustainable development can be meaningfully achieved. An effective
CSR strategy propelled by comprehensive stakeholder engagement fos-
ters trust, sharing, and the development of societal values [175]. The
values translate into collaborative consumption, which offers an op-
portunity for the fashion industry to develop novel and sustainable
business models that attract market competency in addition to sustain-
ability and adequacy [224]. Such collaborative consumption models
eases environmental concerns by promoting recycling and reuse of
current items, which can help reduce the amount of garbage that ends up
in landfills. Currently, companies such as Renewcell (Renewcell, Stoc-
colma, Sweden) [225], AlgiKnit (AlgaKnit, New York) [226], and
Pinatext (Ananas Anam, London, England) have collaborated with other
brands to optimize their end products sustainability performance [227].
Also, ACBC (a sustainability consultancy) and Pinatext have collabo-
rated to develop a circular sneaker, similar to the Levi’s® 501® [84]. An
openness to collaborate across the value chain can accelerate the tran-
sition to net-zero goals while producing a fashion system that benefits

Ecolabel
Established in 1992, the Ecolabel is a voluntary program that H
rewards businesses for marketing products and services that are :
kind to the environment. Denotes products with reduced :
environmental impacts throughout their life cycle. i

Global Organic Textile Standards (GOTS)
Certified textiles contain at least 70% organic

Guarantees that formers and workers
involved in production were compensated
justly. More of a validation of ethical
practices, but also promotes sustainable
agriculture.

GCC Brandmark

This brand mark by ECO Age is a validation for
individual products or fashion collections that meet
rigorous social, ethical and environmental standards.

fibers; all chemicals used must meet strict criteria. (USDA ) ECL?Sc;:lcse(:tllif'::zst?;\a;gnae;;i)r.t Ter:\i::erfeosntai\:
Proper wastewater treatments also mandatory Certificati / ;
ertitication —_— cotton was grown organically..
_____________________________________________________ Schemes for S
Fair Trade Fashion S

industry

Oeko-Tex Standard 100

Ensure that the tested yarns and textiles do not contains illegal
substances, regulates harmful substances, or known harmful but
unregulated chemicals..

US ic

TN\ Made for organic agriculture practice:s (like

Cradle to Cradle® certification is a multi-
attribute eco-label providing a means to

demonstrate efforts in eco-intelligent
“ product design.; eco materials, re-cycling,
N renewable energy, water efficiency.

Used by companies that make vegan and animal-
friendly clothing and accessories. Companies that use
the logo must sign PETA's statement of assurance
verifying that their product is vegan.

Fig. 11. Some certification labels (ecolabel) under the ecolabel index in fashion/textiles. Reprinted with permission from [218].
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people and the planet. The involvement of all industry stakeholders,
brands, manufacturers, multi-stakeholder organizations, non-profits,
policymakers, and consumers is crucial for the holistic attainment of
sustainable fashion [228]. NGOs like the Fair Wear Foundation advocate
have had customers boycott fashion products (like the one against Nike
in the 1990s) in response to the negative effects of fashion [229,230].
Currently, NGOs have taken a more formal role in keeping the fashion
industry accountable for its deeds [198]. NGOs’ perspectives on fashion
businesses have evolved because they are now seen as essential collab-
orators in advancing societal good rather than mere pressure groups
[231]. As a result, fashion companies have accepted the challenge from
the NGOs for strategic and ethical reasons [219].

Government regulations and customer demands for environmental
friendliness have pushed fashion businesses to strive for more sustain-
ability while meeting important metrics like performance, comfort, and
aesthetics [231,232]. The fashion ecosystem must reinvent itself to
support the people and natural resources that sustain it through coop-
erative initiatives that strike a balance between economic needs, envi-
ronmental constraints, and social development [233]. Therefore,
businesses and other organizations need to fulfil their social and envi-
ronmental obligations by participating in multi-stakeholder partner-
ships that promote sustainability goals [234,235]. In this ecosystem,
legislations foster favourable conditions for systemic change by enacting
laws, providing incentives, investing in infrastructure, and setting public
procurement guidelines [236]. Institutions and fashion businesses
respond by engaging in activities that reduce environmental impact
while helping the consumer appreciate sustainability [237]. Research
plays a pivotal role within the collaborative ecosystem by generating
evidence on sustainability issues to inform policy and corporate strategy
[219]. Such informed positions enhance stakeholder engagement on
sustainability help institutions better understand the state of the market,
enhance their reputation, foster long-term partnerships based on trust,
and identify and reduce business-related risks and uncertainties. For
instance, a commitment to the UN due diligence guidelines could help
fashion brands and businesses understand and uphold human rights
[200]. This will promote industry-level collective bargaining and
cooperative efforts by trade unions to enhance the welfare of fashion
manufacturing workers [200]. Collaborative innovation is needed to
address both emerging and persistent problems because such efforts
break down cultural barriers [238]. Similarly, risks, resources, and
knowledge can be shared through strategic partnerships with in-
novators, non-governmental organizations, and recyclers. Thus, through
instruments like environment, social, and governance (ESG) integration,
shareholder involvement, and preferential lending rates, investors can
evaluate sustainability risks and opportunities to direct capital flows
toward responsible enterprises [239]. Through robust social dialogue,
public-private partnerships, collective investment, and policy advocacy,
stakeholders across sectors can leverage resources, and voices to tran-
sition fashion toward an ethically and ecologically regenerative system.

5. Recommendations for achieving net-zero emissions

With the fashion industry acknowledged as the second largest envi-
ronmental polluter, it is important to accelerate the transition to a net-
zero future to lessen the looming climate catastrophe. Following the
UNDP SDGs Agenda 2030, the fashion industry must align its operations
to meet these goals [9,240]. To make this a reality, the industry must
balance anthropogenic emissions by sources and remove sinks of
greenhouse gases in the second half of this century, consistent with the
net-zero goals [241,242]. To achieve these goals, strong social and
environmental principles that guarantee biodiversity preservation,
strong social safeguards, and the restoration of naturally occurring
ecosystems must be adhered to [243,244]. Statutes and enforceable
policies are the most effective tools for monitoring and changing
short-term decisions for long-term policy signals. A legal commitment
will ensure that net-zero targets become transformative tools that propel

15

Sustainable Futures 10 (2025) 101162

action towards achieving the objectives of the Paris Agreement, rather
than merely aspirational ideals that do not influence decisions [240].

A 2020 report on the Carbon Neutral Protocol (CNP) by the Climate
Capital Partners (CCP) provides further recommendations for achieving
a net-zero economy in a business [245] (refer to Fig. 12). This recom-
mendation could be adopted by the fashion industry to accelerate the
transition. If the current rhetoric doesn’t change, the fashion industry
will be responsible for 26 % of the world’s carbon emissions by 2050, up
from its current 10 % share [246]. It is, therefore, important that in-
dustry adopt the CCP protocol with the circular economy models and
integrate them with the SDGs [9,247].

To minimize consumption and production, a mix of technological
and social measures must be used to extend the lifespan of garments,
minimize the impact of manufacturing, and replace worn-out equipment
with Al-enabled digital twin technologies and energy-efficient ones. To
optimize fabric utilization and minimize fabric waste, techniques such
as fully-fashioned knitting, complete garment knitting, zero-waste
pattern design [248], and additive manufacturing must be compulso-
rily implemented across the fashion supply chain. Transportation via
roads must be minimized with intelligent supply chain systems designed
to reduce distribution impact. There must be a shift from internal
combustion engines to electric vehicles (EVs), which are currently
powered by batteries [249]. The introduction of solar fuels and
hydrogen fuels that can replace fossil fuels (FFs) is necessary to decar-
bonize energy [246]. For the renewable transition, however, legislators
must push for enforceable laws, carbon pricing schemes, funding, and
state incentives [250].

The self-regulatory voluntary “Textiles 2030 Project” by WRAP aims
to achieve net-zero emissions by 2050 and lower the overall carbon
footprint of new clothes by 50 % compared to the 2019 levels [247,251].
These strategies must be supported by industry-standard regulations to
ensure that compliance is mandatory rather than optional. Governments
can play a crucial role in this shift by empowering local and regional
authorities to create their circular economy strategies, aligned with
globally shared goals. This approach fosters innovation and allows for
tailored solutions that address specific community needs while
contributing to the broader objective of sustainability [252]. The
implementation of incentive-based regulatory systems can lower the
upfront costs associated with implementing circular business models,
and encourage suppliers to meet environmental procurement standards
[215,253]. The effective use of digital technologies like Al-embedded
PLMs that monitor sustainability compliance must be enhanced [254,
255]. Extensive adoption of digital technologies will help the industry
develop manufacturing and consumption models that lower
transportation-related environmental costs. Such technologies will
make it easier to regulate and monitor labour practices in supply chains
and the environmental performance of products [197].

6. Outlook of sustainable fashion

The next decade presents an opportunity for the fashion industry to
achieve the urgent transformations required to avoid a climate catas-
trophe and the consequences thereof. As pressure builds from
sustainability-conscious consumers and policymakers, the industry
stands at a crossroads to fundamentally reinvent its operations around
the principles of renewability, responsibility, and sufficiency [205].
Therefore, the fashion product manufacturing sector is bound to see
significant investment in renewable, recycled, and biobased materials as
this is projected to dominate future material flows over their synthetic
counterparts [256,257]. Additionally, the industry is poised to experi-
ence strategic investments aimed at fully harnessing renewable energy
and implementing zero-waste production facilities, including fully
fashioned knitting and whole-garment knitting.

Furthermore, circular business models, such as clothing rental and
resale platforms, are expected to gain increased popularity. Conse-
quently, further research is essential to fully understand the
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FOOT-PRINT

Reduce emission arising
directly from company
activities or from the
purchase of energy and
business travel. E.g.
Marks & Spencer, Zara,
Nike, Li-Ning, Anta etc.

STEP 1: TOWARDS CARBON NEUTRALITY.........

TAIL-PRINT

Reduce emission from
suppliers in the creation
of goods and services
used by other companies
(upstream). E.g. Bettys
& Taylors, Interface,
Alibaba, Tencent, etc.

Sustainable Futures 10 (2025) 101162

HAND-PRINT
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your company’s
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Target Neutrals, Cainiao,
etc.

4 5
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underpin the plan to
deliver against goals.

6 7
FINGER-PRINT
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Maimai, Liepin,
etc.

Fig. 12. The carbon neutral protocols.

sociocultural nuances of these social innovations, as the role of con-
sumers in the journey toward a net-zero future in fashion is critical.
Additionally, initiatives focused on assessing cultural trends, de-
mographics, and geographic consumption will be vital interventions in
this paradigm shift toward sustainable fashion. Moreover, as the fashion
industry transitions to 5.0, digital technologies such as digital twins and
autonomous manufacturing will play a crucial role in facilitating posi-
tive circular change toward sustainability [25]. Given the current ca-
pabilities of Al and the advancements in robotics for fashion production
automation, garment manufacturing is set to become less
labor-intensive, as robots will take over previously skilled manual tasks.
Therefore, it is essential to diversify education and training in textiles
and garment production to support this transition.

From a policy perspective, policymakers need to develop clear reg-
ulatory frameworks that simultaneously promote sustainability, foster
economic growth, and support social equity [29]. Governments should
create and enforce sustainability standards for materials and production
processes, ensuring that all industry participants adhere to environ-
mentally responsible practices. Furthermore, incentivizing sustainable
practices through tax breaks or grants can motivate companies to invest
in eco-friendly technologies and renewable resources [24]. This multi-
faceted approach will be essential for driving meaningful change within
the industry. Furthermore, policies that facilitate the growth of
second-hand and rental markets can significantly reduce waste and
promote sustainable consumption patterns. Also, policies that encourage
partnerships that share best practices for sustainable solutions will
receive traction [171]. International cooperation in policy imple-
mentation is vital for addressing the global challenges posed by the
fashion industry; thus, all countries, irrespective of their economic sta-
tus, must collaborate to establish agreements that promote sustainable
practices and reform trade policies to prioritize eco-friendly products.
Such collective efforts will foster a more responsible and sustainable
fashion ecosystem, benefiting both the environment and global econo-
mies. This will help create a more equitable and environmentally
responsible fashion ecosystem. Furthermore, mandatory sustainability
reporting for fashion companies will be required to enhance
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transparency and allow stakeholders to assess corporate practices
effectively. Regular impact assessments will help identify areas for
improvement and ensure that policies are achieving their intended
outcomes. Also, the implementation of stricter environmental certifi-
cations and sustainability frameworks, facilitated by digital technologies
that improve transparency and accountability in sustainability reporting
is imminent. This is particularly important within the supply chain,
where minimizing pollution and mitigating distribution impacts are
essential. As the industry adapts to this paradigm shift toward a net-zero
future, these measures will become increasingly critical.

7. Implications of sustainable fashion transition

The transition of the fashion industry towards a net zero future is a
complex and multifaceted process that carries significant implications
across various sectors, including academia, industry, consumers, regu-
lators, and governments. The fashion industry’s pursuit of sustainability
will reshape not only business practices but also societal norms and
regulatory frameworks. This shift encourages a broader cultural
awareness of environmental issues, prompting consumers, brands, and
policymakers to embrace more sustainable approaches in their decisions
and actions. Academia plays a crucial role in the transition to a net-zero
future in fashion by integrating sustainability into educational pro-
grams, thereby preparing a new generation of designers and business
leaders to drive this change. Institutions that do not adapt to these
evolving trends risk producing graduates who are ill-equipped to thrive
in the future fashion industry. Additionally, research efforts will be
geared towards the exploration of innovative materials, production
methods, digital fashion technologies and consumption behaviours that
reduce carbon footprint. Academics who do not adequately align with
the emerging trends may face reduced research funding and output.
With the increasing availability of interdisciplinary funding for sus-
tainable fashion projects, it is crucial to foster collaboration among
traditional fashion educators and experts in environmental science,
computer science, mathematics, and social sciences [22,203].

For the other stakeholders in the fashion industry, the transition
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toward sustainability necessitates a fundamental transformation of
business models. Companies are increasingly adopting circular economy
principles that focus on the entire lifecycle of products, encompassing
design, production, consumption, and disposal [189,258]. This shift
involves the incorporation of sustainable materials, ethical labour
practices, and waste reduction strategies. This implies that fashion
businesses must invest in sustainable technologies and ensure supply
chain transparency. In the years ahead, brands that effectively embrace
sustainability can gain a competitive advantage, as consumers are
increasingly drawn to companies that demonstrate environmental re-
sponsibility. This shift will not only meet consumer demand but also
cultivate long-term brand loyalty, driven by heightened consumer
awareness of environmental issues that ultimately influence their sus-
tainable choices [68]. This change will be reflected in the rising demand
for eco-friendly products, second-hand clothing, and rental services.
This awareness will subsequently extend beyond mere purchasing habits
and will result in more advocacy for change, pressuring brands to adopt
sustainable practices. This evolving consumer landscape requires com-
panies to engage in transparent communication and foster trust with
their audiences, as consumers seek authenticity in their purchasing
decisions.

Governments and international organizations are progressively
enacting policies and regulations designed to mitigate the environ-
mental impact of the fashion industry. Initiatives such as carbon pricing,
waste management regulations, and incentives for sustainable practices
[207] are bound to expand. To this end, collaboration between regula-
tors and industry is essential for the development of standards that
promote sustainability while fostering innovation.

7.1. Summary of the pathway towards net zero-future fashion

The transition towards a net zero future in the fashion industry
presents profound implications across industry, consumers, regulators,
and governments. As each sector navigates this complex landscape,
collaboration, and innovation will be crucial in driving meaningful
change. A summary of the pathway for transitioning to a net-zero future
is illustrated in Fig. 13 and discussed briefly. This pathway involves a
comprehensive approach that integrates sustainability across all facets
of production and consumption. This journey begins with sustainable
materials innovations, such as organic and recycled fabrics, which
reduce reliance on virgin resources and minimize environmental impact.
Collaboration among stakeholders including manufacturers, retailers,
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policymakers, and consumers is essential.

Policymakers play a crucial role in establishing regulatory frame-
works that enforce sustainability standards and incentivize eco-friendly
practices. Concurrently, industry players must invest in innovative
technologies that enhance efficiency and reduce emissions throughout
the supply chain. Consumer engagement is also pivotal; educating
consumers about sustainable choices can drive demand for responsible
fashion. Ultimately, achieving a net-zero future in fashion requires a
collective commitment to rethinking business practices, fostering inno-
vation, and prioritizing environmental stewardship at every level of the
industry.

7.2. Limitations of the study

Despite the robust methodology adopted for this review, the authors
acknowledge the retrospective nature of the data collection, hence, the
recentness and applicability may be limited by the issue of time lag
caused by a clear cut-off date for study inclusion. Also, the results were
mostly dependent on the accessibility and availability of pertinent sci-
entific literature from SDB. Moreover, we employed a wide range of
terms and synonyms in our literature search on Scopus. However, we
acknowledge the inherent limitations of this approach, as varying
combinations of terms and synonyms could potentially yield a broader
spectrum of relevant documents. Additionally, only papers written in
the English language were chosen for inclusion even though other da-
tabases than English exist. Due to these and numerous other unantici-
pated circumstances, the geographic alliances and study results by
states, people, and organizations may not be overtly conclusive.

8. Conclusion

The fashion industry is increasingly recognizing the imperative of
setting net-zero targets as a critical response to climate change, aligning
its efforts with the Sustainable Development Goals (SDGs). Achieving
net-zero emissions requires a comprehensive approach that encom-
passes sustainable sourcing, innovative production methods, and
responsible consumption practices. SDG 12, which emphasizes respon-
sible consumption and production, the industry can minimize waste and
promote circular economy principles. Furthermore, aligning with SDG
13, which calls for urgent climate action, the sector can implement
strategies to reduce greenhouse gas emissions throughout the supply
chain. Collaborative efforts among stakeholders including brands,
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policymakers, and consumers are essential to drive meaningful change
and ensure that sustainable practices are embedded within the indus-
try’s framework. Ultimately, the commitment to net-zero targets not
only addresses environmental challenges but also fosters social equity,
aligning with SDG 8's focus on decent work and economic growth,
thereby contributing to a more sustainable and equitable future for all.
Academically, most of the initiatives have resulted in an exponential
increase in research output over the last decade. Collaboration is
recognized as an important catalyst for the transition to a net-zero future
due to the concerted effort by policymakers, industry players, scholars,
and the public. The findings point to a fast-paced transition to more
sustainable practices in materials innovations and production processes
fuelled by digital technologies such as Al, blockchain, extended reality,
and IoT as well as social innovations, and circular models. These and
many other novel initiatives have the potential to lower energy demands
and curb the rate of pollution, which will go a long way to contribute to
brand loyalty, good ethics, and societal, environmental, and economic
benefits. This review puts in perspective the existing body of knowledge
on sustainable fashion and provides succinct information on the tran-
sition to a net-zero future fashion as envisioned by the “Fashion Pact
2050".
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