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Abstract: Sustainable methods of practice within the fashion and textile industry (FTI) often strive
to employ a circular economy that aims to eliminate waste through the continual use of resources.
Complex problems such as waste, consumption, and overproduction are heavily intertwined; the
main aim of this paper is to report on research focused on re-examining the potential of food waste
streams as a commercially viable and circular source of raw materials for the FTI. Herein, regenerated
protein fibres (RPFs) from food production waste streams rich in protein have been chosen as the
main topic of focus. RPFs have a rich and relevant history from a local manufacturing perspective
during wartime and post-war clothing rationing (1941–1949) in the UK. RPFs were used to meet
civilian needs for wool-based textiles as part of a wider series of ‘make do and mend’ strategies
designed to manage the consumption of new textile products. However, RPFs demonstrated inferior
quality in terms of durability when compared to wool-based textiles, a significant contributing factor
to the consequent commercial phasing out of RPFs. In today’s take–make–waste model, the FTI
landscape can be defined by speed, from slow (high-quality materials and construction, long-lasting
products) to fast (seasonal, disposable, low-quality materials and construction), the latter infamous
for dire environmental impacts. A key objective of this research is to review the association of quality
and longevity within the context of a local and circular fashion economy in which textile quality
and lifecycle analysis are holistically matched to the longevity of the textile, garment, or product to
reduce waste across the supply chain.
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quality; circular economy; man-made fibres; textile history
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1. Introduction
The time needed to reverse the effects of climate change is quickly running out. This
research brings together a necessary range of literary sources and disciplinary expertise to
analyse the bigger picture surrounding the development and consumption of sustainable
new materials and their impact upon the environment. Regenerated protein fibres (RPFs)
have been chosen as a primary example due to the unexpected synergy between the
modern climate of overproduction in the textile industry and the political crisis and
material shortage experienced during the age in which RPFs, historically known as azlons,
were developed. Together, these two issues provide a refreshing outlook for the exploration
of reducing locally produced waste volumes while relieving pressure on natural and
synthetic fibres through increases in production.
The fashion industry is responsible for 10% of worldwide GHG emissions, including
4% of global CO2 emissions, and this is on-trend to increase to 25% of global GHG emissions
by 2050 [1–3]. When compared to sectors that are typically considered heavily polluting,
such as aviation and maritime shipping, the fashion industry exhibits a much larger GHG
emission (10% as opposed to 4.4% for aviation and maritime shipping) [3]. Not only this,
but a large proportion of the aviation and maritime shipping is devoted to moving textiles,

Energies 2021, 14, 5654. https://doi.org/10.3390/en14185654

https://www.mdpi.com/journal/energies

Energies 2021, 14, 5654

2 of 18

raw materials for the production of textiles, and finished clothing articles around the world,
increasing the carbon footprint of the fashion industry further. With the current growth
of the fashion sector, it is predicted that freight use will as much as triple by 2040 [3].
The fashion industry is also one of the largest producers of wastewater in the world,
contributing 20% of wastewater produced globally [2,4,5].
The burden of items from the fashion industry at the end of consumer use cannot be
ignored, with 85% of all textiles ending up in landfills every year rather than being recycled
or degraded back into the environment [3]. For the clothing market alone, this equates to
USD 400 billion of clothing being wasted annually [6], which is being driven by a rapid
increase in the production and consumption of textiles, with the textile industry doubling
in the last 20 years and average global textile purchasing increasing from 7 to 13 kg/year
per capita [7]. This average is heavily skewed towards the western world, with the USA
purchasing 37 kg/capita/year, Australia 27 kg and Western Europe 22 kg, while Africa,
India and Southern Asia exhibit an annual purchasing of just 5 kg/year per capita [8].
Taking Australia as an example, the average Australian purchases 27 kg of new textiles per
year and discards an average of 23 kg to landfill within the same amount of time [9].
With fast fashion and a growing global population, along with increased concern over
the sustainability and traceability of products, finding and developing novel methods for
textile production whilst reducing excess waste is an ever more prevalent challenge [10].
Although feedstocks for materials is currently a major problem, the issue of demand must
also be considered. Currently, petrochemical-derived fibre use is 62% of the global total,
with cotton at 25% of this total [11]; phasing out petrochemical-based fibres entirely would
put a huge strain on the production of natural resources and would likely lead to further
issues centred around the farming of a single raw material, such as cotton. The processing
of natural fibres also depends on non-renewable resources, requiring large amounts of
chemicals and high use of thermal and electric energy [12,13].
A commonly accepted solution amongst the fashion industry is to ‘slow’ the fashion
cycle and focus on the production of high-quality garments [14]. The interpretation of
‘speed’ in the fashion industry often relates to the ‘use phase’ of a product [15] (how long a
product is designed to be used) or the ‘production speed’ (how quickly a product can be
delivered from concept to store) [16]. It could be argued, however, that a mixed economy
of both slow and fast fashion is necessary to creating an inclusive fashion system capable
of reflecting the genuine needs of consumers and that a change in consumption habits
and consumer mindsets is the key to the sustainable implementation of such a system. As
stated by Kendall [17], “We’re caught between two economies of time . . . one fast and
furious, the other slow and steady. Industry need not design what it makes to be durable
beyond a certain amount of time, any more than nature does.”
The concept of ‘speedcycles’ was initially developed through the Circular Design
Speeds project as part of Mistra Future Fashion Design Theme research (2015–2019). The
aim was to develop ‘ultra-fast’ and ‘superslow’ design prototypes for different circular fashion scenarios using collaborative and multidisciplinary research methods [18]. Although
the design and manufacture of durable and long-lasting clothing have historically been a
priority of the fashion industry, the concept of slow fashion has been promoted in recent
years as a new alternative to fast fashion. However, as discussed by Goldsworthy [16], the
problem with only focusing on a slow speedcycle is that without a shift in both cultural
attitudes and garment collection schemes, many of these items will still end up in landfills
without fulfilling their full potential. Such concepts, while admirable in their efforts, may
reduce focus to only part of the system and are too simplistic to solve the larger issues at
hand. There is also a range of socio-economic limitations to the switch to a completely slow
fashion market, which tends to be less affordable and may be unattainable to a range of
consumer demographics.
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The creation of RPFs from food industry waste could offer a new perspective to
our interpretation of fast and slow speedcycles through the design of textile materials
that require a low input of resources and are created to last a specified amount of time.
Drawing inspiration from the textiles market during wartime, this paper explores the
necessary means to alleviating pressures on mass consumption whilst still offering an
ethical and ‘affordable’ fast fashion model alongside a slow fashion model. This research
also aims to identify any gaps in both the historical and contemporary data surrounding
the production of RPFs from a sustainability viewpoint, thus outlining opportunities for
further investigation.
2. Methods
This paper is based on a literature review interconnecting design, science, and industry
to explore how textile materials can be created from food industry waste to help tackle
complex problems such as waste and overconsumption in the fashion industry. The authors
used regenerated protein fibres (RPFs) as a case study to compare how the approach
taken to feedstock shortages during the world wars could be analogous with these more
contemporary issues. The research question is to explore how RPFs from food industry
waste offer a new perspective on our interpretation of fast and slow speedcycles whilst
alleviating pressures on mass consumption. The approach used involved an initial planning
stage, during which the research question was outlined; a design phase, where the authors
delegated areas of research based on expertise; a preparation phase, beginning with widescope literature (which was narrowed as the process continued); a data collection phase,
where the relevant information was collated from the literature search; an analysis phase,
in which conclusions were drawn based on critical analysis of the information; and, finally,
a reporting phase, during which the authors wrote their findings and opinions into the
finalised review.
A range of both historical and contemporary literary sources was reflected upon to
draw comparisons between economic and government solutions surrounding the consumption of resources in times of need. An exhaustive review of the relevant patents was
conducted to ensure that an accurate picture of the history of RPF production was obtained.
In the context of taking an interdisciplinary approach, using a wide range of resources
was necessary to the critical analysis of various methods of complex problem solving from
design, scientific, political, sociological, economic and consumer perspectives.
The research involved the analysis of both quantitative and qualitative data to gain a
deeper understanding of the complexities behind the research question. Quantitative data
was taken from reputable sources such as reports issued by the United Nations (UN) and the
Waste and Resource Action Programme (WRAP). Qualitative data were obtained through
a systematic review of the relevant literature, including from scientific journals as well as
reputable, high-quality grey literature, including industrial and parliamentary reports by
companies such as the Ellen MacArthur Foundation. Recent consumer surveys were also
analysed to underpin the motivations of switching behaviours towards sustainable fashion
and shopping habits. Where data were obtained from grey literature, efforts were made to
corroborate the information from two different sources to increase its validity. Keywords
such as ‘regenerated protein fibres’, ‘fashion speedcycles’, and ‘circular economy’ were
used as a starting point for finding relevant literature. Once a literature resource was
found, the abstract or executive summary was examined, and if found to be of interest, the
remainder of the relevant information was read and obtained.
This wide combination of sources provides a more holistic account of both the economic and societal pressures that must be considered when transitioning to a circular
economy and a more sustainable future. The authors of this paper have each used their
disciplinary backgrounds to explore the context of the research from different perspectives,
which were then brought together to create a unique and collaborative viewpoint. The
interdisciplinary approach taken combines that of an experienced fashion and textiles
practitioner and researcher with that of a chartered environmentalist in the field of green
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chemistry. Alongside these fields, socio-economic and historical influences upon the subject
matter have also been explored to offer a much needed, human-centred perspective on the
topic of creating systematic change.
3. Results
3.1. Fibres from Waste Foods
Food waste represents a crisis of epic proportions for humanity on a global scale
and is the focus of several of the SDGs, particularly Goal 12: Responsible Production and
Consumption [19–21]. It is estimated that one-third of all food produced on the planet
goes to waste, amounting to almost 1.3 billion tonnes annually [22]. A large proportion
of this waste is due to harvesting and production, but a recent 2021 report by the UN
states that 931 million tonnes of food waste was generated by the retail sector to the home
consumer [23], with an economic loss of over USD 400 billion a year [24]. In the UK
alone, 9.5 million tonnes of food waste was generated in 2018, a 2021 report by WRAP [25]
has estimated, representing a revenue loss of GBP 19 billion and theoretically producing
25 million tonnes of greenhouse gas (GHG) emissions. While there is no direct data for
comparing the food waste post-farm gate to pre-farm gate in the UK, WRAP attempted
to estimate it through an exhaustive literature review of similar data from other countries
and predicted that food loss (both through waste and surplus) pre-farm gate could be as
much as 3.6 million tonnes, meaning that this sector could account for more than retail and
hospitality combined [25,26].
Hence, there is the potential to address two of the largest issues in the modern world;
the excess waste generated through the food processing industry and the environmentally
detrimental demand for fibres and materials of the textile industry. The utilisation of food
waste as a feedstock for extraction or conversion into fibres would theoretically reduce the
amount of waste generated by the food sector while reducing our reliance on petrochemicalderived fibres and the pressure on the overproduction of natural fibres such as wool and
cotton.
Although RPFs are the main subject of this paper, textile materials that have been
developed from food waste can take many forms. Over the past decade, a resurge of interest
in the development of novel and sustainable fibres has led to an extensive expansion of
the traditional categories of natural or synthetic fibres, which now include subcategories
such as ‘bio-based’, ‘biofabricated’, and ‘biosynthetic’ [27]. Bio-based materials are derived
from biomass (organic waste) “that can have undergone physical, chemical or biological
treatment and include materials derived from plants, trees, or animals” [28]. Alongside
RPFs, bio-based materials such as orange fibre [29] and Piñatex [30] (see Table 1 for more
examples) are defining new circular manufacturing systems through the utilisation of food
industry waste. Figure 1 demonstrates the different types of fibres that can be created from
various sources of food waste.
Table 1. Materials from food waste used in textile applications.
Brand/Trade
Name

Raw Material

Country of
Origin

Material Type

Textile Material

Applicable Industries

QMILK

Milk

Germany

RPF for woven,
knitted and
non-wovens

Lightweight fibre

Fashion, textiles,
automotive, medical
and cosmetics

Orange Fibre

Orange peel

Italy

Regenerated cellulose
fibre for knitted and
wovens

Lightweight fibre

Fashion, textiles
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Table 1. Cont.
Brand/Trade
Name

Raw Material

Country of
Origin

Material Type

Textile Material

Applicable Industries

Argaloop
BioFibre

Oil-seed hemp,
oil-seed flax,
pineapple leaves,
banana tree, cane
bagasse, rice
straws

Several
countries

Regenerated cellulose
fibre for knitted and
wovens

Lightweight fibre

Fashion, textiles

Piñatex

Pineapple leaves

Philippines

Plant fibre composite
with polylactide (PLA)

Leather alternative

Fashion, accessories,
soft interiors,
automotive

Leather alternative

Fashion, accessories,
soft interiors,
automotive

AppleSkin

Apple pulp

Italy

Plant cellulose
composite with
polyurethane (PU) for
nonwovens

Vegea Grape
Leather

Grape skins and
stalks

Italy

Plant cellulose
composite with PU for
non-wovens

Leather alternative

Fashion, accessories,
soft interiors,
automotive

Bananatex

Banana leaves

Philippines

Plant fibre for wovens

Hardwearing,
durable fibre

Outerwear, travel
accessories, soft
furnishings

Flexible,
impact-absorbing
foam

Footwear

Bioplastic, strong,
rigid

Glasses frames,
buttons, components

SweetFoam

Sugarcane waste

Brazil

Poly(ethylene vinyl
acetate) (PEVA)
bioderived copolymer
for foams

Chip[s] Board

Potatoes

UK

Bioplastic for
components

Figure 1. Types of textiles materials from food waste. a Cellulose extracted from plants and used directly (seed or stem
fibre) or in regeneration process; b naturally occurring chemicals (e.g., sugar) extracted from a plant source and used in a
polymer synthesis process; c protein extracted from a plant or animal source and used in a regeneration process.
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3.1.1. Contemporary Food Waste Fibres
Over the decades, industrialisation has caused the exhaustion of our planet’s natural
reserves [31]. Humans are now overusing the Earth’s biocapacity by at least 56% [32].
Roughly 33% of land and 75% of freshwater resources are allocated to agriculture [33],
leading to increased environmental pollution; 300–400 million tonnes of waste (annually)
are disposed of in the oceans, creating 70,000 km2 of dead marine areas [34,35]. Loss of
land and natural habitats will also create extreme global living conditions, increasing the
risk of further pandemics caused by the rapid spread of disease between humans and
animals [36]. If our current path continues, it is predicted that we will enter a sixth mass
extinction (which some argue has already arrived) [37], where millions of species will be
lost [34].
In an effort to solve such largescale issues, a circular economy is often employed [38].
A circular economy is a framework for eliminating waste through the continuous use of
products and materials [39]. The three common principles of a circular economy are reduce,
reuse and recycle [40] and can take many forms within the textile sector, such as clothing
swaps, textile recycling or upcycling, all of which keep textile materials in circulation
for a longer period of time. In reality, however, we still have a limited understanding of
the lifecycle impacts of a circular economy [41] and, as McQuillan [38] points out, “our
human-made cycles always leak—either energy or materials or both”. Banwell et al. [42]
challenge the concept of an infinite recycling loop, stating that non-compostable materials
like polyester should be phased out and new fibres, however ‘recyclable,’ should not be
developed if they cannot re-enter the biosphere through composting or degradation. In
this context, a new range of bio-based synthetic textiles created from agricultural and/or
food industry waste is also beginning to emerge. Table 1 shows a variety of circular,
contemporary textiles developed from such waste and highlights the applications of each
material. It should be noted that some of these materials are composites with synthetic
polymers that are often marketed as being derived from food waste but incorporate
polymers that are not food waste derived (e.g., PU, PLA) and that may limit or negate the
circularity of such materials.
As the fashion industry races to develop novel solutions to rid itself of its reputation
as a polluting force, to be replaced with one that is regenerative, such bio-based fibres are
becoming increasingly in demand [43]. Independent designers, luxury fashion, and high
street brands alike are investing time and money into tech start-ups or are setting up their
own in-house research and development labs to create niche materials. Fast fashion giant
H&M, who has been regularly scrutinised for its wasteful practices and has admitted to
burning excess clothing in the past [44], has collaborated with several textile developers to
create its Conscious Exclusive Collection. After winning the Global Change Award (GCA)
in 2016 (initiated by H&M), orange fibre is currently in commercial use in H&M’s Conscious
Exclusive collection [45] alongside Piñatex, Vegea (winner of the GCA in 2017 [46]) and
Argaloop BioFibre (winner of the GCA in 2018 [47]). Other brands within the H&M Group,
including & Other Stories, COS and Arket, are also using such bio-based fibres to improve
the sustainability of their own collections.
3.1.2. Regenerated Protein Fibres
The first recorded development of man-made RPFs was in 1894, with Miller producing
a fibre called Vanduara silk, made by forcing a concentrated, heated gelatine solution
through narrow capillaries to form fine threads [48–50]. The process of wet-spinning RPFs
was later pioneered by Todtenhaupt when he developed a method for wet-spinning casein
fibres in 1906 [51,52]; this method involved denaturing protein using sodium hydroxide and
solubilising it into a viscous spinning ‘dope’, which was then extruded into an acidified salt
coagulation bath to form fibres; this process was refined further by Ferretti in 1937 [53,54].
RPFs found limited use until the advent of WW2 put huge pressure on natural fibre
production due to the heavy reliance on wool and silk by the armed forces. The rapid
development of spinning methodology is reflected in the majority of some 146 patents

Energies 2021, 14, 5654

7 of 18

pertaining to RPFs dated between 1930 and 1950 [55]. Most of the process developments
were aimed at improving the functional properties of the resulting fibres. Due to the fact
that the concept of ‘green chemistry’ would not be pioneered by Anastas and Warner until
1998 [56], many of the chemicals and processes used prioritised functionality over waste
generation, worker safety and environmental impact. A comprehensive review of the RPF
manufacturing practices during the 1940s shows that not only were large quantities of
sulphuric acid used in the coagulation baths, but formaldehyde was very commonly used
as a hardening agent for the resulting fibres to improve their tensile strength, especially
their wet tensile strength; this caused myriad issues revolving around waste treatment and
worker safety [10].
There have been several attempts to commercialise RPFs since the wars, with the most
recent being German company QMILK having produced a quality, organic RPF from milk
waste (casein). This fibre is manufactured through a low input process, which the company
claims to be zero-waste and free of hazardous chemicals [57]. Anke Damask, the creator of
QMILK, started her own label under the name Mademoiselle Chi Chi in 2011, using her
uniquely developed milk fibre in 50% of her collections [58].
3.1.3. Textile Supply Chain and Use of Resources
Due to the urgent need to reduce the environmental burden of the FTI, the increased
implementation of a circular economy in manufacturing and business development appears
to be a positive move forward. At the same time, there is a significant risk that intensifying
the circulation of materials and products in certain parts of the value chain could lead to
unexpected outcomes at the system level [41], which could be harmful to the environment
and business practices alike.
Alongside the potential environmental benefits associated with materials created
from agricultural waste, there are several opposing factors to be considered. These biobased materials are all derived from biomass (or waste) feedstocks; however, there is a
concern that as demand for such materials increases, there will be an incentive to harvest
first-generation crops for new textiles [43]. The HM Group’s involvement with bio-based
materials is a prime example of this; although such textiles are currently being used in
small collections, H&M currently offers 12 to 16 collections per year (refreshing them
weekly) [59] and, in 2018, had USD 4.3 billion worth of unsold apparel [60]. As the
bioeconomy increases and companies such as H&M expand their sustainable collections,
they run the risk of working with less transparent suppliers as well as creating more
wastage from unsold clothing. Depending on the initial source of agricultural or industry
waste, there is also the risk of the raw material one day running out. This, again, could
switch the company’s interest towards first-generation bio-based fibres, creating further
issues around deforestation and loss of biodiversity.
The biodegradability of materials is another area for consideration. There is a misconception that all biopolymers are biodegradable [43]; however, they often require the
correct method of processing at end of life to avoid off-gassing (the release of chemicals
into the environment). Additionally, the blending of compostable, bio-based materials with
traditional synthetics such as polyester or even natural materials that have been processed
using chemicals such as bleach could pose further issues for disposal. Such textile materials
would initially have to be separated, requiring further energy and resources [61].
End-of-life aspects such as biodegradability and compostability have been flagged as
an area that often lacks transparency within the context of bio-based solutions [27]. The
term ‘end of life’ is often used in the context of a product that is no longer in use by its
owner, suggesting that it serves no further purpose [62]. As many of these new materials
are still in their infancy, there is little information of their impact upon disposal as well
as their potential environmental impact if production is to be scaled up to meet demand.
A full lifecycle assessment (LCA) would be required for each new material to determine
areas of concern, not just for current production levels but for the future.
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In terms of early RPFs, there is also a gap in information surrounding the full environmental impact throughout the supply chain, from raw material to disposal. As
sustainability was not a serious topic of discussion until the launch of the Brundtland
report in 1987 [63,64], information such as energy usage, water wastage and impact upon
disposal does not exist in the same way. Adding to this, due to the lack of success of
RPFs, much of the documentation of their manufacture was destroyed after WW2 due to
the embarrassment of a ‘failed experiment’ [65]. While this lack of information poses a
challenge, it also represents an opportunity for research to be performed using the historical
precedent set out during the 1940s and 1950s but with a modern, sustainable approach,
considering the whole supply chain from waste generation all the way through to end of
life.
3.2. Economic Influences
During wartime, large amounts of government funding were put into the development
of novel RPFs to alleviate pressures on materials such as wool and cotton. Civilian textiles
were mostly being used for military uniforms, although the lack of international trade also
contributed to shortages around the globe; during WW2, roughly 65% of the production
capacity of the textile industry was devoted to the war effort [66]. Alongside government
funding, numerous other tactics were used to control the flow of textiles and limit the
public consumption of fashion items. The UK imposed textile rationing in 1941, forcing
consumers to become more creative with their limited purchasing power and to adopt a
‘make do and mend’ attitude in support of the war effort. The experiences and methods of
this era can be reflected upon in conjunction with our own current (environmental) crisis
and used to address the economic challenges we face today.
In comparison to the WW2 era, today, the fashion market includes many segments
and business models, reflecting both the diverse needs of consumers and the growing
economies of scale within the industry. By the mid-1970s, fashion brands had begun to
copy catwalk styles at much lower cost, supplying cheap fashion products to retail markets
within months [67]. This business model expanded rapidly throughout the 1980s and
was described by some as the ‘democratisation of fashion’ [67]. Once exclusive luxuries
were now accessible to everyone [68], and whilst clothing had historically represented
social class, the wardrobe could now signal other aspects of social identity such as age and
gender [69].
In comparison to household incomes, fashion and textile items are much cheaper
today compared to just a few decades ago. As the price of clothing has fallen, cheaply
made and low-quality fashion dominates the market, allowing consumers to purchase
more than is arguably necessary [64]. In the 1950s, 30% of the household income (UK) went
to clothing purchases, and, in 2009, that figure dropped to 12%, but with a larger amount
of items being purchased [70]. Today, the average household in the UK spends 3.7% of its
annual income on clothing [12,71,72], yet the number of purchases has still increased due
to the decrease in prices.
3.2.1. Government Incentives for Regenerated Protein Fibres
During the 1930s and 1940s, RPFs were heavily invested in by several governments as
not only a solution to material shortages but also as a way of representing national pride.
Italy, before the advent of WW2, was already a powerhouse in the textile world, and the
rise of the futurism movement made new and novel materials for fashion very attractive.
Ferretti’s improvement to the casein spinning process pioneered by Todtenhaupt coincided
with the rise of Mussolini in the political leadership in Italy. Mussolini was very keen on
Italy achieving economic and commercial self-sufficiency, so he whole-heartedly endorsed
Ferretti’s process, even to the point that during the war, it was law that all Italian fascist
flags had to be made out of Italian made casein fibres (named Lanital, later Merinova) [73].
The Italian military also used casein-based fibres in military uniforms, blankets and boots,
believing that it would be resistant to poison gas [74].
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At the time, Italy was wasting billions of pounds of excess skimmed milk a year
so the invention of Lanital was heralded by Mussolini as a key breakthrough, allowing
3.7 kg of fibre to be produced per 100 kg of waste milk. Mussolini was so invested in the
artificial textiles coming out of SNIA Viscose that the government granted large amounts
of money for the continued development and production of Lanital and rayon [75]. The
government even issued regulations on the blending of imported fibres with autarchic
Italian-made fibres [76]. Many forms of promotional advertising can be seen from around
this time, including video documentaries on the production of Lanital and even a poem
written by the founder of the Futurist movement, Filippo Tommaso Marinetti, published
in pamphlet form and illustrated by Munari, which served to propel Lanital production
and popularity [77,78]. The popularity of Lanital took a severe hit after the Italian 1940
campaign in France, where it is thought that rubber-soled Lanital-infused boots caused
2000 cases of frostbite [74].
Italy was not the only country to push for the development and commercialisation
of RPFs utilising locally produced waste. A 1940 British patent by Imperial Chemical
Industries (ICI) [79] details the production of synthetic fibres from peanuts, which led
to the commercialisation of the peanut protein fibre Ardil, so named after the location
of the pilot plant (Ardeer in Scotland), between the years of 1951 and 1957 [80]. In the
first half of the twentieth century, the UK was still importing 8 million tonnes per annum
of peanuts from its colonial territories. The main use for peanuts was the extraction of
peanut oil, which left roughly 50% of the peanut as waste; this was originally used as an
animal feed but, through an extraction process, the protein (which represents ~50% of the
residue) [81] could be isolated and used to make fibres for textile usage. ICI developed a
method involving the dissolution of the protein in solutions of urea and sodium hydroxide
to denature and unfold the globular protein arachin, which could then be wet-spun to form
fibres that supposedly had characteristics similar to wool [82]. Similar to other RPFs, the
advent of WW2 and the corresponding shortage of wool encouraged investment in the
fibre, as well as advert campaigns to try and persuade the British public of the advantages
of Ardil; the phrase “Happy families with Ardil” [83] was used during the marketing
campaign. Even after the end of hostilities in 1945, ICI was still devoted to Ardil, as seen by
the investment of GBP 2.1 million to produce a new manufacturing site in Dumfries [84].
However, the falling price of wool post-war, along with the rise of other artificial fibres
and the increasing price of peanuts, put pressure on Ardil as a commodity. The final nail in
the coffin was the shortage of peanuts as a result of the failure of the East African peanut
scheme [85], which caused the production of Ardil to cease in 1957 [84].
3.2.2. The Case for a Mixed Economy
The prevalent fast-fashion paradigm results in an abundance of cheap products in the
market [86], placing individual customers in a paradoxical situation. For many reasons,
buying long-lasting products can be much more difficult than buying low-quality products [87]. Although there is a growing demand for sustainability in the fashion industry,
demand for fast fashion products at fast fashion prices still exists [88].
At present, fast fashion is still a dominant force. Its complete eradication would
have huge implications in terms of inclusivity and affordability across different consumer
demographics. A study on the sustainable consumption habits of consumers in Spain [89]
found that expensive pricing was the second-highest deterrent of purchasing sustainable
fashion, with uncertainty of greenwashing being the most common reason. Due to this, it
is important to develop sustainable and transparent models for both fast and slow fashion
economies, capable of meeting the real needs of consumers.
According to WRAP [90], on average, clothing is used for 3.3 years before it is discarded or passed on, with items such as coats and dresses being kept for the longest.
Reports and government action plans appear to favour longevity as the route to sustainability. WRAP’s Clothing Longevity Protocol [14] suggests that businesses should employ
a “minimum standard of good practice”, which should be “embedded across the product
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range, complementing specific design innovations such as anti-fading and anti-pilling technologies and reinforcing brand value by providing a means of quality assurance”. There
could, however, be various hidden environmental costs to using such additional finishes,
including the use of additional chemicals, water, and energy in the manufacturing process.
Indeed, if the item is worn on a regular basis and succeeds to reduce the environmental
impacts per wear, additional impacts may occur through care and laundering, especially
if physical durability has been achieved through coatings or features which require dry
cleaning [16].
It could be argued that a shift in cultural mindset must take place before switching to
a slow fashion system built for longevity. A McKinsey Company report [91] found that
one in three young women in the UK consider garments to be old after just one or two
wears. Until consumers adopt ‘socially responsible consumption’ [92] habits and begin to
favour ‘better’ (for both person and planet) over ‘new’, a system created for slow fashion
alone will surely fail. The question of textile quality also comes into play here. Quality as a
term can be interpreted differently across various situations and differ amongst products,
people, and places. A product of ‘high quality’ is often associated with a higher retail value
or a ‘luxury’ market. For a genuinely sustainable slow system to be effective, it must also
reflect a variety of price points and be inclusive for all consumer demographics.
3.3. Cultural Attitudes
According to Manzini [93], simply redesigning existing products and making ecoefficient improvements to manufacturing processes is not enough to create a more sustainable future. Instead, changes in consumer behaviour and attitudes are needed to stimulate
a drastic change in consumption patterns by establishing a connection between individual
consumption and the environmental impact of industrial production [64]. Vezzoli [94]
argues that radical innovations, beyond technological development, that also stimulate
new partnerships between stakeholders as well as new sustainable relationships between
consumers and products are needed.
3.3.1. From Quality to Quantity
Over the past 50 years, the way in which we produce and consume fashion has
changed drastically [10]. Alongside a growing population, excessive seasonal collections [95], low prices [96], discounts and promotional campaigns, the ease of online shopping, and the influence of social media [97] have pushed individual consumption to the
limit [31].
As discussed in Section 3.2.2, although consumption has increased, the number of
usages has decreased by 36% compared to just 15 years ago [39]. It is suggested that this
reduction in use is not only a result of our temptation to buy new garments but is also a
consequence of cheaply made, low-quality garments [64,98–100], which can result in a lack
of attachment between product and consumer [31,100].
Quality is a broad term within the FTI and may reflect a range of different attributes,
such as how well a product is made, what it is made from, how long it lasts or the way in
which it is used or cared for. The Textiles Institute [101] defines quality as “the totality of
features and characteristics of a product or service that bears on its ability to satisfy stated
or implied needs” or as “a relative term used to indicate the perceived merits of similar
products for the same end use.” As discovered throughout the literature, the perceived
quality of RPFs had a huge impact on their commercial success throughout the early to
mid-1900s. For example, garments made from casein were said to be of low strength [84]
and difficult to care for due to high moisture absorbency, and the garments would often
end up being cut up for rags after just a few wears or washes. Moving into a new era of
sustainability, we should question how quality and sustainability might align to meet real
consumer needs, whether for a fast or slow circular economy.
Current literature in this area generally tends to associate terms such as ‘slow’ and
‘quality’ with sustainability, insinuating that slow equals better when better actually de-
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pends on circumstance and fitness for purpose. This can be defined by a range of performance characteristics, including durability, appearance retention, and ease of cleaning, and
some features that are specific to a certain type of product, such as water repellency or flame
retardancy [102]. A recent study of sustainability within the fast fashion industry [103]
frames product quality as a “vertical attribute that contributes to the lifespan of the product
(e.g., quality of stitching, dyeing process, fabric sturdiness)”; the study shows that fast
fashion has an incentive to produce multiple styles and ‘micro’ seasonal collections in
response to uncertain and quickly changing trends, and that this is a key driver of low
product quality within the industry.
As the availability of trends increases, quality is likely to decrease further as consumers become more responsive to fashion and prioritise style and low prices over durability [103]. Another study into the shopping intentions of young people in Hong Kong
and Canada [104] found that the consumers desire for immediate gratification through the
purchasing of fashion was one of the main barriers to adopting more sustainable shopping
habits. Through its quick turnover of affordable, low-quality styles, the fast fashion model
can exploit this segment, offering up-to-date designs and the satisfaction of continually
evolving temporary identities [105].
3.3.2. Challenging Mindsets
Rissanen [106] believes that the FTI is “still in a mindset of limitless production, mainly
made ‘possible’ by synthetics derived from fossil fuels that are not bound by limits of
land use.” Although RPFs might offer a technical solution to some of these problems, as
discussed, the issue of consumption is not to be forgotten. As we begin to design new
systems for the FTI, current behaviours surrounding our relationships with garments
must be challenged and redefined within these systems. McQuillan [38] believes that this
would require a significant reduction in production and a redistribution of manufacturing
locations, creating a connection between product, environment and society.
Although a pertinent issue, cost is only one of the barriers to sustainable consumption.
Style, quality, colour, and a continuous desire for the latest trend can all affect consumer
purchasing habits [107]. As a result, a growing number of studies are beginning to outline
such consumer intentions towards adopting a more sustainable mindset and lifestyle [108].
Bonini and Oppenheim [109] argue that although there is a large amount of awareness
surrounding environmental issues, this does not tend to discourage most individuals from
overconsuming or purchasing unsustainable products. Joy et al. [104] agree with this claim
and, through their own study, show that “fast fashion consumers, often share a concern for
environmental issues even as they indulge in consumer patterns antithetical to ecological
best practices”.
On the other hand, a Unilever study [110] showed that 33% of adults surveyed (in
five EU countries, including the UK) chose to buy from brands they believe are social or
environmental responsible; 53% of shoppers said they feel better when they buy products
that are sustainably produced, and 21% would actively choose brands if they made their
sustainability credentials clearer through labelling. Alongside brands and individual consumers, transitioning to a sustainable or circular economy requires genuine collaboration
across multiple stakeholders [111]. Niinimäki [64] argues that the most influential way to
change such industrial systems towards sustainability is through government, legislation
and regulations that directly impact manufacturing requirements.
One of the reasons for the RPFs failing was that they were associated with hardship and
substitutions and were largely overshadowed by new and exciting petrochemical-derived
fibres such as nylon and polyester, which offered never-before-seen fabric properties of
strength, durability and ease-of-care. There was heavy investment from several governments into promoting RPFs to the public, but the negative connotations associated with
them was too great. In contrast, the modern consumer’s opinion of petrochemical-derived
fibres is shifting from the excitement of the 1950s to the 1990s to concern over these fibres
and the effect they are having on the environment. This growing dissatisfaction with the
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current state of the fashion and textile industry represents an opportunity for RPFs to
return without the negative connotations of the past.
3.3.3. Matching Textile and Garment Speedcycles
It is evident that most current circular design approaches favour a ‘slow’ fashion
lifecycle, of which ‘quality’ garments are built to last using methods such as design for recyclability or design for extended use. The research undertaken by Goldsworthy et al. [16,18]
for the Mistra Future Fashion Programme, however, suggests that there is an urgency to
also design better ‘fast’ circular models. As reported by WRAP [112], “extending the life
of clothing by an extra nine months of active use would reduce carbon, waste and water
footprints by around 20–30% each.” One issue with only focusing on product longevity is
that durable (or slow) materials—such as virgin or recycled polyester—often end up being
used in fast fashion products with a short life span. As pointed out by McQuillan [38] and
Banwell et al. [42], such durable materials are often non-biodegradable and, in the context
of polyester, can take at least 200 years to degrade and will leak contaminants back into
the ground as they do so. As discussed by Goldsworthy [16], “by reducing our focus to
only a ‘part’ of the system (the use phase), we are playing into the hands of ‘unintended
consequence’ and often simply shifting impacts further along the product lifecycle, albeit
out of view.”
Perhaps it is the association between fast fashion and poor quality that leads designers
and researchers alike to favour a slow fashion lifecycle. On the other hand, fast fashion
is popular for a reason, and not everyone can afford to buy into a 100% slow fashion
lifecycle, where products are often more expensive to reflect longevity and durability.
In her research of speedcycles, Goldsworthy [16] notes the time taken to produce a raw
material in comparison to the length of the use phase. A grown material such as cotton
takes a relatively short time to produce (fast) in comparison to a non-renewable material
made from oil, which takes thousands of years to form (slow). This provides a contrasting
view in comparison to the assumption that natural equals slow (and often better) fashion
and that synthetics are for fast fashion. These pre-assumptions of fast or slow are often
misleading; if production methods are inconsistent with the expected lifetime of a product,
then we are left with an unbalanced lifecycle [16].
In the context of circular textiles and garment speedcycles, appropriate materials
need to be developed and selected by designers to be used in fashion products where the
duration of use by the owner has been noted and understood [16]. As discussed by Remy
et al. [59], “innovation in the way clothes are made has not kept pace with the acceleration
of how they are designed and marketed.” Fletcher [113] prefers to use the term ‘slow
fashion’ in the context of a ‘philosophy of attentiveness’ as opposed to time and speed.
This philosophy is mindful of the needs of its various stakeholders across the supply chain
and of the impact producing fashion has on workers, consumers and ecosystems [104].
4. Discussion
There is an argument that designing fibres that are intentionally short-lived could
provide an alternative to the prescribed slow-fashion solution to the sustainability crisis in
fashion. Historical RPFs were designed to provide a ‘stop-gap’ solution in a time of intense
material shortages. During wartime, the aim was not to produce materials that would last
a lifetime, as it was hoped that the war effort would be short-lived. This led RPFs to an
association with being inferior to the materials they looked to replace. However, within
the modern fast fashion movement, clothing is not designed to last a lifetime and is, in
fact, designed to last a single season. This might open possibilities to match the fabrics’
useful lifespan with the speed at which fashion trends occur; if the fabric only needs to last
a few months or even just a few wears, why design it to have the durability and longevity
offered by polyester, acrylic, and nylon? Even better, if the material could be designed
to degrade without leaching any unwanted chemicals into the soil, there is potential for
the circular life cycle of the fabric to be relatively short. Using casein as an example, the
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nitrogen and nutrients from waste milk could be re-introduced into the biosphere through
the composting of casein-based textiles. These nutrients could be used in the feed for cows,
which would then produce more milk, of which the waste could be converted back into
RPFs. A full LCA of the entire process, from conversion into milk via the cows all the way
through to the input of the fabric back into the biosphere, would need to be conducted and
compared to the current state of the art to ensure that the process is an improvement in
relation to sustainability.
Alongside a switch in business attitudes towards fast and slow fashion systems,
analysis shows that consumers drive demand for products. Therefore, focusing purely on
eco-materials or ethical manufacturing principles misses the opportunity to take a more
holistic approach. It could be argued that the sustainable revolution of the fashion and
textile industry will begin with consumers changing their purchasing habits, so engaging
and educating the public will be crucial in the development of new and novel sustainable
solutions.
In the context of disposability, the issues leading to the demise of the RPFs of the
1900s could be seen as advantageous within the modern fashion world. Contrary to the
post-war world, public opinion of petrochemically-derived fibres is at an all-time low, with
the average consumer now being far more educated on their environmental impact and
persistence in the environment at end of life. Along with this, the average time that items of
clothing are in use has decreased massively since the 1940s; this means that the issues with
the longevity and quality of the RPF fibres are far less of an issue. In fact, designing fabrics
that are regenerative via composting and can be re-introduced into the food supply chain
within a reasonable timeframe could potentially and synergistically match the current fast
fashion trend with the vast amounts of food waste that is generated within the developed
world.
Another comparison that can be drawn from the historical investigation of this research is that of a localised economy. During the world wars, the localisation of industry
was essential due to the limitations of trade. RPFs were a prime example of this, with
different counties adopting different feedstocks depending on their availability within the
countries’ borders. Post-war, the globalisation of industry gave rise to offshore manufacturing, with the production of feedstocks, processing, and product commercialisation very
rarely happening within the same country (or continent), giving rise to vast environmental
issues involving the emissions created by shipping and freight. Currently, there is a growing trend away from globalisation, back towards the localisation of industry. The need for
this has been further emphasised by the COVID-19 pandemic, with the need for production to be self-sufficient and robust to external factors. Once again, the synergy between
the approach taken during the wars to allow for more robust manufacturing and those
beginning to be recognised as essential in the modern world to reduce the environmental
impact of industry opens an exciting opportunity to learn from the lessons of the past to
strive towards a low carbon economy.
While the slowing of the fashion sector is commonly viewed as the necessary breakthrough to creating a sustainable future, this will require a vast change in the cultural
mindset of the consumer. As discussed, the solution to the environmental impact of the
fashion and textile sector cannot be solved by a single concept but a holistic approach
considering the entire sector, from feedstocks and production through to end of life. This
will require a collaborative effort from a myriad of sectors, from stakeholder, manufacturing and legislative bodies through to commercial, advertising and government bodies.
Most importantly, the consumer must be educated and given the knowledge required to
recognise what is truly sustainable.
5. Conclusions
The aim of this research was to analyse how RPFs from food industry waste could
offer a new perspective on our interpretation of fast and slow speedcycles whilst alleviating
pressures on mass consumption. The research also aimed to identify gaps in both the
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historical and contemporary data surrounding the production of RPFs from a sustainability
viewpoint, allowing opportunities for further investigation. The major contribution of this
study is to critically analyse the academic literature surrounding the implementation of a
circular economy within the FTI and a revaluation of ‘fast’ and ‘slow’ within the fashion
life cycle. In taking a critical and holistic approach to evaluating the principles of a circular
economy in the area of bio-based materials and RPFs, it has become clear that the fashion
industry is far from creating sustainable change and, in some cases, may do more damage
than good. Until we find a successful way to implement holistic system changes and
reduce consumption (in a way that is inclusive and attainable for everyone), our efforts in
producing novel, eco-friendly materials alone are redundant.
This paper has revealed a gap in academic literature surrounding the end of life of
new, bio-based materials and RPFs. Based on this outcome, a full LCA of new generation
bio-based materials and RPFs is suggested as the next stage of research. Any future research
in this area should also take into consideration the potential of increased consumer demand
over time. The concept of a circular economy must also continue to be reviewed with a
critical eye, with higher emphasis placed on aspects such as chemical and energy usage,
off-gassing, biodegradability and compostability. Consumer-based studies into the appeal
of purposely made, disposable fast fashion in comparison to a slow approach is another
area of interest for future research. This study has outlined the importance of consumer
engagement at all stages of the lifecycle, from design decisions to how garments will be
disposed of. Making consumers a part of the decision-making process and adapting marketing content to be informative and educational in terms of sustainability can help to build
stronger relationships between stakeholders and begin to drive responsible consumption
habits. This research took an interdisciplinary approach to the subject matter and explored
the context of materials created from food waste from a range of design, green chemistry,
historical and sociological perspectives. However, to continue with this research and
create real solutions to such complex problems, further disciplinary boundaries must be
crossed. Expertise from areas such as biology, biochemistry, ecology, geography, marketing,
and politics should be combined and embedded to create new knowledge in the area of
sustainable development across all industries, not limited to the FTI.
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