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Abstract — The Waste Framework Directive mandates that, starting from January 1, 2025,
separate collection of textiles must be introduced in all Member States of the European Union.
The aim of separate collection is to promote the circular economy in the textile system by
creating favorable conditions for recycling and reuse. However, in order to promote
recycling, there are still challenges in terms of textile variety and mixtures. Currently, there
are no commercially viable technologies to recycle mixed textiles without sorting back into
textiles or high value-added products. Therefore, the aim of this study was to determine if
there are products in the research process that could be obtained from post-consumer mixed
textile waste and, if so, to assess which is the most suitable for further development based on
economic, environmental, social and technical factors. Two methods were applied: literature
analysis and multi-criteria decision analysis. A total of 27 research articles were identified,
but only four were selected for further analysis based on their relevance to the research
objective. The products obtained in the selected studies were (1) bio-oil and terephthalic acid,
(2) textile-reinforced composite for building applications, (3) mycelium-based composite for
thermal insulation and (4) textile fibers (cotton and nylon), spandex monomers and bis(2-
hydroxyethyl) terephthalate. The multi-criteria decision analysis showed that mycelium-
based composite has the highest potential for further development. Future research should
focus on scaling up the production of mycelium-based material and conducting a more
detailed assessment of the economic, social and environmental impacts.

Keywords — Circular economy; multi-criteria decision analysis (MCDA); mycelium-based
material; sustainable development goals (SDGs); value-added products.

1. INTRODUCTION

Production and consumption of textiles is increasing worldwide, and so is the amount of
textile waste [1]. Globally, around 75 % of clothing waste is landfilled or incinerated, 25 %
is recycled or reused and only 1 % is recycled back into textiles [2]. The transition to a circular
economy in the textile sector is in line with several United Nations Sustainable Development
Goals [3]. In particular, it would contribute to the achievement of Goal 12 — Responsible
Consumption and Production.

Textile waste is also a pressing issue in the European Union (EU), with the fourth highest
impact on primary raw material and water consumption and the fifth highest impact on
greenhouse gas emissions [4]. For this reason, the EU has identified textiles as one of the
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seven key product value chains to be targeted in the transition to a circular economy. As part
of this transition, The Waste Framework Directive mandates that, starting from January 1,
2025, separate collection of textiles must be introduced in all EU Member States [5].
However, separate collection of textiles is only the first step, as sorting and recycling are not
yet sufficiently developed in the EU [6], [7]. If sorting and recycling capacity is not increased
alongside separate collection, there is a risk that sorted textiles will end up in incinerators or
landfills or be exported as waste outside the EU [7].

Textile waste can be divided into three streams: post-industrial waste, pre-consumer waste
and post-consumer waste [1]. Post-industrial waste is all textile waste generated during the
production process. Pre-consumer waste already exists as products, but is either damaged or
has not been sold or used. The last and largest stream is post-consumer waste, which is waste
generated after use. EU textile waste amounts to 15 kg per capita, 85 % of which is made up
of consumer discarded clothes and home textiles — post-consumer waste [6]. In this study,
this waste stream is defined as mixed post-consumer textile waste. This waste is a mixture of
different types of textiles, mainly cotton and polyester, with added components such as
buttons and zippers and added substances such as dyes, coatings and flame retardants [8], [9].
All of these aspects create barriers to current textile recycling technologies.

Part of the solution could be to improve sorting so that textile flows are as clean as possible,
each with its own recycling options. However, there are a number of obstacles to achieving
this. Firstly, sorting is currently largely done manually, which makes the process more costly
and time consuming [9]. Furthermore, textiles are not just mono-materials that are suitable
for recycling. Instead, textile waste is usually a multi-element waste, and often blended.
Therefore, textile waste can be divided into more than 300 different categories depending on
size, composition and type of fibers [1]. Some of them are difficult to recycle or need
specialized technologies. In addition, the quality of textile waste is not guaranteed as textiles
may be contaminated or defective [1]. These sorting barriers raise the question whether there
is a solution to recycle mixed textile waste as a single stream without much sorting.

Large number of studies have been carried out on the recycling of different textiles [10]—
[13], including blended textiles [14], [15]. However, to the best of the author's knowledge,
no study has yet summarized research on post-consumer mixed textile waste recycling. Also,
there are currently no commercially viable technologies to recycle mixed textiles back into
textiles or high value-added products [8], [16]. Therefore, the aim of this study was to
determine if there are products in the research process with Technology Reediness Level of
3-5 that could be obtained from post-consumer mixed textile waste and, if so, to assess which
is the most suitable for further development based on economic, environmental, social and
technical factors. Literature analysis was used to identify products, and multi-criteria decision
analysis was used to evaluate and compare them. Multi-criteria decision analysis was chosen
because it is suitable for comparing products on the basis of selected criteria [17], [18].

2. METHODOLOGY

Multi-criteria decision analysis (MCDA) is a well-established method for making decisions.
It is applicable in any field where it is possible to define a problem, criteria and alternatives
to be compared with each other [19]. There are several MCDA methods, but each method has
its own calculation steps, so the results may differ even though the input data are the same.

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) method was
chosen for this research, based on the author's previous study comparing products [18], which
is also the objective of the present analysis. The TOPSIS method has the benefits of relatively
simple calculation steps, an unlimited number of criteria and alternatives, and the input data
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can be both qualitative and quantitative [19]. The resulting score is the distance of the
alternatives to the ideal point, which in this method is equal to one, meaning that the closer
the score of an alternative is to one, the better the alternative. MS Excel was used for the
TOPSIS calculations.
The MCDA analysis followed the steps developed in the author’s previous study [18]:
1. Product identification. The first step is a literature analysis to identify products.
2. Criteria selection and data collection. This stage involves selecting criteria and
collecting input data.
3. TOPSIS analysis. In this step, calculations of the analysis are carried out and the final
results are obtained.
4. Sensitivity analysis. The final step is to validate the results using a sensitivity analysis.

2.1. Product Identification

The aim of the literature analysis was to identify products that can be obtained from post-
consumer mixed textiles. The scope of this study was limited to the scientific literature to
ensure that the focus is on peer-reviewed information. Three scientific databases, Scopus,
Science Direct and Web of Science, were used. The keywords “post-consumer mixed textile
recycling” were used in all databases. Only in Web of Science an insufficient number of
articles was found (33 results), so the keywords were changed to “textile waste recycling
products”. In total, a relatively large number of publications were found for these keywords:
Science direct (2678 results), Scopus (944), Web of Science (799). Content in English and
less than 10 years old (from 2014) was selected. The first 100 items in all databases were
reviewed sorted by relevance. This was done since, approaching 70 items, they started to be
outside the study's scope, therefore it was decided to stop the review at 100 items. For further
research, items were filtered based on title and abstract. This was an initial screening to find
articles on textile recycling. The selected studies were then fully read to select studies
according to two criteria: recycled textiles are post-consumer and mixed textiles. The aim
was to find recycling process that met both criteria.

2.2. Criteria Selection and Data Collection

All the calculations are based on the input data, the selected alternatives and the criteria.
For further analysis, products and product sets produced from post-consumer mixed textile
waste were selected to be alternatives. The products were categorized on the basis of research
articles. For example, the Andini et al. study [16] produced four main products, but these are
not considered separately as they are all produced in the same production cycle and using the
same raw material.

After determining alternatives to compare, the next step was to select the criteria. The
criteria were selected on the basis of their relevance to the study objective and the available
data. To assess the potential for product development, the criteria cover four categories:
environmental, economic, social and technical aspects. These categories were chosen because
technical parameters are important to assess the technology, while sustainability aspects are
important to assess its development [20]. The nine criteria selected are shown in Table 1. For
all criteria, the ideal value is the maximum value, which means the higher the value the better.
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TABLE 1. CRITERIA FOR MULTI-CRITERIA DECISION ANALYSIS
Criteria category Criteria Description
Environmental Environmental impact Comparison of global warming potential (GWP) from life cycle
aspects assessment of a new and a conventional product (reduction in
GWP)
Resource efficiency Usage of other waste materials in production (weight proportion,
o)
Longevity and Product lifetime and end-of-life potential (score)
recyclability
Economic aspects Product price Comparison of price for the new and conventional product
(reduction in price)
Market demand Global market size assessment (billion EUR)
Technical aspects Technology maturity Level of technological readiness (TRL 1-9)
Level of research Studies carried out on similar products (score)
Market Comparison of properties for the new and conventional product
competitiveness (score)
Social aspects Social aspects Evaluation of human health and safety risks during production
(score)

2.2.1. Environmental aspects

Life cycle assessment is a method for quantifying the environmental impacts of products
and processes. In order to gain insight into potential environmental impacts, LCA studies
were used to assess this criterion, as it has been done previously in similar MCDA studies
[17], [21]. The products are innovative, so no LCA studies have yet been carried out for the
specific cases. Therefore, similar products with LCA studies were selected. The GWP was
used as a quantitative indicator, which is commonly used in environmental impact
communication [22]. The conventional product was selected based on the intended use of the
new product, what it can be compared to in terms of performance and what is commonly used
now. If the study already had data on conventional products, these were used for comparison.
But if not, they were obtained from the Ecoinvent 3.10. database using the same method as
used in the comparison study. The value of the existing product was divided by the value of
the new product to get estimate of the number of times the environmental impact can be
reduced. If the value is less than one, this means that the environmental impact of the new
product likely is higher based on the GWP. This approach was chosen to assess not only the
potential environmental impacts of the alternatives, but also to compare the alternatives with
the products currently in use. The life cycle impact assessment method and the scope of the
system were taken into account in the comparison.

To assess the potential of the circular economy, the criterion “Resource efficiency” was
included. The products studied already contribute to the circular economy because the raw
material used is textile waste. Therefore, this criterion assesses whether additional by-
products or waste are used during production that would increase the contribution to the
circularity and avoid the use of virgin materials. It is determined by weight in proportion to
the final product. If no other residues are used, the alternative receives a score of zero.

The first two criteria relate more to the production phase. The criterion “Longevity and
recyclability” was introduced to also assess the use phase and end of life. It includes an
assessment of the lifetime and recyclability of the product. Both aspects were evaluated on a
three-point scale. Scoring system for recycling: (1) not recyclable or generally not recycled,
(2) recycled or biodegradable, (3) closed-loop recycled. This rating was chosen as the circular
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economy prioritizes resource circularity in closed system and other uses of bio-based
materials before nutrients are returned to natural system [2]. Lifetime aspect points system:
(1) single use, (2) used up to 10 years, (3) longer than 10 years. The points were multiplied
with each other, giving a maximum of 9 points.

2.2.2. Economic aspects

The price of a product is an important indicator of whether it will be economically viable
and competitive. Price is a specific indicator (price per unit of product) rather than other
economic indicators which are more difficult to compare, for example initial investment is
more dependent on production volume. As with the environmental impact criterion,
innovative products are unlikely to be subject to an economic assessment and will therefore
be compared with similar products. The conventional product price was also identified for
comparison. The value of the existing product was divided by the value of the new product
to get how many times cheaper the new product would be. If the value is less than one, it
means that the price of the new product is higher and it is not economically justified at this
time. The other economic aspect focuses on the demand side. Global market size was used to
determine whether a product is in demand. The higher the market estimate, the more the
product is in demand. The market size estimates were based on publicly available data.

2.2.3. Technical aspects

The Technology Readiness Level (TRL) was assessed to determine how mature and ready
for scaling up the technologies developed in the study are. The TRL has proven to be a very
effective way of communicating the progress of new technologies in different fields [23]. It
is assessed on a 9-point scale. In order to better understand and evaluate the products, more
extensive descriptions of the TRL from J. Mankins publication [23] were used.

To assess how well a product is being researched, the criterion “Level of research” was
introduced. This measured the number of publications on a given topic. In order to effectively
assess this criterion, only one database was chosen, and that was Scopus. The key words for
each alternative were based on the type of product, the method used and included the term
“textile”. The publications found were assessed qualitatively by looking at the abstract and
the title. Only publications containing the same or similar product and using textiles were
selected.

The criterion “Market competitiveness” was added to assess the technical performance of
the product. This criterion looked at the properties of the selected alternatives as determined
by their studies and then compared them with those of the conventional product. Each product
had its own characteristics, as each has its own application. If the comparison was already
made in the study, it was used, if not, the characteristics of the conventional product were
additionally selected. The product’s characteristics compared to similar products were
evaluated with points. The scoring system for the criterion was as follows: (1) characteristics
are lower than those of products on the market, (2) characteristics are more or less the same,
(3) improved characteristics.

2.2.4. Social aspects

Social factors can be quantified using social LCA or indicators such as human health [17]
and job creation opportunities [24]. To the best of the authors’ knowledge, no social LCA has
been carried out for the alternative or similar products under consideration. Quantitative data
on social factors for the alternatives were available for more generic sectors such as
government, education and manufacturing. That was not applicable in this case as all
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alternatives fall within the same sector. It was therefore decided to assess the risk to human
health in the product manufacturing process using a scoring system based on the information
available in the literature. The following evaluation system was used: (1) high risk work, (2)
medium risk and (3) minimal risk work.

2.3. TOPSIS Analysis

To start the calculation, the criteria must be given a weight indicating the importance of the
criterion. The weight can be determined by different methods, such as the analytical hierarchy
[19] process or sensitivity analysis [18]. In our case, there are more than seven criteria, which
means that the analytical hierarchy process cannot be used as the results would be inconsistent
[19]. In this study, it was decided that all criteria will have equal importance which means
that all criteria will be given equal weight.

After determining the input data and criteria weights, the TOPSIS method was used in the
following calculations. TOPSIS method has five steps [19]:

1. Normalization of decision matrix:

R—L (1)

= S P ,
where R is normalized matrix value and X is criteria value.
2. Calculation of the weighted decision matrix:

V=R-W, ()

where V' is weighted value and where W is weight of criteria.
3. Defining ideal and anti-ideal values: V* is maximum value of the weighed values un V'~ is
the minimum value.
4. Calculation of the ideal and anti-ideal values:

d = Z(V+—V)2 : 3)

where d is distance to the ideal solution.
2

d, =XV -r), 4)

where d is distance to the anti-ideal solution.
5. Calculation of relative proximity:

.
C,=—2e 5
s 5)

where C, is relative proximity to the ideal solution. In the end, the best alternative can be
determined by comparing the relative proximity to the ideal solution.

2.4. Sensitivity Analysis

Sensitivity analysis is carried out to examine the impact of criteria on the results and to
validate the results. Sensitivity analysis steps [25]:
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— In this method, the weights are initially considered to be the same:
! 1
wo=—, (6)
n

where w' is initial weight and » is number of criteria.
— Then the weight for one criterion is changed, depending on the unitary variation ratio:

!
W =B, W ©)
where

W'k weight, that is subject to change;

Bim unitary variation ratio;
k=1,2,3..n,m=1,2,3...n.
— To obtain the weight of the other criteria Eq. (8) is used:

' _(I_Wk) (8)

Wi

(1)

A sensitivity analysis with five unitary variation ratios was carried out (B = 0.01; 0.5; 1.5;
2;2.5). Larger ratios such as 3 and 4 were also tested, but the criteria are sufficiently sensitive
to change so the original ratios were kept. The ratios were increased by 0.5 steps. This means
that with each further ratio, the impact (weight) of the criterion increases proportionally. The
resulting weights are then applied in TOPSIS calculations to get the results of the Sensitivity
analysis. This was done for all criteria.

3. RESULTS

3.1. Identified Textile Recycling Products

Product identification resulted in 27 articles on the recycling of textiles into products.
Further analysis of the articles was carried out to group the products based on two criteria
concerning input textile waste: textile fiber type (polyester, cotton, mixed, etc.) and waste
type (industrial or post-consumer). A list of products resulting from these articles is given in
Table 2. In eight articles, the textile waste came from industry, which is not relevant for our
further analysis as these textiles have not been used by a consumer. Most of the articles
focused on a certain type of textile or groups of textiles, in some cases even very specific
textiles like silk, denim, lyocell and leather. As shown in Table 2, the analysis resulted in
only four articles covering the recycling of mixed post-consumer textiles, which was the
objective of the analysis. The products obtained in the selected studies were (1) bio-oil and
terephthalic acid [8], (2) textile-reinforced composite for building applications [26], (3)
textile fibers (cotton and nylon), spandex monomers and bis(2-hydroxyethyl) terephthalate
[16] and (4) mycelium-based composite for thermal insulation [27].
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TABLE 2. SUMMARY OF PRODUCTS WHICH CAN BE OBTAINED FROM TEXTILE RECYCLING

Textile type / Waste type Industrial Post-consumer
Polyurethane Terephthalic acid (TPA) [29], monomers like bis(2-
Polyester foams [28] hydroxyethyl) terephthalate (BHET) and bis(2-hydroxyethyl)
terephthalamide [30], TPA and ethylene glycol [31]
Thermal Composites for industrial applications [33], glucose solution
Cotton insulation [32] [34], [35], fashion accessories [36], vermicompost for fertilizer
[37]
Nylon - Fine fibrous membrane [38]
Denim Sound absorbing Fire retarding composite board [40]
material [39] g P
Silk - Luminescent carbon dots [41]
Lyocell Adsorbent for _
y heavy metals [42]
Leather-like yarns
Leather [43]
- Cellulose fibers [44], cellulose and PET films [45], 3D printing
Cotton/polyester filament [46], fungal cellulase and polyester [47]
V‘lscose/polyest‘e rand - Synthetic fibers and lactic acid [48]
viscose/polyamide
Thermal

Acrylic and wool insulation [49] -

Biochar as fabric
additives [50]

Cotton, cotton/polyester
and acrylic

- Bio-oil and TPA [8], textile reinforced composites for building
applications [26], BHET crystals, spandex monomers, cotton
and nylon [16], mycelium-based composite for thermal
insulation [27]

Mixed textile

3.2. Input Data for Alternatives

Next products from four studies were investigated to later be compared in the TOPSIS
analysis — (1) bio-oil and terephthalic acid [8], (2) textile-reinforced composite for building
applications [26], (3) textile fibers (cotton and nylon), spandex monomers and bis(2-
hydroxyethyl) terephthalate [16] and (4) mycelium-based composite for thermal insulation
[27]. Only these studies were selected as they deal with mixed post-consumer textile
recycling.

Matayeva et al. published a study in 2022 on the recycling of mixed textiles using
hydrothermal liquefaction [8]. The study did not use actual mixed textile waste, but rather
combined textile waste with a known composition based on the proportions of fibers produced
globally. The processing was carried out on a laboratory scale using hydrothermal
liquefaction without any pre-treatment steps such as sorting, dye removal, etc. The results
showed that this method could yield 3-9 wt.% bio-oil and 3854 wt.% TPA. TPA can further
be used in the production of plastics, packaging, textiles, resins, composites, paints, etc. [51].
The composition of the bio-oil considered in the study makes it difficult to upgrade to a drop-
in fuel. Instead, it could be upgraded and used as a chemical feedstock [8].

The second alternative is a textile fiber reinforced composite (TRC) for use in construction
[26]. The prototype panels were produced on a laboratory scale by mechanically extruding
mixed textile waste using isothermal hot pressing in a steel die. In addition, residual wood
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sawdust from the furniture industry was added as a secondary filler. To improve processing
and the final product, maleic anhydride grafted polypropylene and polypropylene textile
fleece were added as the thermoplastic matrix phase. The resulting material properties in
terms of moisture resistance, load-bearing and non-load bearing applications are optimal
compared to wood particleboards. Overall, they could be used in load-bearing structures as
flooring, walling and division systems, as well as for interior linings such as ceilings or
acoustic absorbers [26].

The third study looks at how closed-loop recycling could be promoted by extracting BHET
crystals, spandex monomers, cotton and nylon from mixed textiles [16]. The method used
was chemical conversion of post-consumer mixed textile waste using microwave-assisted
glycolysis over a ZnO catalyst followed by solvent dissolution. As a result, the polyester from
the mixed textile waste is completely converted into BHET crystals with 93 % purity. The
most valuable of the spandex monomers obtained was 4.4’-methylenedianiline. However,
further optimization is needed to increase its selectivity from other diphenyl-containing
molecules. Formic acid and dyes have remained on the resulting cotton, making further
processing more difficult. The obtained nylon has a reduced average molecular weight, which
limits its use in applications requiring high tensile strength, stiffness and melting point.
Overall, further development of this method has a potential to result in a global textile
circularity rate of 88 % [16].

The final alternative considered was a mycelium-based composite for thermal insulation.
In the reviewed study [27], a biocomposite was developed by cultivating Pleurotus
pulmonarius fungus in agro-industrial waste (grass cuttings, dry leaves and sugarcane
bagasse) and post-consumer mixed textile waste. The input material was recycled ground
textiles that had already been processed by the supplier. The study succeeded in using textile
materials to cultivate fungi, thus producing a sustainable and cost-effective construction
material.

Before the TOPSIS calculations can be made, input data must be collected for each product.
Table 3 summarizes all input data and the following subsections describe the data sources and
assumptions made.

TABLE 3. INPUT DATA FOR MCDA

Alternatives
Criteria Bio-0il  Textile- BHET crystals, Mycelium-
and reinforced spandex monomers, based
TPA composite cotton, nylon composite
Environmental impact, times 0.99 2.63 6.83 4.59
Resource efficiency, % 0 30 0 70
Longevity and recyclability, score 35 3 6 3
Product price, times 1.07 0.05 1.65 18.33
Market demand, billion EUR* 39 6 24 57
Technology maturity, score 3 5 3 3
Level of research, score 1 25 0 6
Market competitiveness, score 1 2 1 1
Social aspects, score 2 2 3 1

* The exchange rate used was 1 USD = 0.88 EUR (23.04.2025)
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3.2.1. Environmental impact

The LCA studies were examined for environmental impact. For the first alternative, two
products are considered at the same time, so the average value between these products is taken
into account in each criteria assessment. Bio-oil was compared to a study where bio-oil was
obtained from agricultural waste by hydrothermal treatment [52]. The gate-to-gate GWP of
this product was 2.05 kgCOzeq/kg. Carbon credits have been included in this assessment. The
LCA method used was ReCiPe. In selected study, the new product was not compared to the
conventional product, so the GWP was derived from the Ecoinvent database using the same
LCA method. Crude oil was chosen for comparison because the bio-oil produced in the study
is not a drop-in fuel and still needs further processing [8], [52]. As the study does not specify
the region of the LCA model [52], a market activity was chosen that covers several countries
but is cradle-to-gate. The transformation dataset, which is gate-to-gate, was country specific.
The GWP for crude oil in the global region market is 0.65 kgCO,eq/kg [53].

There are no studies in which TPA has been produced by hydrothermal liquefaction.
Therefore, it was compared with the closest product that could be found, a biobased TPA
produced using miscanthus as a feedstock in a thermochemical processing (fast pyrolysis).
These products have different raw materials and processes, but both focus on the sustainable
production of TPA. The cradle-to-gate GWP of this product was 1.04 kgCOseq/kg [54]. In
the same study it is compared to conventional TPA and its impact was estimated to be
1.72 kgCOseq/kg.

The TRC was compared with an LCA study looking at composites made from natural fibers
and recycled textiles [55]. The uncertainty arises from the fact that the study does not
specifically mention what the materials could be used for. However, it was the closest product
in terms of input materials and manufacturing process for which an environmental impact
assessment was available. The reference material was a composite made of flax and recycled
polyester fabric. Its cradle-to-gate GWP was 3.0 kgCO»eq/kg. The study did not compare
these materials with conventional products, so the GWP of glass fiber reinforced plastic was
obtained [56]. The method used was the ReCiPe Midpoint (E) method from the study
reviewed. The GWP obtained was 7.9 kgCO,eq/kg.

The study on the third alternative [30] refers to a previously conducted LCA study on this
recycling process. It was therefore used as a reference study. It dealt with the microwave-
assisted recycling of PET bottles into BHET crystals [57]. The resulting cradle-to-gate GWP
was 0.64 kgCOseq/kg. This was compared to conventional BHET oil-based production with
a GWP of 4.37 kgCOseq/kg. For this alternative, only one product was considered as it is
produced using the same processing method. However, the further treatment used in our
alternative to separate the spandex monomers, nylon and cotton is not taken into account.

The mycelium-based material was compared with an LCA study of a mycelium isolation
material using sawdust as a substrate [58]. The resulting cradle-to-gate GWP was
0.64 kgCO»eq/kg. Most of the impact (95 %) was due to electricity, so the raw materials do
not play a significant role. The study looks at the German situation and mentions that
Germany has a high share of fossil fuels in the electricity mix. Therefore, the impact globally
or in other countries could be even lower. It was compared with extruded polystyrene
insulation, which has a GWP of 2.94 kg [58].

3.2.2. Resource efficiency

In only two cases — TRC and mycelium-based composites — were additional residual
materials found to have been used. In the case of TRC, wood fibers from the furniture industry
were used as a second filler. It accounted for 30 % of the weight of the material [26].
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Mycelium-based material requires a lignocellulosic substrate on which the fungi can feed. A
wide variety of plant substrates can be used as feedstock like jute, flax and straw [59]. In the
study by Gomez ef al. agro-industrial waste such as grass cuttings, dry leaves and sugarcane
bagasse were used [27]. These accounted for 70 % of the substrate mass.

3.2.3. Longevity and recyclability

Bio-oil can be used as a fuel and in the production of food flavorings, aromatics, olefins,
resins, adhesives, agrochemicals and fertilizers [60]. Most of these goods can be considered
as single-use and nonrecyclable. TPA is used in plastics, packaging, textiles, resins,
composites and paints [S1]. As it can be used in the production of textiles, it was considered
in this analysis to be recyclable in a closed loop. Textiles have an average lifespan of up to
six years [61].

Recycling of fiber-reinforced composites is challenging due to their hardness and chemical
stability [62], [63], so for this analysis it was assumed that TRC is generally not recycled. As
the TRC in the present case is intended for construction, its lifetime is longer than 10 years,
as the lifetime of a building is considered from 20 to over 100 years [64].

The textile fibers (nylon and cotton), spandex monomers and BHET crystals obtained in
the Andini et al. study can be recycled back into textiles [16]. Therefore, the analysis assumes
that a closed loop recycling can be established. As the recycling assumption is based on
textiles, a lifetime of up to 10 years is assumed, as mentioned above.

Mycelium-based materials are considered biodegradable [65]. However, in our mycelium-
based material, part of the substrate is a mixed textile containing synthetic materials.
Therefore, such a material would most likely not be biodegradable as synthetic textiles are
not biodegradable [66].

3.2.4. Product price

The price of TPA was taken from a socio-economic analysis of the enzymatic recycling of
PET to produce TPA [67]. The study obtained a minimum selling price of 1.93 USD/kg. This
was compared to the market price of virgin TPA in 2021, which was around 1 USD/kg [67].
For bio-oil, the example was taken from a study in which bio-oil was extracted from food
waste by hydrothermal oxidation [68]. A minimum selling price of 104 USD/ton was
obtained. The market price of bio-oil was set at 168 USD/ton [68].

There were no studies on the possible prices of TRC, so the prices of fiber-reinforced
composites were investigated. A study was found which summarized the prices of hybrid
natural fiber and synthetic fiber composites for many applications. The study summarized the
prices of 144 products (see Table 6 in the study) [69]. The average price of 12.15 USD/kg
was taken. As for the environmental impact criterion, the aim was to compare the product
with a glass fiber reinforced composite. Economic performance for this material could not be
found in the scientific literature, so online shops were taken into account. The price of the
glass fiber reinforced composite was found to be between 0.61 and 0.71 USD/kg [70]. The
average price was used in the TOPSIS calculations.

For the third alternative, it was decided not to look for a comparable price, as the process
results in several products and is highly innovative. Also, the study itself carried out a socio-
economic assessment, which more accurately reflects the economic performance [16].
Therefore, this alternative was an exception and it was not prices that were compared but
investments. A textile feed throughput of 500 kg/h was assumed for the socio-economic
assessment of mixed textile recycling [16]. For a 10-year economic life cycle of the project,
an interest rate of 20 % was taken into account. This resulted in total operating costs of USD
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92.3 million per year and total capital costs of USD 6.5 million per year. This was compared
to the capital and operating costs of a conventional BHET production process — total operating
costs of USD 173.51 million per year total capital costs of USD 38.69 million [57]. As one
study reported annual capital costs and the other total costs, it was necessary to calculate total
costs for comparison. The total cost was calculated using the capital recovery rate formula
[71], taking into account the duration of the project and the interest rate [16].

A review article on mycelial materials [72] was reviewed to obtain an approximate price
for the fourth alternative. It presented average prices for mycelium-based materials and
compared them with polymer materials. Mycelium-based materials range in price from 0.07
to 0.17 USD/kg, while polymeric materials range in price from 2.1 to 2.3 USD/kg. Average
values were used for comparison.

3.2.5. Market demand

All market assessments were collected for the same year, the year 2023, so that they could
be compared with each other. The global market for purified terephthalic acid was estimated
at USD 78 billion [73]. In the case of bio-oil, it was estimated at USD 10.7 billion in
2023 [74]. The market for construction composites was valued at USD 6.88 billion [75]. The
global market size for insulation materials was estimated at USD 65.11 billion [76]. For the
third alternative, it was not possible to find market valuations of the BHET crystals.
Therefore, PET was considered as it is derived from BHET crystals [16]. In addition, we
looked at the recycled cotton market as PET and cotton make up the majority of finished
products. The global market for PET was valued at USD 48.43 billion [77] and the market
for recycled cotton was valued at USD 5.2 billion [78].

3.2.6. Technology maturity

Only for one of the alternatives did the authors of the reviewed studies assess TRL. This
was for the mycelium-based material [27]. They rated this technology within TRL 3. In the
first two TRLs the technology concept is developed. In the third level, the proof of concept
is tested analytically or experimentally [23]. In the case of mycelium material, it is developed
in the laboratory and its properties are tested.

For the other alternatives, the assessment was carried out on the basis of each research
paper. The article on the first alternative points out that for the first time it has been reported
that hydrothermal liquefaction can process textile waste with mixed composition [8]. For this
reason, the technology was assigned TRL 3. The TRC study states that the simple
manufacturing process of the resulting material shows its potential to move from the
laboratory to pilot scale production [26]. Therefore, it was given a TRL 5 since TRL 6 is the
demonstration of a prototype in an appropriate environment [23]. The third alternative is also
given a TRL of 3 as the concept is being tested in the laboratory for the first time and process
improvements are still needed [16].

3.2.7. Level of research

For the first alternative, the keywords “textile hydrothermal liquefication” were used and
the number of publications found was 13. The key words for the second alternative were
“textile reinforced composites building” and 138 results were found. For this alternative, we
added the additional keywords “AND NOT” with concrete and cement, as several articles
appeared at the beginning of the review that were not relevant for the analysis. The search
results for the third alternative showed two results using “microwave assisted glycolysis
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textile” as the key words. For the last alternative, using “mycelium composite textile” as the
key words, 35 results were found.

Only one other study has been carried out on the recycling process and the resulting
products of the first alternative. The second study is more recent and uses the same method
to process textiles into bio-oil and TPA [79]. Both studies were carried out by the same author.
The main difference is that the raw materials were different blends of cotton and polyester.

TRC is relatively well researched. More than 100 results were found, but the first 25 were
reviewed. To avoid creating too large a range for the criterion and to reduce the number of
articles reviewed, it was decided that the maximum score would be 25. The studies have
investigated various composite materials mostly from industrial textile waste [80]—[82], using
one [83], [84] or more [85], [86] types of textiles and all of them were designed for the
construction industry.

A search for studies similar to the third alternative found only two results, one of which
was the article analyzed. The second study that was found focused on textile treatments. It
looked at the fabrication of PET textiles with highly durable hydrophilic surfaces through
microwave-assisted glycolysis [87]. As the textile is treated rather than recycled, this was not
considered relevant. Consequently, there is no similar research work on the third alternative.

A search for studies on mycelium and textiles revealed 35 studies, six of which were
relevant to the present case. In many studies, textiles are mentioned because mycelium can
be used to make leather like textiles. Two articles were found in which textiles were used as
a substrate for fungi cultivation. Ruiz et al. developed a mycelium-based composite for the
construction industry using denim and agricultural waste [88]. In the second study,
biocomposites were developed as alternatives to plastic packaging products using cotton and
polyester as feedstock [89]. No additional biomass substrates were added in this study. The
other four studies were carried out by the same authors, Jiang et al. on one product type, a
biocomposite sandwich [90]-[93]. The resulting material is a multi-layer composite, with all
materials of natural origin. It uses natural textile fibers as the skin, mycelium connected
agricultural waste as the core and bioresin as the matrix [92].

3.2.8. Market competitiveness

For TPA and bio-oil, yield was chosen as the main characteristic. As mentioned before, the
yields achieved in the study were 3—9 % bio-oil and 38-54 % TPA [8]. The most common
technology for producing TPA is the Mid-Century process, also known as the AMOCO
process. The reaction typically yields 95 % TPA [51]. Typical bio-oil yields from
hydrothermal liquefaction range from 24 to 64 % [94].

In the case of TRC, the test results obtained in the study were verified and compared with
standard wood particleboard according to ISO 16893:2016 [26]. Thus, it was not necessary
to look for the properties of a conventional material. Overall, the material properties were
optimal and, in the case of moisture resistance, better than required. They were significantly
lower than those required by the standard, indicating high moisture resistance
characteristics [26].

Currently, for the third alternative, only one of the resulting products is comparable in
quality to the conventional product: BHET crystals with 93 % purity and the possibility to
decolorize and obtain >99 % purity [16]. The other products need further research and
optimization. To increase the selectivity of 4.4'-methylenedianiline, further optimization of
the treatment of the spandex monomers is needed. Reactive dyes have remained on cotton
and their degree of polymerization has decreased, so further research is needed to obtain better
quality. Finally, nylon has a reduced average molecular weight. Therefore, more research is
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needed to establish the optimum processing conditions for decolorization and to limit the
reduction in molecular weight [16].

Four properties were tested for the mycelium-based material: compressive strength, tensile
strength, elastic modulus and thermal conductivity [27]. As it was intended as a thermal
insulation material, the thermal conductivity was chosen for comparison. Its thermal
conductivity was 1.04+0.17 W/mK for grass cutting and dry leave material and 0.85 + 0.02
for sugarcane bagasse material W/mK [27]. The authors compared these with the thermal
conductivity of other mycelium materials and concluded that the addition of textiles improves
this property. However, it is much higher compared to solutions on the market. For example,
the thermal conductivity of expanded polystyrene is 0.030-0.045 W/mK [95].

3.2.9. Social aspects

The risks and health impacts from bio-oil and TPA production are assessed as medium (2
points), as there is no direct risk to everyday workers from hazardous chemicals or processes.
However, the hydrothermal liquefaction process involves high temperatures and pressures,
which pose a risk of burns and explosion [96].

In general, the production of composite materials poses risks from toxic substances and
from workers inhaling liquid matrices, vapors from hardeners and solvents, and reinforcement
material particles [97]. In the case of the study analyzed, textile and wood dust could pose
the greatest risk [26]. Wood dust is a proven human carcinogen [98]. Therefore, the human
health risk was assessed as medium.

The chemical recycling process of the third alternative was assessed as the most hazardous
of all the alternatives considered. This is due to the chemicals now and potentially later used
in recycling processes, such as ethylene glycol [16]. This substance is registered under
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) and is toxic
to humans [99].

The production of a mycelium-based material consists of relatively simple steps [27]. First,
the substrate is prepared, the required moisture content and pH level are established and then
it is pasteurized. The mushroom spawn is then added, and cultivation begins. At the end of
the cultivation, the material undergoes a dehydration process to deactivate the fungi. There
are no hazards during the production phase, as no relatively high temperatures and pressures
and no hazardous chemicals are used. The mushrooms used are generally not harmful to
humans [100]. In the reviewed alternatives case, it was edible mushroom. Another risk to
consider is exposure to spores, which can cause health problems such as asthma [101].
However, most people are relatively unaffected unless they have allergies, and most of the
time, these health problems are due to mold fungi [101] that are not supposed to be present
in the production process of mycelium based material.

3.3. Results of the TOPSIS

After defining the input data, TOPSIS calculations were performed. The results are shown
graphically in Fig. 1. According to the MCDA evaluation, the mycelium-based material is the
best alternative as it scores the highest (0.63). It achieved four ideal values. This means that
the input values met the ideal value conditions for four criteria. The ideal value conditions
were the same for all criteria, the maximum value meaning that the best alternative for a given
criterion is the one with the highest value. It also had three anti-ideal values. However, the
other alternatives had more: bio-oil and TPA (4), TRC (3) and BHET crystals, spandex
monomers and cotton and nylon (5). Bio-oil and TPA product group was the only alternative
that did not reach any of the ideal values and also had the lowest overall score.
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Fig. 1. Resulting rating of alternatives from TOPSIS analysis.

Normalized weighted criteria scores for each alternative are shown in Fig. 2. As can be
seen, mycelium-based material has the greatest potential for further development as it is
relatively well studied and have a simple manufacturing process. Its economic viability and
market potential are very high. The material also has significant environmental advantages
and can be produced from a wide range of waste and by-products [102]. The weakness of the
product lies in its characteristics compared to the products available on the market. However,
only the thermal conductivity was compared in this study. In any case, further research is
needed to optimize the product properties and to explore other applications.

The results show that bio-oil and TPA, which scored the lowest, have comparable results
to other alternatives in TRL level and in market competitiveness both reflecting technical
performance. The alternative has the best performance at market demand. However, it scores
lowest in environmental factors. The textile-reinforced composite showed visibly good results
on technical aspects and fair results on environmental and social aspects. However, it had a
very poor economic performance. Lastly, BHET crystals, spandex monomers and cotton and
nylon showed strong results in environmental impact and longevity and recyclability, but this
type of recycling is very innovative and needs further research to improve other aspects.
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Level of research Product price
Technology maturity Market demand
Mycelium-based composite Textile reinforced composite
m Bio-oil and TPA BHET crystals, spandex monomers, cotton, nylon

Fig. 2. Normalized weighted scores for all criteria for each alternative.
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3.4. Results of the Sensitivity Analysis

A sensitivity analysis is carried out to see how the results respond to changes in the weight
or impact of the criteria. The analysis was performed for all criteria. For most criteria, the
mycelium-based material maintained its position as the best alternative: in eight out of nine
criteria. This indicates that even if the weights were changed in the MCDA analysis, the
mycelium-based material would be the best alternative. The only criterion that resulted in the
mycelium-based material losing first place was the “Level of Research” (see Fig. 3). If the
weight of this criterion were to increase at least 1.5 times, the best alternative would be TRC.
This is mainly because TRC is the second best alternative and has been studied considerably
more than the other alternatives.
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Fig. 3. Results of sensitivity analysis for Level of Research criterion.

4. CONCLUSIONS

The EU is moving towards a circular economy in textiles, but there are several obstacles in
the way. Currently, there are no commercially viable technologies to recycle mixed textiles
back into textiles or high value-added products. This study therefore looked at what has been
researched so far on post-consumer mixed textile recycling and assessed which technology
should be further developed based on economic, environmental, social and technical factors.

The literature analysis identified 27 articles on textile recycling. Only 4 of these articles
met the requirements - input textiles are mixed and post-consumer. This shows that the topic
is not sufficiently researched and that there are not enough technologies under development
to recycle mixed post-consumer textiles.

These four products and product groups were further compared using the MCDA. Nine
criteria were used. The results showed that the mycelium-based material has the highest
potential for further development (0.63). It is relatively well researched, has a simple
production process, has a high economic viability and market potential and has significant
environmental advantages. The sensitivity analysis showed that mycelium-based material
would remain the best alternative in most cases, even if the weights of the criteria were to be
changed.

As the comparison of products is based on data found in the literature, further in-depth
research is needed before the product can be commercialized. The technical characteristics of
the product should be re-examined, an environmental, social, technical and economic
assessment should be carried out and only then the product could be tested on a pilot scale.
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