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Abstract

The accumulation of blended-fiber textile waste poses a significant environmental challenge. Conventional recycling
processes are often unable to efficiently process textile blends due to their heterogeneity. Blended fibers are typically
composed of a wide variety of synthetic and natural fibers, dyes, and coatings. The inability to separate and reuse
valuable materials such as polyester, nylon, and cellulose fibers limits the potential for a sustainable circular economy.
In this work, this challenge is addressed by designing and simulating a chemical recycling route for mixed textile waste
using ASPEN PLUS®. The overall process concept is selected based on a systematic screening of existing valorization
approaches and implemented based on results from a lab-scale study. In a glycolysis reaction, polyester is depolymerized
into bis(2-hydroxyethyl) terephthalate (BHET), which is the main product of the process. Nylon and cotton fibers are
retrieved as intact fibers. Selected process variables of the most expensive unit operations are optimized. Additionally,
two modifications to the process design are evaluated. A number of key performance indicators (KPIs) are calculated
to evaluate the economic, thermodynamic, environmental and societal impacts. The process is simulated at a textile
waste feed rate of 5000 kg/h. The calculated BHET minimum selling price of 2.03 $/kggypr for the glycolysis-based
recycling process is approximately four times larger than the market price. The process has an exergetic efficiency
of 72.9%. A gate-to-gate life cycle assessment reveals green house gas emissions of 0.01 kgco,eq/kStextile cOmpared
t0 5.88 kgco,eq/KStextile for incineration and 3.6 kgco,eq/ k8 extile for fluidized bed combustion. The waste reduction
rate for the glycolysis-based recycling process amounts to 71.4 %, with solvent purge streams being the only waste
generated. Although the process is currently not cost-competitive, it shows significant potential for recovery of
BHET and simultaneous separation of other fibers. Overall, the process represents a technically promising approach,
combining a low carbon footprint with the potential to achieve high circularity in the textile industry, especially with
further technological advancements or supportive policy frameworks.

same time, only 1% of textile waste is recycled. Instead,
73 % of textile waste is landfilled or incinerated, 14 % lost
during production or collection, another 12% are down-
graded to lower-grade products [3]. This unsustainable

1. Introduction

As global waste production surpasses 20 billion tonnes
per year [1], increasing waste valorization is crucial, par-
ticularly for waste streams that currently lack valoriza-
tion pathways. In this work, several existing waste val-
orization processes are systematically screened to identify
waste streams with high valorization potential. A major
waste stream, where there is no predominant recycling
process and with high valorization potential is mixed tex-
tile waste. The global fiber production increased from 58
millions tonnes in 2000 to 132 million tonnes in 2024 and
heads towards 169 million tonnes in 2030 [2]. Clothing
alone accounts for more than 60 % of this fiber produc-
tion. The clothing industry contributes to the textile pro-
duction growth due to the rise in global population and
a boom of the fast fashion industry, leading to less cloth-
ing utilization. For these reasons, the clothing sales trend
is outperforming the world’s GDP growth [3]. At the

waste handling leads to green house gas (GHG) emissions
and other environmental problems since synthetic fibers
are rarely biodegradable [4]. Further, resources and eco-
nomic potential is lost [5]. If textile waste is recycled,
mostly mechanical recycling of sorted textiles is employed
to recover whole fibers, since chemical recycling is not
technologically or economically mature [3, 6]. In general,
recycling of mixed textiles is challenging, since its com-
position is often unclear, making sorting and subsequent
monofiber waste recycling challenging.

In this work, resulting from systematic screening, a
novel glycolysis-based recycling route for mixed textile
waste is developed based on an existing laboratory-scale
study [5]. Different design choices are considered, includ-
ing preprocessing and separation steps for the different
products of the glycolysis reaction. The final process de-
sign is modeled in ASPEN PLUS® (Aspen) [7]. Optimiza-



tion is performed by varying selected process variables.
A genetic algorithm is employed for this MINLP. Heat
integration designs are created in ASPEN ENERGY AN-
ALYZER™. Two process design scenarios are analyzed to
simplify the process. In the first case study, the solid
product stream is burned, since it is not the main product
of the process and has a low purity which makes separa-
tion difficult. Additionally, the decolorization preprocess-
ing step, which removes the colors from the textiles, is
cut out in the second case study, at the cost of decreased
conversion of the chemical reaction. Following the defi-
nition of the process layout, a potential plant location in
the United Kingdom is selected, including a concept for
heat and electricity supply under relevant boundary con-
ditions. Finally, the key performance indicators (KPIs)
for the evaluation of the proposed waste valorization pro-
cess are calculated. Process performance is compared
among the process scenarios. Additionally, the ecologic
KPI is benchmarked against two reference processes, a
state of research fluidized bed combustion and state of
the art incineration of mixed textile waste [8, 9].

2. Systematic Screening of Process Pathways
and Choice of Feedstock

In this section, several waste valorization processes
are compared and ranked according to multiple evalua-
tion criteria, which are introduced in Section 2.1. Subse-
quently, the composition of the selected waste feedstock
and the corresponding process configuration are described
in detail in Sections 2.2 and 2.3.

2.1. Systematic Screening

The identification of promising waste materials and as-
sociated valorization processes is challenging as it requires
the consideration of many opposing trade-offs. Therefore,
a systematic screening is performed to identify the val-
orization process and feedstock with the highest scoring
for the selected KPIs. To account for the fact that the
KPIs are not equally important, they are weighed with
the help of factors determined by the Analytical Hierar-
chy Process (AHP) method [19]. The AHP method al-
lows for multi-criteria decision-making by identifying and
ranking KPIs. This method is selected as it is widely
adopted in similar waste management research [20, 21].
Multiple waste streams are taken into account to cover a
wide range of relevant options. Based on this screening,
the most promising waste stream is selected.

The following nine KPIs are selected to account for
economic, ecological and technical factors and to compare
a type of waste and associated process with its alterna-
tives.

Economic factors: Market Size is the total global
annual production amount of the product from the waste
valorization process. Cost competitiveness compares the
production cost of the product via the considered val-
orization process to the market price. Process complexity
is a qualitative factor to assess the degree of technical

difficulty of the process based on the number of process
steps.

Ecological factors: Amount of waste is the total
quantity of waste generated in the UK each year. Haz-
ard of waste ranks the number of properties of the waste
that render it hazardous in terms of the definition of the
European Commission [22]. Waste valorization qualita-
tively ranks the potential uses of the recovered product.
Higher-value applications, such as use as a chemical feed-
stock, are prioritized over lower-value applications, such
as energy recovery (e.g., use as fuel), following common
waste hierarchy and circular economy principles. Renew-
able energy potential is the fraction of the total energy
demand of the associated valorization process that can
be supplied by renewable energy sources.

Technical factors: Process conditions describes the
severity of the process conditions such as temperature and
pressure. Process yield is the fraction of input material
that is successfully converted into the desired product.

The KPIs are compared using the AHP method, from
which the normalized geometric mean (GM) of each KPI
is obtained. The GM is equivalent to the relative weight of
the KPI, which determines its importance for a waste re-
cycling process’ viability. The matrix for weighting calcu-
lation is depicted in Figure 2. In the pairwise comparison,
higher weight is generally assigned to the environmental
KPIs rather than to the other KPIs, as they are of greater
importance in recycling processes.
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Figure 2: Comparison of key performance indicators uti-
lizing AHP method based on Saaty [19]

The consistency of the resulting GM is evaluated by
means of the consistency ratio (CR) based on Saaty [19],
where values smaller than < 0.1 indicate a consistent ma-
trix. The CR is calculated by dividing the consistency

index (CI) of the matrix CI = ZiGAfiin = 286729 —

n— 9
0.121 by the random index (RI), which for nine elements
is defined as RI = 1.45 [19]. The comparison achieved a

CR = % = 0.083, which satisfies this condition.
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Figure 1: Weighted sum model of considered wastes and associated valorization process

The normalized GMs are used in a weighted sum
model as relative weights. The resulting weighted sum
model can be found in Figure 1. The investigated waste
streams with associated processes are evaluated for all
KPIs in scores from 1 to 5. The exact calculations and
scoring intervals can be found in the Supplementary
Information S1-S3.

The waste recycling processes in Figure 1 are cho-
sen based on a preliminary evaluation accounting for the
amount of waste produced in the UK and current research
interests. The focus was particularly on waste that is diffi-
cult to recycle and has a significant environmental impact.
Straw and forest residues represent agricultural wastes,
paper sludge is a waste produced by the paper industry.
For waste tires, two recycling processes, pyrolysis and de-
vulcanization, are evaluated. Two plastic recycling pro-
cesses are evaluated, which enable mixed-plastic recycling
rather than recycling of sorted plastics. Additionally,
mixed textile recycling of worn post-consumer textiles as
opposed to wastes from textile production is considered.
Moreover, a nuclear waste recycling process of nuclear fuel
used in the UK and desulfurization of petroleum coke are
evaluated.

The weighted sum model is depicted in Figure 1. The
process with the highest score is glycoysis of mixed tex-
tile waste, followed by pyrolysis of mixed plastic waste
and photodegradation of mixed plastic waste [5, 15,
16]. Therefore, glycolysis-based recycling of mixed textile
waste is selected. In this work, a process is developed to
separate the individual product streams from the glycoly-
sis reactor efficiently under consideration of the feasibility
of different process aspects.

2.2.  Research Gap

The textile industry accounts for up to 10 % of global
greenhouse gas emissions, consuming vast amounts of wa-
ter. Currently, only 1 % of textile waste is recycled,

which goes to show that a transition toward more sus-
tainable solutions is necessary [23, 24]. Mixed textiles
composed of interwoven fibers are difficult to recycle in
a closed-loop because the fibers cannot be easily sepa-
rated mechanically, resulting in a low-quality material
stream of recycled product. Additionally, due to high
fiber-length reduction, the quality of the individual fibers
decreases. Chemical recycling of single fiber textiles,
e.g., polyamide 6, is already operating on industrial scale
[25]. For other single fiber textiles, pilot plants are un-
der construction [26]. Research in chemical mixed tex-
tile recycling is ongoing. Current efforts primarily target
single-fiber textiles, especially polyester, with several pi-
lot plants under construction [27].

Andini et al. [5] report a reactor setup at lab scale
that efficiently handles mixed textiles through microwave-
assisted glycolysis and allows the separation of individual
fibers. Microwaves are used for heating up the reaction
mixture directly and uniformly, which reduces the reac-
tion time [28].

To the best of our knowledge, mixed textile recycling
processes that handle all fiber types have not yet been
scaled up. In the reference study by Andini et al. [5],
a scaled-up process flowsheet based on their laboratory
setup is given, which is based on a number of different as-
sumptions: It is assumed that the feedstock is free of col-
ors and additives hence decolorization is not considered.
Moreover, it is assumed that no by-products are formed
in the reactions and that 100% conversion is achieved.
Additionally, the separation steps are simulated ideally
and catalyst recovery is not considered. The focus is
on retrieving the pure bis(2-hydroxyethyl) terephthalate
(BHET) monomer and no BHET oligomers.

In this work, an alternative process for the recycling
of mixed textiles is designed, considering different process
steps, detailed simulation and practical considerations in-
cluding heat integration, which is introduced in Section 3.



2.8.  Waste Composition

As composition of the feedstock stream we assume the
weight fractions of global fiber production, as summa-
rized in Table 1 [2]. The most commonly used fiber is
poly(ethylene terephthalate) polyester with 59 % weight
fraction. The next largest fraction is cotton including
man-made cellulose fibers (25 %), followed by nylon (5 %),
and elastane (1.1%). The remaining fraction (9.9 %) is
classified as “others”, including polyethylene, acrylic and
animal fibers.

Table 1: Polymer composition of the textile waste feed-
stock [2]

Polymer Weight fraction [%)]
Polyester 59.0
Cotton 25.0
Nylon 5.0
Elastane 1.1
Others 9.9

3. Process Design and Simulation

In the following sections, the overall design of the in-
tegrated process and its individual sub-processes are pre-
sented, followed by a description of the process modeling
and simulation approach. Key design decisions are out-
lined, along with the assumptions made.

3.1.  Owerall Plant Design

To model the chemical recycling of mixed textile
waste, the overall process is simulated in Aspen [7]. As-
pens’s UNIFAC and Solids methods are used as thermo-
dynamic models. A simplified flowsheet, where pumps,
heat exchangers, purges, and makeup streams are ex-
cluded for easier visualization, is shown in Figure 3. The
process can be divided into four main parts: decoloriza-
tion, glycolysis reaction, separation of solid products, and
separation of liquid products. These parts are specified
in the following sections.

3.2.  Decolorization

As colored dyes are incorporated in the feed, a prepro-
cessing step for dye removal is necessary. In this study,
dyes are removed from polyester using dimethyl sulfoxide
(DMSO), based on the methodology described by Sharma
et al. [29]. In the decolorization step, the mixed textile
stream is shredded to approximately 20 mm in size and
sorted to remove foreign objects, such as buttons, before
entering the process. It is assumed that the decoloriza-
tion procedure is effective at this shredding size. This
differs from Sharma et al. [29], who use textiles shred-
ded to 2mm. The textiles are then mixed with DMSO
and heated to 120°C, which causes the fibers to swell
and facilitate the removal of the dyes. Some reactive dyes
remain in the cotton fibers. It is assumed that reactive

dyes do not interfere with subsequent reactions, as they
are covalently bonded to the cotton fibers. After heating,
the decolorized textiles are separated from DMSO and
remaining dyes via filtration (Filter 1). DMSO is then
recycled through ceramic membranes based on Buecken-
houdt [30].

3.83.  Glycolysis Reaction

The glycolysis reaction is the main operation in the
process and based on Andini et al. [5]. The reaction occurs
at 210°C. The reaction section has three feed streams:
decolorized textiles, a zinc oxide catalyst (ZnO), and ethy-
lene glycol (EG) as solvent. The ratio of the textile mass
stream to the EG mass stream is set to 0.09. The catalyst
mass stream per textile mass is 0.01, in accordance with
the lab scale experiments by Andini et al. [5]. Both the
ZnO catalyst and EG are recovered and recycled in down-
stream process steps. To model the reaction in Aspen, a
stoichiometric reactor is employed. Since the weight frac-
tion of polyester is the largest in the textile feedstock,
the exothermic depolymerization reaction of polyester to
bis(2-Hydroxyethyl) terephthalate (BHET) is the main
reaction:

PET + EG 22, BHET. (1)

Aside from the BHET monomer, small oligomers are
formed. The BHET product is made up of 90 % BHET
monomer and 10 % BHET oligomers [5, 31]. For the pur-
pose of this report, all BHET species are referred to as
BHET.

Elastane  primarily breaks down into 4,4-
methylenedianiline (MDA), polytetrahydrofuran (Poly-
THF) and imidazolidin-2-one (IM). Water and carbon
dioxide are included to balance the reaction equation.

Elastane+3 H,022% MDA+Poly THF+IM+3 CO, (2)

The conversion rate is assumed to be 99 % following
the experiments conducted by Andini et al. [5]. Nylon
and cotton are considered inert in the reactor. All other
fibers are also assumed to be inert. Andini et al. [5]
use a microwave reactor because of faster and more uni-
form heating than conventional reactors. Their lab exper-
iments are discontinuous. Therefore, microwave heating
has a higher impact on the residence time as the heat up
phase is relevant. However, as our process is designed as
a continuous process, the main solvent EG enters the re-
actor already at 160 °C. A microwave reactor is expected
to be less beneficial and is a less established technology.
Therefore, a conventional reactor is chosen for our pro-
cess design. The reactor outlet stream is then split into a
liquid and solid stream by Filter 2.

3.4. Solid Separation

The solid material stream from Filter 2 in Figure 3
contains cotton, nylon, ZnO, PolyTHF and other fibers.
In a first step, PolyTHF is dissolved in its monomer
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Figure 3: Simplified process flow diagram of the chemical recycling of mixed textile waste and separation process
without pumps, heat exchangers, purge and makeup streams

tetrahydrofuran (THF) and separated by Filter 3 [32].
THEF is recovered through Flash 2 at 100 °C and recycled
so it can be used as a reactand for elastane production.
PolyTHF separation is chosen as a first separation step
due to its adhesive properties, which might impair down-
stream separation processes [5]. The particle size of the
catalyst ZnO is only around 5pm, which is significantly
smaller than the shredding size of the fibers at 20 mm.
Hence, ZnO is recovered through solid-solid separation,
which is modeled as a screen in Figure 3. The parti-
cle size distribution of the fibers is approximated via the
Rosin-Rammler-Sperling-Bennet distribution with a dis-
persion parameter approximated by that of the shredding
of biomass fibers by Lisowski et al. [33].

In a last step, formic acid dissolves nylon. It is as-
sumed that all nylon and no other species are dissolved
in formic acid to leave low-grade cotton and unspecified,
inert fibers as a product stream [34]. After filtration in
Filter 4, formic acid is recovered in Flash 3 at 150 °C and
recycled to leave the purified nylon product [35, 36].

8.5.  Liquid Separation

The liquid product stream from the reactor is cooled
to 4°C and fed into the crystallizer (Figure 3). BHET
crystallizes according to the solid-liquid-equilibrium curve
[37-39]. The crystals reach a size of around 100pnm
and can be filtered off [38]. BHET leaves the process
as the largest product stream. Commercially available
BHET has a purity of 85 % to 95% with respect to the
BHET monomer [40-42]. Therefore, we set a purity of
90 % BHET monomer as the target composition of the
BHET product with the remaining 10 % stemming from

small oligomers. We assume that the existence of small
oligomers in the BHET product do not negatively impact
product value, as virgin polyester can be produced from
this mixture [43].

In the remaining liquid, the concentration of MDA is
very low at 0.11%. However, MDA must be separated
because of its toxicity [44]. To avoid energy-intensive dis-
tillation, extraction with n-heptane is employed at 30°C
[45]. The extraction section of the flowsheet is modeled
with UNIFAC-LL as physical property model [46]. In Dis-
tillation column 1, the n-heptane is recovered at 198 °C
reboiler temperature and recycled. The bottom stream
from the Extraction unit is fed to Distillation column
2. In this column, n-heptane dissolved in ethylene gly-
col (EG) is separated at a reboiler temperature of 197 °C.
This step is included because the n-heptane would be va-
porized at reactor temperature during the EG recycle.
99 % of the bottom stream of Distillation column 2 are di-
rectly recycled to the reactor. The remaining 1 % fraction
is distilled in Distillation column 3 to leave the MDA /IM-
rich stream as the bottom product. The top product is
purged since no MDA is left. MDA and IM are sepa-
rated in Distillation column 4 at a reboiler temperature
of 378 °C to achieve purified product streams.

3.6. Heat Integration

Before heat integration, the process requires 27.3 MW
heating, 25.2MW cooling and 0.0257 MW of electric-
ity. This corresponds to a specific energy demand of
37.82MJkg~!. To reduce the heating and cooling de-
mand, heat integration is performed. Heat integrating
the process reduces the operating costs while increasing



capital cost for a new heat exchanger network. Heat in-
tegration is performed with the ASPEN ENERGY ANA-
LYZER™ and multiple feasible designs are found. The
feasible design with the lowest total cost is used for pro-
cess performance evaluation in Section 6. The chosen de-
sign recovers 18.4 MW of heat in the process and there-
fore reduces the heating demand to 8.89 MW and cool-
ing demand to 6.81 MW. Heating and cooling demand
are matched with multiple utilities. In the chosen de-
sign, the following heating utilities are used: 0.817 MW of
low-pressure steam (LPS), 1.39 MW of medium pressure
steam (MPS), 6.58 MW of high-pressure steam (HPS) and
0.0988 MW from an electric furnace. The chosen cool-
ing utilities are 6.55 MW of ambient air and 0.254 MW of
refrigeration [47]. For the heat pump, waste heat avail-
able from other industrial processes nearby can be used
as heat source. Besides cooling water, ambient air and
the electric furnace, all utilities are produced with refrig-
eration cycles to be able to utilize renewable electricity.
Therefore, those demands are converted to an equivalent
electricity demand. Generating heat at high tempera-
tures with heat pumps is available at a MW scale [48].
Additionally, the electric furnace demand is added to the
electricity demand. In total, after heat integration and
electrified production of some utilities, the demands are
3.43 MW of electricity and 6.55 MW of ambient air. The
specific energy demand to recycle 1kg of mixed textile
waste compared to the utility requirements before heat
integration is reduced by 81 % to 7.1856 MJ kg™ *.

3.7. Material balance

The material streams are detailed in Figure 4. The
textile feedstock’s composition is the main reactant in the
process and therefore the largest material input with a
flowrate of 5000kgh~!. Its composition is listed in Ta-
ble 1. EG serves both as a reactant for the glycolysis
reaction and the main solvent for the glycolysis reaction
mixture. Around two thirds of the EG stream are used up
in the reaction, and the remaining fraction is purged. In
the textile feedstock, PET has a weight fraction of 59 %
and reacts almost completely to BHET. Therefore, the
BHET product is the largest outlet stream of the process
with 3815kgh~! at a very high purity of > 99%. This
includes the BHET monomer and small oligomers, as de-
tailed in Section 3.3. The second highest outlet stream
is the cellulose product with a flowrate of 1758 kgh™!, in
which all unspecified fibers from Table 1 accumulate since
its purity is only at 70 %. Without exact knowledge of the
other polymers, it is difficult to design further separation
steps to increase the cellulose purity. The nylon product
leaves the process with a flowrate of 227.40kgh~! and a
purity of 96 %. The flowrates of the remaining products
are all smaller than 60 kgh~!. It should be noted that the
purity of PolyTHF is only 12 %, but since this is a small
stream, further purification is not justified from an eco-
nomic point of view. As indicated in Figure 4, about half
of the PolyTHF stream is BHET while THF and EG each
make up about 20%. MDA is purified to 92 % since it is

toxic and cannot be purged easily (cf. Section 3.5). The
make-up and purge streams of the other solvents THF,
DMSO, FA, heptane and the catalyst ZnO are shown as
grey streams in Figure 4. The purge streams for the sol-
vents besides DMSO are set to 1% and for DMSO to
0.5 %. For DMSQO, the purge stream is assumed lower be-
cause of a high textile loading, which is about twice as
high as the textile loading in EG. Despite the low purge
rates, the make-up streams of the solvents are significant
in the process, which could be caused by the reaction
and decolorization modeled from lab-scale experiments
(cf. Section 3.2, Section 3.3).

PET
BHET BHET (> 99 %)
Textiles
Cellulose.
Lowgrade
Cellulose (70 %)
Inerts
Nylon Nylon (96 %)
EG PU MDA (92 %)
IM (80 %)
CO2
PolyTHF (12 %)
-
THF , 1 EG purge
- THF purge
DMSO 1 1 DMSO purge
FA . . FA purge
Heptane, « Heptane purge
ZNO _ _ZNO purge

Figure 4: Simplified material stream flows in the process
and purity of the product streams

4. Case Study

To provide context for the implementation and eval-
uation of the developed process, Wilton International in
Teesside, Yorkshire, UK is selected as the plant location
due to its established chemical industry and existing en-
ergy infrastructure, which will be discussed in more detail
in the respective sections. All location-specific considera-
tions, including the availability of mixed textile feedstock,
heat streams, and electricity, are based on this site and
its integration within the current industrial network of
the UK.

4.1.  Proposed implementation timeline

In line with current UK circular textiles roadmaps, it
is assumed that by around 2030 large-scale mixed-textile
pre-processing facilities will be developed, although such
infrastructure is not yet in place [6]. Prior to this, pilot-
scale trials can be carried out within existing sorting ini-
tiatives to demonstrate technical feasibility. Until 2030,
the technological readiness level of the decolorization pro-
cess and the glycolysis reaction with mixed textiles needs
to be increased from level 4 (technology validated in lab)
to at least level 7 (system prototype demonstration in op-
erational environment) [49]. We assume that this devel-
opment pathway leads to the construction of a first dedi-
cated mixed-textile pre-processing and recycling plant at



Wilton International in 2030, with commercial operation
envisioned thereafter.

4.2.  Source of mized textile

In chemical mixed textile recycling, feedstock primar-
ily originates from UK post-consumer textile waste col-
lections, including household discards and charity shop
rejects. These materials are processed at pilot sites in
collaboration with initiatives such as WRAP and UK
FiberSort, as detailed in the ACT final UK report [6].
Wilton International’s strategic location further strength-
ens the chemical mixed textile recycling infrastructure
through integrated multimodal transport. This includes
port access at Teesport — the port closest to Teesside —
for bulk imports and exports, on-site rail sidings for low-
emission long-haul transport from UK hubs, and direct
trunk road connectivity for efficient heavy goods vehicle
(HGV) deliveries. This integrated logistics network can
reduce transportation costs by up to 30 %, lower emis-
sions through rail modal shift, and ensure a reliable and
scalable feedstock supply [6]. We assume that this feed-
stock can be supplied for 0.76 $/kg . tilo-

4.3.  Source of heat

An advantage of selecting the Wilton International site
is the presence of existing infrastructure for on-site waste
heat recovery. Available waste heat streams at this lo-
cation can reach temperatures of up to 500 °C, with ap-
proximately 2.51 MW at 500°C and 6.47 MW at 200°C
from chemical plants at Wilton International potentially
available for reuse to supply part of the process heat de-
mand [50]. We assume that we can connect to this net-
work and purchase the needed utilities.

4.4. Source of renewable electricity

Another advantage of the location is the availability
of renewable energy, which can meet the entire electric-
ity demand of the process. In this case, electricity may
be provided by the Dogger Bank Wind Farm, a group
of offshore wind farms located approximately 130 km off
the coast of Yorkshire, UK. The first phase, with a ca-
pacity of up to 1.2 GW, has already been commissioned.
In the future, the project is planned to be expanded to
a total capacity of up to 3.6 GW, with a connection at
the Lackenby Substation in Teesside, providing a substan-
tial source of renewable electricity [51]. We assume that
a power purchase agreement can be signed, which pro-
vides the designed process with electricity estimated at
56 $/MWh [52]. To be on the safe side for further calcu-
lations, we used a value of 110 $/MWh based on forward
delivery contracts in the UK [53].

4.5.  Scenarios

Our designed process is very complex and entails a
large number of unit operations because the separation of

a number of different fibers with tailored separation oper-
ations is difficult. Different simplifications to the process
flowsheet are made and captured in three additional sce-
narios. The key idea is to sacrifice some waste valoriza-
tion and sustainability and potentially increase the eco-
nomic attractiveness of the recycling process. For each
scenario, the thermodynamic, ecological, economic and
societal performance are calculated and evaluated. All
scenarios are heat integrated in Aspen Energy Analyzer
similar to the base case, which is described in Section 3.6.
For each scenario, the best individual feasible design is
selected.

« Base case: All the sub-processes described in Sec-
tion 3 are part of the overall process. The cellulose
fibers, which have a purity of only 69.6%, cannot
be sold in this scenario but can still potentially be
reused for fiber spinning methods for lower purities
like the Toncell process [54].

e« Optimized base case: Identical to the base case
but with optimal values retrieved from optimization
as described in Section 5.

e Cellulose incineration: Compared to the liquid
products, the solid product stream leaving Filter 4
is smaller. Also, its main component, cellulose, has
a low purity and can only be reused, not sold. Po-
tentially, the extra separation effort generates a lot
of cost but less economic benefits. To explore the
effect of the solid product stream on the process
performance, the base case is adapted by substi-
tuting the solid product separation by a furnace as
shown in Figure 5, reducing the capital cost. In the
furnace, cellulose is burned at 350°C. The energy
produced is recovered and reused within the process
to reduce overall energy consumption. For a conser-
vative estimation, it is assumed that all other fibers
do not burn but leave the process as ash. Hence,
less energy is used for the solid product treatment
than described in Section 3.4, contributing to lower
operating cost.

e No decolorization: The decolorization prepro-
cessing in Figure 3 increases the conversion rate
of the glycolysis reaction in the reactor, but comes
at a price since the DMSO solvent stream is the
largest solvent stream in the process. The flow rate
of DMSO is approximately 50 % higher than the
flow rate of EG, which results in high operating cost,
i.e., of the DMSO make-up stream. To gain insights
whether the preprocessing step actually adds value
to the process, the decolorization, as described in
Section 3.2, is removed from the overall process and
the cellulose is burned as described in the previous
scenario. The conversion rate of the glycolysis reac-
tion of PET is reduced from 99 % to 70 %.

4.6.  Definition of comparison processes

To provide context for the performance of our devel-
oped process, two benchmark processes were selected as
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Figure 5: Simplified process flow diagram with burning of cellulose

reference processes, one representing the current state of
the art and the other reflecting the state of research.
Currently, most mixed textile waste is treated via incin-
eration, producing energy but limited material recovery.
Thus, as a state of the art reference process, incineration
of mixed textile waste is chosen. An alternative method
for waste treatment is fluidized bed combustion, which is
currently state of research. As described by Benitez et
al. [8], it includes a post-combustion catalytic treatment,
thermal plasma application and carbon capture. As such,
energetic valorization of mixed textile waste via fluidized
bed combustion is chosen as a second reference process.

5. Optimization of operating conditions

During process design, operating conditions are chosen
by means of heuristics, such as the boiling point of species
involved. In order to improve performance, we perform
optimization of the operating conditions. For the opti-
mization, the net present value (NPV), which quantifies
economic process performance, is chosen as optimization
objective as described by Equation 4. The NPV is cho-
sen as the objective since the goal of the process design
is to create an economically attractive recycling process
of mixed textile waste. Due to the unstable nature of the
Aspen simulation, a genetic algorithm was employed as a
promising optimization approach. To calculate the NPV
after each Aspen simulation automatically, code from Ja-
cobs et al. [55] is employed. OpenAl’'s ChatGPT was
used for code translation from MATLAB to Python and
assistance with coding in Python [56].

Design parameters influencing the most expensive unit
operations are chosen as optimization variables. They ei-
ther significantly influence the capital or the operating

cost, or both. The most expensive units of the process,
with degrees of freedom, are Distillation columns 1 and 2,
and the Crystallizer as shown in Figure 3. The optimiza-
tion variables are presented in Table 2.

The Aspen simulation already upholds all constraints
related to the mass and energy balances, as well as
the physical property method. In addition, several ex-
plicit constraints were enforced: Purity of BHET product
(BHET monomer and BHET small oligomers combined)
must be >99%, nylon product purity must be >90 %,
MDA product purity must be >90 % and MDA accumu-
lation in the process must not exceed 1 %.

Other design parameters were either chosen by suit-
able heuristics (e.g. temperature to evaporate formic
acid) or fixed by literature (e.g. temperature of the re-
actor, DMSO membrane). The objective function evalua-
tion of the optimization problem is expensive since the As-
pen simulation takes about one to three minutes to run ex-
cluding the subsequent costing process to obtain the NPV.
Additionally, the simulation does not always converge, de-
pending on the value of the optimization parameters. The
number of stages of the distillation columns are integer
values, leading to a MINLP. Hence, a genetic algorithm
was chosen as a derivative-free optimization method. Due
to its robustness and suitability for this problem, SciPy’s
differential evolution algorithm is selected [57]. The pop-
ulation size, which defines the number of candidate solu-
tions during one iteration, is set to 30. The strategy is
set to ’best1bin’ and the recombination, which determines
how many mutants progress into the next generation, is
0.7. To preserve computational tractability, we establish
an upper limit on computation time of 5 days. The algo-
rithm reaches timeout after roughly 1500 function eval-
uations. The values of the optimization variables at the



optimal point, given the above-mentioned optimization
settings, are shown in Table 2. It is important to men-
tion that this point is not the global optimum due to the
stochastic approach of the genetic algorithm and the lim-
ited number of function evaluations. To determine how
far our solution is away from the global optimum, more
sophisticated algorithms are needed. Implementing these
algorithms in a computationally efficient way goes beyond
the scope of this work. At the optimal point we found in
this work, the objective function is improved by around 4
%, highlighting the success of the optimization. From Ta-
ble 2, it can be seen that the reflux ratio of the distillation
columns is decreased compared to the base case.

Table 2: Optimization variables along with lower and up-
per bounds

Optimization Base | Lower | Upper | Optimal
variable case | bound | bound value
Reflux ratio of

Distillation column 2 1 0.01 2.0 0.02818
Number of stages of

Distillation column 2 10 o 20 o
Reflux ratio of

Distillation column 1 1 0.01 2.0 0.2020
Number of stages of

Distillation column 1 10 5 20 10
Flowrate of 15.000 | 5000.0 | 15000.0 | 13123.7
heptane solvent

Temperature of 4 0 150 | 14.1948
Crystallizer

The number of stages is reduced for the Distillation
column 1 and kept the same for the Distillation column
2. This indicates that the separation of EG and heptane is
easier than expected in the base case. The flowrate of hep-
tane is slightly reduced, whereas the crystallization tem-
perature for BHET crystallization is raised significantly,
emphasizing that a marginal increase in the BHET prod-
uct is not worth the additional cooling effort. Despite
the success of the optimization, the increase of the NPV
remains limited since the NPV is dominated by the feed-
stock cost and product stream revenue. These streams
are mostly fixed by flowsheet design decisions and cannot
be meaningfully improved by this optimization approach.
To address this issue, case studies are performed to ex-
plore how changes to the process structure influence the
process performance, as described in Section 4.5. Since
the optimization takes a lot of time (around 5 days for
final run) and the expected improvement to the NPV is
in the order of magnitude of a few percent for the above-
mentioned reasons, optimization was only carried out for
the base case (cf. Section 4.5). The optimization poten-
tial of the other scenarios can therefore be estimated from
the NPV improvement of the base case.

6. Evaluation of Process Performance

In the following section, the process is evaluated ther-
modynamically, ecologically, economically and societally

for the different scenarios as described in Section 4.5. Sub-
sequently, its ecological performance is compared with
that of fluidized bed combustion and incineration.

6.1. Thermodynamic Evaluation

To evaluate the thermodynamic impact, the exergetic
efficiency is chosen as key performance indicator. Exer-
getic efficiency 7.y is defined as the ratio of useful exergy
leaving the system (FEoyut) to exergy entering the system
(Ein) [58]: -
. (3)

mn

In this case, the exergy entering the system are the
material stream of the textile waste, the solvents and
the electricity needed. The useful exergy leaving the
system is defined as the product streams of the pro-
cess. Electrical energy is treated as pure exergy. Fol-
lowing comprehensive heat integration across the plant,
residual heating requirements are met using electric
heaters, thereby relying entirely on pure exergy con-
sumption. The total exergy of a material stream is de-
fined by the sum of the physical and chemical exergy.
[69] The calculations and exergies of all streams can
be found in the supplementary material (see Supple-
mentary Information S6). The exergetic efficiencies
of the investigated scenarios are depicted in Figure 6.
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Figure 6: Comparison of exergetic efficiencies of the sce-
narios from Section 4.5

It can be seen that the optimized base case exhibits the
highest exergetic efficiency with 72.9 %, followed by the
non-optimized base case with 70.51 %. Incineration of cel-
lulose leads to a lower exergetic efficiency at just 52.51 %.
On one hand, less exergy is consumed in this case because
formic acid and THF are not needed as solvents, and the
heat of combustion of cellulose is used for heat integra-
tion. On the other hand, the useful output energy of the
process is lowered even more, because no solid products
are formed in this scenario, which contribute output ex-
ergy in the base case. In the no-decolorization case, the



exergetic efficiency is reduced to 39.11 %. The adverse ex-
ergetic effect of the cellulose incineration is present. Ad-
ditionally, less product is formed in the reactor due to
the lower conversion, which leads to less useful product
exergy. It should be noted that the input exergy to the
process consists of around 93 % feedstock chemical exergy
with the remaining 7% stemming from the energy used
in the process. This distribution is due to the fact that
large polymer contain a lot of chemical exergy stored in
the atomic bonds, out of which only a few need to be
broken for depolymerization.

6.2. Ecological Evaluation

A gate-to-gate life cycle assessment (LCA) is con-
ducted to evaluate the environmental impact of the
process.  This system boundary is selected due to
the heterogeneous composition of the pre-shredded
mixed textile feedstock, which originates from di-
verse and poorly quantifiable upstream sources. Sim-
ilarly, downstream processes are excluded as the re-
sulting products (e.g., fibers or yarns) may be uti-
lized in a wide range of applications, for which the
detailed analysis goes beyond the scope of this work.
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Figure 7: Comparison of CO4 emissions in each scenario,
incineration and fluidized bed combustion

The environmental performance is quantified in terms of
COg emissions per kg, .ijc Processed, with a functional
unit defined as 1 kg of textile waste feed. Within the gate-
to-gate boundary, the sources of CO2 emissions include:
(i) electricity consumption, supplied by an offshore wind
park with an emission factor of 13 kgc,,, /MWh [60],
(ii) CO4 released directly from the chemical reactions in
the process, including a value of 1.6 kgco,.. /kEcenulose
from burning of the cellulose for the cellulose incinera-
tion and no-decolorization scenario [61]. For the base case
the process yields total emissions of 0.01 kgco,,, /Kt oxtiles
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for the optimized base case 0.01 kg, /KSextiles for the
cellulose incineration scenario 0.40 kgcozeq/ kg extile and
for the no-decolorization scenario 0.41 kgco,. . /k8extie:
The results of the latter two scenarios are significantly
higher. This is due to CO5 emissions from cotton combus-
tion, which account for more than 90% of total emissions.
These results are compared to benchmark processes.
Emissions for fluidized bed combustion are calculated to
be at 3.6 kg0, eq/KStextile Via a gate-to-gate LCA [8]. In-
cineration emissions are reported at 5.89 kgao, cq/KStextile
evaluated using a cradle-to-grave LCA, which limits direct
comparability [9]. Although recalculating the incineration
scenario under gate-to-gate system boundaries is beyond
the scope of this work, the order-of-magnitude difference
in emissions indicates that the process investigated here
results in lower CO5 emissions — even under comparable
assumptions. This comparison is illustrated in Figure 7.
Compared to the fluidized bed combustion and incinera-
tion, even our scenario with the highest CO5 emission has
a significantly lower value.

6.3. Economic Evaluation

To evaluate the economic feasibility of the process, the
net present value (NPV) and break-even point (BEP) for
the BHET market price as well as the landfill fee are cal-
culated. The NPV can be calculated using the following
formula [62]:

NPV = — (C; + Cw) + i (7 _(1):)]1(1)3_ te)
j=1 e
n (4)
~ Djt (Cs + Cw)
> Aty (U tia)m

Jj=1

with the following parameters:

Cr:  Initial capital investment

Cw: Working capital assumed to be Cy = 0.2 - Cy [63]
R;:  Revenue in year j

X;:  Operating expenses in year j

tc:  Corporate tax rate t. = 0.25 [64]

Tg: After-tax discount rate

Dj;:  Depreciation charges in year j

ng: Depreciation life assumed to be n; = n

Cs:  Salvage value assumed to be Cg = 0.1 C7 [65]

n: Total project horizon (years)

The capital investment C7 of our process is calculated
with Aspen and the value for the heat exchangers after
heat integration in Aspen Energy Analyzer. The yearly
revenue comprises the sales of BHET, nylon, PolyTHF,
IM, and MDA, as well as the avoided landfill fees result-
ing from recycling the textile waste instead of disposing
of it. The yearly operating expenses include the electric-
ity costs, the material costs, labor cost and maintenance
cost (see Supplementary Information S4). The NPVs
of the four different scenarios are -4.00, -3.85, -4.30 and
-3.47 billion $ respectively. The scenario involving incin-
eration of cellulose has the highest negative NPV among
the scenarios because it generates the least revenue from



product sales, especially the sale of nylon, while still in-
curring the energy costs of decolorization and the capital
investment. The no-decolorization scenario results in the
highest NPV as capital investment costs are minimized.
In comparison, both the base case and optimized base
case have a lower NPV. The optimization of the base case
results in an improvement of about 4 % and highlights
the potential in a more rigorous optimization. Since all
cases have a negative NPV, the technology requires fur-
ther improvement before it can be economically viable.

Net present value [bil. §]

-4.0

-4.3

Optimized Base Cellulose
Scenario

Base Decolorization

Figure 8: NPV of each scenario

To put the NPV in perspective, the minimum sell-
ing price (MSP) of the main product BHET necessary to
reach the break even point (BEP) is calculated and shown
in Figure 9. For the base case, the MSP is 2.08 $/kg. For
the optimized base case the MSP is lower at 2.03 $/kg,
which is expected because of better process performance.
The MSP with cellulose incineration is higher at 2.20
$/kg, which is expected from a lower NPV in Figure 8.
For the no-decolorization process, the MSP is highest at
2.41 $/kg, even though this scenario presents the highest
NPV. The reason for this deviation is that the process
design has much lower operating cost due to the missing
decolorization, but produces significantly less BHET since
the conversion rate for the glycolysis reaction is lower than
in the other scenarios. Therefore, the MSP needs to ac-
count for the lower amount of BHET product as well,
which results in the highest MSP in this case. It is difficult
to find a reasonable BHET market price at industrial scale
since BHET is not used to produce PET at large scale
yet. Therefore, an approximate BHET market price was
calculated from the well-documented PET market price
[66]. Woods [67] estimates that the selling price for a prof-
itable process is usually twice the cost of the feedstock.
We assume that PET production from BHET becomes
profitable at a market price of BHET of 0.60 $/kg since
this value gives a more realistic and conservative estima-
tion of the BHET industrial market price than referring to
lab-scale BHET sales. All regarded scenarios give a MSP
that is higher than the market price by a factor of 3 to 4,
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which indicates economic infeasibility at the current state
of research and global economy. The fact that the opti-
mized base case scenario gives the lowest MSP for BHET
highlights the benefits of separating other fibers, espe-
cially nylon. Potentially, cellulose can further contribute
to a lower BHET MSP if it can be purified and sold.
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Figure 9: BEP with BHET price of each scenario com-
pared to market price

However, increasing the BHET selling price is not the
only measure that can be taken into consideration to add
value to the designed process: We designed a recycling
process not primarily for economic feasibility but rather
to contribute to a circular economy. Current production
routes of fibers neglect external costs, which result among
other things through environmental pollution or green-
house gas emission. For waste specifically, the British
government has recognized this issue already in 1996 by
instituting a landfill tax [68]. The landfill tax has two
rates, one for inert waste, and one for non-inert waste.
For (non-biodegradable) textile waste, we assume that
the landfill tax rate for non-inert waste is applied at a
price of 17 ct/kg [69]. The avoided landfill tax is consid-
ered as an income in the NPV calculation of our process,
but does not offset the process’ economic infeasibility. In
an effort to pave the way to a more circular economy,
the landfill tax could be raised. Figure 10 shows by how
much the landfill tax rate needs to be increased, so that
our process reaches the break-even point. Similar to the
MSP in Figure 9, the optimized base case has the low-
est adapted landfill tax rate, followed by the base case at
1.29, 1.25 $/kg;rti1o- This is expected since all waste is
recycled and no new waste is produced. The cellulose in-
cineration and no-decolorization scenarios are leveled at
1.66 $/Kkgiextile €ach. This is plausible because ash from
the furnace is considered as waste in both scenarios. Ad-
ditionally, the no-decolorization process performs worse
at the amount of waste recycled due to the lower conver-
sion rate of the glycolysis reaction, leading to more output



waste. The distribution of operating cost is shown in Fig-
ure 11.
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Figure 10: BEP with landfill fee of each scenario com-
pared to landfill fee [69]

The main contribution is the textile feedstock cost at
37.1%, followed by the cost for ethylene glycol (24.8 %),
which is reactant and solvent, and DMSO (20.8%).
Upon closer examination, it becomes evident that the
make-up streams for the solvents account for roughly
32% of the operating cost (around one third of the
ethylene glycol stream is used as a make-up stream).
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Figure 11: Breakdown of operating cost of the base case

This is because all purge streams are considered waste,
whereas in practice, purges might be treated and recov-
ered for the process. In addition, specifications for the
solvent ratio in the decolorization process and the reactor
were taken from lab scale [5, 70]. During future research
or upscaling, lower solvent ratios might be feasible.

The total operating costs in the optimized base case,
depicted in Figure 12, are reduced by 2% compared to the
base case. This reduction is achieved by a smaller hep-
tane make-up stream, a decrease in maintenance costs
and a lower utility demand and utility cost. The hep-
tane make-up stream cost is reduced by 12.5% and af-
ter optimization makes up 2.8% of the total operating
cost. The maintenance cost is reduced by 14.6 % be-
cause of an equal decrease in investment cost. The util-
ity cost decreases by 42%, which equals 2.4% of the
total operating cost after optimization. This highlights
the improvement achieved by the optimized parameters.
After optimization, the operating costs shift further to-
wards the material cost of the feedstock, EG and DMSO.
This highlights the necessity to reduce the EG and
DMSO make-up streams but also to lower the feedstock
costs, e.g., by more efficient collection and preprocessing.
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Figure 12: Breakdown of operating cost of the optimized
base case

6.4. Societal Evaluation

The number of jobs is estimated by assigning typi-
cal labor requirements per unit of equipment (e.g., 0.5
workers per rotary dryer, 1 worker per batch reactor).
These factors are multiplied by the number of correspond-
ing units and summed to obtain the operating personnel
required per shift. The total workforce is then determined
by multiplying this value by the number of shifts, which
is assumed to be four in this study [71]. Applying this
approach yields 60 jobs for the base case, 48 jobs for the
cellulose incineration scenario, and 39 jobs for the no-
decolorization scenario. The optimized base case employs
the same number of equipment units as the non-optimized
base case and therefore results in an identical number of
jobs. These results are shown in Figure 13. The base case
has the highest amount of generated jobs due to it having
the most units. The no-decolorization scenario employs
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the least amount of units, hence the amount of generated
jobs is the lowest there.
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Figure 13: Number of jobs created of each scenario

To calculate the waste reduction rate (WRR), we use
the following formula:

WRR = Min — Mout )

Min

(5)

As defined here, the WRR does not differentiate be-
tween different types of waste (e.g. hazardous versus non-
hazardous), but instead considers all non-product outputs
as a single aggregated waste metric. Purge streams are
also included as waste streams in the calculation. For the
base case, this yields a value of 71 %, for the optimized
base case a value of 71.4 %, for the cellulose incinera-
tion scenario 55.7 % and no-decolorization scenario 44 %.
These calculated WRR values are illustrated in Figure 14.
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Figure 14: Waste Reduction Rate of each scenario

The optimized base case has the highest WRR due to
its more efficient recycling and processing steps, which
maximize material recovery and minimize the amount of
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waste sent for disposal, whereas the latter two scenarios
generate additional waste in the form of ash from cel-
lulose burning. A higher WRR indicates a more efficient
utilization of the inputs, reduced diversion of materials to
landfill or waste treatment facilities, and a corresponding
increase in resource recovery within the process.

7. Conclusion

In this work, we present a novel process to contribute
to increased waste valorization. Glycolysis-based recy-
cling of mixed textile waste is chosen as the most promis-
ing approach based on the results of a systematic screen-
ing of innovative recycling processes of different waste
types. Based on a reaction demonstrated at lab-scale,
we designed our process by modeling multiple process
steps, taking into account practical considerations and
suggesting a timeline and details for its construction in
the UK. The process is implemented and simulated in
Aspen. Heat integration is performed Aspen Energy An-
alyzer. The base case is optimized by a genetic algorithm,
resulting in an increase of the thermodynamic and eco-
nomic performance of the process. Additionally, we make
two simplifications to our process and compare them to
our base case scenario. The exergetic efficiency of our op-
timized and heat-integrated process is 72.9% in contrast
to the lowest exergetic efficiency of 38.88 % of our worse
simplified scenario. The environmental impact in terms
of GHG emissions of our process is assessed in a gate-
to-gate LCA. We compare our process with two bench-
mark processes finding that all of our scenarios generate
less emissions, with our optimized base scenario emitting
0.01 kgcoseq/kgtextile- This is a substantial improvement
over both benchmark processes. Economic feasibility is
evaluated using an NPV calculation. The MSP of BHET
is calculated for the BEP as well as an adapted landfill
fee, which is an adjustment to the existing fee for disposal
of waste at landfills. While the process is not yet cost-
competitive under present market conditions, requiring a
3- to 4-fold increase in BHET market price, the results are
promising among possible future developments. Specifi-
cally, a number of points should be addressed in future
research to increase economic feasibility and technology
readiness. First, it should be explored whether the solvent
ratio of DMSO and EG can be decreased while maintain-
ing functionality. Second, the feasibility of the process
steps we have proposed must be experimentally verified
within the overall process. Third, experiments are needed
on laboratory scale to clarify all products of the elastane
depolymerization reaction and to find suitable catalysts.
Fourth, it should be investigated how recycling of mixed
textile waste can be promoted from policy side. The exist-
ing landfill fee could be a potential instrument if increased
to a higher level.

Overall, our proposed process is promising and
presents a way in which recycling of mixed textiles be-
comes feasible, contributing toward a closed-loop econ-
omy. Future research can strengthen the case for our de-
signed process and waste valorization in general.
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