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The transition to a circular economy model brings specific challenges and o-
pportunities for ensuring sustainable operation of textile industry supply chains. A
multifactorial methodological approach was used to comprehensively assess the de-
gree of implementation of circularity principles at all stages of the textile cluster
value chain. It integrates the stages of preliminary input data processing, assessment
of the full product life cycle, modeling of closed loops for processing raw materials
and materials, and analysis of inter-subject partnerships. This approach involves the
use of mass balance equations and indicators of environmental and economic per-
formance to quantify the impact of changes in the degree of processing and the
structure of process operations. It was found that the use of materials based on sec-
ondary polyethylene terephthalate and primary polyester in products leads to the
highest recycling rates and the lowest levels of waste generation. Life cycle analysis
revealed critical stages of the process with the greatest negative impact on the envi-
ronment — primary processing of raw materials and post-disposal handling of con-
sumer products, where strategic intervention is required. From an economic per-
spective, hybrid and mechanical recycling have been shown to be the most balanced
in terms of performance, providing good payback periods and long-term value.
Stakeholder collaboration has demonstrated a significant impact on regulatory com-
pliance, reduced lead times and overall process optimization, highlighting the im-
portance of such collaboration to ensure sustainability across the entire system.

Ilepexoo Kk moodenu yupKyaapHoii IKOHOMUKU 00Yc/1061u6aAen cheyuduuecKue
6bI1306bl U 603MONCHOCHU OMHOCUMENbHO 00ecneyenus YCmouuugoi padomul 10-
2UCIUYECKUX UenoyeK meKcmuabHou undycmpuu. /{nsa ececmoponHeil oyeHKu
cmenenu 6HeopeHUA NPUHYUNO0G YUPKYIAPHOCHU HA 6CeX IMANAX CHOUMOCHHOU
UenoYKU MEeKCMUIbHO20 Kacmepa 0bll UCHOIb306AH MHO20(AKMOPHbLIL MEM 000~
Jl02U4ecKuil no0xo0, UHMEZPUPyowuil Imansvt npPeoeapumeibHoi 00padomKu
6X00HbBIX OAHHBIX, OUEHKU NOTHO20 HCUZHEHHO20 WUKIA NPOOYKYUU, MOOETUPOBA-
HUA 3AMKHYMbIX KOHMYPOE NEPEPadomKuU ColPba U MAMEPUAOE U AHATUIA MedC-
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cybvekmnozo napmuepcmaea, /lannvtit R00X00 npedycmampueaen UcnonNb306anue
YPAGHEHUIl MACCOB020 DANAHCA U UHOUKAMOPOE IKO1020-IKOHOMUUECKOU Pe3)lb-
mMamugHOCmu 013 KOIU4eCmEeHHOl OUEeHKU 6IUAHUA USMEHEHUIl HA CMeNneHb ne-
pepadomku u cmpyKmypy mexHonao02u4ecKux onepayuil.

Buiasneno, umo ucnonv3oeanue ¢ npoOyKyUU Mamepuaios Ha OCHO8e 6MopuY-
HO020 nonuImuienmepepmanama u nePeUUHOZO0 NOAUICMEPA 6e0em K HAUDOb-
wuM KoIppuyuenmam nepepadomKku u HAUMEHLUUM YPOBHAM 00PA306AHUA OM-
X0008. AHANU3 HCUZHEHHO20 YUKIA NO360JIUJI 8bIAGUMb KDUMUYHbBIE CIAOUU MeX-
HOJ102UYeCK020 npouecca ¢ MAKCUMANbHOIMU HEZAMUGHBIMU 6030€UCMEUAMU HA
OKpYHCAIOWyIo cpeody, 20€ Heo0X00UMO CIMPAmeZUiecKoe 6Meulamenbcmeo — nep-
6UUHAA nepepadomKa colpba U NOCH-YMUTUZAYUOHHOE 00pauieHue npooyKmoe
nompeéonenus. Ilokazano, umo ¢ IKOHOMUYECKOU MOYKU 3PEHUA 2UOPUOHDLIL U Me-
XaHU4ecKuil cnocoobl nepepadomKu A6AAMCA Haubdonee COaNaAHCUPOSAHHBIMU NO
noKazamenam nPou3600UmMenbHOCmU, 00eCneuuearom xopouiue cpoKu OKynaemo-
cmu u 0onzocpounyro yennocmo. Ilpooemoncmpuposano 3nauumenvroe éiuanue
COmpyoHUYecmea écex yUacmHUKo8 nPou3e00CmMeEeHH020 npoyecca Ha coodde-
HUe HOPMAMUGHBIX MPEOOBAHUIl, COKPAUjEeHUE CPOKOB GbINOIHEHUA 3AKA308 U ON-
MUMU3AUUI0 NPOUECCO8 8 UeI0M, NOOUYEPKUBAS GAICHOCHIL MAKO20 83AUMOOell-
cmeus 0ns obecneuenus yCmouueoCmu 60 6ceil cucmeme.

Keywords: circular textile economy; supply chain management; lifecycle as-
sessment; eco-efficiency; recycling technologies; material recovery.

KiroueBble ¢j10Ba: 3KOHOMHKA 3aMKHYTOI0 IIUKJIA B TEKCTUJILHOM MPOMBbIII-
JIECHHOCTH; yIIPaBJIEeHHE HENOYKAMH MOCTABOK; OLIEHKA KU3HEHHOT0 IIUKJIA; KO-
Jorudeckasi 3 GpeKTHBHOCTD; TEXHOJOTHHU MePepadOTKU; BOCCTAHOBJIEHHE MaTe-

pHAJIOB.

Introduction

Industries looking to decrease their envi-
ronmental footprint while preserving their eco-
nomic effectiveness have made sustainable
supply chain management (SSCM) a central
concern. The classical linear supply chain
model in which goods are extracted, pro-
duced, consumed and disposed of is no longer
sustainable considering the challenges of re-
source scarcity, environmental concerns and
societal pressure for responsible business. In
turn, organizations and industries around the
world are turning to circular economy princi-
ples as an attractive alternative. In this context,
the textile and apparel industry are one of the
most resource-consuming and environment-
tally unfriendly sectors, thus placing it among
the best candidates for the implementation of
circular economy strategies. The transition
from linear to circular textile economy re-
quires thinking about every phase of supply
chain, from raw material sourcing up to end-

of-life disposal, to minimize wastage and pro-
long lifecycle of products [1]. This moves to-
wards a circular textile economy in which the
materials are reused, recycled, or recovered
and reintegrated, reducing the input of virgin
resources and the environmental costs of tex-
tile production. This paradigm depends
strongly on innovations in supply chain prac-
tices like closed-loop systems, eco-efficient
technologies, and business models based on
durability, repairability, and recovery. Thus,
SSCM as used for the circular textile economy
is a remedy to the challenges posed by the tra-
ditional practices while also being an eco-
nomic and strategic enabler for firms that are
willing to act sustainably and consider it as a
core value. This model is highly reliant upon
trends in supply chain management, specifi-
cally, closed-loop systems, eco- efficient tech-
nologies, and alternative business models that
favor durability, repairability, and recovery.
Companies can transform their supply chains
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into responsive, flexible networks through en-
couraging stakeholder collaboration, enabling
transparency, and taking advantage of technol-
ogy, for example, minimizing their carbon/en-
vironmental footprint while maintaining their
profitability [2].

Transforming our current linear models of
production and consumption into a more circu-
lar approach to model natural processes is not
only environmentally necessary but also finan-
cially beneficial since such systems have been
proven to save immensely on resource scar-
city, waste disposal costs, and material salvage
value [3].

Consumer demand for sustainable products
is at an all-time high, forcing brands and man-
ufacturers to evaluate how they do business.
This is why businesses that seek to implement
SSCM that is in line with the fundamentals of
a circular economy can gain a competitive
edge through stronger customer loyalty and
brand reputation as well as compliance with
sustainability legislation [4].

In recent times, the evolution of newer tech-
nologies and digitalization have pushed us even
closer to cleaner and more transparent supply
chains. Using blockchain, Internet of Things
(1oT) devices, and data analytics, companies
can track materials from cradle to grave, ensure
they meet sustainability standards, and in-
crease the efficiency of their operations. In the
circular textile economy, material and resource
flow data, recycling rates, and re-source usage
are essential, and these technologies are a criti-
cal component of this system. Digital solutions
can help textile supply chains identify gaps and
inefficiencies, track the sustainability perfor-
mance of a company over time and make data-
driven decisions to stimulate further innovation
and sustainability [5].

More and more governments and interna-
tional organizations are establishing strict reg-
ulations for environmental performance, waste
reduction, and resource efficiency. These poli-
cies push, or even enforce, companies to utilize
circular economy models with SSCM frame-
works. Given that, firms that display leader-
ship in sustainability could identify new mar-
kets and funding streams, as well as avoid
penalties for not complying with such regula-
tions. For the textile industry, live up to these

regulatory drivers means taking an important
step onto becoming compliant in the short
term, as well as future-proof in a resource-con-
strained world [6, 11].

Amongst the main topics examined in the
literature is the notion of closed-loop supply
chains. Closed-loop systems seek to keep ma-
terials circulating in the supply chain for as
long as possible and reentering what are called
“used” products and materials back into the
production cycle [7, 8]. The inherent premise
to further evolution is the design of products
that are sustainable, reparable, and recyclable
creating the basis for closed-loop operations
which a number of researchers have been writ-
ing about [9, 10]. Moreover, the literature rec-
ognizes the significance of advanced recycling
innovations, including chemical and mechan-
ical recycling technologies, toward fiber recla-
mation from post-consumer waste at a high-
quality level. These technologies are seen as
key enablers of circularity in the textile indus-
try [12].

A related key theme is the necessity of col-
laboration and stakeholder engagement. Some
studies highlight that to realize circular prac-
tices there needs close coordination between
suppliers, manufacturers, retailers, and con-
sumers. And transparency and data sharing are
often cited as important components of build-
ing trust and allowing materials to flow
smoothly through a supply chain [13]. There is
also acknowledgement that multi-stakeholder
approaches, which promote collaboration
across sectors (both in terms of volume of in-
puts and type of actors) can be effective in
overcoming barriers to generalization relating
to quality controls, sharing of costs and sourc-
ing of recycled materials [14].

Despite multiple studies demonstrating en-
vironmental advantages of the circular econ-
omy, concerns linger on the financial viability
of industrial-scale circular economies. Moreo-
ver, the absence of harmonized metrics and
reporting frameworks for circularity makes it
challenging to measure progress and for com-
panies to benchmark their efforts with industry
peers [15].

The article examines some of the funda-
mental strategies, challenges, and opportunity
characteristic of sustainable supply chain man-
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agement within the concept of a circular textile
economy and provides the basis for a more in-
depth analysis of how this sector can set the
pace towards a more sustainable and environ-
mentally sustainable future.

Methodology

This study follows a structured six-step
methodology: data acquisition, preprocessing,
lifecycle assessment, closed-loop process mod-
eling, eco-efficiency evaluation, and stake-
holder collaboration optimization. This inte-
grated framework is supported by mathematical
models, lifecycle metrics, and system-level
analysis aligned with current research on Indus-
try 4.0-enabled circular systems [1...3, 9, 16].

Primary and secondary data were collected
from industry reports, digital supply chain
platforms, environmental audits, and l10T-ena-
bled manufacturing systems [5, 9]. The dataset
included parameters such as material mass
flow (kg), emission factors (kg CO2-eg/unit),
energy inputs (kWh), cost structures ($/kg),
and recycling rates (%).

Preprocessing involved three layers:

1. Deduplication using hash-matching.

2. Missing Value Imputation with k-NN
and expectation-maximization algorithms [6].

3. Normalization using:

Xnorm = =£ ' (1)

o
where u is the mean and o is the standard de-
viation of the sample. This z-score standardi-
zation enabled comparability across multidi-
mensional metrics like carbon intensity and
cost efficiency [3, 6].

Lifecycle assessments were applied in line
with 1SO 14044 standards, segmented into five
stages: Raw Material (RM), Production (P),
Use (U), End-of-Life (EoL), and Post-Recy-
cling (PR) [11, 17]. Each phase was evaluated
with respect to environmental burdens, ex-
pressed as:

LCIphase = 5‘n=1(1j ' Q]) ' (2)
where [;is the environmental intensity, like
emission factor in COz-eq/unit and Q; is the
material or energy quantity [17].

We used a multi-dimensional matrix for
lifecycle energy and emissions:

Ep  Wp COy
Ey, Wy COy,
EEoL WEoL COZEoL
| Erx Wer €O,

Ery Wrm COZRM}

LCcA; = )

where E, W, and CO, are energy (kwh), water
(L), and emissions (kg CO--eq), respectively
[17...19].

To model the recirculation of textile re-
sources, we developed a system dynamics
framework using material conservation laws.
The mass flow equation is:

Mtotal = Mvirgin + Mrecycled - Mloss- (4)

Recycling yield n and system closure rate
¢ were modeled as:

_ Myecovered . _
77 - ) { -

Minput

Mrecycled X 100 (5)

M¢otal

For long-term simulations, we imple-
mented discrete-event modeling with:

Rt = Rt—l + AR - Lt, (6)

where R; is the recycled stock at time t, AR is
newly recycled volume, and L.is lifecycle loss
due to inefficiencies [9, 15, 17].

To explore the relationship between envi-
ronmental benefits and economic investments
within circular textile supply chains the study
used eco-efficiency (EE), defined as the ratio
of the amount of environmental impact re-
duced (energy and emission savings) to the to-
tal cost incurred (cost of recycling infrastruc-
ture implemented), as a measure of effective-
ness of recycling. This is a measure of ecolog-
ical return for financial investment, measured
in benefit per dollar.

_ AE+ACO,

EE (unit: benefitper$), (7)

total

where AE represents the difference in energy
consumption between baseline and recycled
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operations; ACO,, denotes the reduction in car-
bon dioxide emissions resulting from the use
of recycling technologies; and C;,¢q; 1S the to-
tal financial investment allocated to recycling
equipment, systems, and process integration.

In addition to eco-efficiency, two critical
financial indicators were used to evaluate eco-
nomic viability: Payback Period (PP) and Net
Present Value (NPV). The payback period de-
termines the time required to recover the in-
vestment from annual cost savings, while NPV
reflects the discounted value of future returns
over a predefined horizon.

PP = Cinvestment 1 (8)
Sannual
NPy = 3T S (9)
=1 (1412

where Cinvestment 1S the initial capital invested
in circular supply chain enhancements;
Sannuai 1S the annual savings generated by im-
plementing circular solutions; S; and C, are the
savings and costs at year t, respectively, r is
the discount rate, and T is the investment hori-
zon in years.

These indicators offer a dual perspective:
environmental benefit per cost unit and finan-
cial return over time, which together help
stakeholders compare multiple circular invest-
ment options not only in terms of profitability,
but also in relation to sustainability objectives.

To evaluate stakeholder engagement, we
used a composite collaboration index (CCl),
calculated as:

CCl = Yie=1 Wi " Sk » (10)

where wy, is the weight and S, is the score for
stakeholder k, derived from survey responses
on transparency, traceability, and compliance
[10, 11, 18].

Operational improvement was tracked us-
ing the improvement ratio (IR):

IR = Zrest=lrre 5 100 (11)

pre

where P, and P, are key performance in-
dicators such as cycle time, defect rate, or
emissions per unit output before and after op-
timization initiatives [13, 21, 22].

This advanced methodology provides a
replicable, data-driven, and scientifically vali-
dated framework for analyzing sustainable tex-
tile supply chains under circular economy prin-
ciples. It integrates best practices in supply
chain modeling, lifecycle science, and multi-
stakeholder governance.

Result

The fig. 1 focuses on the proportion of in-
put mass successfully recovered after recy-
cling and the percentage of recycled content
contributing to system-wide circularity. The
evaluation covers five textile categories—Cot-
ton, Polyester, Nylon, Wool, and Recycled
PET—reflecting different fiber characteristics
and recoverability levels.

Textile Recycling Performance Metrics
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Fig. 1

Brand efforts proved most efficient for re-
covery (overall scores coming from 90%, and
a recycling rate at 80%) for a recycled PET.
Polyester was next, recovering 85%, while
both Cotton and wool were travelling at the
same efficiency of 80%. Their closure rates
were lower, with recovery rates comparable to
those in our model, as they had a higher de-
pendence on virgin material. Nylon had a mod-
erate place in recovery efficiency and associ-
ated closure. These results highlight the poten-
tial of many synthetic materials to be reincar-
nated in sustainable textile systems and also
imply performance constraints for natural fi-
bers under high-efficiency circularity condi-
tions.
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Fig. 2 assesses the ecological implications
of various stages of the textile lifecycle, span-
ning from raw material extraction to post-recy-
cling. This includes aggregated figures for en-
ergy consumption, water usage, carbon emis-
sions, and material loss.

Environmental Metrics Across Lifecycle Phases
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Fig.2

Production was the most environmentally
intensive stage, requiring the most energy
(2,000 kWh), water (15,000 L), and emissions
(250 kg CO2-eq) overall. The end-of-life and
post-recycling stages had considerable bur-
dens as well, both in emissions and loss of ma-
terials, highlighting inefficiencies with what
currently exists in recovery and disposal.
These raw material stages had a significant wa-
ter footprint, but lower emissions, emphasiz-
ing the impact on fiber cultivation or polymer
synthesis. General usage contributed the least
to total impact. Thus, these findings indicate
the importance of maximizing production
technologies and end-of-life strategies as this
is key to reducing lifecycle environmental
burdens in textile systems.

Fig. 3 analyzes the effects of different re-
cycling intensity scenarios (10 to 50 percent)
on resource flow efficiency and environmen-
tal outcomes. By running simulations of

closed-loop models at varying incremental re-
cycling rates, the analysis uncovers nonlinear
relationships between recycled input and
lifecycle losses as well as energy savings and
emissions avoided.

Impactof Recycling Intensity on Material and Environmental Metrics
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Fig. 3

Energy savings and emissions reductions
were directly proportional to recycling inten-
sity. At 50% only, energy and emission sav-
ings reached their highest level of 1,500 kWh
and 250 kg CO2-eq, respectively. Nonetheless,
marginal gains tapered after 30%, highlighting
saturation effects from the energy and carbon
efficiency. Material losses grew moderately
with increased recycling inputs, implying lo-
gistical or technical limitations. At each incre-
ment virgin input demand dropped dramati-
cally, supporting the theory that a circular
model can reduce a cost component from the
resource level.

Fig. 4 provides data on the economic and
environmental returns achieved through the
amendment of various recycling processes
into textile manufacture. Using eco-efficiency
metrics; payback periods; and long-term net
present value estimates, this analysis examines
the value proposition for each method.
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Hybrid recycling had the highest eco-effi-
ciency (0.1040) and net present value
($27,400), demonstrating its long-term benefit.
Mechanical and chemical recycling had lower
payback periods (12—18 months) and higher
efficiency overall. Bio-recycling was found to
be better in terms of energy and emissions
performance but moderate in investment cost
Thermal recycling remained steady but lagged
relative returns. The results imply that hybrid
models are the most promising for integrated

100

90 90

92
80
70
60

50

Metric Value

40

30

Distributors End Users

The collaboration index totaled 6.9 out of
10, indicating a well-aligned but improvable
stakeholder environment. Manufacturers con-
tributed the highest collaboration value and
achieved the greatest lead time improvement
(15%). Raw material suppliers and retailers
also displayed strong compliance and moder-
ate process gains. End users, while having the
lowest score and improvement impact, still
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Fig. 5

circular systems, and mechanical means are
still applicable in situations with a rapid return-
-on-investment.

Fig, 5 evaluates how stakeholder alignment
influences operational improvements in circu-
lar supply chains. Using weighted collabora-
tion scores and improvement ratios, the analy-
sis captures engagement levels and their effect
on supply chain performance indicators such
as lead time and compliance.

Supply Chain Stakeholder Performance and Collaboration Metrics
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91

contributed to awareness and waste separation
efforts. These results reinforce the notion that
upstream and midstream actors hold the most
leverage in circular transitions, but down-
stream actors play a vital enabling role.
Strengthening multi-stakeholder integration
can further optimize sustainability perfor-
mance.
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Discussion

This article shows that high-tier hybrid re-
cycling achieves dramatically higher recovery
rates and reduced costs. This highlights the
role of technological innovation that stretches
the frontiers of circular supply chains [23].

The analysis shows that hybrid recycling
methods not only boast material recovery per-
formance, but also higher energy savings, in-
deed making them a more global solution than
the traditional ones [19]. Such realization may
lead to more energy-focused solutions serving
as the primary driver for achieving the goals
of circular supply chains.

Prior research had often noted that the eco-
nomic viability of circular models can act as a
barrier to adoption. Although these studies
have offered theoretical models and estimated
savings, this article delivers a stepwise cost-
benefit analysis that shows significant net
monetary advantages for hybrid recycling pro-
cesses. This finding highlights this considera-
ble concern amongst industry stakeholders
while showing that, when taken over as a
whole, circular practices may be financially
beneficial in the long run [20]. As industries
seek ways to invest more in their circular prac-
tices, these findings set forth some recommen-
dations for scaling up without sacrificing envi-
ronmental or economic outcomes. This is es-
pecially important as global production of tex-
tiles keeps growing and the challenge lies to
scale sustainably [16].

In contrast to existing studies, the article
also provides insight into the interaction of
multiple performance metrics. Previous re-
search [22] focused on specific dimensions of
circular supply chains, like waste manage-
ment, energy efficiency, while this article ana-
lyzes the three components in relation to the
integrated supply chain. since material recov-
ery, energy savings, waste reduction, and fi-
nancial outcomes are interrelated in different
recycling methods, by assessing all of these
variables jointly, the study presents a broader
insight into the pros and cons associated with
various recycling technologies.

This holistic approach lays the ground-
works moving forward, emphasizing that sus-
tainable decision-making in the textile space

hinges upon tying together environmental and
economic objectives to aid systemic change.

Conclusion

The results of the article point out a data
brave and analytical understanding of how sus-
tainable supply chain management practices
could be operationalized around circular
economy of textiles.

Indeed, high material retention and envi-
ronmental efficiency can be met under circular
textile systems, when this is pursued with the
collaboration of the stakeholders involved and
a good recovery infrastructure. Recycled syn-
thetic fibers were useful here as well, espe-
cially those that demonstrated good yield rates
and potential for being closed loop. In addi-
tion, the lifecycle analysis identified stages as-
sociated with high environmental intensity,
namely production and post-use handling, in-
dicating priority areas for innovation in pro-
cess and technology. These findings underline
the relevance of integrating material selection
with lifecycle sustainability indicators for the
transition to closed-loop processes.
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