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The textile sector is one of the primary contributors of carbon emissions,
environmental degradation, and resource consumption at global level, which
requires the development of systemic series of sustainability strategies. In this study,
the reduction of the carbon footprint is analyzed in five major operational domains
through integration: material selection, energy efficiency, emission abatement,
water preservation and recycling activities. An integrated methodological approach
was used involving advanced environmental modeling, detailed monitoring and
production-normalized assessments of different phases of textile production. The
results indicate that adopting low-impact alternatives like organic cotton, hemp and
recycled polyester can lead to significant total emissions reductions relative to the
conventional scenario. The energy checks found significant variations in SEC
between production lines, indicating the potential of operational improvement.
Emission monitoring revealed printing and finishing as the priority measures to
intervene, and water consumption showed that dyeing and rinsing were the main
focus to increase the overall use. Recycling audits found that recovering over 80%
of materials consistently is possible when waste is managed in an organized way.
The results indicate that integrated policies toward materials sourcing supplier
efficiency, pollution control and circular economy practices can achieve significant
reductions in the environmental impacts of the textile industry.

Texcmunvnas ompaciv A6131emMcsa 0OHUM U3 OCHOGHBIX UCHOYHUKOE 8b10POCO6
yenepooa u nompeoneHus pecypcos, Ymo npueooum K yXyOuieHuio cOCHOAHUA
OKpyacaroueil cpeodvl Ha 2100a1bHOM YPOGHe U mpedyem pa3padomKu cmpameuii
ycmoiiuueozo pazeumus. B oannom uccnedoeanuu ananuzupyemcs cokpauienue
Y2l1epooOH020 C1eda npu UCHOIb308AHUU OP2AHUYECKUX MAMEPUAN0s, 6HEOPEeHUU
IHEP20IPheKkmueHbvIx U 86000cHEpearOuUX MEexXHOI02Uil U nepepadomke 0mxo0os.
Ilpumenen KOMNAEKCHBLIL MEMO00102UUECKUT NOOX00, BKIIOYAIOWUIL IKOI02UYe-
CcKoe moodenupoeanue, 0emaabHulil MOHUMOPUHZ U HOPMATUZ0EAHHBIE OUEHKU PA3-
JIUYHBIX IMANOE MEKCMUIbHO20 nPou3eoocmea. Pezynomamol nokaswviearom, umo
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6HeOpeHUEe MAIOMOKCUUHBIX MAMEPUANLO8, MAKUX KAK 0P2AHUYECKUIL XTI0NOK, KO-
HONA U NEPepadomMantblil NONUICHIED, MOIHCEM NPUBECHU K 3HAYUUMENbHOMY CO-
KpauwieHuro oouwux vl0pocos. InepzemuuecKue nPoGEePKU GblAGUIU 3HAYUMEIb-
Hble pa3nuuusa 6 noKazameJie y0eabH020 NOMpPedaeHUA IHEPZUL MeHCOY NPOU3E 00-
CMEEHHbIMU TUHUAMU, YMO YKA3bléaem HA HAIUYUe NOMEHUUANA 0711 YMeHbUle-
HUsa IHepzonompeodaenus. MoHumopunz 0moeaIbHbvIX IMAN0E NPOU3BOOCH 64 NOKA-
341, YMoO neYamv U OMOCIKA AGIAIOMCA TUOEPAMU HO HUCITY 8bIOPOCOB, a4 Kpauie-
HUe U NPOMBIGKA DOJIbULE 8CE20 IUAIOM HA nompedienue 800vl. Bvlsagneno, umo
NpU OP2AHU308AHHOM OOPAUEHUU C OMXO00AMU BGO3MOMNCHO HOC1€008AMEIbHOE
eéoccmanoenenue 6onee 80% mamepuanos. Pezynomameol noxazviearom, 4mo Kom-
N1eKCHAA NOJIUMUKA, HANPABIeHHAA HA MUAMEIbHbLIL 8b1O0P NOCMABU{UKOB8 M-
mepuanoe, KOHMPOJb 3aZPAZHEHUA OKPYHcalouell cpedvl U 6HedpeHue NPUHUUNOG
IKOHOMUKU 3AMKHYMO20 WUKIA, MOMCEn 3HAUUMETIbHO CHU3ZUMb 6030elicmeue
MeKCMUNbHOU RPOMBIULIEHHOCIU HA OKPYIHCAIOULYIO CPEOY.

Keywords: carbon footprint reduction; sustainable textile production; energy
efficiency; emission monitoring; water conservation; recycling strategies;
circular economy.
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Introduction

The textile industry as a whole, from the
sourcing of raw materials to the finished
product, is a heavy resource user and makes a
major impact on CO, emissions, water
pollution, and waste. With increasing global
demand for apparels and textiles, the pressure
on ecosystems and natural resources has been
increasing; thus, the need for implementing
effective carbon reduction plan is becoming
critical [1, 2].

Conventional manufacturing is extremely
energy consuming and is highly dependent on
non-renewable sources of energy that emit lots
of carbon dioxide to the environment. Water,
chemical fertilizers, and pesticides also
typically are used to grow raw fibers, such as
cotton, resulting in environmental harm. On
the other hand, synthetic fibers are made from
petrochemicals and are adding to the buildup
of micro plastics in water systems.
Furthermore, dyeing and finishing techniques
that produce the colors and textures to textiles
often involve harmful chemicals that poison
water supplies and generate dangerous waste.
With the global production and consumption
rates growing, these problems are escalating

quickly, and it becomes one of the greatest
sources of environmental pollution [3].

Itisin this context that manufacturers, and
brands along with policymakers and
consumers, are trying to develop ways to
reduce the carbon cost of textiles. The
development of new renewable energy
sources, more efficient manufacturing
equipment and more sustainable materials has
opened up many opportunities for reducing
greenhouse gas output in all aspects of the
production chain [12, 13]. And there are moves
toward implementing principles of a circular
economy, including recycling textiles after
they’ve been worn, and embracing closed
loop production and products designed to last
and be recycled [4]. “Design for recyclability”
as a key strategy, urges the manufacturing
industry to produce textiles that are easily
recyclable towards the end of their life [15].

Moreover, more stringent legislations and
voluntary sustainability certifications have
prompted companies to implement cleaner
production practices and report their
environmental performance in an open way [5,
6, 16].

338 Ne 5 (419) TEXHOJIOT' VSl TEKC TUJIBHOM ITPOMBIIIJIEHHOCTH 2025



Meanwhile, the race for sustainability has
sparked development and use of other fibers,
e.g. organic cotton, hemp, and bamboo
microfiber, which are believed to have a
smaller environmental impact than traditionally
grown cotton. New applications are possible:
new technology allows us to produce
regenerated fibers from agricultural waste,
which represents a renewable and ecologically
friendly source for raw materials. Production of
man-made fibers (both synthetic and man-made
cellulosic) has been going through change as
bio based fiber and biodegradable polymer
start to replace the conventional petroleum
derived resources in the blend. Such initiatives
aim to counter long-term environmental
impacts of textile production and to ensure that
industry growth is not at the expense of the
health of the planet [7].

Consumer knowledge and desire for
sustainable fashion also heighten the demand
for green practices. As media reports of the
ECO impact of the textile industry continue to
increase, consumers are looking for more
information on where their clothing originates
and the circumstances in which it was made
[8]. This change in consumer pattern has
influenced  businesses to  implement
transparent and ethically responsible supply
chains, focusing on sustainability across
warehouse and delivery operations [17].
That’s why many of the biggest names in
fashion have taken action to secure sustainable
materials, reduce water and energy
consumption, and employ recycling programs
that bring old clothes to life as new things.
Second hand markets and rental services have
challenged traditional models of business, and
incentivized leaving the linear production-
consumption-disposal phase towards a more
sustainable circular one [9].

Despite these encouraging signs, there are
still  formidable obstacles. The industry’s
fragmented supply chain, crossing many
borders and intermediaries, has made it difficult
to establish consistent sustainability standards
and practices [18]. The high initial costs of
implementing  clean  technologies and
renewables typically act as a barrier to uptake
amongst small and medium-sized enterprises.
In addition, the absence of aggregated data and

accepted measurement leads to uncertainty in
how to value the carbon problem from a
company perspective, which in turn, can inhibit
the progress of knowing what works and
working out the most effective treatment [10].

To solve these issues, it is essential to
formulate and deploy scalable and affordable
solutions for carbon reduction that are open to all
comers. Cooperation between the manufacturing
sector, researchers, policy makers and non-
governmental organizations can enable best
practice, technological progress and financial
drivers to be shared. If sustainability objectives
were to be harmonized across the industry and
clear indicators (metrics) introduced to measure
progress then a textile industry that treaded more
lightly on the environment should materialize
[11].

The article discusses some of the carbon
footprint mitigation approaches specific to the
issues existing in the textile sector. Based on
findings focusing on newly developed
environmentally friendly technologies and
materials and circular economy ways, it
shows a great variation in possibilities for
reduction of greenhouse gas emissions and
significant sustainability in a long run.

Methodology

This study systematically evaluates carbon
footprint reduction strategies across five key
domains of textile production: Material
Selection, Energy Efficiency Strategies,
Emission Reduction Techniques, Water
Conservation Practices, and Recycling and
Waste Management. Each methodological step
is grounded in validated environmental and
industrial engineering models [1, 3, 10, 20],
integrating advanced calculation techniques to
ensure scientific robustness and transparency.

The methodology design aligns with
contemporary sustainability standards as
outlined in [1, 4, 21], and incorporates
industry-specific practices recommended for
low-carbon textile production [10, 20, 21].

Material environmental impact assessment
was based on the life-cycle emission
characteristics of natural and synthetic fibers
[6, 14]. The cumulative carbon footprint
attributable to material sourcing was
calculated through a weighted summation
model:
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Cumulative Emissions = z (Emission Factor; X Material Mass;) +

i=1

+ Y- (Transportation Emissioni; X Distance ;) , 1)

where Emission Factor; is the specific
emission (kg COzkg) for material i,
Material Mass; is the input mass for material
i, Transportation Emissioni; is the
transportation emission rate (kg COz/km),
Distance ; is the transport distance (km) for
material i.

Additionally, material variability across
production batches was characterized using the
Coefficient of Variation:

o) = (2

CV(%) = (M) x 100 , )
where ¢ is the standard deviation and u the
mean carbon emissions for each material type.
Energy assessments were conducted by
monitoring  equipment-level  consumption
across  different  textile  manufacturing
processes. Baseline energy consumption for
each production line was calculated by

integrating time-dependent load profiles:

T
Epasetine = fo P(t)dt, 3)

where Epgserine 1S the total energy (kWh), P(t)
is the instantaneous power (kW) at time ¢, T is
the production time span (h).

Environmental Load Index

This approach aligns with transition
frameworks for emissions reductions outlined
in [19].

Water usage during dyeing, washing,
rinsing, and printing operations was measured
using industrial-grade flow meters [3, 23]. The
cumulative water consumption was defined as:

Wiotar = Zz_l Qrtk (7)

where W;,:q: 1S the total water used (liters), Qy
is the volumetric flow rate (L/min) for process k,
and ty, is the duration (min) of each process.

To account for operational variability, the
Specific Energy Consumption (SEC) per
production unit was evaluated:

E .
SEC — 'basellne ) (4)
Production Output (kg)

Following the advanced strategies for
modeling and efficient energy use suggested in
[18] and [20], the power monitoring included
standby and active phases of machinery.

Emission data was collected using
continuous monitoring systems installed at
emission-intensive stages including dyeing,
heating, finishing, and printing. Emissions
were modeled as functions of process-specific
variables:

Eprocess = fOT(RCOZ (t) + RPMZ.S(t))dtv (%)

where Eprocess 1S the total emissions (kg),
Rco,(t) and Rpy, (t) are the real-time
emission rates (kg/h and g/h respectively).

Environmental load indexes  were
computed as the integrated emission per unit of
production:

_ EpTOCeSS (6)
Production Output (kg)

Moreover, Specific Water Consumption
(SWC) per kilogram of textile produced was
determined:

w
SWC = Lot . (8)
Production Output (kg)

Following best practices toward zero liquid
discharge (ZLD) systems [23], this allowed
process-level water benchmarking without
result-derived ratios.

Recycling and waste generation were
monitored according to circular economy
models applied to textile sectors [24, 25]. The
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cumulative waste generation per production
batch was modeled as:

— V4
Wgenerated - 1—1Mwaste,l ) (9)

where Wyeneratea 1S the total waste (kg),
M, qste 1S the waste mass generated in batch .

Baseline recycling potential was assessed
based on collected recyclable fraction data
without result-level efficiency calculations.

Results

The environmental impact of material
choices in textile production was quantified by
calculating cumulative carbon emissions,
considering both material-specific emission
factors and transportation-related emissions.
The evaluation of multiple raw materials,
including organic cotton, conventional cotton,
recycled polyester, hemp, and bamboo,
provided a comparative perspective on their
contributions to total greenhouse gas
emissions (Figure 1 - Cumulative Carbon
Emissions by Material Including
Transportation). Raw data included the
average material batch weights (100 kg) and
the emission characteristics during production
and delivery phases.

450
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250
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Conventional Cotton  Recycled Polyester
Material

Fig. 1

The data in Figure 1 clearly show that
conventional cotton produced the highest
cumulative emissions, primarily due to its
elevated emission factor and transport energy
needs. Hemp emerged as the most
environmentally favorable material with
significantly lower emissions. Recycled
polyester performed better than conventional
cotton but worse than hemp and bamboo.
Transportation emissions moderately
influenced the overall emissions, particularly

for materials like hemp and bamboo that
otherwise have lower production footprints.
These results suggest that optimizing both
material production and supply chain logistics
is essential for achieving meaningful
reductions in textile carbon footprints.

Energy performance across textile
manufacturing lines was evaluated by
integrating equipment power ratings and
operational timeframes to calculate total daily
energy consumption (Figure 2 - Integrated
Baseline Energy Consumption and Specific
Energy Consumption). The data reflect the
operational dynamics of five distinct
production lines characterized by variations in
machinery configurations and production
output.
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Production Line

Fig. 2

The energy results show that Line E had
the minimum value of specific energy
consumption (0.131 kWh/kg) and had higher
efficiency than other lines. Figure 2 also
revealed excellent performance of line-2 as the
value of specific energy use was less than 0.15
kWh/kg. Line 4 and 6, although had similar
capacity, have a little higher energy intensity
indicating a potential inefficiency in their
operations or a lower load factor. Efficiency
was slightly lowered on line 1...3 with longer
working hours, but it was possibly caused from
sufficient scales of capacities of facilities
matched with scales of production.

Emissions from various stages of
production were monitored and summarized to
obtain a value for the overall release of the
atmospheric pollutant into the air during daily
textile activities (Figure 3 - Cumulative
Emissions from Production Processes).
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Emissions were mainly measured in terms of
carbon dioxide and fine particles (PM2. 5), two
important  factors  which  reflect the
environmental impact of industry. The sum of
emissions for the various phases of production

T T
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[ Total CO:
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Fig. 3

The Printing process showed the highest
environmental load index (0.842 kgCO: per kg
of textile produced), and it was much higher
than the other stages. FInishing and Stentering
came next. Dyeing was the least emissions
intense stage, followed by Heating in the large
stages. These findings highlight the urgent
requirement for improvements in emission-
control technology, such as in Printing and
Finishing operations where above average
carbon and particulate emissions are evident,
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Dyeing Washing Rinsing Finishing Printing
Process Stage
Fig. 5
Specific water consumption  values

indicated that Dyeing and Rinsing were the
most water-intensive stages, consuming more
than 11 liters per kilogram of textile produced.
Finishing and Printing were notably more
water-efficient, with values around 8 liters per
kilogram. Washing demonstrated intermediate
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was divided by the volume of the product to be
able to generate environment loading indexes
in all production phases (Figure 4 -
Environmental Load Index by Production
Stage).

_____

Environmental Load Index (kg CO./kg)

[0 Total Emissions (kg CO/day)
N Ao Production Output (kg/day) 1
— @ Environmental Load Index (kg COskg)!

1

Stentering
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Fig. 4

particularly when normalized to production
quantities.

Water consumption data were gathered
through volumetric flow measurements at each
critical production process (Figure 5 - Baseline
Water Consumption per Process). The water
usage was standardized against production
output to evaluate specific water consumption
levels, revealing the efficiency of resource use
across stages (Figure 6 - Specific Water
Consumption per Process).
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water consumption rates. These findings point
to Dyeing and Rinsing as priority targets for
implementing water reuse systems, filtration
technologies, and more efficient process
control measures aimed at minimizing overall
freshwater withdrawal in textile production.
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The recycling and waste management
assessment focused on measuring waste
generation relative to textile output across
multiple facility types. Baseline waste
generation figures, alongside recyclable
fractions, were collected without applying
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Analysis revealed that the Textile Dyeing
and Finishing Mill generated the highest
absolute volume of waste, corresponding to its
larger production output. However, when
normalized by output, all facility types
demonstrated relatively consistent waste
generation rates, approximately 18-20% of
production mass. The amount of recyclable
material collected represented roughly 80% of
the generated waste across all sites. This
consistency suggests that waste production is
strongly tied to inherent process characteristics
rather than operational inefficiencies, and that
recycling potential remains relatively high and
stable across different segments of the textile
industry.

Discussion

The worldwide textile industry is a
foundation for the modern economy, but its
environmental footprint presents a profound
sustainability ~ challenge.  Against  this
backdrop, a range of initiatives have arisen to
reduce the sector’s carbon footprint with
mixed results. Here, discussion focuses on the
results of the strategies, with a view toward
their implications for the industry in general, in
comparison to previous research or reporting
on similar approaches [19, 26].

Ne 5 (419) TEXHOJIOT' VSl TEKC TUJIBHOM ITPOMBIIIJIEHHOCTH 2025

ot
tactor ™2 o

g
et

Facility Type
Fig. 7

recycling efficiency calculations. Data
normalization by production output was also
performed to  facilitate  inter-facility
comparisons (Figure 7 - Waste Generation and
Recyclable Material Collection Across Textile
Facilities).
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Previous analyses [22] have frequently
highlighted the absence of widespread
standardization in the industry, and the refusal
of smaller companies to invest in energy-
efficient technology. In contrast, the present
study suggests that under increasing tension
from consumers and policy makers small
companies are increasingly implementing
more sustainable equipment and best practice
that was previously considered to be the
domain of larger firms.

The article demonstrated the considerable
impact that using alternative fibers for example
organic cotton and recycled polyester can
have to reduce emissions. Previous articles
frequently touted these materials’
environmental advantages yet they also
acknowledged challenges like supply chain
irregularities and higher production costs [24].
What our research has shown however is that
recent developments in sourcing and
economies of scale have begun to meet these
hurdles head on, in turn making the
environmentally friendly material game more
of a viable one.

Previous literature discussions frequently
noted the conceptual advantages of circular
models yet found these to have been limited in
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application [25]. This report, however,
highlights positive examples of companies that
have successfully closed the loop and
achieved actual reductions in waste and
emissions. These findings indicate a slow but
significant movement towards broader
acceptance of circular business practices, as
more organizations understand the opportunity
within both an economic and environmental
context.

Earlier researches often mentioned that a
majority of wet-processing steps were
supported by traditional excessive water
wasting dyeing and washing methods [23].
This article introduces a series of innovative
technologies and water-efficient practices
which have led to a significant deter in use.
This transition not only reduces pressure on
fresh water resources, but also improves the
overall sustainability of the textile industry.

The overall concept emerging out of this
discussion is the industry’s ability to meld
these disparate strategies into a more holistic
sustainability platform. When these results are
compared to previous results, one does indeed
see many of these once-theoretical innovations
are now moving into the operationally real.
The paper also highlights that combined
material, energy, water, emission and
recycling strategies are compatible not only
with current environmental directives, but they
also establish the principle of continuous
improvement.

Conclusion

The analysis confirms that the strategic
selection of low-impact materials, integration
of energy-efficient technologies, implemen-
tation of emission monitoring systems,
optimization of water usage, and enhancement
of waste recycling are essential pathways for
achieving tangible reductions in industrial
carbon emissions.

The article validates the effectiveness of
deploying integrated sustainability strategies
in textile production environments. It
establishes that measurable environmental
improvements can be systematically achieved
when organizations address each operational
pillar through a combination of material
innovation, process optimization, environ-
mental monitoring, and resource recovery. The

comprehensive scope of the analysis affirms
that carbon footprint reduction within the
textile sector is a multi-dimensional challenge
that necessitates coordinated action across
supply chain, production, and post-
consumption stages.
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