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Abstract
The cotton and textile sector are among the most energy- and emission-intensive global
production  systems,  but  studies  on  the  carbon  footprint  of  cotton  and  textile  products
remain fragmented. Substantial inconsistencies exist in system boundaries, methodological
choices, and data sources, which limit study results comparability and policy setting. Here,
we systematically clarify lifecycle system boundaries spanning cotton cultivation, textile
manufacturing, product use, and end-of-life management, with particular attention to the
treatment  of  foreground  and  background  emissions,  transportation  processes,  and  soil
carbon  dynamics.  Across  stages,  we  identify  consistent  emission  hotspots  driven  by
fertilizer-induced  N2O  emissions,  energy-intensive  dyeing  and  finishing  processes,

consumer laundering behavior, and recycling pathways. Looking ahead, we highlight key
priorities  for  advancing  the  field,  including  the  development  of  harmonized  global
cotton-textile life cycle assessment databases, the adoption of digital and dynamic carbon
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accounting  tools,  the  establishment  of  unified  product  carbon  labeling  systems,  and  the  integration  of  circular
economy principles toward low- and zero-carbon textile value chains.

INTRODUCTION
The global average annual production of cotton exceeds 25 million tonnes, and it is the most widely used

natural fiber in textile manufacturing
[1]

. Global textile and garment market was valued at approximately USD

920~961 billion in the early 2020s and accounts for around 2% of global GDP, supporting millions of jobs

across production, processing, and trade sectors
[2]

. In addition to its economic benefits, the global cotton and

textile industry is also one of the most energy- and emission-intensive sectors, increasing significantly to

environmental pressure and climate change
[3]

. A global estimate indicates that textile production (including

natural and synthetic fibers) accounts for approximately 8%~10% of global greenhouse gas emissions

(GHGs), exceeding the combined emissions from international aviation and maritime transport
[4,5]

. As the

most widely used natural fiber, the cotton textile supply chain relies heavily on fossil-fuel-based electricity

and thermal energy for wet-processing operations, resulting in a relatively high carbon footprint
[1]

. As

nations strengthen climate governance in response to the Paris Agreement, textile value chains have drawn

increasing attention due to their multi-region cooperative production and high emission intensity
[6]

. Many

countries and regions have introduced relevant policies, including but not limited Carbon Border

Adjustment Mechanism (CBAM), extended producer responsibility schemes, and national carbon-neutrality

commitments, which have further emphasized the strategic importance of accurately quantifying and

reducing emissions in textile value chain
[7]

. In this context, carbon footprint accounting has become a key

requirement for global trade, low-carbon supply-chain transformation, and compliance with emerging

climate regulations. Understanding and accounting for emissions from the textile industry are therefore

essential for developing effective mitigation strategies and promoting a transition toward more sustainable

production and consumption.

As one of the most widely used natural fibers, cotton cultivation and textile manufacturing in general are

considered an energy-intensive chain due to substantial background and foreground emissions. In general,

cotton cultivation needs various agricultural inputs, mainly including fertilizers, pesticides, irrigation water,

and diesel for field operations
[8,9]

. To be specific, nitrogen (N) fertilizers are the most important contributing

factors to emissions, its background emissions primarily originate from production, processing and

transportation processes, while foreground include field direct and indirect emissions (IPCC, 2021). Field

direct emissions mainly refer to soil nitrous oxide (N
2
O) emissions, while indirect emissions refer to soil

ammonia (NH
3
) volatilization, nitrate N (NO

3
-) leaching and run off

[10]
. For phosphatic and potash fertilizer,

pesticides, seeds and diesel oil, their emissions are generated during production, manufacturing, and

transportation. It is worth noting that emissions from electricity for irrigation, labor and diesel combustion

are mainly generated in fields
[11]

. In addition, due to differences in crop straw processing methods, the

approach to returning straw to the field also consider for both direct and indirect emissions from the

straw
[12-14]

. In arid and semi-arid regions (e.g., Central Asia, India, and western China), energy-intensive

irrigation practices (e.g., high-frequency irrigation) further aggravate the carbon emission of cotton

cultivation
[15]

. After cotton harvesting, the cotton ginning, spinning, weaving, dyeing, finishing, garment

assembly and transportation, all of which consume large amounts of electricity and heat, leading to high

emissions. Wet-processing operations rely heavily on steam generated from fossil fuels, while mechanical

processes such as spinning and weaving are electricity-dependent and labor intensive
[16]

. Besides, the

complexity, length, and geographical dispersion of textile value chains often lead to inefficient energy use

and substantial transportation-related emissions
[17]

. As a result, cotton-to-textile production exhibits a

cumulative emissions profile that is difficult to manage without systematic lifecycle assessment. Addressing
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the high-emission characteristics of these stages is crucial to achieving carbon reduction targets within the

textile sector and enhancing the sustainability performance of cotton-based products.

Global climate policy frameworks have increasingly shaped the development trajectory of the textile sector,

elevating the urgency of reliable carbon footprint accounting for cotton and textile products
[18]

. In parallel,

the European Union CBAM introduces carbon-based trade requirements that direct ly affect

emissions-intensive products and are expected to expand to textile goods soon
[19]

. China, as the world's

largest producer, consumer, and exporter of cotton and textile, its emission intensity and total amount both

rank among the top nations globally
[20]

. Due to China’s "dual-carbon" goals, peaking carbon emissions before

2030 and achieving carbon neutrality by 2060, further accelerate domestic efforts to decarbonize high-impact

industries, including cotton cultivation and textile processing
[20]

. Although relevant policies have been

introduced, studies on textile carbon footprints remain limited. Most studies focus on isolated stages such as

cotton farming, spinning, or dyeing, resulting in incomplete assessments that overlook cross-stage

interactions and cumulative impacts
[21]

. Moreover, inconsistent system boundaries, varying data sources, and

methodological differences (e.g., soil carbon calculation or not) hinder comparability across studies.

Therefore, this lack of systematic and standardized evaluation limits the effectiveness of policy design and

industrial decision-making.

Currently, environmental assessment encompasses various methodologies, including but not limited Life

cycle assessment (LCA), regulatory impact assessments, and system-oriented approaches such as ecosystem

service evaluation and environmentally extended input and output analysis, which provide a comprehensive

framework for quantifying environmental impacts across scales
[22]

. Compared with other methods, LCA has

become a main evaluation method for quantifying the carbon footprint of products due to its systematic,

standardized, and science-based approach
[23]

. LCA is a bottom-up method that evaluates environmental

burdens across all relevant stages of a product’s life-from raw material extraction and cultivation to

manufacturing, distribution, use, and end-of-life treatment. While LCA-based carbon footprint is an index

used to compare the total amount of greenhouse gases that an activity, product, company or country adds to

the atmosphere. Carbon footprints are usually reported in tonnes of emissions (CO
2
-equivalent) per unit of

comparison. Such units can be for example tonnes CO
2
-eq per year, per kilogram of cotton, per piece of

clothing and so forth
[24]

. This cradle-to-grave perspective is valuable for cotton and textile products, because

their emissions are distributed across multiple processes spanning agriculture, industry, logistics, and

consumer behavior. As carbon disclosure and CBAM policies gain prominence, LCA-based carbon footprint

accounting enables companies and governments to benchmark emissions, identify hotspots, and design

targeted mitigation strategies
[25]

. The number of LCA studies has been increasing year by year, with China,

the United States, and India accounting for the largest share [Figure 1]. Furthermore, LCA facilitates

comparability among products by providing transparent and verifiable datasets, supporting carbon-labeling,

green procurement, and supply chain decarbonization
[26]

. As climate change intensifies and the international

carbon market expands, LCA is evolving toward more standard and more accurate carbon footprint,

consolidating its role as the dominant tool for guiding low-carbon transformation in the textile sector.

This study aims to provide a comprehensive and systematic review of carbon footprint accounting for cotton

and textile products by integrating methodological, institutional, and empirical perspectives. Specifically, the

research synthesizes the major LCA approaches applied in the textile domain, examines the international and

national standard systems (including ISO 14067, the GHG Protocol, PAS 2050, EU CBAM requirements, and

China GB/T 24067-2024), and evaluates their implications for boundary setting, data quality, and

comparability. Furthermore, the study also analyzes carbon emission characteristics across key lifecycle

stages, from cotton cultivation and textile manufacturing to product use, recycling, and end-of-life

management, and identifies dominant emission hotspots, and finally clarifies current knowledge gaps and
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Figure 1. Publication numbers of different years (A) and regions (B) of cotton and textile carbon footprints. Data source: Web of Science
core database (https://webofscience.clarivate.cn/wos/woscc/smart-search); Keywords: TS = ("Cotton" OR "Textile" and "Carbon
footprint*" OR "CF"). The figure was created by R software (version 4.1.0) and did not involve any copyright issues.

practical limitations. Building on these insights, this study proposes future optimization pathways focused on

improving LCA database quality, enhancing data standardization, advancing digital carbon accounting

technologies, and promoting circular and cleaner textile systems. Overall, the research contributes a holistic

analytical framework that supports policymakers, industry stakeholders, and researchers in advancing

scientifically robust, transparent, and actionable carbon footprint assessments for cotton and textile

products.

METHODS COMPARING OF LCA BASED CARBON FOOTPRINT
LCA methodologies applied to cotton and textile products generally fall into three mainstream categories:

process-based LCA, input and output LCA, and hybrid LCA. Each approach has distinct analytical strengths

and limitations, due to differences in data requirements, system boundaries, and research objectives
[27]

.

Process-based life cycle assessment (P-LCA) is grounded in bottom-up engineering modeling and follows

the ISO 14040/14044 framework. It quantifies emissions by tracing material and energy flows along specific

production processes. In cotton and textile systems, P-LCA is frequently combined with farm production

records, spinning process data, or dyeing energy inventories to estimate stage-level contributions
[28]

. It

provides high-resolution, product-specific emission estimates and can be used in enterprise-level

assessments of cotton cultivation, spinning, dyeing, and garment manufacturing. However, its major

limitation lies in data intensity, because comprehensive process data are often difficult and costly to obtain,

leading to potential truncation errors when upstream or indirect processes are omitted
[29]

.

Input-output LCA is based on economic input-output tables and Leontief inverse matrices, capturing

intersectoral monetary flows across the entire economy. In textile research, IO-LCA typically integrates

sectoral production value, output volume, and energy statistics to estimate embodied emissions at national or

regional scales. As a top-down approach, it captures indirect and economy-wide impacts that are often

overlooked in process studies. This makes IO-LCA particularly suitable for macro-level policy evaluation,

international trade analysis, and scenarios involving complex supply chains
[30]

. Nevertheless, its sector-level
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aggregation results in low granularity and reduced accuracy for product-level studies, limiting its application

to detailed textile process modeling
[31]

.

Hybrid LCA combines the process resolution of P-LCA with the system completeness of IO-LCA. By

embedding process-level data within an economic input-output framework, hybrid approaches reduce

truncation error while preserving analytical detail
[32]

. This approach minimizes the truncation issues of

P-LCA while overcoming the aggregation constraints of IO-LCA, making it well suited for multi-stage,

globally dispersed textile systems. Despite being methodologically complex and computationally demanding,

hybrid LCA offers the most comprehensive framework for capturing both micro-level process emissions and

macro-level spillover effects.

GLOBAL CARBON POLICY AND STANDARD SYSTEM
At past two decades, global many countries and organizations have issued international and national

standards to guide product-level carbon footprint accounting, which provide methodological consistency at

country and region level to support global climate governance
[33]

 [Table 1]. Among international frameworks,

ISO 14067 serves as the most influential standard for quantifying the carbon footprint of products, specifying

system boundary definition, data quality, emission factor selection, and reporting rules (ISO 14067).

Additionally, World Resources Institute and World Business Council for Sustainable Development

developed the GHG Protocol Product Standard offers flexible but detailed guidelines that emphasize

transparency and stakeholder engagement, making it widely adopted by global brands and supply chain

actors
[34]

. The United Kingdom published PAS 2050 provides one of the earliest standardized approaches for

lifecycle GHG quantification, and it remains influential in consumer goods sectors (PAS 2050). Under the

circumstances, the EU CBAM introduces carbon-based trade regulations, requiring exporters to provide

verified, standardized carbon intensity data that aligns with EU methodologies. Although textiles are not

included in CBAM’s initial scope, ongoing discussions indicate likely future expansion to emission-intensive

textile products. In China, the release of the GB/T 24067-2024 Product Carbon Footprint Standard marks an

important step toward establishing a unified national system
[35]

. The standard aligns with ISO principles

while adapting to China’s industrial structure, database conditions, and verification systems, thereby

improving comparability across domestic studies and facilitating international communication. In addition,

sector-specific standards for cotton lint, cotton yarn, and dyed fabrics are being developed or have recently

been released. Across these standards, system boundaries typically follow two dominant scopes:

cradle-to-gate, covering emissions from raw material extraction to product manufacturing, and

cradle-to-grave, which additionally includes product use and end-of-life phases
[36]

. Data requirements vary

but generally emphasize temporal relevance, geographic representativeness, and methodological

transparency. For cotton and textile products, these standards offer clear implications. Harmonized carbon

accounting enables enterprises to meet export compliance requirements, particularly for markets with strict

carbon disclosure obligations. It also supports the development of carbon labeling systems, helping brands

communicate environmental performance to consumers and strengthening supply chain decarbonization

efforts. As global carbon policies tighten, alignment with international standards will become increasingly

essential for the competitiveness and sustainability of cotton-based textile products.

LIFE CYCLE CARBON FOOTPRINT ACCOUNTING FRAMEWORK FOR COTTON AND TEXTILE
PRODUCTS
System boundaries and function unit definition

Defining system boundaries is essential in lifecycle carbon footprint accounting, as it determines the

processes and emission sources included in the assessment. For cotton and textile products, the lifecycle is

typically divided into agricultural production, industrial processing, product use, and end-of-life

management [Figure 2].



Page 6 of 15 Zhang et al. Carbon Footprints 2026, 5, 18

Figure 2. Different carbon footprint system boundaries of cotton and textile products according to study aims and contents. The figure was
created by Microsoft PowerPoint 2019 and did not involve any copyright issues.

Table 1. Carbon policies/standards for cotton textiles that have been published in different regions or sectors

Policy & standard Type
Applicable product
stage

Boundary type Relevance to cotton textiles

EU CBAM Trade policy
Exported textile
products

Cradle-to-gate
Affects disclosure of embodied emissions
in exported yarn/fabrics

ISO 14067 International standard All product forms Cradle-to-gate/grave Methodological basis for CF quantification

GHG Protocol Product
Standard

International guideline Product-level Flexible Widely adopted by multinational brands

PAS 2050 UK standard Consumer goods Cradle-to-grave Early product carbon footprint framework

GB/T 24067 China national standard General product CF Cradle-to-gate Foundational national framework

Cotton lint CF standard
(China)

Sector-specific Lint Agricultural boundary Defines farm-level accounting

Cotton yarn CF standard
(China)

Sector-specific Yarn Gate-to-gate Focus on spinning electricity

Dyed fabric CF standard
(China)

Sector-specific Fabric Gate-to-gate Emphasizes dyeing/finishing emissions

Cotton production

In field cotton production, the most used system boundary is the "cradle-to-gate", the system’s background

emissions are defined as those arising from the manufacture and transportation of crop inputs (e.g.,

fertilizers and pesticides), and foreground emission covers all activities from seed sowing to seed cotton

harvesting, including tillage, fertilizer and pesticide application, irrigation, and other field operations
[37,38]

. To

be specific, foreground emission includes direct and indirect emission, in which direct emission including

soil N
2
O from N fertilization, diesel combustion for machinery, on-farm electricity (e.g., for irrigation

pumps), and on-site fuel use. These are calculated using farm-level activity data (kg N applied, litres diesel,

kWh electricity) combined with process- or country-specific emission factors and empirical models from N

to N
2
O conversion (IPCC default equations or country-calibrated emission factors). Background emissions
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are also known as upstream emissions, which are from production of fertilizers, pesticides, seeds, and

agrochemicals (typically occur at manufacturing facilities outside the farm). These are calculated by

multiplying applied quantities by emission factors (e.g., Ecoinvent, CLCP or national LCI for fertilizer

production). Indirect N losses (volatilization, leaching) are also estimated using IPCC factors and accounted

as indirect emissions where applicable.

However, whether to include soil carbon sequestration depends on the goal and scope of the study as well as

data availability. Some LCA studies incorporate soil organic carbon (SOC) changes to capture net carbon

gains or losses resulting from agricultural practices
[39]

. Yet many standardized protocols treat soil carbon

sequestration as optional, because these agreements or documents often involve large-scale carbon footprint

accounting, monitoring changes in SOC across entire regions or countries is prohibitively costly and

impractical
[40,41]

. It is worth noting that ISO 14067 and PAS 2050 permit inclusion of soil carbon sequestration

only when robust, long-term, and geographically representative data are available. In cotton systems, SOC

changes may be included under specific conditions-such as reduced tillage, residue retention, or organic

amendments-but are often excluded when reliable field data are not accessible. Thus, soil N
2
O emissions are

routinely included, whereas soil carbon sequestration is included only when justified by specific conditions.

Textile processing

This boundary includes cotton ginning, spinning, weaving/knitting, dyeing and finishing, and garment

manufacturing. Energy use (electricity, steam, fuels) and process chemicals are key contributors in this stage,

and inter-factory transportation may be included depending on boundary definitions. In textile processing

stage, foreground emissions measured at the facility (kWh electricity, GJ thermal/steam, m
3
 gas, litres fuel

oil). Process-specific direct emissions (e.g., on-site combustion, wastewater treatment plant emissions) are

included as foreground when measured. Dyeing/finishing process emissions (e.g., chemical decomposition,

on-site wastewater gas emissions) are estimated also according to multiplying applicated quantities by

emission factors. Site meters, fuel invoices and process logs are primary sources for activity data. Background

emissions including upstream manufacture of auxiliary inputs (dyes, auxiliaries, packing materials),

embodied emissions of purchased machinery (often treated as background or capital goods allocation), and

grid electricity mix (if only grid-average data is used). These are modelled using LCI datasets (Ecoinvent,

national LCI or sector datasets) or via IO/MRIO where supply-chain breadth is required. However, many

studies also do not include background emission due to limited data acquisition
[21,27]

.

Consumer use and end-of-life management

The textile uses phase covers washing, drying, ironing, and garment lifetime. Foreground emissions mainly

refer to emissions from garment use and care, which includes laundering frequency, washing temperature,

drying practice, and ironing
[42]

. Background emissions including upstream production of consumer

appliances, municipal waste treatment infrastructure, and average waste management emissions are

modelled via LCI databases. End-of-life processes include reuse, mechanical or chemical recycling,

landfilling, and incineration. For end-of-life, on-site or municipal treatment (recycling, landfill, incineration

with/without energy recovery) may be modelled as foreground when site-specific data for collection and

treatment are available (e.g., company take-back schemes)
[43]

. If recycling, background substitution effects

(i.e., avoided virgin production) are often estimated using displacement factors from databases or literature.

Carbon emissions accounting

The carbon footprint of cotton and textile products is typically quantified using activity-based emission

accounting, which integrates both energy consumption and material consumption within the system

boundary. The general calculation framework follows
[44]

:
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where A represents the activity data - such as electricity use, fertilizer application, fuel consumption, or

chemical inputs, and EF denotes the corresponding emission factor derived from databases. This

dual-accounting approach ensures that both energy-related emissions (e.g., electricity, steam, diesel, natural

gas) and material-related emissions (e.g., fertilizers, pesticides, textile chemicals) are incorporated into the

assessment.

Reported carbon footprints of cotton textile products vary widely, typically ranging from 15 to 50 kg CO
2
-eq

per kg textile, depending on system boundaries, energy structure, and use-phase assumptions
[1,20,26]

. For a

cotton T-shirt, cradle-to-grave carbon footprints are commonly reported in the range of 2~7 kg CO
2
-eq per

item
[21]

. Across the lifecycle, the major emission sources include agricultural inputs, particularly N fertilizers,

pesticides, irrigation energy, and diesel used for field operations. Soil N
2
O emissions linked to N applications

are a mandatory component in dryland carbon accounting. Industrial energy consumption, such as

electricity in spinning and weaving, and steam or thermal energy in dyeing and finishing. These processes

often represent the most emission-intensive stages. Transportation emissions, arising from the movement of

cotton, semi-finished yarn or fabric, and finished garments along geographically dispersed supply chains.

Wastewater treatment, especially during dyeing and finishing, contributes both direct process emissions and

indirect energy-related emissions.

Data and emission factors

Accurate carbon footprint accounting relies heavily on the selection of appropriate emission factors and

high-quality onsite data. Emission factors for cotton and textile product LCAs can originate from multiple

levels, each with varying levels of specificity and reliability. International databases, such as Ecoinvent and

the IPCC emission factor guidelines, offer broad coverage and are widely used for cross-country

assessments
[45]

. National databases, including the CHINA-LCA database or U.S. LCI database, provide

country-specific energy structures and industrial processes, improving geographical relevance. Industry-level

datasets, such as those developed by Cotton Incorporated or sectoral LCI datasets, incorporate

process-specific information relevant to cotton cultivation, spinning, dyeing, and finishing. In some cases,

enterprise-level datasets-based on factory energy use, chemical inventories, or wastewater treatment

records-offer the highest precision but may lack generalizability. Therefore, different databases adopt distinct

assumptions regarding energy structures, industrial technologies, system boundaries, and allocation rules. As

a result, identical activity data (e.g., 1 kg of nitrogen fertilizer, 1 kWh of electricity, or 1 kg of dye) may be

associated with substantially different emission factors across databases
[46,47]

. For instance, the emission factor

for electricity in Ecoinvent typically reflects a European grid mix with a higher share of renewables, whereas

national databases often reflect coal-dominated electricity systems. These discrepancies can lead to variations

of 20%~50% or more in the quantified carbon footprints, even when the foreground process data remain the

same
[48]

. Appropriate selection requires balancing specificity, availability, and comparability depending on

the study’s goals
[49]

. Despite the differences of system boundary and object, the foreground calculations

should use site-specific EFs where possible; background calculations should rely on reputable LCI databases

(e.g., Ecoinvent) or national databases (e.g., CHINA-LCA) to preserve comparability.

What’s more, ensuring data quality is crucial for robust LCA outcomes. Standard LCA guidelines emphasize

three key dimensions of quality control: temporal representativeness (data should reflect the relevant period

and technology update cycle), geographical representativeness (data must match regional energy structures,

climate conditions, and agricultural practices), and technological representativeness (data must correspond

to the specific process configurations and machinery used)
[50]

.

𝐶𝐹𝑎 =
∑

𝑓 𝑜𝑟𝑒𝑔𝑟𝑜𝑢𝑛𝑑𝑖
𝐴𝑖 × 𝐸𝐹𝑖 +

∑
𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑗

𝐴 𝑗 × 𝐸𝐹𝑗 (1)
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Given the inherent variability in agricultural systems and textile production processes, uncertainty analysis is

essential for interpreting results. Monte Carlo simulation is commonly used to evaluate the propagation of

uncertainties by repeatedly sampling probability distributions for activity data and emission factors.

Sensitivity analysis identifies key parameters that most influence model outcomes, helping researchers

prioritize data collection efforts and assess the robustness of conclusions. Together, these methods enhance

credibility, reduce bias, and support evidence-based decision-making in carbon footprint accounting for

cotton and textile products
[51]

.

Despite the availability of multiple international and national databases, current carbon footprint studies of

cotton and textile products still face significant limitations in terms of data quality and regional

representativeness. In particular, there is a lack of high-quality, spatially explicit LCA databases that

accurately reflect agricultural practices, electricity structures, and industrial technologies in different

production regions. Many studies rely on default or foreign datasets that may not adequately capture local

production conditions, thereby introducing systematic bias and limiting cross-study comparability. These

data gaps constitute a major constraint for robust and policy-relevant carbon accounting in the cotton-textile

supply chain.

EMISSION HOTPOTS AND OPPORTUNITIES FOR MITIGATION
Across most studies, the relative contribution of lifecycle stages typically follows the order: textile

manufacturing (40%~60%) > cotton cultivation (20%~40%) > use phase (10%~30%) > end-of-life (< 10%),

although substantial variation exists among regions and product types
[2,27,52]

.

Cotton cultivation

Agriculture production represents a major contributor to the total carbon footprint of cotton and textile

products due to its intensive use of fertilizer, energy, and water resources
[53]

. Within the agricultural stage,

nitrogen fertilizer production and fertilizer-induced soil N
2
O emissions often account for 50%~80% of total

cultivation-related GHG emissions, making nitrogen management the dominant mitigation lever
[11]

.

Pesticide production, although typically contributing a smaller share, adds additional upstream emissions to

the overall footprint. Irrigation energy is another critical factor, especially in water-scarce regions where

groundwater pumping or long-distance water transport requires significant electricity or diesel use
[54]

. Field

operations-such as tillage, sowing, and harvesting-further contribute to emissions through diesel combustion

in agricultural machinery
[39]

. Among these sources, soil N
2
O emissions are particularly important because

they are directly influenced by N fertilization rates, soil moisture, and climatic conditions.

At the same time, there are substantial opportunities for emission reduction through improved agricultural

practices. Field studies have reported that optimized nitrogen management and precision fertilization can

reduce N
2
O emissions by approximately 15%~35%, depending on soil type and climate conditions

[55]
. Drip

irrigation systems in arid cotton-producing regions have also been shown to reduce energy consumption for

pumping while improving nitrogen use efficiency, thereby lowering the overall carbon footprint per unit

yield
[56]

. In some cases, integrated water-fertilizer management has reduced agricultural-stage emissions by

more than 20% compared to conventional broadcasting practices
[1]

 [Figure 3]. The adoption of green manure

and organic soil amendments can partially substitute synthetic fertilizers while improving soil health
[57,58]

.

Additionally, mechanical electrification, including electric tractors and solar-powered irrigation pumps,

offers promising pathways for reducing reliance on diesel fuel and transitioning toward lower-carbon

agricultural systems
[59]

. Collectively, these strategies highlight the substantial mitigation potential within

cotton cultivation and the importance of integrating sustainable farming practices into textile supply chain

decarbonization efforts.
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Figure 3. Opportunities for mitigating carbon emissions across cotton and textile lifecycles for different stages. The figure was created by
Microsoft PowerPoint 2019 and did not involve any copyright issues.

Textile manufacturing

The textile manufacturing includes many industrial processes, cotton ginning, spinning, weaving or knitting,

dyeing and finishing, and garment assembly, each contributing distinctively to the overall carbon footprint of

cotton-based textile products
[60]

. Among these processes, dyeing and finishing are consistently identified as

the most carbon-intensive steps, frequently contributing 30%~50% of total manufacturing-stage emissions,

largely due to thermal energy demand and hot-water use
[16]

. In addition to the thermal energy demand of

dyeing and finishing, the electricity consumption of spinning and weaving/knitting processes represents

another critical source of emissions. These operations are highly electricity-intensive due to continuous

high-speed mechanical motion, air suction systems, and humidity control requirements
[61]

. Reported

electricity use for spinning typically ranges from 2.5~4.5 kWh per kg yarn, while weaving/knitting may

require 0.8~2.5 kWh per kg fabric, depending on machinery type and production efficiency
[62]

. In contrast,

ginning and garment manufacturing tend to generate lower emissions but remain important due to the

cumulative impact of electricity use and material processing. A defining characteristic of this stage is the

reliance on diverse heat sources, including coal-fired boilers, natural gas, fuel oil, or centralized steam

supply
[63]

. Regions with coal-dominated energy structures, such as parts of South Asia and China, exhibit

significantly higher carbon intensities compared to areas where natural gas or renewable energy sources are

prevalent. Consequently, the decarbonization of textile manufacturing is closely linked to broader energy

system transitions.

In recent years, cleaner production measures and energy-saving retrofits have demonstrated substantial

potential for emission reductions. These include waste heat recovery systems, high-efficiency boilers,

low-liquor ratio dyeing machines, variable-frequency drive motors, and digital automation of production

lines
[64]

 [Figure 3]. Energy efficiency retrofits such as high-efficiency motors, variable frequency drives, and

waste heat recovery systems in dyeing processes have been reported to reduce energy consumption by

10%~25%
[65]

. Moreover, replacing coal-based thermal systems with natural gas or renewable electricity can

substantially decrease emission intensity, particularly in regions where grid carbon intensity remains high.
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Electrification of steam generation and adoption of solar thermal systems in dyeing units have demonstrated

measurable reductions in manufacturing-stage emissions. Additionally, water recycling and chemical

optimization in dyeing and finishing not only reduce environmental impacts but also decrease energy

demand through improved process efficiency
[52]

.

Use stage

The consumer use stage represents a significant component of the carbon footprint for cotton-based textile

products, largely driven by consumer behavior related to laundering and garment care. Key emission sources

include washing frequency, water consumption, and the energy required for heating water and operating

washing machines and dryers. In many regions, the electricity used for laundering has a relatively high

carbon intensity, making washing practices a major determinant of use-phase emissions
[42]

. Moreover,

tumble drying substantially increases energy demand compared to air drying, leading to higher associated

emissions. The lifespan of garments also plays an important role. Longer use durations dilute the

environmental burdens associated with production, effectively reducing the carbon footprint per wear
[66]

.

Conversely, fast fashion trends and short usage cycles increase lifecycle emissions by accelerating the

turnover of garments and raising demand for new products. Behavioral factors, such as washing clothes

unnecessarily frequently, using high-temperature settings, or relying heavily on mechanical drying, can

significantly elevate emissions during the use stage.

Consumer awareness and sustainable care practices offer opportunities for emission reduction. Measures

such as lowering washing temperatures, adopting cold-water detergents, reducing wash frequency,

maximizing garment durability, and opting for natural drying can collectively reduce energy demand and

emissions [Figure 3]. Lowering washing temperature from 60 to 30°C can reduce use-phase emissions by

approximately 30%~40%, depending on electricity mix. Extending garment lifespan by one year has also been

estimated to reduce lifecycle carbon footprint per wear by 20% or more
[1]

. Educational campaigns and carbon

labeling systems may further encourage low-impact choices by informing consumers about the

environmental consequences of everyday garment care decisions
[67]

. Overall, the use stage highlights the

importance of consumer behavior in shaping the lifecycle carbon footprint of cotton textile products and

underscores the need for strategies that promote more responsible garment use.

Recycling and disposal

The end-of-life stage of cotton-based textile products plays an increasingly important role in determining

their overall carbon footprint, particularly as circular economy strategies gain prominence. For a long time,

conventional disposal pathways (incineration and landfilling) widespread globally. Incineration generates

direct CO
2
 emissions, while landfilling contributes to long-term environmental pressures and resource loss,

although cotton’s biodegradability mitigates some methane risks compared with synthetic fibers
[5]

.

Nevertheless, both methods result in the permanent removal of materials from productive use, limiting

opportunities for emission reduction.

In contrast, recycling pathways offer substantial potential to reduce lifecycle emissions by displacing virgin

cotton production and extending material utility [Figure 3]. Mechanical recycling of cotton textiles can

reduce emissions by 20%~50% compared to virgin fiber production, although fiber quality degradation

remains a challenge. Chemical recycling technologies, while more energy-intensive, may enable higher

material recovery rates and closed-loop systems, potentially offsetting upstream agricultural emissions when

power by low-carbon energy sources. Despite quality limitations, mechanical recycling significantly reduces

energy consumption and environmental impacts compared with producing new cotton fibers
[68]

. Chemical

recycling including cellulose dissolution or depolymerization technologies, enables the recovery of

high-quality regenerated fibers, such as lyocell-like materials, from post-consumer cotton waste
[6]

. Although
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more energy-intensive and technologically complex than mechanical methods, chemical recycling offers the

advantage of generating fibers with properties comparable to virgin materials and supporting closed-loop

textile-to-textile recycling. Extending garment lifespans through reuse, repair, and second-hand markets

provides another highly effective strategy for reducing lifecycle emissions. Each additional use cycle

distributes the environmental burdens of production across more wears, thereby lowering the per-use carbon

footprint
[69]

. In total, the recycling and disposal stage presents critical opportunities for carbon mitigation.

Transitioning away from linear disposal models toward diversified circular pathways-combining mechanical

recycling, emerging chemical recycling technologies, and garment longevity strategies-can substantially

improve the sustainability performance of cotton textile systems.

CONCLUSIONS AND PERSPECTIVE
This study aimed to systematically review carbon footprint research on cotton and textile products from a

life-cycle perspective and to clarify methodological and boundary-related challenges across the value chain.

The findings highlight those differences in system boundaries, database selection and accounting approaches

substantially influence reported results and shape the identification of emission hotspots. Across the supply

chain, agricultural inputs, energy-intensive processing and use-phase energy consumption emerge as

structurally important contributors, while methodological integration remains fragmented. Advancing

harmonized databases, digitalized carbon accounting and circular design integration will be essential to

support more consistent, transparent and decision-relevant carbon assessments in the cotton and textile

sector.

In the future, several research and industrial priorities can enhance the robustness and practicality of carbon

footprint accounting for cotton and textile products. First, there is a critical need to develop high-quality,

regionally representative LCA databases for both agriculture and textile processing. A global cotton-textile

LCA database, harmonized with ISO 14040/14067 principles, would greatly improve data comparability and

reduce uncertainty across studies. Second, the integration of digital carbon accounting technologies has the

potential to transition carbon footprint from static estimates to real-time, dynamic monitoring systems.

Third, establishing standardized product carbon footprint labeling systems will be essential for

communicating environmental performance to consumers and supporting low-carbon procurement across

global supply chains. Digital carbon labels can facilitate market differentiation while enabling regulatory

compliance in regions with emerging carbon border measures. Finally, accelerating the integration of

circular economy principles and green design in the textile sector will be crucial for advancing toward

zero-carbon and circular textile systems.
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