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Abstract

Cotton is a major crop in India, and its production yields large volumes
of cottonseed as a byproduct with considerable feed and energy
potential; however, allocation bias in conventional attributional life
cycle assessments (LCAs) often leads to systematic undervaluation of
cottonseed. This work evaluates the energy and environmental impacts
of cottonseed valorization in India using a consequential life cycle
assessment (CLCA) with system extension. One ton of seed cotton at
the gin gate and one ton of processed cottonseed were the two functional
units that were considered. Secondary Indian data was used to predict
cotton cultivation, ginning, seed processing, and replacement pathways.
Cottonseed oil for biodiesel production, hulls for biomass-based energy, and
meal for soybean meal's protein equivalent were all assessed. According
to the findings, cottonseed valorization can recover up to 10.5 GJ t* of
renewable energy and reduce the cradle-to-gate global warming potential
of cotton production by 20-35%, allowing for a near or net-positive energy
balance. The results show that cottonseed valorization is a practical
technique to turn cotton into a multipurpose bioresource that will help India's
circular bioeconomy.
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CLCA Consequential Life Cycle Assessment
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GWP Global Warming Potential
HHV Higher Heating Value
LCA Life Cycle Assessment

Introduction

A vital component of Indian agriculture, cotton
sustains millions of farmers, supports the country's
export and textile industries, and makes it the world's
largest producer of the commodity.' Cottonseed is
a significant by-product of cotton farming, with an
annual production of more than 44 million tonnes,
along with lint. Although cottonseed has uses
inedible oil, animal feed, and industrial products
and is rich in oil and high-quality protein, its use
is still restricted, mainly because of the presence
of toxic gossypol and insufficient value- addition
pathways.*” As a result, much of the cottonseed
in India is confined to low-value ruminant feed or
underutilized, representing a missed economic
and environmental opportunity. Cottonseed has
great potential for human nutrition and higher-value
food, feed, and non-food applications thanks to
recent developments in detoxification technologies,
fermentation, and genetic engineering, such as
tissue-specific gossypol reduction and innovative
solvent-based extraction."%¢® From the standpoint
of environmental assessment, traditional attributional
life cycle assessment (ALCA) techniques usually
distribute environmental burdens among co-
products according to mass, energy, or economic
value. This can be arbitrary and deceptive for
by-products like cottonseed that have high latent
utility but currently have low market value.®>"
These allocation-based methods may consistently
undervalue underutilized co-products and frequently
miss larger system consequences. By modeling
how changes in cottonseed utilization affect
overall production systems, substitute products,
and downstream markets, consequential life cycle
assessment (CLCA) with system expansion, on the
other hand, offers a more robust and policy-relevant
framework. This prevents arbitrary allocation and
captures actual environmental consequences.*'2
Thus, employing CLCA with system expansion
is especially suitable for evaluating cottonseed
valorization in India, as it facilitates a more thorough
assessment of both the environmental trade-offs and
the sustainability prospects linked to the improved
use of this presently under- utilized by-product.

Objectives of the Study

+ To assess the consequential environmental
and energy impacts of cottonseed as a
by- product of cotton fibre production in
India using system expansion.

+ Toanalyse the sensitivity of results to processing
and energy scenarios.

»  To evaluate the policy relevance of cottonseed
valorisation in India.

This study represents one of the first India-focused
consequential LCAs to quantify cottonseed valor-
isation across energy, feed, and biomass substitution
pathways using aunified system-expansion framework.

Materials and Methods

Goal and Scope of the Study

Goal of the Assessment

The goal of this study is to use a consequential life
cycle assessment (LCA) approach to assess the
energy and environmental effects of cottonseed
valorization as a by-product of cotton fiber production
in India. The evaluation seeks to evaluate the effects
of alternate applications of cottonseed, such as the
production of biodiesel, the replacement of livestock
feed, and the recovery of biomass energy, on the
system's total greenhouse gas emissions and energy
balance. Rather than average historical production
impacts, the research focuses on the marginal
effects of increased cottonseed utilization.

Scope

Using a consequential life cycle assessment
(CLCA) approach with system expansion, this study
assesses the energy and environmental effects of
cottonseed valorization as a by-product of cotton
fiber production in India. The scope includes the
production and ginning of cotton, the processing of
cottonseed, and downstream substitution pathways
for biomass energy, livestock feed, and biofuel.
The study offers system-level insights pertinent to
sustainable agriculture, bioenergy development, and
circular bioeconomy policy by measuring avoided
emissions and energy offsets.
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Decision-Oriented (Policy Relevance)

The goal of this study is to assist strategic planning
and policy pertaining to biocircularity activities in India.
The analysis concentrates on the system-level effects
of increased use of cottonseed by- products rather
than evaluating the environmental impact of a single
production unit. Therefore, sustainability frameworks
that take into account mandates for renewable fuels,
low-carbon feed systems, and agricultural residue
valorization techniques can benefit from the findings.

Consequential LCA

Cottonseed is a byproduct of the manufacturing
of cotton fiber and its use directly affects external
systems including the use of fossil fuels, the availa-
bility of livestock feed, and the need for biomass
energy, a consequential life cycle assessment (LCA)
methodology was used. Traditional allocation-based
or attributional LCAs divide environmental costs
between lint and seed, but they fail to account for the
consequences that by-product substitution avoids.
Conversely, consequential life cycle assessment
(LCA) employing system expansion enables the
modeling of displaced goods such coal or firewood,
fossil diesel, and soybean meal, so offering a more
accurate depiction of the environmental effects of
decisions pertaining to the use of cottonseed. This
method is in line with accepted best practices for
evaluating bioenergy and by-product systems, and
it is especially appropriate for policy analysis.

Functional Unit
There are two functional units in use. While FU2
(1 t (1000 kg) cottonseed processed) records

downstream valorization and substitution impacts,
FU1 (1 t seed-cotton at gin gate) connects the stages
of agriculture and ginning. A seed fraction of 0.62 is
the basis for conversion between FUs.

System Boundary

The system boundary for the consequential life cycle
assessment (CLCA) of cottonseed, a byproduct of
the manufacture of cotton fiber in India, is shown in
Figure 1. Cotton cultivation and ginning, cottonseed
processing, and offset product systems are the three
interrelated subsystems that make up the framework.
System expansion is used to account for displaced
products, such as coal or firewood, fossil diesel,
and soybean meal, while material, energy, and
emission flows are tracked from agriculture to seed
processing within a cradle-to-gate boundary. Under
a consequential LCA framework, this representation
makes it possible to quantify the net energy recovery
and greenhouse gas offset impacts resulting from
cottonseed valorization.

The framework covers downstream displacement
systems, cottonseed processing, and cotton farming
and ginning. System expansion allows for the
assessment of net energy recovery and greenhouse
gas offset effects by accounting for avoided
products such as coal or LPG, fossil diesel, and
soybean meal. Because of their negligible impact on
comparable system outcomes, capital infrastructure,
farm machinery manufacturing, and post-consumer
end-of-life stages were left out.

System Boundary Displacement Systems Outputs
' GHG Emissions

Oil Extraction ——s
L — s
' —— —*m

; } Hull Utlization _._.m
R Cottonsecd | :»

(o!tcn Farmms Cotton Fibre

) #rocesses within study Boundary

!\el Energy

e |

- Displaced Products Outside Study Boundary

Fig. 1: System boundary and process flow for the consequential life cycle assessment
(CLCA) of cottonseed valorisation in India.
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Life Cycle Inventory (LCI)

The whole life cycle inventory was created utilizing
secondary data from reputable studies, peer-
reviewed journal articles, and reputable sources of
emission factors related to cottonseed processing,
ginning, and farming. Tables 1 and 2 display the
study's LCI data. In keeping with consequential
LCA's decision-oriented approach, data were chosen
to reflect average production circumstances typical
of cotton-growing regions in India. To guarantee
representativeness, mid-range or frequently
quoted values were used when several values
were published in the literature. Since all flows that
significantly contributed to energy and GHG balances
were kept, no cut-off criteria were used. The use of
secondary data is consistent with national-scale
consequential LCA practice, where the objective is
to represent marginal and average system behaviour
rather than site-specific performance.

Inventory for Cultivation And Ginning

Since the study uses a consequential LCA approach,
no allocation of cultivation and ginning burdens was
used at this point. In downstream stages, cottonseed

is handled as a co-product whose environmental
significance is captured through system extension
and substitution.

Inventory for Cottonseed Processing

Solvent extraction was only assessed as a sensitivity
scenario; expeller pressing was selected as the
baseline processing method because it is the most
popular technique in small and medium-sized
cottonseed processing plants in India.

Key Assumptions and Emission Factors
Results

Emission factors for diesel, electricity, and solid
fuels were obtained from published Indian and
international sources and represent average values
suitable for national-scale analysis. Substitution
efficiencies for biodiesel, livestock feed, and biomass
energy were selected conservatively based on
reported ranges in the literature. To address
uncertainty, key assumptions related to energy
conversion efficiency, electricity mix, and substitution
effectiveness were evaluated through sensitivity
analysis.

Table 1: Cotton Cultivation and Ginning Inventory (per FU1: 1 t (1,000 kg) seed-cotton at gin gate)

Process
stage

Input / operation

Amount
per FU

Unit Literature substantiation

Land
preparation
& sowing

Diesel for tillage 16.5

Labour for tillage 12.5

Seed (Bt / 4
non-Bt hybrid)

L Tillage is among the most fuel-
intensive field operations;
conventional cotton systems
typically report 35-80 L ha™'
depending on number of
passes and machinery,
making 16.5 L per FU
plausible when FU <1 ha.’>¢
Human labour commonly
accounted as 1.96 MJ h*
in agricultural energy LCAs
for row crops, consistent with
this magnitude.'®5
kg Certified cotton hybrid seed
rates under conventional
densities (non-HDPS)
are typically a few kg ha™'
across India and Africa. %!

man-h



Fertilization
& organic
amendments

Irrigation &
energy

Pesticides
& residues

Harvest,
ginning &
transport

Nitrogen (N)

Phosphorus
(P20s)

Potassium (Kz0)

Farmyard
manure (FYM)

Irrigation water

Diesel for

pumping

Electricity for
pumping

Pesticides
(active
ingredient)

Cotton stalk
residue

Harvest labour

Ginning elect-
-ricity

Seed transport

Transport
emissions

55

225

27.5

6.25

2,000

50

50

0.175

1.25

80

25

62

6.2

kg

kg

kg

m3

kWh

kg a.i.

man-h

kWh

t-km

kg CO:
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N application rates of 50—

100 kg ha* are common

in conventional cotton LCAS;
fertilizers are dominant energy
and emission hotspots.?2-2
Typical P2Os rates reported in
cotton and energy-crop

LCAS 22,23,19

Within literature-reported K-O
application ranges for cotton-?223
FYM rates of.5-10 Mg ha-'
combined with mineral fertilizers
are common,improving soil
properties and yields in arid

and semi-arid cotton systems 224
Seasonal cotton waterrequirements
range 4,000-10,000 m? ha*; this
value reflects partial, deficit,

or efficient irrigation per FU.2528
Pumping energy (diesel or
electricity)

is a recognized hotspot in
irrigated cotton LCAs-'4.25:26
Mixed diesel—electric pumping
reflects typical irrigation practice in
many cotton-growing regions. 27-28
Bt cotton substantially reduces
bollworm insecticides; remaining
applications for sucking pests and
fungicides often total a few hundred
grams a.i. ha-'.17.2831

Cotton leaves significant stalk
biomass; residue handling (burning,
removal, composting) is a key LCA
parameter.28.1424

Manual picking in smallholder cotton
systems is highly labour intensive,
often exceeding tens of hours per
FU.17,23,29

Electricity use for lint-seed
separation is routinely included in
cotton LCAs and is moderate per
FU.25,14

Transport distance and mass yield
a CO: intensity consistent with
standard agricultural freight
factors.?1

Based on 0.1 kg CO2 t-* km-,

a common emission factor in
agri-LCAs.25,14
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Outputs Cotton lint 330
(co-products)
Cotton seed 620
Trash / waste 50

189

kg Lint output consistent with reported
yields and lint—seed ratios used in
multi-output LCA allocation.?523.26

kg Seed output aligned with gin
recovery ratios reported in
literature.2432

kg Represents gin trash and impurities
removed during processing.?2

Values are normalized to 1 t seed-cotton assuming
a field yield of 2.0 t ha™'. Seed-cotton composition is
lint 0.331(33 %), seed 0.62 t (62 %), and trash 0.05
t (5 %) per tonne of harvested seed-cotton. These

fractions link the cultivation and ginning stages to
subsequent seed-processing and offset systems in
the consequential LCA boundary.

Table 2: Typical Inputs, Outputs, and Energy Use in Cottonseed Oil Processing

Process Flow Amount  Unit Function / Literature
stage type pert notes substantiation
| parameter (1,000
kg) cotton-
-seed
Cleaning Activity 1 t seed Removal of Described as first step in
and scree- proces- dust, stones, cottonseed post harvest and
-ning -sed and foreign oil extraction (cleaning before
matter prior to delinting, hull removal, oil
delinting and extraction).33 34
decortication
Delinting Activity - - Mechanical Cottonseed process includes
and decor- separation of cleaning, delinting, hull removal,
-tication residual lint kernel flaking, oil extraction, and
and hulls to meal formation.33:34
improve oil
recovery and
meal quality
Electricity Input 80 kWh t-* Drives for Cardoon pilot plant shows
consu- (energy) delinter, 0.36 MJ kg-' seed (=0.10
mption decorticator, kWh kg-') mechanical oilseed
expeller press, range, supporting this
conveyors, magnitude-®
pumps, and
filtration units
Thermal Input 120 MJ t-! Seed cooking Frying/cooking is among the
energy (energy) and condition- most energy intensive cotton
(steam) -ing prior to seed operations (Turdiboyev &
mechanical Akbarov, 2020); roasting

pressing to temperature 100-105 °C in



Process
water
(resource)

Filter aid /
bleaching
earth

Potential
energy
efficiency
improvement

Losses
(moisture,
fines)

Crude cotton

seed oil

Oil cake /
meal

Hulls /
shells
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Input 0.5

Input 1
(material)

Process -
optimization

Output 70
(residual)

Output 160
(product)

Output 450
(co-product)

Output 320
(by-product)

improve oil
yield

Washing,
cooling, and
heat exchange;
largely
recycled in
continuous
systems

Consumed
during crude

oil filtration

and clarification

Advanced
techniques,
(e.g. ,electro-
pulse or
enzyme-
assisted
extraction)
can reduce
energy
demanded
by 15-20%

Dust, volatiles,

and uncollected
material during

processing

Primary product;
corresponds to
=16-17% oil
content of
cottonseed

Protein-rich
livestock feed;
major nitrogen
carrier in
allocation

Used as
biomass fuel,
animal roughage,
or raw material

in composites

conventional lines.*®

Typical for oilseed plants with
cooling and heat exchange;
water use and recycling
discussed in industrial TEA
and process analyses.%:37

Cottonseed oil bleaching with
1-2.5% local adsorbents
(palygorskite, bentonite)
reported for refining.®

Electric pulse treatment
increases oil yield by 4.5-6%
and allows roasting temperature
to 70-75 °C, cutting energy use
and operating costs per t oil by
25-30%.%°4

enzyme assisted and aqueous
enzymatic extraction highlighted
as lower energy, greener altern-
atives to conventional
pressing/hexane.**4

Mass loss <1% of seed mass in
a prototype seed oil plant; rest
appears as residues and slurry.®

Cottonseed oil content typically
20-30% on dry basis; industrial
chain yields 17% in mechanical
systems343°

Meal is main co product and
key revenue driver in oilseed
TEA,; high protein feed use
emphasized-3440

Hulls described as major by
product used for feed, fuel,
and materials.?*%"
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Optional Output 1-3 kg t-!
recovered (secondary)
linters

Short fibers
recovered

during delinting;
used in cellulose

products

191

Delinting produces short lint
fiber streams from cottonseed;

secondary fiber uses covered in
cottonseed reviews.?*

Functional Unit FU2 = 1 t cottonseed entering the
processing plant; expeller pressing is the base
case. Yields reflect typical Indian mill conditions (olil
16%, meal 45%, hulls 32%, losses 7% by mass).
Electricity and thermal energy include pressing, seed

conditioning/cooking, filtration, and routine handling.
Solvent route (alternative scenario, not shown in
table): makeup hexane = 2 kg t" seed, electricity =
90 kWh t*, thermal = 900 MJ t; higher oil recovery
(=18-19%) with reduced residual oil in meal.

Table 3: Offset Credits from Cottonseed By-Products under System Expansion (per FU2: 1 t (per
1,000 kg) cottonseed processed)

By- Substitution Effective Energy Emission Basis/ Literature
Product/ Pathway/ Output Equiv. Credit Assumptions substantiation
Co- Displaced (avoided
Product Product CO:z-eq)
Oil cake/  Soybean 450 kg - 400 kg Equivalent Cottonseed cake
meal meal (45% CO2-eq feed value; can replace soybean
protein) no additional meal up to 100%
displace- processing in diets of goat kids
ment energy and lambs without
assumed loss of performance
or digestibility,
supporting 1:1
protein-equivalent
substitution.46-48
Hulls / Biomass 320 kg 51GJ 310 kg Industrial Cotton residues (stalks,
shells combu- hulls @ gross CO2-eq heat. 80% hulls, etc.) are suitable
stion HHV 16 (4.1 GJ (=4.1GJ  boiler solid biofuel feedstocks,
replaces MJ/kg useful (80 x 75 kg/ efficiency. proposed to replace
fossil % n)) GJ) Assumed fossil energy and
diesel negligible mitigate GHG
for heat CH2/N20 emissions. %!
slip. Biogenic
CO: treated
as climate-
neutral.
Linters Substit- 2 kg - 3 kg Low-mass Cotton linters and
(optional)  utionfor CO2-eq fraction other cotton by
cellulose (<0.3%) products are viable
pulp in negligible dissolving pulp /
paper/ energy impact cellulose sources

textiles

for films, acetates
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Cotton Replaces 160 kg 5.44 GJ
seed mineral oil yields  (144x37.8
oil-based diesel in 144 kg MJ/kg)
biodiesel  farm oper- biodiesel

con- ations (@ 37.8

version MJ kg-")

Total — — 10.5GJ
offset

credit

(upper-

bound

potential)

192

and composites,

so linters can
substitute small
amounts of
conventional pulp.52-5¢

408 kg 90% Cottonseed oil
CO2-eq conversion biodiesel can meet
(=5.44 yield; or exceed on farm
GJ x 75 diesel diesel demand;
kg/GJ) EF =2.68kg 7900 t biodiesel
CO: L- 304 million MJ

vs. 145 million

MJ diesel use,

fully covering

sectoral needs.57-%
1120 to Aggregated Synthesized from feed-
1200 kg across substitution, biomass
CO2-eq co-products -fuel and
avoided under system  biodiesel

expansion potentials above

System Expansion follows consequential LCA logic.
Each by-product displaces an equivalent external
product (e.g., fossil diesel or soy meal). Emission
factors: diesel = 75 kg CO, GJ; grid electricity = 0.7 kg
CO, kWh™ (FAO, 2022). Energy credit basis:
heating value of hulls = 16 MJ kg™ (dry basis);
biodiesel = 37.8 MJ kg™. Total offset credit (upper-
bound potential) represents the maximum technical
mitigation potential achievable through alternative
cottonseed co-product valorization pathways. The
reported offset is derived under a consequential
system-expansion framework, where individual
substitution routes (feed, industrial heat, and
biodiesel) are conditional on market uptake
and operational feasibility and may be mutually
exclusive. Accordingly, the total offset should be
interpreted as an upper-bound potential rather
than a simultaneously realized net credit, unless
concurrent implementation of all pathways can be
explicitly demonstrated.

Discussion

The life-cycle inventory framework and the corres-
ponding consequential offset potential for cotton
cultivation, ginning, and cottonseed valorization

are detailed in Tables 1-3. Table 1 presents the
foreground inventory for cotton cultivation and
ginning, normalized to FU1: 1 t (1,000 kg) of seed-
cotton at the gin gate, capturing primary material and
energy inputs up to seed separation. Table 2 details
the typical inputs, outputs, and energy use involved
in cottonseed oil processing, providing the process-
level basis for downstream co-product generation.
Building on these inventories, Table 3 quantifies the
potential offset credits from cottonseed by-products
under a system-expansion framework, expressed
per FU2: 1 t (1,000 kg) of cottonseed processed.
Together, these tables enable a consistent
interpretation of both the direct burdens and the
upper-bound mitigation potential achievable through
alternative valorization pathways for cottonseed
co-products, forming the basis for the discussion
of substitution effects, conditional offsets, and their
implications for consequential life-cycle assessment.

Fibre Production

As a by-product of the manufacturing of cotton fiber,
cottonseed's life cycle is a tightly linked bioresource
system that includes four interrelated stages:
cultivation, ginning, seed processing, and downstream
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valorization pathways. Land preparation, seeding,
fertilizer and pesticide treatment, irrigation, and
harvesting are all part of cotton farming. Through
improved carbohydrate metabolism in developing
embryos, which results in greater oil and protein
content, integrated agronomic techniques including
enhanced nitrogen management and high- yielding
cultivars increase both lint and seed productivity.5'62
The major product, lint, and the co-product,
cottonseed, are separated during the ginning
process, which acts as a central interface between
the fiber and bioresource chains. The fiber quality
and physical integrity of the seed are influenced by
the ginning technology and operating conditions,
which in turn decide whether the seed is suitable
for oil extraction, feed, or replanting.t*% Cleaning,
delinting, decortication, oil extraction, and meal
formation are all part of post-harvest management
and seed processing after ginning. Proper drying
and storage are crucial for seed quality; technologies
such zeolite bead drying and hermetic storage
have been demonstrated to maintain viability and
avoid rancidity or microbial degradation.®¢%° The
cottonseed derivatives oil, meal, and hulls are
converted into energy, feed, or industrial inputs via
offset and valorization pathways in the downstream
subsystem. Meal can replace soymeal in animal
feed, hulls can be used as solid biofuel in thermal
systems, and cottonseed oil can be refined for
consumption or turned into biodiesel.”*"3

These routes are modeled utilizing system extension
in the consequential LCA framework to include
avoided burdens like the replacement of coal or
firewood, the substitution of protein meals, and the
displacement of fossil fuels. The entire range of
economic and environmental connections between
the cotton fiber and seed subsystems are captured
by this method. These connections between the
three main stages that include cotton cultivation
and ginning, seed processing and refining, and
downstream offset systems are depicted in the flow
diagram (Figure 1). A closed-loop representation of
energy recovery and carbon offset potential within
the Indian cotton sector is created by tracing inputs
(diesel, fertilizers, electricity, water) and outputs (lint,
seed, oil, cake, hulls, emissions) across the cradle-
to-gate boundary and connecting by-products to
avoided systems through consequential extensions.

Cottonseed Recovery and Processing

The cottonseed recovery and processing subsystem,
which uses mechanical and thermal processes
to transform a secondary output into useful co-
products, is an essential part of the full life cycle of
cotton fiber manufacturing. Delinting and decorti-
cation, which remove leftover lint and hulls to prepare
seeds for oil extraction, are important procedures.’7®
Expeller pressing, solvent extraction, ultrasound-
assisted, or supercritical CO2 procedures are
used to extract oil; each has a different extraction
efficiency, oil yield, and environmental profile. It has
been demonstrated that using ultrasound-assisted
methods and green solvents can improve oil yield
and quality while lowering energy consumption
and solvent residue.”®7® The oil's oxidative stability
and safety for edible or industrial applications are
enhanced by subsequent filtration and refining
processes that eliminate contaminants, gossypol,
and free fatty acids.8%-#2

Cottonseed oil, oil cake (meal), and hulls/shells are
the system's three main byproducts, each of which
has unique advantages for the environment and the
economy. When used in the production of biodiesel,
cottonseed oil has relatively lower climate impacts
than other vegetable oils, according to life cycle
studies.?®8 Cottonseed oil is used as an edible oil,
biofuel feedstock, and industrial input. Although its
gossypol and aflatoxin levels need to be carefully
regulated to maintain food-chain safety, oil cake
offers a high-protein livestock feed that replaces
soymeal and lessens the environmental impact
of conventional feed crops.®% The lignocellulosic
fraction of cottonseed hulls and shells is utilized as
biomass for energy production, soil amendments,
or feedstock for pyrolysis and bio-oil production,
supporting the goals of the circular bioeconomy
and renewable energy.t%° By replacing fossil
fuels, synthetic fertilizers, and feed proteins,
these co-products collectively offer several energy
and carbon offset options, extending the system
boundaries and lowering the net greenhouse
gas burden in a consequential LCA framework.
Cottonseed can change from a conventional by-
product to a multipurpose bioresource by integrating
innovative extraction methods and valorization
pathways, which is in line with sustainable production
objectives. While combining co-product usage with
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avoided-burden modeling offers a comprehensive
assessment of environmental performance across
the food, feed, and energy sectors, mechanical and
solvent system optimization increases economic
value and process efficiency.

System Expansion and Substitution

The environmental advantages of cottonseed
by-product valorization can be more accurately
quantified by incorporating system expansion
and substitution into a consequential life cycle
assessment (LCA) framework. This method captures
the avoided burdens and resource savings resulting
from their alternative usage in energy, feed, and
industrial systems by giving by- products credit for
replacing traditional fossil- or crop-based products.
Cottonseed oil is the most adaptable offset pathway
among them. It can be transesterified into biodiesel
or refined for edible usage, providing a nearly
total replacement for fossil diesel in industrial and
agricultural processes. Research indicates the
potential for energy self-sufficiency and net green-
house gas (GHG) reduction within the industry,
as the annual output of cottonseed biodiesel can
surpass the fuel energy need of cotton agriculture
itself-°"% When utilized as an edible oil, it can take
the place of vegetable oils with comparable calorific
value, such soybean or palm oil, reducing the
environmental impact of the land and input intensities
of those crops.%*%

The cottonseed cake fraction serves as a high-
protein livestock feed that can replace soybean meal,
which is frequently associated with high-emission
supply chains and deforestation in tropical areas.
Cottonseed cake can completely replace soymeal
in the diets of goats, cattle, and ruminants without
negatively affecting digestibility, nitrogen balance,
or growth performance, according to experimental
feeding studies.®®®® As a result, this substitution
promotes regional feed autonomy while lowering
the total carbon footprint associated with feed.
In the meantime, the lignocellulosic residue from
processing cottonseed hulls and shells is used as
a feedstock for renewable bioenergy. According to
Cui et al., Ozbay et al., and Ozbay et al.,**"" they
can be used in place of coal or firewood in industrial
boilers to provide thermal energy while minimizing
the use of fossil fuels and the strain on unsustainably
harvested wood resources.

The consequential LCA paradigm goes beyond
the traditional cotton production limit by including
avoided GHG emissions, fossil energy displacement,
and land-use savings through the adoption of
various offset mechanisms. Every substitution
scenario like biodiesel for diesel, cake for soymeal,
and hulls for solid fuels adds a quantifiable carbon
and energy credit to the cotton system. This
comprehensive accounting shows that cottonseed
valorization not only improves economic circularity
but also turns the crop into a net contributor to
low-carbon development and renewable energy.
In rising economies like India, where agricultural
residues and by-products have substantial potential
for decarbonization and resource efficiency, the
application of system expansion thus offers a more
realistic and policy-relevant portrayal of cotton's
sustainability performance. Instead of mass-based
replacement, protein-equivalent substitution is
assumed, in line with feed LCA practice.

Inputs, Outputs, and Energy Use in Cottonseed
Oil Processing

For the expeller pressing route, which is a common
small- to medium-scale industrial practice, the life
cycle inventory for cottonseed processing was
created. Before oil is extracted, the procedure
involves cleaning and screening, then delinting and
decortication to get rid of any remaining lint and
hulls. With the exception of electricity needed to
run the machinery, these processes mostly entail
mechanical handling and separation with no direct
material consumption.'21% |t was estimated that
the processing line's expeller presses, conveyors,
pumps, and filtration units would consume 80 kWh
t of electricity for cottonseed, and that the cooking
and conditioning of the seed before pressing would
require 120 MJ t* of thermal energy. The amount of
water used in the process was estimated to be 0.5 m?
t* cottonseed, mostly for cooling, washing, and heat
exchange. This water is usually recycled inside the
facility. For oil clarification, a little material input of 1 kg
t* bleaching earth or filter assistance was added. 0410

The primary product of the expeller process is crude
cottonseed oil (=160 kg t*), which is followed by oil
cake or meal (=450 kg t'), which is used as a protein-
rich livestock feed, and hulls or shells (=320 kg t),
which can be used for biomass energy or material
uses. While a limited number of recovered linters
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(1-3-kilogram t*) may be collected during delinting,
residual losses from moisture evaporation, fines, and
handling were estimated to be approximately 70 kg
t1.106-108 The scenario analysis, as opposed to the
base inventory, took into consideration qualitative
improvements in processing energy efficiency, such
as electropulse-assisted extraction, which have
been reported to reduce energy demand by about
15_200&_107,109, 110

The significant energy and carbon offset potential
of cottonseed by-products within the Indian cotton
production system is highlighted by the system
expansion analysis. With about 5.4 GJ of renewable
energy and 408 kg CO2-eq averted per tonne of
processed cottonseed, the conversion of cottonseed
oil to biodiesel offers the biggest environmental credit
among the substitution paths. This shows that the
cotton system can move toward net energy positivity
if the energy recovered from oil surpasses the fossil
energy used during cultivation and processing.
When utilized as a culinary oil, cottonseed oil offers
further co-benefits by displacing vegetable oils that
require a lot of land and resources, such soybean
or palm oil, which lowers the demand for fertilizer
and deforestation in rival systems.

A minor but important credit of about 382 kg
soymeal-equivalent per tonne of cottonseed is
provided by the cottonseed meal pathway. By using
this protein substitute, the emissions and land use
related to soybean farming which is known to have a
significant risk of deforestation in tropical areas are
avoided. As a result, meal usage improves feed
self-sufficiency and nutritional circularity in India's
cattle industry.

The potential of leftover biomass as a renewable
energy carrier is demonstrated by the hulls and
shells approach, which produces an additional 144
kg coal displacement, or approximately 346 kg CO2
averted. Hulls provide a low-carbon substitute for
fossil solid fuels when burned in industrial boilers or
co-fired with coal, supporting India's objectives for
waste valorization and biomass energy.

A minor but important credit of about 382 kg soymeal
-equivalent per tonne of cottonseed is provided by
the cottonseed meal pathway. By using this protein
substitute, the emissions and land use related to
soybean farming which is known to have a significant

risk of deforestation in tropical areas—are avoided.
As aresult, meal usage improves feed self-sufficiency
and nutritional circularity in India's cattle industry.

The potential of leftover biomass as a renewable
energy carrier is demonstrated by the hulls and
shells approach, which produces an additional 144
kg coal displacement, or approximately 346 kg CO2
averted. Hulls provide a low-carbon substitute for
fossil solid fuels when burned in industrial boilers or
co-fired with coal, supporting India's objectives for
waste valorization and biomass energy.

Energy and Carbon Offset Assessment

The extent to which cottonseed by-products lessen
the overall environmental burden of cotton production
is measured by the integration of system expansion in
this consequential LCA. As Table 3 summarizes, the
primary offset pathway originates from cottonseed-
oil biodiesel, which yields approximately 5.4 GJ t*
cottonseed and avoids approximately 408 kg CO,-eq
by replacing fossil diesel used in agricultural and
industrial operations. The cotton system can become
a net positive energy contributor by using this one
replacement to offset a significant portion of the
upstream energy used during growing and ginning.
Cottonseed oil extends the advantages beyond the
farm gate to global food-energy systems when it is
redirected to edible- oil markets, further displacing
vegetable oils that require a lot of land and fertilizer,
like palm or soybean. By replacing feed proteins, the
cottonseed-meal substitution method adds value.
For every tonne of seed processed, about 382 kg
of soymeal-equivalent protein are offset, reducing
the expansion of soybeans linked to deforestation
and the resulting emissions of nitrous oxide. By
combining the production of fiber and feed into a
single agricultural footprint, this strengthens cotton's
position in India's circular bioeconomy. The use of
hulls and shells as solid biofuels is a third offset
channel; for each tonne of cottonseed processed,
144 kilograms of coal (about 346 kg CO2) are
avoided. Hulls provide a renewable thermal energy
alternative that concurrently diverts lignocellulosic
leftovers from waste streams when used in industrial
boilers or co-firing systems.

Combining these offset contributions reveals that,
depending on the allocation strategy and local
energy mix, cottonseed valorization can lower
cotton's cradle-to-gate global-warming potential
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(GWP) by 20-35%. These findings establish
cotton as an integrated bio-resource platform that
supports India's goals for low-carbon agriculture and
renewable energy, rather than just a fiber crop. These
sustainability gains could be amplified at scale by
policy incentives that recognize by-product credits,
such as the inclusion of biodiesel in renewable fuel
mandates and the certification of cottonseed cake
under low-carbon feed programs. These decreases
are not absolute reductions in the footprint of lint
production, but rather net system-level effects.

Scenario and Sensitivity Analysis

Numerous scenario and sensitivity assessments
including process technology, regional energy
mixes, and allocation strategies were carried out
in order to evaluate the robustness of the findings.
For the cottonseed processing subsystem, two
representative scenarios were modeled: a solvent-
extraction route, a hybrid pre-press + solvent
configuration frequently found in large Indian mills,
and the baseline expeller route. The ranking of the
valorization paths did not vary in any of the scenarios,
demonstrating the conclusions' structural robustness.

Technology Scenarios

The baseline expeller instance produced 16%
oil, 45% meal, and 32% hulls with an average
processing energy consumption of 200 MJ t* seed
(80 kWh electricity + 120 MJ steam). The solvent
approach achieved higher oil recovery (18—19%)
and slightly reduced residual oil in meal (from 7%
to 1-2%), even though it required over 1000 MJ t*
of heat energy and a solvent composition of 2 kg
t'. When used on India's fossil-dominated thermal
grid, this approach increased oil output by around
12%, but the additional fuel and solvent energy
neutralized much of the GHG benefit, resulting in a
net 3-5% higher carbon intensity. Solvent extraction
outperformed the expeller system in terms of
emissions and energy efficiency only in situations
including waste-steam integration or renewable
process heat. In accordance with scenario- based
consequential LCA approach, these technology
scenarios were assessed by altering important
foreground parameters (energy demand, oil
recovery, and residual oil content) based on reported
literature ranges while keeping the same upstream
system boundary. Cottonseed's importance as a
strategic bioresource rather than a secondary by-

product is reinforced by the fact that cottonseed
valorization can offset up to one-third of the cradle-
to-gate GHG emissions of cotton production.

Allocation and Substitution Sensitivity

Other coproduct allocation techniques were also
examined. Due to the lower market value of
cottonseed compared to lint, only 38% of cultivation
and ginning burdens were allocated to seed under
economic allocation, compared to 62% under
mass allocation. Nonetheless, system growth with
replacement consistently produced the lowest net
GWP, confirming its suitability for consequential
modeling. Without affecting the overall ranking of
paths, variations of + 20% in replacement efficiency
(for biodiesel and soymeal) changed total offsets
by + 10%.

A systematic parameter-variation technique was
used for the scenario and sensitivity studies instead
of plant-specific re-modeling. To evaluate the robust-
ness of the results, important energy, yield, and
substitution parameters were changed within ranges
published in the literature. This method enables for
the reliable comparison of various routes without
over- specifying ambiguous foreground systems,
and it is consistent with consequential LCA practice
when primary data are missing.

According to the analysis, the most operationally
viable and sustainable approach for India's cotton-
seed business, especially for small and medium-
sized processors, is expeller pressing with energy
recovery from hulls. The cottonseed subsystem
may be able to achieve net-zero or energy-positive
operation under ideal circumstances if regional
power decarbonization and the use of renewable or
waste-derived steam systems are further improved.
In accordance with consequential LCA principles,
allocation results are only provided for comparison,
and policy interpretation is solely predicated on
system-expansion outcomes.

National-Average Life Cycle Assessment
Summary and Policy Implications

An indicative national-average consequential LCA
profile for cottonseed, a byproduct of India's cotton
fiber production system, is produced by combining
the findings from the previous sections. Cotton
production is expected to need around 7.8 GJ ha' of
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energy input and emit about 2.0 t CO,-eq ha™* under
current input regimes, based on an average field
output of 2.0 t seed-cotton ha'. More than half of all
energy use and greenhouse gas (GHG) emissions
come from the production and use of fertilizer,
especially nitrogen inputs; irrigation energy and fuel
for plowing are secondary sources. Although ginning
adds only a little amount of energy (25 kWh t* seed-
cotton), it is nonetheless a crucial link between the
systems of fiber and cottonseed products.

Cradle-to-gate emissions are significantly decreased
when cottonseed by-product valorization is integrated
through system expansion. The net GHG footprint
is reduced by 20-35% when biodiesel, soymeal,
and hull-based energy substitution are taken into
account. This results in an average carbon credit of
roughly 0.25-0.30 t CO,-eq t" seed-cotton. In terms
of energy, the integrated cotton system can approach
energy neutrality or, under ideal circumstances,
achieve a modest net-positive balance thanks to
the combined offset potential of roughly 5.4 GJ t*
cottonseed processed (from oil, meal, and hulls).

Cottonseed co-products are estimated to offer a
bioenergy potential of about 0.25 EJ yr' at the
national level, which is equivalent to about 5%
of industrial fuel oil consumption, as well as a
carbon mitigation potential of 20—25 million tonnes
CO,-eq yr, assuming conservative recovery
and substitution efficiencies. This is based on an
estimated 12.5 million hectares of cotton cultivation.
The crucial importance of cottonseed valorization
within India's low-carbon and circular bioeconomy is
highlighted by these indicative figures. Specifically,
cottonseed meal can lessen reliance on imported
protein feeds, hulls offer a feasible feedstock for
decentralized biomass-based energy systems, and
cottonseed-based biodiesel can partially replace
imported fuel in agricultural operations.

Policy Implications

According to the results, if enabling policies
acknowledge and encourage the use of cottonseed
by-products, India's cotton industry may transition
from a fiber-centric system to a multi-output
biorefinery model. Important steps consist of:

*  The incorporation of biodiesel derived from
cottonseed into frameworks for carbon credits
and renewable fuel mandates;

+ Cottonseed meal's quality certification and
institutional backing as a sustainable animal
feed component to stabilize feed supply chains;

* Incentives for decentralized hull-based boiler
systems and biomass co-firing in textile and
oilseed processing clusters; and

*  Promotion of region-specific life cycle asses-
sment (LCA) databases and emission bench-
marks to support data-driven policymaking
under programs like the GHG Platform India and
India's Life Cycle Assessment Network (ILCAN).

India may assist national goals under the National
Bioenergy Mission and India's 2070 Net- Zero Vision
by formally integrating these paths, positioning
cotton as a pillar of its textile business as well
as a contributor to low-carbon feed systems and
renewable energy.

This manuscript does not contain any figures, tables,
or text excerpts reproduced from previously published
sources. All content is original and created by the
authors. Therefore, no permission was required.

Conclusion

This study shows that cottonseed valorization can
transform cotton production from a fiber- dominated
system into a multipurpose bioresource platform by
using consequential LCA with system expansion.
The findings demonstrate that, in Indian conditions,
energy recovery from cottonseed can significantly
lower net greenhouse gas emissions and enhance
system-level energy performance.
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