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Highlights
A thorough LCA of biodiesel production from cottonseed oil in Tiirkiye using OpenLCA.

CML-IA baseline method is used to determine the environmental impact categories.
The approach of “from cradle to grave” is adopted to describe the system boundary.

An area of 1 ha of cotton field has been adopted as a functional unit in the study.
Biodiesel production cycle gives 60541 kg COz-eq for GWP and 703 kg SO2-eq for ACP.

You can cite this article as: Saleh A, Oguz H, Demet AE. Life Cycle Assessment of Biodiesel Produced from Cottonseed Oil in Tiirkiye.
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ABSTRACT

Environmental sustainability to produce biodiesel requires a comprehensive assessment of the effects associated with
the production process. This study aims to conduct a life cycle assessment (LCA) of biodiesel production from
cottonseed oil in Tiirkiye to analyze the environmental impacts of biodiesel from cottonseed oil. The system boundary
was carried out over cotton cultivation, cotton ginning, oil extraction, oil refinement, and transesterification. CML-IA
baseline was the impact assessment method to quantify the environmental impact categories. The functional unit is 1
hectare of cotton field which produces 577 kg of biodiesel. The results demonstrated that the production chain produces
60,541 kg CO»-eq for global warming potential, 703 kg SO,-eq for acidification potential, 0.03 kg sb-eq for abiotic
depletion potential, and 3964 kg POs*-eq for eutrophication potential. Cotton ginning, oil extraction, and oil refinement
stages have the highest shares of environmental impact, and the effect of the transesterification process has the lowest
impact.
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1. INTRODUCTION
Energy is a prerequisite for any kind of development. The prosperity and growth of a country is

associated with energy security and sufficiency [1]. Sustainable development aims not only to
maintain this sufficiency but also to gain access to secure and affordable energy which enhances
quality of life and increases the country’s living standards [2]. The transformation to renewable
energy resources is one of the main changes that need to be addressed to achieve sustainable energy
development. Meanwhile, environmental awareness of global warming, climate change, and the
reduction of greenhouse gas emissions are the principal drivers for developing renewable energy
(RE) technologies [3]. Among these, biofuel production provides an alternative fuel to be used in
the transportation sector. The global consumption of fuel in this sector grows annually at a rate of
1.4% [4]. In 2019, around 3% of transportation fuels were provided from ethanol and biodiesel,
while the global production of biofuels increased by 5% [5]. In Tiirkiye, the biofuel share of total
energy consumption in the transportation sector in 2018 was 0.5% with 40% of the biofuel coming
from biodiesel. Moreover, the government requires only a 0.5% blend of biodiesel with petro-
diesel [6].

Biodiesel is a fatty acid alkyl ester that is produced from vegetable oil and animal fats. The
characteristics of being non-toxic, biodegradable, and its ease of production make it a viable
preposition to blend with petroleum diesel [7]. The resulting blend reduces the amount of CO,,
SOx, and particulate matter emitted [8]. Cotton is one of the essential crops that has great
commercial significance due to its widespread use, added value, and employment opportunities
for the producing countries. Cotton is employed in many industries including the ginning industry,
its fiber is utilized in the textile industry, its linter is used in the paper industry, and its seed is used
in the oil and feed industry [9]. There are more than 350 different oil crops in the world that can
be utilized to produce biodiesel [10]. Cottonseed oil is considered one of the leading oil groups
along with soybean, rapeseed, peanut, and sunflower [9]. Cottonseed contains on average 14-25%
oil with predominantly triglycerides and an amount of free fatty acids including 18-25% palmitic
acid, 1-25% stearic acid, 17-38% oleic acid, 45-55% linoleic acid, and 1.2% myristic acid as well
as trace materials like phospholipids, sterols, and hydrocarbons [11][12]. Besides, cottonseed oil
shows a great conversion ratio to biodiesel along with sunflower oil under different types of base
catalysts [13]. In Tiirkiye, the consumption of cottonseed oil ranks second among other vegetable
oils, and, in 2021, represented 30.29% of total vegetable oils produced at 228 thousand metric
tonnes [14]. Cottonseed oil is utilized in vegetable oil mixtures, and the preparation of margarine,

shortening, and mayonnaise, it is also used in canned fish and smoked meat [15].
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Up to now, the state-of-the-art technology in biodiesel production is transesterification which can
be achieved using a variety of methods including catalysis (both homogeneous and
heterogeneous), microwave and ultrasound-based processes, enzymatic techniques, and
supercritical conditions [16]. Other processes such as pyrolysis, thermal cracking, dilution,
reactive distillation technology, and micro-emulsion can also be utilized in biodiesel production
[17]. In general, catalysis methods produce considerable amounts of wastewater and soaps as well
as being costly due to the requirement of separation, neutralization, and purification steps [18].
The most commonly used catalysts have been evaluated in terms of their appropriateness and
limitations [19]. Concerning microwave and ultrasound techniques, even though they consume
higher energy, the biodiesel yield is higher and is achieved in a shorter period as well as being a
more environmentally friendly approach [16]. The technology of supercritical conditions offers
several advantages such as not using catalysts, not generating wastewater, a high reaction rate, and
easy separation. However, the difficulty of heat recovery is one of the technology’s challenges to
be utilized commercially [20] although the technology has been employed using cottonseed oil
[21].

The applicability of biodiesel to diesel engines without any modifications is an important
consideration. The engine’s performance and the characteristics of the emissions are related
significantly to the type of feedstock used. The performance of the engine can be described based
on three parameters, brake thermal efficiency (BTE), brake-specific fuel consumption (BSFC),
and exhaust gas temperature (EGT). The majority of biodiesel blends decrease the engine’s BTE
because of the lower calorific value and the higher viscosity of biodiesel containing petro-diesel.
For the same reason, its BSFC value is higher and BTE decreases more with a higher blend ratio.
As regards EGT, the higher content of oxygen and cetane lowers EGT which means better
atomization. Zhang et al. [22] analyzed the emission characteristics of diesel engines under various
generations of biodiesel, it has been shown that the emissions of CO, HC, and smoke emissions
decreased by approximately 30%, 50%, and 70% while NOx and CO; emissions were higher by
13% and 26% comparing with petro-diesel. In this context, Jamshaid et al. [23] investigated
experimentally the characteristics of engine performance and emissions of a B20 blend with
cottonseed oil and concluded that the physiochemical features comply with the specifications of
both ASTM D6745 and EN14214. As for engine performance, brake power and brake thermal
efficiency were slightly lower than with petro-diesel whereas brake-specific fuel consumption was
higher. Meanwhile, the emissions of hydrocarbons and carbon monoxide, except NOx were less.

Shankar et al. [24] studied the transesterification of cottonseed oil using an alkali catalyst and
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walled carbon nanotube method with the results showing that the calorific values of the biodiesel
were 36.18 MJ/kg, and 3.78 MJ/kg, respectively.

Life Cycle Assessment (LCA) is a systematic and objective method for measuring the potential
environmental impacts of a product, service, or process by determining the quantities of the inputs
and outputs from the extraction of the raw materials to the entire life cycle. LCA has four main
stages that are required to evaluate the environmental aspects of a product systematically:
definition of goal and scope, life cycle inventory (LCI), life cycle impact assessment (LCIA), and
life cycle interpretation [25], [26]. LCA makes a comprehensive comparison between alternative
products in terms of an environmental sustainability perspective and determines the invisible
positive and negative impacts of products [27]. In addition, LCA assists decision-makers in
detecting the consequences of current and future plans for biodiesel production and could thereby
lead to different recommendations to enhance agriculture practices, and production technologies
[28].

The sort of feedstock used to produce biodiesel not only has a positive impact on the environment
due to the reduction of CO> emissions but also has economic and social impacts [29]. From the
perspective of a circular economy, the economics of the biodiesel industry limits its large-scale
production and can only be addressed by implementing a process that enables biodiesel to be priced
competitively compared to petro-diesel [30]. Life cycle-based approaches are centered on three
pillars: Environmental Life Cycle Assessment (E-LCA), Life Cycle Costing (LCC), and Social
Life Cycle Assessment (S-LCA) [31]. The biodiesel industry reinforces sustainability at every
stage of the supply chain forming a carbon-neutral bioeconomy [32]. The contribution of biodiesel
is critical in Tiirkiye as it relies largely on imports of fossil fuels while at the same time energy
demand is increasing due to economic growth and urbanization. Utilizing biodiesel in the
transportation sector reduces vulnerability by enhancing energy security and increasing
accessibility to energy which has concomitant benefits for various sectors of the economy without
requiring any wide-ranging development of the existing infrastructure [33].

There have been several studies of biodiesel production from edible and non-edible oils using LCA
[34] [35]. A study on biodiesel production from palm oil in Indonesia demonstrated that while the
cultivation phase had adverse global warming potential, the transesterification process was the
major contributor to photochemical oxidation [36]. There is limited LCA literature on the use of
cottonseed in the production of biodiesel. However, a study conducted in Bahia, Brazil has
identified and quantified the potential environmental impacts on global warming, abiotic

depletion, acidification, and eutrophication. It was found that the agricultural phase has the highest
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impact due to the use of pesticides and fertilizers [37]. Human impact on forests has grown
primarily due to rising demand for agricultural land, forest products, and services, driven in part
by population growth [38]. LCA studies on biodiesel production in Tiirkiye are limited. One study
was conducted on sunflower oil and sugar beet molasses in the production of biofuels with carbon
intensity evaluated using the IPCC method and compared with the fossil-based fuels and
identifying their potential impacts [39].

Since there is limited LCA research for cottonseed biodiesel production, particularly from
cottonseed oil in Tiirkiye, this study aims to evaluate the environmental impact potentials
associated with all the stages of producing biodiesel from cottonseed oil. Moreover, it strives to
provide reliable sources of scientific information to increase the environmental performance of
biodiesel production for the concerned stakeholders including the owners of cotton plantations,

biodiesel companies, and decision-makers of energy policies in Tiirkiye.

2. LCA METHODOLOGY

According to ISO 14040, standard LCA comprises goal and scope, data inventory, impact
assessment, and interpretation. This analysis has been performed using the software OpenLCA
1.11.0. One obstacle that was encountered was the availability of data since many of the databases
do not include data for Tiirkiye. Hence, the majority of the data was obtained from existing
literature whilst other data was obtained from secondary sources such as Turkish reports, formal
agriculture websites, and journal articles. Databases have also been imported into the software
including agribalyse-v301 and Ecoinvent. The CML-IA baseline is the impact assessment method
that has been adopted to perform the analysis. CML-IA stands for Centrum voor Milieukunde
Leiden - Impact Assessment. It is a widely used Life Cycle Impact Assessment (LCIA)
methodology developed by Leiden University. The following subsections describe the process of

LCA.

2.1. Goal and Scope

The main purpose of the study is to conduct an attributional life cycle assessment (ALCA) of
biodiesel production from cottonseed oil in Tiirkiye. The main objectives are to analyze the stages
that the production of cottonseed biodiesel undergoes including cotton agriculture, cotton ginning,
cotton crushing, cottonseed oil refining, and transesterification to produce biodiesel using a “from
cradle to gate” approach to identify and quantify the related environmental impact potentials. Post-

production stages and transportation between stages have been excluded from the study. The
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functional unit of a one-hectare field of cotton has been adopted and all the flows in the other
stages are based on this functional unit. The system boundary consists of 5 total stages and each
stage has several sub-stages. Figure 1 summarizes the production chain of biodiesel production
from cotton seed. The five main phases, agriculture, ginning, crushing, refining, and

transesterification, and the related sub-stages are described in detail below.

Agriculture Field Preparation Planting ][ Fertilization Spraying ][ Irrigation ][ Harvesting

Ginning Separation fiber from seeds Baling
Crushing Grinding Cooking Pressing
Refining Storage Filtering & Degumming
’ Ve
Transqsterl Transesterification (I) Transesterification (II)
fication
VAN

Figure 1. The system boundary of the production of biodiesel from cottonseed oil.

2.1.1. Cotton cultivation and harvesting

Gossypium hirsutum, belonging to the Malvaceae family, is the scientific name for cotton. It is a
tropical/subtropical plant but can also be grown outside the Tropics in suitable geographical
regions [40]. Its efficient cultivation and the quality of the yield are determined by temperature,
soil, sunlight, supplementary nutrients, irrigation or rainfall, and crop care [41]. The cultivation of
cotton is the first phase of the production cycle and comprises a number of steps, namely field
preparation, planting, fertilization, spraying, irrigation, and harvesting [42] which are described in

the following subsections. Figure 2 outlines the inputs and outputs of the agriculture phase.

Field preparation

Soil preparation is a vital step before sowing the seeds as it can affect the final yield. It includes
deep plowing to a depth between 25-30 cm to aerate the seedbed ensuring the propagation of
microorganisms in the soil and the conversion of plant residue into organic matter [40], [43]. In
the initial preparations of the land, tractors are used for plowing [42]. Moreover, a special kind of
soil regulator, “Rekor Gelisim®”, is used to improve the structure of the soil by preventing the
soil from becoming slippery in the rainy season after planting [43]. According to local soil

conditions, 300-400 kg of soil regulator or the base fertilizer is applied per hectare[44], [45].

Crop planting
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The sowing of seeds starts when the growing circumstances become appropriate in the prepared
field. The soil temperature of the seedbed should reach 15°C in the morning whilst the soil should
have been dry for 5-6 days. Seeds are planted at a depth of 3-4 cm [46]. In Tiirkiye, the planting
period starts from mid-March till mid-May [46] using a seeder. An area of one hectare requires 20

kg of cotton seeds [46].

Fertilization

Deficiency of required nutrients affects the growth and development of the plant and,
consequently, reduces the yield. Therefore, fertilization is a critical process, which has to be done
correctly with the requisite quantity of fertilizer [42]. Fertilizers contain nitrogen to maximize
yield, phosphorous to stimulate the splitting of cotton bolls and improve the quality of fibers and
potassium which has a role in respiration, and protein synthesis. Its application is based on the
particular soil’s requirement [40]. There are various fertilizers used in cotton cultivation [44]. The
base fertilizer (N, P, and K) is added before planting with around 300-400 kg per hectare and is
generally applied once every two years [44], [45].

Spraying

This step includes weed control as well as pest control. Cotton productivity can be decreased by
30% due to the presence of weeds [49]. Weed control can be achieved using crop rotation and
herbicides while pest control requires the use of insecticides [40], [49]. To overcome the problems
of both weeds and insects, “Rekor Liquid leaf fertilizer ®” is applied in Tiirkiye mid-season when
the flowers start to grow and 10-12 days before the first irrigation. One liter is combined with 400-

500 L of water for an area around 1-1.5 hectares and is applied at least twice [44], [50].

Irrigation

The timing of irrigation is a sensitive issue in cotton production. Although it varies according to
region, the first irrigation must be between 35-40 days after planting after which the amount of
water required increases rapidly until the opening of the top flower [51]. Cotton’s average water

requirement ranges between 6-7 million liters per hectare [52].

Harvesting
The harvesting period in Tiirkiye begins in mid-August and continues until November [47]. Cotton

is harvested using harvesting machines. The opening of cotton bolls indicates the beginning of
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harvesting [40]. In 2019, the average yield was 1883 kg/ha of cotton lint [53]. As a rule of thumb,
the harvested yield or unginned yield consists of about 32-33% fibers, 52-54% cottonseeds, and
15% leaves and other detritus [54].

Cotton Cultivation & Harvesting

Cotton ) . Fuel-
Seed Water Fertilizers Production Inputs

| ’ ! ;

Field
Preparation

Unginned

+ Planting + Fertilization + Spraying + Irrigation + Harvesting (= Cotton

! |

Emissions from Crop Emissions
Fertilizers Residue from Fuels

Outputs

Figure 2. System boundary for cultivation phase.

2.1.2. Cotton ginning

The separation of cotton lint fiber from the cottonseed occurs in this phase by removing the wastes
attached to the cottonseed and bridges both the textile industry and agriculture [41]. The process
involves many sub-stages including opening the cotton bales, cleaning, blending, combing, and

spinning [55]. Figure 3 summarizes the flows of the cotton ginning phase.

2.1.3. Cottonseed oil extraction

Oil from cottonseed is extracted either mechanically (mechanical extraction method) or chemically
(solvent extraction method) [56]. For mechanical extraction, after storage, the seeds are sieved to
get rid of impurities and are then crushed into small bits using hammer mills or discs before being
cooked in pots using steam. Finally, the resulting mixture is pressed from which the crude
cottonseed oil is extracted with the remnants forming cottonseed meal which is sold as an organic

fertilizer. The oil is decanted and stored at room temperature [37]. The content of oil in cottonseeds
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ranges between 12-25% [15], while cottonseed meal accounts for about 42% [57]. Figure 4

describes the system boundary for the oil extraction stage:

R R N AN AN A A N N N R RN R R R R N R R AR R R R RN AR AR AR R R KRR RN R R R R R AR A R R R R R RN R A AR R R KRR R R R R R R R K AR N R A AR NN EEEEEEEEEEEEEEEEAEEEEEEEEEEEEEEEEEEE .

Cotton Ginning

Unginned Water Energy
cotton Inputs

v v v

Separation + Baling = Cotton Lint

v ' '

Seed-Cotton Emissions Waste Outputs

Figure 3. System boundary for cotton ginning phase.
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QOil Extraction

Cotton Seed Water Energy Inputs

! v v

Crude
Grinding + Cooking + Pressing = Cottonseed
Oil
Cotton Meal Emission Waste Outputs

Figure 4. System boundary for seed oil extraction phase.
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2.1.4. Cottonseed oil refinement

Crude oils contain several impurities like free fatty acids, non-fatty substances that are called
gums, and color pigments. The main purpose of the refining process is to eliminate these impurities
through several steps [58] including degumming, neutralization, bleaching, and deodorization
[59]. The storage of crude oil is also important to reduce losses related to starts and shutdowns and
to convey the oil to the refining operations [58]. The degumming step involves the addition of
water, and diluted acids such as phosphoric acid after the oil has been heated to 60-70°C after
which the subsequent reaction is maintained for 30 minutes at 70°C to facilitate full gum hydration.
Thereafter, a specific quantity of caustic soda is added to equalize the free fatty acid [59], [60].
From that point on, the degummed oil undergoes centrifugal separation, the addition of bleaching

earth, and so on. [59]. Figure 5 presents the system boundary for this stage.

0Oil Refinement
Crude
Cottonseed Bleaching NaOH, )
ol Earth H;PO, Water Energy Inputs
Other Refined
Storage + Degumming  + Refining =  Cottonseed
Processes Oil

' !

Soap Stock Emissions Outputs

Figure 5. System boundary for oil refinement phase.

2.1.5. Transesterification

Transesterification is a chemical reaction of triglycerides and alcohol in the presence of a base,
either an acid or an enzyme catalyst based on the type of raw material, to produce fatty acid methyl
ester (FAME) and glycerol [61][62]. The choice of transesterification route is highly related to the
cost of the production [63]. Right now, biodiesel through alkaline-catalyzed transesterification is
still the most adopted and widely used in biodiesel production because it has a high energy yield,

less deterioration of equipment, and a high rate of reaction. Furthermore, the reaction takes place
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at low temperatures and pressure, with low catalyst concentrations, and it is suitable for pure
vegetable oils [64]. Base catalysts like sodium hydroxide and potassium hydroxide are the most
commonly used in transesterification and the ease of solubility of methanol in NaOH as well as its
rapid reaction with triglycerides, makes it preferable to ethanol [65]. The typical ratio of methanol
to triglyceride is 3:1 to have a complete transesterification reaction. However, since the reaction
is in equilibrium, an additional quantity of methanol is required to shift the reaction toward the
outputs of the equation and enhance the productivity of the reaction. According to Hoda. N [66],
the 6:1 molar ratio shows good results in terms of the conversion yield of cottonseed oil, and 0.3%
NaOH is enough to produce biodiesel FAME from cottonseed oil. Hanh et al. [67] reported that
0.3 to 1% concentration of alkali catalysts has accomplished effective conversion based on the oil
used. After the transesterification reaction, the product passes through the purification process to
refine the biodiesel by removing any excess contaminants and impurities such as methanol, NaOH,
soap, wax, etc. to comply with international standards [68]. Wet washing is one of the methods
that is used in this process. It ivolves adding water to neutralize the effect of the unreacted alkaline
catalyst. Although any excess methanol can be removed before or after washing, it is preferable

to flush it out before [69].

Qil Transesterification

Refined
Cottgl}lseed NaOH Water CH;0OH Inputs
i

v v v v

Transesterification Reaction = Biodiesel

' v ¢

Glycerin Emissions Wastes Outputs

Figure 6. System boundary of oil transesterification phase.
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2.2. Life cycle inventory

The production of cottonseed-based biodiesel is a multi-output process which means that materials
should be allocated not only to the major product but also to co-products and by-products
throughout the life cycle inventory. Mass-based allocation is one of the approaches to assign the
inputs and outputs of the phases due to its straightforwardness. Table 1 depicts the allocation

percentages that are used in the inventory data for each stage.

Table 1. The used allocation percentages for the stages.

Allocation
Type Percentage (%) Phase Reference

Cotton harvesting and

Seed-cotton 53 .. [54]
ginning

Cotton 32 Cotton hgrvgstmg and [54]
ginning

Crude cottonseed oil 22 Oil extraction [15]

Cotton meal 42 Oil extraction [57]

Refined cottonseed oil 94 Oil refinement [70]

Soapstock 6 Oil refinement [70]

Biodiesel 89 Transesterification [71]

Glycerin 11 Transesterification [71]

Tables 2, Table 3, Table 4, Table 5, and Table 6 present the inventory data for cotton cultivation,
cotton ginning, cottonseed oil extraction, cottonseed oil refinement, and oil transesterification,

respectively.

Table 2. The inventory data for cultivation for 1 ha as a functional unit.

Inputs Quantity Unit Reference
Cotton seed 20 kg calculated using [46]
Soil preparation & tillage ! 1 ha OpenLCA
K,O fertilizer 87.5 kg calculated using [43], [44], [45]
Phosphate fertilizer 87.5 kg calculated using [43], [44], [45]
Nitrogen fertilizer 175 kg calculated using [43], [44], [45]
Water 6500 m? [52]
Sprayer 0.8 L calculated using [44], [50]
Broadcast seeder? 1 ha OpenLCA
Broadcast sprayer® 1 ha OpenLCA
Cotton stripper-harvesting* 1 ha OpenLCA
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Outputs Quantity Unit Reference

Unginned cotton 5800 kg calculated

1: The type of tillage is unspecified. 2: The specifications are assumed 75HP tractor and 20 ft wide.
3: 125 HP tractor and 60 ft wide. 4: 150 HP and RS5-8.

Table 3. The Inventory data for cotton ginning for 1 ha as a functional unit.

Inputs Quantity Unit Reference
Unginned cotton 5800 kg calculated
Water 0.038 m? calculated using [72]
Electricity 23.68 MWh calculated using [73]

Outputs Quantity Unit Reference
Cotton lint 1883 kg [52]
Seed cotton 3070 kg calculated
Cotton residue 847 kg calculated

Table 4. The Inventory data for the cottonseed oil extraction for 1 ha as a functional unit.

Inputs Quantity Unit Reference
Seed cotton 3070 kg calculated
Water 1.10 m? calculated using [37]
Energy 381 kWh calculated using [57]

Outputs Quantity Unit Reference
Crude cottonseed oil 675.4 kg calculated
Cotton Meal 1289 kg calculated

Table 5. The Inventory data for the cottonseed oil refinement phase for 1 ha as a functional unit.

Inputs Quantity Unit Reference

Crude cottonseed oil 675.4 kg calculated
Phosphoric acid 0.84 kg calculated using [74]
Sodium hydroxide 13.5 kg calculated using [74]
Water 62 kg [58]

Outputs Quantity Unit Reference

Refined cottonseed oil 648.36 kg calculated using [70]
Soap stock 41.38 kg calculated using [70]
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Table 6. The Inventory data for the oil transesterification phase for 1 ha as a functional unit.

Inputs Quantity Unit Reference
Refined cottonseed oil 648.36 kg calculated
Methanol 146.93 kg calculated by 6:1 ratio [75]
NaOH 2.5 kg calculated using [76]
Water 518.69 kg calculated using [77]
Electricity 90.05 Ml calculated using [78]
Heat 294.05 Ml calculated using [78]

Outputs Quantity Unit Reference
Biodiesel 577 kg calculated using [71]
Glycerin 71.32 kg calculated using [71]
Wastewater 274.1 kg calculated using [79]

3. RESULTS & DISCUSSION

The impact assessment method was performed using the CML-IA baseline available in the
OpenLCA 1.11.0 software to better understand the environmental impact categories. This analysis
determines the environmental loads of each phase of the production chain of biodiesel, which in
turn provides researchers and decision-makers with valuable information about agricultural
development, the textile industry, and oil extraction and refinement. The functional unit of 1
hectare of the cotton field has been adopted for many reasons. This type of functional unit falls
under agricultural land use-oriented functional units, which have been rarely adopted in the
literature. It is appropriate for first-generation feedstocks; it also drives helpful results at the policy
level. Finally, it shows the efficiency of agricultural management [80]. The collection of data for
any LCA can be challenging, and the availability of all material inputs for each stage was a major
challenge in this study. As mentioned previously, there is no published data for LCA of biodiesel
from cottonseed oil in Tiirkiye, so the only practical solution was to use secondary sources for the
majority of the data. Because of this, a level of uncertainty may arise for the presented results.
The impact categories that have been identified are the potential for global warming, acidification,
abiotic depletion, abiotic depletion of fossil fuel, and eutrophication, which are sufficient to give
prudent insights to policymakers. The analysis of these impact categories is enabled by the
calculation of the equivalent CO2, SOz, Sb, MJ, and PO4*, respectively. In the cotton agriculture
stage, nitrogen fertilizers, cotton strippers, phosphate, and K>O fertilizers are the main inputs that
have the greatest potential impact, respectively. In the cotton ginning and oil extraction stages,
electricity seems to be the main influencing input. In the meantime, bleaching material and heat

production are the major inputs that affect the potentials significantly in oil refinement and
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transesterification, respectively. Regardless of the method, feedstock, country, and functional unit,
most LCA studies of biodiesel production found that the cultivation phase is the most significant
contributor to environmental categories such as sunflower [81], palm oil [82], and cottonseed oil
in Brazil [37]. However, this study indicates different results from these studies. The reason for
this is the use of local organic fertilizers in Tiirkiye for cotton cultivation like “Rekor Gelisim®”.
Nevertheless, N and K fertilizers are the main contributors to the impact categories in the
cultivation phase followed by cotton harvesting using heavy machines. Indeed, the shift to modern
agricultural practices has led to a rise in environmental pollution globally [83]. The high usage of
electricity is the major contributor to the cotton ginning and oil extraction phases. Fossil fuels and
their byproducts, widely utilized in global electricity generation, contribute to environmental
pollution while also adversely impacting the health of humans, animals, and plants [84]. Figure 7
shows the assessment of the impact categories for each phase of the production chain of biodiesel

from cottonseed oil.

100% T
90%
80%
70%
60%
50%
40%

30%
20%
10%

0% — I
Global warming- kg Acidifaction- kg SO2 Abiotic Depletion -  Abiotic Depletion ~ Eutrophication- kg
CO2 eq eq kg Sb eq (fossil fuel) - MJ PO4---eq
® Cotton agriculture %  ® Cotton ginning % Cotton oil extraction %

Cotton oil refinary % ™ Transestrification %

Figure 7. Assessment of impact categories of biodiesel production phases for 1 ha of a cotton

field.

3.1. Global warming potential (GWP)

GWP measures the impact of CO> emissions in the atmosphere and is represented by the kg CO»
-eq. Based on the performed analysis method, the total equivalent quantity of CO; for all the stages
of biodiesel production is 60,541 kg for the functional unit of 1 ha of a cotton field. The results
show that the oil refinement phase has the largest impact on GWP with 35.35%. The impacts of

537



Int J Energy Studies 2025; 10(2): 523-548

cotton ginning and oil extraction are 31.28% and 31.92%, respectively. Meanwhile, agriculture
has a surprisingly low impact at 1.36%. In comparison, an LCA study in Bahia, Brazil estimated
GWP at 1,475 kg CO» -eq per 1,000 kg of biodiesel, with agriculture identified as the dominant
contributor due to high fertilizer dependency [37]. Similarly, a study published by MDPI reported
a GWP of 17.247 kg CO» -eq per kg of biodiesel, demonstrating significant emissions from the
agricultural phase, particularly related to nitrogen fertilizer application and fossil fuel consumption
for machinery [23]. While previous LCA studies generally attribute the highest GWP values to
agricultural activities, the current study highlights processing stages (cotton ginning and refining)
as the predominant contributors. The difference may be attributed to Tiirkiye’s agricultural
practices, which integrate organic fertilizers rather than conventional nitrogen-intensive fertilizers,

potentially mitigating cultivation-related emissions.

3.2. Acidification Potential (ACP)

ACP refers to the many compounds that cause acid rain. The reference unit of this potential is kg
SO»-eq. According to the results, the total value was about 703 kg SO»-eq, with cotton ginning,
oil extraction, and oil refinement being the main contributors. The emissions of NOy, SOy, and
ammonia are the compounds that affect this category the most. The cotton ginning phase
contributes 30.03%, while oil extraction and refinement contribute 30.16% and 32.81%,
respectively. The agriculture phase contributes 1.65%, and the transesterification 0.04%. In
contrast, the Bahia, Brazil LCA study recorded 17.5 kg SOz-eq per 1,000 kg of biodiesel, primarily
driven by agricultural practices, including fertilizer use and pesticide applications [37]. Findings
from a MDPI study on oil extraction techniques identified sulfuric acid usage in cottonseed oil
processing as a significant ACP contributor, aligning with the present study’s emphasis on
refinement and extraction emissions [23]. In previous studies, agriculture (fertilizer and pesticide
application) was responsible for the majority of acidification impacts. In Tirkiye’s context, the
ACP is primarily influenced by industrial processing rather than cultivation. This distinction
suggests a strong reliance on electricity-intensive techniques for refining and extraction,

necessitating further investigation into potential renewable energy integrations to minimize ACP.

3.3. Abiotic depletion potential (ADP)
This is a measure that demonstrates the exploitation of non-renewable sources to produce energy.
It can be divided into the material component, which is measured in kg Sb-eq, and the fossil fuel

component in MJ-eq [85], [86]. Based on the analysis, the material component of the ADP
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represents a total quantity of 0.03 kg Sb-eq with 206,075 MJ for the fossil fuel component. The
agriculture phase accounts for 9.18%, cotton ginning, and oil extraction 23.79% and 24.17%,
respectively, and oil refinement for 42.84%. and transesterification 0.02%. Oil refining has the
greatest impact on this category. The Bahia, Brazil study reported 5.0 x 10~ kg Sb-eq per 1,000
kg of biodiesel, identifying agriculture as the primary contributor due to high fossil fuel
consumption for irrigation and mechanized farming [37]. A study from MDPI reported 89.116 MJ
primary energy per kg of biodiesel, emphasizing significant energy consumption during processing
and transesterification stages [23]. Unlike Brazilian findings, which emphasize agricultural fossil
fuel consumption, Tirkiye’s results highlight oil refinement as the dominant ADP contributor.
This underscores the need for energy efficiency improvements in processing plants, possibly

through renewable electricity adoption to reduce fossil fuel dependency.

3.4. Eutrophication potential (EP)

EP refers to the excess supply of nutrients in water bodies and soils and kg PO+ -eq is the reference
unit for EP potential [87]. The results of this category are 0.28%, 32.73%, 32.75%, and 34.24%
for agriculture, cotton ginning, oil extraction, and oil refinement, respectively, from a total of 3964
kg PO4>-eq. Transesterification does not affect this category. Bahia, Brazil’s cottonseed biodiesel
LCA recorded 10 kg PO+*~ eq per 1,000 kg of biodiesel, identifying agriculture as the most critical
contributor due to fertilizer runoff [37]. A European biodiesel study concluded that fertilization
runoff significantly impacts EP, highlighting nitrogen leaching as a major concern [68]. While
previous studies emphasize agriculture’s role in eutrophication, Tiirkiye’s findings indicate
processing stages (oil refinement and extraction) as major EP contributors. This discrepancy may
arise due to reduced fertilizer runoff in Tiirkiye’s cotton farming, shifting the eutrophication

burden to chemical-intensive oil processing.

According to the data in this study, cotton ginning, oil extraction, and oil refinement stages have
the biggest impacts on these potentials. The greatest impact of biodiesel production was on the
global warming potential category. Cotton cultivation has the least impact on all the potentials,
although the application of fertilizers (N, P, and K), agrochemicals, and the type of tillage have a
significant impact. The conversion to organic farming presents an opportunity to minimize
environmental impacts in the cultivation and harvesting phase [88]. The high use of electricity and
equipment is largely responsible for the impacts of the other phases. As regards transesterification,

the treatment of wastewater is critical as its contents include chemical oxygen demand, oil, alcohol,
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and glycerin, which have environmental impacts [89]. As previously mentioned, there are no
similar LCA studies of biodiesel production using cottonseed oil and there are few studies that

deal with the textile side of cotton in Tiirkiye.

4. CONCLUSION

Progress in the biodiesel industry can occur through enacting energy policies that regulate
sustainability with reference to its triple pillars (environment, economy, and society). The
deployment of biodiesel blends in the transportation sector in Tiirkiye is slow and remains
insignificant. The impact of biodiesel is linked to both the feedstock and its life cycle and thus life
cycle assessment is a necessary procedure that should be taken into consideration when planning
new policies. Our study assesses the environmental impacts related to cotton cultivation, cotton
ginning, oil extraction, refinement, and finally biodiesel production using a transesterification
reaction. The global warming potential, acidification, abiotic depletion of fossil fuel, and
eutrophication are the impact categories that have been studied for all the phases based on the
functional unit of 1 hectare of cotton cultivation using the CML-IA baseline method with
OpenLCA software. The results of the analysis show that the stages of cotton ginning and oil
refining have the biggest impacts on the defined environmental potentials.

The results should be interpreted bearing in mind that they exclude the post-production use of
biodiesel as well as the transportation occurring between stages and the allocation percentages of
co-products. Furthermore, due to the lack of current data, much of the data has been generated
from secondary sources.

For future studies, researchers should focus on conducting a comprehensive life cycle assessment
using primary data sources to reduce uncertainty and enhance accuracy, particularly for cottonseed
biodiesel production in Tiirkiye. Expanding the study to include post-production emissions,
transportation impacts, and economic feasibility would provide a more holistic perspective.
Additionally, investigating state-of-the-art biodiesel production techniques, such as supercritical
transesterification, and evaluating their environmental benefits compared to conventional methods
could further optimize sustainability. Finally, assessing the engine performance and air emissions
of cottonseed-based biodiesel blends in Tiirkiye would help validate its practical viability and
support future policy decisions.

In summary, this study highlights the environmental impact of biodiesel production from
cottonseed oil in Tiirkiye, identifying key contributors and areas for improvement. Here are the

main concluding remarks:
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e Cottonseed biodiesel production in Tiirkiye has significant environmental impacts, with cotton
ginning, oil extraction, and refinement being the most influential stages.

e Global Warming Potential: 60,541 kg CO»-eq per hectare, with cotton oil refinement (35.35%)
and cotton ginning (31.28%) being the largest contributors.

e Acidification Potential: 703 kg SO-eq, where cotton refinement (32.81%) and oil extraction
(30.16%) have the highest impacts.

e Abiotic Depletion Potential: 206,075 MJ fossil fuel depletion and 0.03 kg Sb-eq material
depletion, with oil refinement responsible for 42.84% of fossil depletion impacts.

e Eutrophication Potential: 3964 kg POs*-eq, primarily driven by oil refinement (34.24%) and
cotton oil extraction (32.75%).

e Electricity consumption in processing stages contributes heavily to acidification potential and
abiotic depletion, emphasizing the role of renewable energy integration in production.

e Cotton cultivation has a lower environmental impact, largely due to the use of organic
fertilizers, but improvements in sustainable farming techniques can further enhance eco-
efficiency.

e The transesterification process has the smallest environmental impact, but requires optimized
waste treatment and purification methods to improve sustainability.

e Future research should conduct a full cradle-to-grave LCA, including post-production
emissions, transportation effects, and economic feasibility, to present a comprehensive
environmental outlook.

e Policymakers and industry leaders should use LCA insights to promote sustainable biodiesel

practices, ensuring long-term environmental and energy security benefits for Tiirkiye.
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