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Abstract: Cotton cultivation is resource-intensive, posing significant environmental challenges,
especially with conventional farming methods. Growing interest in sustainable agriculture drives the
exploration of organic farming as a potential alternative with lower environmental impacts. Despite
its benefits, organic farming often faces criticism for lower crop yields, sparking debates on the
trade-offs between productivity and environmental impact. This study hypothesizes that organic
cotton farming will have a smaller environmental footprint and higher energy efficiency compared to
conventional methods. To test this hypothesis, a cradle-to-farm gate energy analysis and life cycle
assessment (LCA) were conducted on both organic and conventional seed cotton production systems
in the Beheira governorate of Egypt. The ReCiPe 2016 midpoint and endpoint characterization
model was used for an environmental impact assessment. The impacts were evaluated using two
functional units: one ton of seed cotton and one hectare of cultivated cotton. The findings revealed
that organic cotton outperforms conventional cotton in net energy gain, efficiency, and profitability,
with higher productivity and lower energy intensity. Regardless of the functional unit used (mass-
or land-based), the assessed organic systems generally show a better environmental performance
than the conventional systems in the local context, even when accounting for data uncertainty.
This is due to lower input intensity and the use of less energy-intensive organic fertilizers and
bio-fertilizers. Fertilization and irrigation are key factors influencing environmental impacts, with
fertilization affecting midpoint impacts and irrigation affecting endpoint impacts. Therefore, precision
fertilization, efficient irrigation practices, and effective nutrient and soil moisture management are
recommended to minimize environmental impacts. Subsequent studies could explore whether similar
patterns are observed in different geographic regions and evaluate additional social and economic
aspects of cotton sustainability beyond environmental impacts. Future agricultural LCAs should use
both mass-based and area-based functional units to capture a broader range of environmental effects
and evaluate the co-benefits and trade-offs between organic and conventional practices.

Keywords: cotton farming; cradle-to-farm gate; life cycle assessment (LCA); environmental impacts;
energy input-output; organic farming; conventional farming; sustainability; farm optimization; Egypt

1. Introduction

Cotton (Gossypium hirsutum L.) is the most cultivated natural fiber, grown in nearly
all climate types across 50 countries worldwide [1]. This important non-food cash crop,
referred to as “white gold”, plays a crucial role in the agricultural economies of many
nations [2]. Global cotton production is projected to increase by 12% between 2023 and
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2032 [3]. Consequently, Egypt has emerged as a significant producer of cotton in the
Middle East and Africa, making it a crucial strategic commodity for the economy. In 2021,
exports surpassed 81,000 metric tonnes to over 28 countries, generating approximately $206
million in total revenue. With rising global demand, the development of more sustainable
production practices is essential.

Cotton is an important economic fibre, however, the processes of growing and process-
ing it can be resource-intensive and may lead to adverse environmental consequences [4].
Specifically, conventional cotton farming is typically associated with the extensive use of
fertilizer and pesticides, resulting in reduced efficiency and increased production costs [5].
Additionally, cotton cultivation demands significant freshwater, with unsustainable water
use comprising 67% of total consumption, ranking it third among crops for high unsustain-
able water use [6]. Organic farming is increasingly promoted as a sustainable alternative
due to its lower input levels, particularly regarding synthetic inputs [7-9]. However, it
often faces criticism for yielding lower outputs and potential environmental trade-offs per
unit of product [10]. This ongoing debate highlights the need for comprehensive assess-
ments of both farming systems to understand their respective impacts on sustainability
and productivity.

Energy analysis has been widely utilized at various levels, from individual farms
to national assessments [11], to compare organic and conventional farming methods [11].
With the increasing urgency of global climate change, incorporating greenhouse gas (GHG)
emissions into agricultural energy analyses has become more common. A comprehensive
review of energy-related studies in cotton production reveals significant research advance-
ments from 1991 to 2023, highlighting the evolving understanding of energy requirements,
efficiency, and greenhouse gas emissions across various regions, including Greece [12],
Tirkiye [13-15], Iran [16,17], India [18], Pakistan [19,20], and China [21], providing valu-
able data on energy performance and GHG emissions associated with cotton cultivation.
The minimum reported value is 23,960 MJ ha~! in India [18], while the maximum reaches
83,869.49 MJ ha~! in Turkish cotton cultivation across various regions [15].

Cotton’s environmental impact is multifaceted including water use, toxicity, and eu-
trophication [6]. The increasing application of life cycle assessments (LCAs) has become
essential for evaluating and comparing the environmental impacts of organic and conven-
tional crop systems across various categories [22]. This method provides a comprehensive
framework for understanding the ecological consequences of agricultural practices, partic-
ularly in cotton farming. It is instrumental for achieving a holistic perspective, identifying
hotspots, and exploring potential co-benefits and trade-offs of products and organiza-
tions [23]. The progression of LCA studies in cotton production has been characterized by
important contributions from numerous researchers across different regions, such as Pak-
istan [24], China [25], Mali [26], India [18,27], and Iran [4], revealing critical insights into the
environmental sustainability of cotton production. For instance, Ullah et al. [24], explored
the eco-efficiency of cotton-cropping systems in Pakistan using an integrated approach
of LCA and data envelopment analysis. Shah et al. [27] presented a comparative study
of organic, Better Cotton Initiative (BCI), and conventional cotton cultivation practices in
India, highlighting the differences in sustainability. In Mali, Avadi et al. [26], conducted
an LCA comparing organic and conventional non-Bt cotton products, providing insights
into their environmental impacts. Zhang et al. [25] focused on water footprint analysis in
China’s cotton production, emphasizing the importance of environmental sustainability.
Additionally, Singh et al. [18] utilized data envelopment analysis to optimize the net ecosys-
tem carbon and energy budget in cotton cultivation in North-Western India. Chen et al. [28]
reviewed LCA studies related to cotton textiles, summarizing the findings and implications
for sustainable practices. Zhang et al. [6] conducted a review of the environmental impacts
of cotton production across its life cycle, identifying key factors influencing these impacts
at the cultivation, manufacturing, and use stages, while also suggesting opportunities for
improving sustainability and highlighting the need for further research in developing coun-
tries. Recently, Gonzalez [29] analyzed the multi-faceted environmental impacts of global



Sustainability 2024, 16, 6637

30f23

conventional and organic cotton using LCA, revealing significant differences in impact
categories during agricultural production and highlighting the substantial effects of con-
ventional cotton dyeing on global warming potential and terrestrial ecotoxicity. Numerous
studies on LCAs indicate that cotton production has considerable environmental impacts
due to high water consumption, land use, and the extensive use of energy, fertilizers, and
pesticides, all of which can adversely affect the environment and human health [30].

Despite the extensive research, there remains limited information on the environmental
impacts of global cotton production, with only a few LCA categories commonly assessed,
such as global warming, eutrophication, and water consumption [28]. The ongoing debate
continues regarding the comparative advantages of organic versus conventional cotton
production systems, with organic agriculture often showing benefits in some environmental
areas while conventional practices may excel in others [22]. Additionally, the use of LCA in
Africa is constrained by a lack of expertise and data [31], which limits the ability to assess
specific regional impacts and adapt methodologies for local contexts. This gap underscores
the need for more comprehensive studies to evaluate the environmental implications of
cotton production in the region.

This study aims to provide new evidence through a detailed energy and life cycle
impact assessment of both conventional and organic cotton cultivation in Egypt’s Beheira
governorate. By hypothesizing that organic cultivation will exhibit a reduced environmen-
tal footprint per unit area but higher per unit of product, the study seeks to contribute to
the ongoing discourse on sustainability in cotton farming.

This research is particularly important given the growing global demand for cotton
and the need for sustainable production practices. In summary, this study provides valu-
able new evidence and insights to support sustainable decision making in Egyptian and
African cotton farming, while also contributing to the broader global discourse on the
environmental sustainability of organic and conventional cotton production systems.

2. Materials and Methods

The methodology employed in this study is based on the approach suggested by
Denora et al. [32]. As illustrated in Figure 1, two research methodologies—namely, life
cycle energy analysis and environmental life cycle assessment—were utilized in the present
investigation. A typical life cycle assessment (LCA) study consists of four phases: (a) the
goal and scope definition phase; (b) the inventory analysis phase; (c) the impact assessment
phase; and (d) interpretation.

Initially, the goals and boundaries were established, followed by the collection of
data related to the inputs of cotton cultivation, including human labor, machinery, fuel,
chemical fertilizers, water, and pesticides. Subsequently, an energy analysis was conducted,
which accounted for all forms of energy input and output during the crop production
process. This study aims to explore various energy indices such as Energy Use Efficiency
(EUE), Energy Profitability (EP), Specific Energy (SE), Net Energy Gain (NEG), and overall
energy profitability.

Using attributional Life Cycle Assessment (LCA), the environmental impacts arising
from all inputs were investigated. Based on the Recipe 2016 methodology [33], midpoint
and endpoint indicators (Hierarchist perspective) have been combined to create a com-
prehensive environmental profile. Midpoint indicators address specific environmental
issues such as water usage, climate change, toxicity, acidification, and eutrophication.
At the endpoint level, three categories—human health, ecosystem quality, and resource
scarcity—were quantified. To simplify impact information, a single score indicator was
applied. Frequently, LCA results can be challenging for stakeholders like policymakers
and decision-makers to comprehend. Therefore, presenting the results as a single score
aims to facilitate their understanding of performance. The interpretation phase involved
identifying significant issues based on the results of the life cycle inventory (LCI) and life
cycle impact assessment (LCIA) phases. This included assessing the magnitude and the
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most relevant life cycle stages, processes, elementary flows, and impact categories, as well
as deriving conclusions, limitations, and recommendations.

(i) Goal and scope definition
Study objectives; determination of system boundaries;
selection of functional unit; and impact assessment methods

(ii) Life cyc!e inventory
Identification of inputs/outputs;
on-farm emission modeling; LCI full inventory modelling in OpenLCA

(iiii) Life cycle impact assessment (iv) Energy analysis

* Energyinput

* Energy output

* Net energy gain (NEG)

* Energy use efficiency (EUE)
* Energy productivity (EP)

* Specific energy (SE)

* Energy profitability

* Analysis of midpoint
categories;

* Analysis of endpoint
categories;

* Overall environmental impact
(resource) indicator;

l (v) Life cycle interpretation
LCIA performance and Energy balance and
environmental hotspots performance indicators;

Evaluate completeness, sensitivity, and consistency

Figure 1. Framework for evaluating the energy and environmental footprint of cotton cultivation.

2.1. Goal and Scope

The goal and scope definition phase of an LCA involves making decisions regarding
the production system, including the functional unit, system boundary delimitation, exclu-
sion of life cycle stages, input flows, impact indicators, and characterization factors. In the
present study, an attributional approach was applied in the Beheira governorate of Egypt
to assess the organic and conventional cultivation systems of the cotton cultivar Giza 86.
This research identifies the main hotspots associated with the agricultural stage in the two
cropping systems. While we acknowledge variations among systems, it is important to
note that this study does not strictly follow a comparative approach.

The chosen LCA boundary extends from the cradle to the farm gate. This comprehen-
sive approach considers the production of agricultural inputs, all agricultural processes,
the use of machinery, and any on-farm processing, such as drying, leading to the final
product at the farm gate, which typically represents the most common sales form. Cotton
cultivation activities included field preparation, planting, field operations, and harvesting.
Field operations involved irrigation, weed and pest control, and fertilization. These tasks
consume energy (electricity and fuel), require inputs (seeds, fertilizers, water, etc.), and
produce crop residues and emissions, all integral to the current system (see Figure 2).

LCA results are usually expressed in relation to a functional unit (FU). The functional
units (FUs) employed in this study are one kilogram (kg) and /or one metric ton of seed
cotton at the farm exit gate, as well as one hectare (ha) of cultivated cotton. Utilizing a dual
functional unit for comparing organic and conventional methods offers a valuable basis for
comparison, yielding more comprehensive information [26]. The reference flow for both
systems of cotton was one metric ton of seed cotton.
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Figure 2. System boundaries for conducting an LCA-based sustainability analysis of cotton cultivation.

2.2. Life Cycle Inventory

The life cycle inventory (LCI) involves data collection and the calculation procedure
for the quantification of inputs and outputs of the production system (Table 1). Typically,
LCI comprises both foreground and background data. Several data sources have been used
to model the inventory of cotton cropping systems.

Primary data, which include detailed information on resource inputs and crop yields,
were obtained from three model farms as part of the SustInAfrica H2020 research initiatives.
A semi-structured questionnaire was utilized during the “Baseline Analysis & Monitoring
System’s Design of West and North African Farming Systems” phase of the SustInAfrica
project to collect and organize this information. It is important to note that these datasets do
not represent average national data; however, they are indicative of the prevalent agricul-
tural practices typically adopted by local farmers in the Beheira governorate. Agricultural
production data reflect average values over the most recent five-year period.

Cotton farms in Beheira are relatively small, with the average farm size being around
1 feddan (1.038 acres or 0.42 hectares). The primary cotton variety grown in Beheira is
Giza 86, known for its high quality and long fibers. Farm holdings are often fragmented,
with farmers cultivating multiple small plots of land. The generic input data included
human labor, seeds, diesel fuel, irrigation water, chemical fertilizers, and plant protection
(Table 1). The input data values were normalized based on an average crop yield of
3364 kg ha—! [SD 86.8 kg ha~!] for organic systems and 3400 kg ha~! [SD 31.2 kg ha!] for
conventional systems.

A conventional cotton system in the region refers to a method of growing cotton
that follows traditional or mainstream agricultural practices, typically characterized by
the use of chemical inputs, and respective management (e.g., narrow crop rotations or
monocropping). Chemical inputs include the use of synthetic fertilizers, herbicides, and
pesticides, including for example seed coating with fungicides to protect against fungal
infestations. Ammonium nitrate and single superphosphate are commonly used as nutrient
sources, in addition to farmyard manure. Currently, genetically modified cotton varieties
that are engineered to resist certain pests or tolerate specific herbicides are not commercially
used in Egypt.
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Table 1. Yield and resource input for 1 metric ton of conventional and organic seed cotton cultivation
in Beheira governorate, Egypt.

Parameters Process Modeled/ Unit Conventional Organic
Compartment Cotton Cotton
Resource and yield data !
Crop yield Cotton, EG kgha™! 3400 3364
Seeds, for sowing Market for cotton seed, for sowing kgt™! 21 21.2
Diesel Fuel Diesel, burned in building machine 1t1 14.1 14.2
Lubricating oil Market for lubricating oil kg t™! 0.22 0.225
Tractor work market for tractor, 4-wheel, agricultural hour t~! 1.11 1.112
Ammonium nitrate, as N Market for ammonium nitrate, as N kg N t1 70.7 -
Superphosphate, as P,O5 Single superphosphate production kg P05 t1 53.6 -
Farmyard manure Average digestate kgt™! 2753 -
Plant/ Animal compost Azgrage compost, from green waste, kg t™! - 4815.3
iowaste, sludge, manure, slurry
Biofertilizers kg t! - 71.3
Pesticides Market for pesticide, unspecified kgt™! 0.097 -
Irrigation water Water, river, EG m3 t1 1906 1565
Diesel fuel for irrigation Diesel, burned in building machine MJ 1 819 687.8
Human labor Carbon dioxide, to air ht! 310.5 314
Emission to Environment 2
Ammonia Emission to air, low population density kgt™8 18.13 17.39
Benzo(a)pyrene Emission to air, low population density kgt™8 3.52 x 1077 3.87 x 1077
Cadmium Emission to air, low population density kgt™8 1.17 x 1077 1.29 x 1077
Carbon dioxide, fossil Emission to air, low population density kgt™8 36.6190 40.2809
Carbon monoxide, fossil Emission to air, low population density kgt™8 0.134 0.146
Chromium Emission to air, low population density kgt™8 5.9 x 107 6.5 x 1077
Copper Emission to air, low population density kgt™8 2x107° 22 x107°
Dinitrogen monoxide Emission to air, low population density kgt™8 2.86 2.85
Tetrachlgir;((:lilr‘lbenzo—p— Emission to air, low population density kgt™8 1.18 1.23
Methane, fossil Emission to air, low population density kgt™8 125.37 120.19
Nickel Emission to air, low population density kgt™8 125.11 119.97
Nitrogen oxides Emission to air, low population density kgt™8 5.61 6.11
NMVOC Emission to air, low population density kgt™8 124.98 119.82
Pog;zlfgsajizrgsatlc Emission to air, low population density kgt™8 0.19 0.21
Particulates, <2.5 um Emission to air, low population density kgt™8 0.13 0.15
Particulates, >10 um Emission to air, low population density kgt™8 0.29 0.17
Partlculat<els E)szrr? um, and Emission to air, low population density kgt™8 0.0021 0.0023
Selenium Emission to air, low population density kgt™8 1.17 x 1075 1.29 x 107°
Sulfur dioxide Emission to air, low population density kgt™8 0.01 0.01
Zinc Emission to air, low population density kgt™8 1.17 x 1075 1.29 x 107°
Nitrates Emission to water, groundwater kgt™8 137.4 54.1
Phosphate Emission to water, groundwater kgt™8 0.095 0.095
Phosphorus Emission to water, surface water kgt™8 0.53 0.38

! Collected from the SustInAfrica research project. 2 Generated from emission-based models.

An organic cotton system refers to a method of cotton cultivation that adheres to
organic farming principles and practices [34]. Organic cotton is typically grown from
non-genetically modified seeds without the use of synthetic pesticides, herbicides, or
fertilizers. In organic farming, the most commonly used organic fertilizers are compost,
animal manure, and bio-fertilizers (bacterial and/or fungal inoculants applied to plants,
seeds, or soil to increase nutrient availability and utilization by plants).

In Egypt, irrigation, weed and pest control, and fertilization are commonly applied in
both systems. Similar land preparation methods are used, where the land is prepared by
plowing and leveling before planting to create a suitable seedbed for cotton. Planting in
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rows is a common practice to optimize water management procedures. The cotton season
is six months long, with seeds sown from mid-April to mid-May, depending on the region,
and harvested from September to October. Regardless of the cultivation method, cotton
in Egypt is often irrigated due to the arid climate. Irrigation is carried out using surface
irrigation systems, and diesel-based pumps are used to supply water from river canals to
cotton fields. Cotton is typically harvested manually in Egypt.

2.2.1. On-Farm (Foreground) Emissions

On-farm modeled emissions (Table 1) include the emissions from fuel combustion in
tractor engines and irrigation pumps and the application and decomposition of fertilizers in
the soil. The fuel emissions were estimated based on coefficients for the combustion of each
M] of diesel fuel [35]. In addition, the emissions from fertilizer use were modeled according
to the methodologies outlined by the Intergovernmental Panel on Climate Change (IPCC,
2006), and emission factors retrieved from the CarbonCloud agricultural model [36]. The
model includes emissions of nitrate (NO3; ™) in water and nitrous oxide (N;O), nitrogen
oxide (NOx), and ammonia (NHj3) into the air. The direct N,O emissions were calculated
as 1% of all available nitrogen (0.01 kg N,O-N kg N 1), including nitrogen applied with
chemical and organic fertilizers. The indirect N, O from atmospheric deposition (0.01 kg
N,O-N/kg NH3-N), leaching /runoff (0.011 kg NoO-N/kg NO3-N), nitrate-nitrogen leach-
ing loss (0.24 kg NO3-N/kg N), ammonia volatilization (0.11 kg NH3-N/kgN), and nitrous
oxide (0.21 kg NOx/kg N>O). As there was a lack of data regarding biofertilizer on-field
emissions, we extrapolated nitrogen-based emission patterns similar to those observed
with chemical fertilizers, as detailed earlier. Besides nitrogen-based emissions to water and
air, phosphorus emissions are taken into consideration in the model using the guidelines of
Nemecek et al. [35].

2.2.2. Off-Farm (Background) Emissions

The Ecoinvent 3.1 database [37] was used to calculate background emissions with
process names as presented in Table 1. This database offers average market data for a wide
range of existing materials, energy supply processes, and services.

2.3. Life Cycle Impact Assessment (LCIA)

The objective of life cycle impact assessment (LCIA) is to comprehend and quantify the
scale and importance of potential environmental impacts. In this phase, the environmental
impacts of cotton cropping systems were evaluated using the ReCiPe 2016 method [33].
ReCiPe 2016 includes two sets of impact categories with specific characterization factors. At
the midpoint level, we addressed eighteen impact categories: global warming, stratospheric
ozone depletion, ionizing radiation, ozone formation (human health), fine particulate matter
formation, ozone formation (terrestrial ecosystems), terrestrial acidification, freshwater
eutrophication, marine eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity, marine
ecotoxicity, human carcinogenic toxicity, human non-carcinogenic toxicity, land use, mineral
resource scarcity, fossil resource scarcity, and water consumption. At the endpoint level,
these midpoint categories were aggregated into three endpoint categories: damage to
human health, damage to ecosystem quality, and damage to resource availability. These
endpoint impacts were then combined into a single score to highlight key hotspots and
overall environmental sustainability. Panel weighting (human health 400, ecosystem quality
400, and resources 200) was applied to generate a single LCA score. To enhance precision
and reliability, we combined country-specific (spatial) and globally aggregated (generic)
characterization factors, as recommended for accurate LCA outcomes [38]. LCIA was
performed using the LCA software OpenLCA 2.0.4 [39].

2.4. Energy Analysis and Performance Indices

The energy equivalent of inputs and outputs was determined by multiplying the
amount of each input by the related energy coefficient (Table 2).
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Table 2. The energy equivalent of inputs by type and source and output in cotton production.

Energy
Parameter Equivalents Unit References
(M] Unit—1)
Human labor 1.96 h [40]
Seeds cotton 11.8 kg [14,15]
Pesticide, unspecified 193 kg [40]
Diesel fuel 56.31 Liter [41]
Nitrogen (N) 66.14 M]/kg [41]
Phosphorus (P) 12.44 MJ/kg [41]
Bio-fertilizers 19.64 MJ/kg [42]
Farm manure/Compost 0.3 M]/kg [40]
Tractor machinery 62.7 kg [40]
Water, irrigation 1.03 m3 [40]
Cotton, yield 11.8 kg [14-18,20,43,44]

The energy was categorized into direct, indirect, renewable, and non-renewable
sources. Direct energies included human labor, diesel fuel, oil, and water for irrigation.
Indirect energy consisted of seed, chemical and organic fertilizers, plant protection prod-
ucts, and agricultural machinery. The energy from human labor, seeds, organic fertilizers,
and irrigation water was considered renewable energy. Diesel fuel energy, plant protection
products, chemical fertilizers, and machinery were considered non-renewable energies. In
both cultivation systems, the energy equivalent of cotton seed yield stood at 11.8 MJ kg !, a
widely employed value in energy-related investigations of cotton farming [14-18,20,43,44],
irrespective of the cultivation method. This allows for valuable comparisons among diverse
research findings, contributing to a more comprehensive understanding of how Egyptian
cotton cultivation is positioned in terms of energy performance. A series of energy parame-
ters was evaluated by the energy ratio between output and input. The energy use efficiency
(EUE), energy productivity (EP), specific energy (SE), net energy gain (NEG), and energy
profitability were calculated using the following formulas [40]:

The ratio of input—output energy (Equation (1)), or energy use efficiency, is an indicator
that determines the agricultural system’s energy. An increase in the ratio indicates an
improvement in energy efficiency.

Total energy output (MJ ha™?)

1)

Energy use efficiency =
&Y Y~ Total energy input (MJ ha™!)

Energy productivity (Equation (2)) is an indicator of the amount of physical output
that is derived from each unit of energy consumed. In other words, how much product
is produced per unit of input energy. An increase in the indicator denotes high EP and
vice versa.

-1
Energy productivity (kg MJ 1) = Crop output (kgha )

- . -1 (2)
Total energy input (MJ ha™")

Specific energy (Equation (3)) is the inverse of energy productivity and defines the
amount of energy used to produce a product unit. An increase in the indicator denotes
lower energy efficiency and vice versa.

. -1
Specific energy (MJ kg 1) = Energy input (M] ha_l ) 3)
Crop output (kgha™")

Net Energy Gain (Equation (4)) is a concept used in energy economics that refers to
the difference between the energy expended to harvest an energy source and the amount of
energy gained from that harvest. It is the difference between the energy value of the output
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and the total energy in producing that output. A higher net indicates more energy gain
(more profitable), and vice versa.

Net energy gain (M] hafl) = Total energy output <M] hafl) — Total energy input (M] hafl) 4)

The energy profitability of cotton cultivation can be calculated as the ratio of net energy
gain to total energy input, expressed as:

: -1
Energy profitability = Net energy gain (M ha )

. = (5)
Total energy input (MJ ha™ ")

The energy profitability indicates the efficiency of energy utilization in cotton cultiva-
tion. A higher value suggests better energy management practices and more efficient use
of resources.

3. Results

The results of the modeling were analyzed using energy balance and performance
indices, as well as environmental impacts at the midpoint, endpoint, and single score levels.
A thorough examination of hotspots was conducted based on the outcomes of the energy
analysis and LCIA.

3.1. Energy Balance Performance Indicators

The energy balance and performance indices of both conventional and organic cotton
are presented in Table 3. For the conventional system, total input and output energies
were 37,472 MJ ha—! and 40,120 MJ ha™!, respectively, resulting in a net energy gain of
2648 MJ ha~!. Energy efficiency, productivity, intensity, and profitability were calculated at
1.07,0.091 kg MJ ha—!, 11.02 MJ kg !, and 0.071, respectively.

Table 3. Energy balance and performance indicators of cotton seed production in Beheira gover-
norate, Egypt.

Item Unit Conventional Cotton Organic
Cotton
Energy input M]J ha=1 37472 24,763
Energy output MJ ha—! 40,120 39,699
Net energy gain (NEG) MJ ha—! 2648 14,936
Energy use efficiency (EUE) - 1.07 1.60
Energy productivity (EP) kg Y 0.091 0.136
Specific energy (SE) MJ kg~! 11.02 7.36
Energy profitability - 0.071 0.603

In comparison, the organic system exhibited total input and output energies of
24,763 MJ ha~! and 39,699 MJ] ha~!, yielding a net energy gain of 14,936 MJ ha~!. Energy
efficiency, productivity, intensity, and profitability were estimated at 1.6, 0.136 kg MJ !,
7.36 MJ kg~!, and 0.603, respectively.

The categorized energy inputs into direct and indirect sources, as well as renewable
and non-renewable categories, are shown in Figure 3. In the conventional system, 41% of
energy came from direct sources, with 59% from indirect sources. In contrast, the organic
system relied on 56% direct and 46% indirect energy sources. Additionally, the conventional
system was more dependent on non-renewable energy sources (67%), whereas the organic
system favored renewable sources (74%).
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Figure 3. Distribution of energy inputs categorized into direct and indirect sources, as well as
renewable and non-renewable categories.

Figure 4 presents the contribution analysis of inputs and processes to the energy
footprint of organic and conventional seed cotton production. The main factors contributing
to the total energy consumption in conventional seed cotton production were fertilizers
(56%), irrigation (28%), mechanization (8%), and human labor (6%). Synthetic nitrogen
fertilizers, specifically ammonium nitrate, constituted 42% of the total energy input, with
farm manure contributing 8% and phosphorus fertilizers 6%. Irrigation water accounted
for 18% of the total energy input, whereas irrigation diesel energy accounted for 11%.
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Figure 4. Contribution analysis of inputs and processes to the total energy input in conventional and
organic seed cotton production.

In organic seed cotton production, a similar trend is observed (see Figure 4). The
primary contributors to the energy footprint are fertilizers (41%), irrigation (35%), mech-
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anization (12%), and human labor (8%). Compost and bio-fertilizers contribute 22% and
20%, respectively, to the total energy input. Additionally, energy from irrigation water
constitutes 22% of the total energy input, while energy from irrigation diesel accounts
for 14%.

We compared our energy balance results with international literature (Table 4), which
highlights the variability in energy inputs across different geographic locations and farming
practices. In our study, the total energy input of cotton cultivation ranged from 24,763 to
37,472 MJ ha~!. Comparing these values with those reported in the literature, we find that
our results are in line with the lower values of 23,960 MJ ha~! in India [18], 31,860.6 to
36,189.03 MJ ha—! in Iran [17], and 34,424.19 MJ ha~! in Iran [16]. However, they are lower
compared to the energy inputs of 49,736.9 MJ ha~! in Tiirkiye [13], 54,617.62 M] ha~! in
Tiirkiye [14], and 58,374.07 MJ ha~! in Pakistan [19]. Significantly higher energy inputs
were observed in central Greece [12], reaching 82,600 MJ ha=1, and in Turkish cotton
cultivation (mix of different regions) [15], totaling 83,869.49 MJ ha~!. The results show
that the energy input in Egypt is 24.6% to 70.6% lower than the energy inputs reported in
other regions, including Tiirkiye, Pakistan, and central Greece cotton cultivation across
different regions.

In this study, the energy use efficiency (EUE) varied between 1.07 and 1.6. This range
is consistent with findings from earlier research, where EUE values were reported to range
from 0.7 in Pakistan [18] to 3.1 in India [18]. Notably, in central Greece [12], the efficiency
was determined to be 0.19 while in India values reached up to 7.79 [45].

The specific energy for cotton cultivation was assessed in the range of 7.36 to 11.02 MJ kg !,
aligning with the range of values reported in the literature, which spans from 4.77 MJ kg !
in China [46] to 20.28 MJ kg ! [18].

The energy productivity of Egyptian cotton was assessed to be in the range of 0.091
to 0.136, consistent with reported values that vary from 0.04 [18] to 0.21 kg MJ 1 [14,46].
These differences in energy balance indicators in cotton cultivation could be ascribed to
region-specific cotton productivity levels and resource use efficiency.

The literature on energy forms yields varying results. Some studies [14,17,18,20] found
that the ratio of direct energy was higher than the ratio of indirect energy. All the studies
examining the energy footprint of cotton production included in this paper indicate that the
proportion of non-renewable energy exceeds that of renewable energy. The dominant share
of indirect and non-renewable energies highlights a significant reliance on finite resources,
prompting considerations for sustainable resource management.

In the literature, the predominant contributors to energy consumption in cotton pro-
duction are fertilizers, diesel fuel, irrigation water, and pumping energy. Synthetic fertilizers
were identified as the primary energy input by Dagistan [43], Khan et al. [2], Sami and
Reyhani [16], Imran et al. [18], and Abbas et al. [20]. Diesel fuel was reported as the main
contributor in studies by Yilmaz et al. [13], Zahedi et al. [44], and Kazemi et al. [17]. In con-
trast, the primary energy source in the studies conducted by Tsatsarelis [12] in Greece and
Baran et al. [14] in Tiirkiye was electricity used for pumping irrigation water. Differences
in energy patterns observed in cotton cultivation across various agroecological regions are
linked to distinct climatic conditions, cultivar types, and management practices that affect
resource inputs. In summary, the energy analysis indicates that the energy performance of
Egyptian cotton cultivation is consistent with global trends.
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Table 4. Comparative analysis of energy balance and performance indicators for cotton production
across countries.
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Tsatsarelis [12] 1991 Greece 82,600 0.19 0.012 80.64 - - ( 45112/{)) (23_F5%)
) L . . 5 . DF F
Yilmaz et al. [13] 2005 Tiirkiye 49,736.9 0.74 0.06 15.97 42.5%/57.5%) 12.6%/87.4% (B1.1%) (28.8%)
. ) s o o o o CF W
Dagistan et al. [43] 2009 Tiirkiye 19,558 2.36 0.2 4.99 28.87%/71.13% 12.3%/87.7% (45.31%) (22.37%)
. CF HL
0 0, 0y 0,
Khan et al. [46] 2009 China 34,322.40 1.51 0.21 4.78 11%/89% 12.3%/87.7% (75.6%) (11%)
i : o o o o DF F
Zahedi et al. [44] 2014 Iran 52,507.8 0.7 0.1 19.2 68.3%/31.7% 22.3%/77.7% (47.4%) (19.8%)
Sami and o o o o CF DF
Reyhant [16] 2018 Iran 34,424 121 0.1 9.8 29.8%/70.2% 10.8%,/89.2% (447%) (18.4%)
. 31,860.6— 0.942- 0.079- o o o o DF w
Kazemi et al. [17] 2018 Iran 36.189.03 1106 0.0937 10.67-12.53  68.08%/31.92%  6.89%/93.11% (39%) (20.41%)
; . CF w
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Imran et al. [19] 2020 Pakistan 58,374.07 0.70 0.04 20.28 61.23%/38.77% 34.7%/65.3% (22.43%) (20.85%)
) s o o o o EFIL CF
Baran et al. [14] 2021 Tiirkiye 54, 617.62 1.21 0.21 9.77 67.43%/32.57%  7.62%/92.38% (34.06%) (27.93%)
i i o ) o o CF W
Singh et al. [18] 2022 India 23,960 3.1 0.083 13.0 49.6%/50.4% 25%/75% (44.3%) (17.8%)
Abbas [20] 2022 Pakistan 30,744.99 1.53 0.13 7.69 55.66%/44.34%  21.05%/78.95% (3(735) (312(1;)
L . ) 5 5 MCH EFI
Aytop [15] 2023 Tiirkiye 83,869.49 0.87 0.07 17.31 48.01%/51.99% 89.96%/10.04% (28.69%) (22.79%)
Ranguwal . 0 0, 9 o F o
etal, [45] 2023 India 23,022.71 7.79 n.a. 10.23 68%/32% 4%/96% (>60%) CF (<25%)

* EFl—electricity for irrigation; F—fertilizers; CF—chemical fertilizers; IW—Irrigation water; DF—Diesel fuel;
MCH—Machinery.

3.2. Midpoint and Endpoint Environmental Impacts

Table 5 illustrates the cradle-to-farm gate impacts of cotton cultivation in Egypt, as
assessed through a Life Cycle Assessment (LCA), for both 1 ton of seed cotton and 1 hectare
of land. When considering area-based functional units (FUs), organic systems consistently
outperform conventional ones in all assessed impacts.

The production of 1 ton of conventional seed cotton, delivered at the farm gate, con-
tributes to a global warming potential (GWP) of 2622.6 kg CO,-eq and requires 2171.8 m?
of water. On a per-hectare basis, this equates to 8916.6 kg CO,-eq and 7384.2 m® of water. In
contrast, the production of 1 ton of organic seed cotton results in a GWP of 2273.9 kg CO,-eq
and a water requirement of 1786.4 m3. Per hectare, this is equal to 4486.1 kg CO,-eq and
6010.1 m> of water, reflecting a 14% reduction in greenhouse gas emissions and a 19% de-
crease in water usage compared with conventional farming. Other studies [26,27,47] report
similar findings, suggesting that organic cotton farming is more climate-friendly than
conventional approaches. In Madhya Pradesh, India [47], Maharashtra, India [27], and
Mali [26], organic cotton reduced GHG emissions by 55.2% (594.1 vs. 1328 kg CO»-eq ha™ 1),
68.8% (456 vs. 1462 kg COp-eq ha~1), and 16% (1844 to 2194 kg CO,-eq ha™1), respectively.
Gonzalez et al. [29] estimated a 190% reduction in global warming potential (GWP) when
comparing organic seed cotton to conventional cotton (0.46 vs. 1.35 kg COz-eq kg™).
These reductions highlight the significant potential of organic farming practices for reduced
farm greenhouse gas emission intensity. The comparative analysis of conventional and
organic seed cotton production reveals significant differences in environmental impacts,
particularly concerning greenhouse gas emissions and water usage. The production of
conventional cotton results in a higher global warming potential (GWP) and greater water
consumption compared to organic cotton. In other studies, the range of published GWP
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is 1928 kg CO,-eq ha~! for conventional cotton in South Punjab of Pakistan [19], 6168 to
6836 kg CO,-eq ha™! for conventional cotton in Southern Punjab of Pakistan [24], 6432.86 kg
CO,-eq ha™! for conventional cotton in Tiirkiye [14], and 2958.56 to 6220.13 kg CO,-eq
ha~! for conventional cotton in different regions of China [21].

Table 5. Environmental impacts of cotton cultivation in Egypt at midpoint level.

Indicator Unit Conventional Organic
1 ton 1ha 1 ton 1ha
Midpoint
Fine particulate matter formation kg PM2.5-eq 5.56 18.89 441 14.82
Fossil resource scarcity kg oil-eq 275.83 937.81 230.70 776.15
Freshwater ecotoxicity kg 1,4-DCB-eq 45.44 154.49 30.41 102.31
Freshwater eutrophication kg P-eq 0.59 1.99 0.45 1.50
Global warming kg COy-eq 2622.6 8916.8 2273.94 7650.22
Human carcinogenic toxicity kg 1,4-DCB-eq 33.00 112.20 22.74 76.50
Human non-carcinogenic toxicity kg 1,4-DCB-eq 1132.85 3851.69 722.24 2429.82
Ionizing radiation kBq Co-60-eq 84.93 288.75 40.06 134.78
Land use m?Za crop-eq 1570.34 5339.16 1585.48 5334.02
Marine ecotoxicity kg 1,4-DCB-eq 63.01 214.23 41.63 140.06
Marine eutrophication kg N-eq 21.09 71.71 17.97 60.46
Mineral resource scarcity kg Cu-eq 13.37 45.44 6.44 21.66
Ozone formation, Human health kg NOx-eq 5.98 20.35 4.95 16.65
©Ozone formation, Terresirial kg NOx-eq 15.24 51.81 12.70 4271
ecosystems
Stratospheric ozone depletion kg CFCl11-eq 0.06 0.21 0.06 0.19
Terrestrial acidification kg SOz-eq 30.28 102.96 25.25 84.95
Terrestrial ecotoxicity kg 1,4-DCB-eq 5339.10 18,152.93 4038.56 13,586.94
Water consumption m3 consumed 2171.83 7384.21 1786.41 6010.01

When comparing the LCA results of conventional cotton with those of Gonzalez et al. [29],
our study generally reports higher impacts for fine particulate matter formation, global
warming, human carcinogenic toxicity, water consumption, fossil resource scarcity, ter-
restrial ecotoxicity, terrestrial acidification, and ozone formation (human health). Con-
versely, Gonzalez’s study reports higher impacts for freshwater ecotoxicity, human non-
carcinogenic toxicity, land use, marine eutrophication, freshwater eutrophication, and
ionizing radiation.

While organic cultivation is often argued to produce positive environmental impacts
per unit of area compared with conventional methods, evidence from other LCA studies
suggests that this advantage may not always extend to a per-product unit basis. Specifically,
organic cotton cultivation has been shown to have lower impacts in categories such as
global warming potential, fossil resource scarcity, human and terrestrial ecotoxicity, and
water consumption when assessed on a per-product basis. Organic cultivation often
requires more land to produce an equivalent quantity of products [29,48]. It can have
also higher marine and freshwater eutrophication as well as mineral resource scarcity and
ozone formation [29]. Despite slightly lower yields, our findings suggest that — in the local
context—organic seed cotton systems demonstrate superior environmental performance
per ton of product compared to conventional systems, with comparable yields (3364 vs.
3400 kg ha—1). These findings align with other studies on cotton production [22,27,47],
reflecting a trend where organic cotton farming tends to have a lower environmental
impact per unit of product. However, this suggests that while land-use efficiency is an
important consideration, the overall environmental performance of cotton production
systems should be evaluated holistically across multiple impact categories to determine
the most sustainable approach. It is crucial to consider the trade-offs between different
environmental impacts and resource requirements to make informed decisions about the
sustainability of cotton production methods
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Figure 5 illustrates the percentages of various contributions to each impact category.
Fertilization emerges as the primary contributor in most impact categories at the midpoint
level. This finding aligns with the results of the review by Boschiero et al. [22], who found
that fertilization is a major contributor to impacts in conventional systems and also plays a
significant role in organic systems, alongside machinery and field operations. Irrigation
water consumption accounts for more than 40% of the total water consumption potential
(WCP). Additionally, because field operations are largely motorized, diesel combustion
contributes to ozone formation, a pattern also observed in organic farming. These findings
highlight the importance of these factors in shaping the environmental footprint of different
cultivation systems.
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Figure 5. Process contribution analysis to the environmental impact categories for conventional (a)
and organic (b) cotton cultivation in Egypt.

The endpoint analysis corroborates the results observed in the midpoint analysis,
showing that organic cotton outperforms conventional cotton on both a per-hectare and
per-ton-of-product basis (Table 6). Specifically, in the human health damage category, the
values were 0.0122 DALY per ton for conventional cotton and 0.0088 DALY per ton for
organic cotton. Ecosystem damage was recorded as 4.98 x 10~ species.yr per ton for
conventional cotton and 3.66 x 10> species.yr per ton for organic cotton. Damage to
resource scarcity was calculated as 104.6 USD2013 per ton for conventional cotton and
88.33 USD2013 per ton for organic cotton. Compared to organic cultivation, conventional
cultivation exhibited 28% higher damage to human health, 26% higher damage to ecosystem
quality, and 18% higher damage to resource scarcity.

In contrast to the midpoint analysis, the contribution analysis of endpoint environ-
mental impacts underscores the substantial influence of irrigation on endpoint impacts
(Figure 6). This suggests that, particularly in Egypt, integrating both midpoint and endpoint
LCA indicators is essential for a comprehensive interpretation of results. In conventional
cotton cultivation, irrigation, primarily through the use of irrigation water, accounts for 32%
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of the impact on human health, 26% on ecosystem quality, and 11% on resource availability.
The role of irrigation is even more significant in organic cotton cultivation, primarily due
to the reliance on organic fertilizers and biofertilizers. In organic cotton, irrigation results
in a 41% impact on human health, a 33% impact on ecosystem quality, and an 11% impact
on resource availability. Additionally, land occupation impacts ecosystem quality by 24%,
with a similar contribution pattern observed in conventional farming. Egypt, with its high
water stress index (the ratio of freshwater withdrawals to hydrological availability in the
watershed), faces challenges related to irrigation. The use of water for irrigation reduces
freshwater availability, making it less accessible for human or ecosystem use. This reduc-
tion in freshwater availability triggers competition among various water uses, leading to
decreased vegetation, reduced biodiversity, and ultimately, diminished ecosystem quality.

Table 6. Environmental impacts of cotton cultivation in Egypt at the endpoint level.

Indicator Unit Conventional Organic
1 ton 1ha 1 ton 1ha
Endpoint
Damage to human health DALY 0.0122 0.04144 0.0088 0.02957
Damage to ecosystem quality species.yr 498 x 107> 0.00017 3.66 x 107> 0.00012
Damage to resource availability USD2013 104.64 355.76 88.33 297.16
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Figure 6. Contribution analysis of endpoint environmental impacts per ton of seed cotton.
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3.3. Total Environmental Impact—Single Score Analysis

Figure 7 illustrates the outcomes of the analysis based on a single score at various
levels of detail.
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Figure 7. Cradle-to-gate environmental footprint contribution analysis for 1 ton of conventional
and organic seed cotton production in Egypt: (A) process level; (B) sub-system level; (C) midpoint
indicator level.

The cumulative environmental impact for each ton of conventionally cultivated cotton
was determined to be 233.3 points. Considering an average productivity of 3.4 tons per
hectare, the assessed impact per hectare of land is 793.22 points. In comparison, the
comprehensive environmental impact for organically cultivated cotton was calculated at
168.3 points per ton or 567.33 points per hectare. The weighted environmental footprint
analysis consistently shows that organic systems outperform conventional ones, regardless
of the chosen functional unit (mass- or land-based). Fertilization and irrigation emerge as
the key contributors to environmental impacts in both cotton cropping systems (Figure 7A).
Both systems are affected by fertilizer emissions occurring in the field and by diesel fuel
consumed for irrigation. The environmental sustainability of the conventional system
primarily relies on synthetic nitrogen-based fertilizers, whereas the sustainability of organic
cultivation is significantly associated with the use of organic fertilizers (compost) and
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bio-fertilizers. The importance of irrigation becomes more pronounced in organic farming,
especially considering the reliance on these fertilizers within the system.

The analysis at the sub-system level (Figure 7B) shows that 52% of the total environ-
mental impacts in conventional cotton are due to on-farm activities. In contrast, 58% of
the total environmental impacts in organic cotton cultivation are attributed to on-farm
activities, with the remainder resulting from off-farm (background) activities. The impact
at the sub-system level is primarily due to the consumption of diesel fuel and its associated
emissions. At the indicator level, water consumption, global warming, and fine particulate
matter formation were identified as the most significant footprint indicators (Figure 7C).

4. Discussion

Agriculture’s impacts on the environment are substantial [49]. Organic and conven-
tional farming represent two distinct approaches to agricultural production, each with its
own set of practices, principles, and impacts. Conventional agricultural systems typically
produce high yields but incur considerable environmental costs, whereas organic agricul-
ture faces criticism for its lower yields, raising doubts about its benefits for sustainable
farming [22]. Before promoting one production system over another or finding an optimal
combination of conventional and organic farming practices, it is essential to thoroughly
examine the energy and environmental benefits and potential trade-offs associated with
each, in addition to other sustainability dimensions. Emphasizing the incorporation of life
cycle thinking into the decision-making process is vital for making informed choices.

The hypothesis of this study posited that organic cotton farming would demonstrate a
smaller environmental footprint and higher energy efficiency compared to conventional
methods. This was evaluated through a cradle-to-farm gate analysis comparing both
systems in Egypt. The results confirm the hypothesis: organic seed cotton production
shows greater energy efficiency and productivity, with a higher net energy gain and reliance
on renewable energy sources. Environmentally, organic systems outperform conventional
ones across various impacts when assessed using area-based functional units. Even when
considering per-product unit impacts, organic farming exhibits lower input intensity and
comparable yields (3364 vs. 3400 kg ha~1), reinforcing the notion that organic practices
generally present a more sustainable option with reduced environmental impacts per unit
area and product. This supports the hypothesis that organic cotton cultivation is more
sustainable in terms of environmental performance compared to conventional farming in
the local context.

In addition, the existing literature presents a strong case for the environmental and
energy efficiency benefits of organic cotton farming compared to conventional methods,
both in Egypt and globally. Research by PE International [50] found that organically
cultivated cotton can lead to reductions in environmental impacts ranging from 46% to
91%. Fidan et al. [51] demonstrated that all environmental impacts associated with denim
fabric decrease when using organic cotton. A comparative LCA conducted in India by
Shah et al. [27] highlighted the significant advantages of organic cotton farming across
various environmental impact categories. Similarly, a study by Avadi et al. [26] in Mali,
found that conventional cotton farming generally resulted in greater environmental impacts
than organic practices. In Egypt, research indicated that while organic agriculture may
have slightly higher direct production costs, it contributes to a reduction in environmental
damage costs [10]. A systematic review of pairwise comparative LCA of organic and
conventional crops by Boschiero et.al. [22] confirmed that, as a general trend, organic
systems tend to exhibit lower environmental impacts. However, studies [22,29,52] have
also identified potential environmental trade-offs per unit of product associated with
organic farming practices, although there is ongoing discussion about LCA methodology
insufficiently representing agroecological systems [10].

The assessment in this study normalized data based on average crop yields for both
organic and conventional farming systems, revealing that these yields were relatively simi-
lar. However, it is crucial to acknowledge that yield variations between these systems can
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be significant, influenced by factors such as soil health, climate, and management practices.
Various studies have examined these yield differences. For example, Bilasis et al. [53] found
no significant differences in cotton growth, yield, and fiber quality between organic and
conventional systems. Singh et al. [27] collected data from 100 farms each of conventional,
organic, and an intermediate system in Madhya Pradesh, India, reporting average yields
of 1938 kg ha~! for conventional, 1888 kg ha~! for organic, and 1755 kg ha~! for the
intermediate system (“better cotton”). Bachmann [54] reported approximately 10% lower
yields in organic smallholder farming in Central Asia compared to conventional methods.
Nevertheless, organic farmers reported greater overall profitability and satisfaction despite
this yield disparity. A long-term trial by the Research Institute of Organic Agriculture
(FiBL) indicated about a 20% yield difference between organic and conventional cotton,
although this difference was less pronounced in some years [27]. In west Nimar, India,
Riar et al. [55] found that conventional cotton yields were 23% higher than organic (mean:
1770 kg ha! vs. 1370 kg ha~!). Additionally, a 6-year comparison in California’s northern
San Joaquin Valley showed that organic cotton yielded 34% less than conventional cotton
(6.7 tha=! vs. 4.4 tha~1). Overall, while some studies report comparable yields between
organic and conventional systems, others indicate that conventional farming often yields
higher under certain conditions.

The uncertainty in data linked to yields and other crucial metrics underwent propa-
gation through a sensitivity analysis (refer to Table 7), utilizing a one-at-a-time approach
(OAT). This method aimed to evaluate the influence of yield variations on the outcomes
and to compare conventional and organic products. Even when yields were increased by
up to 50%, the environmental impacts generally remained larger for conventional cotton
compared to organic cotton. This validates that the advantages of organic cotton in our
study are associated with reduced input intensity concerning fertilization, irrigation water,
and related energy. Conversely, it underscores that the critical aspect pertains to data input
and background emissions considered. In LCA, uncertainty stems from data variability,
methodological choices, and impact assessment methodologies, alongside subjective deci-
sions and assumptions about system boundaries, functional units, emission time horizons,
stakeholder interpretation, and human behavior, all directly affecting results [56]. While
organic fertilizers are typically assumed to have no burden on the system, our assessment
considered background emissions from their production and transportation using common
generic processes in Ecolnvent. Moreover, we considered on-field emissions to have similar
nitrogen-based emission flows. The fraction of added N emitted as N,O from bio-fertilizers
is found to be significantly less than the IPCC default value of 2% [57] Organic farming
relies on organic fertilization, which is generally less energy-intensive than synthetic ni-
trogen fertilizers. The production of liquid fertilizers from organic waste materials seems
reasonable and is an alternative to mineral-solid fertilizers, whose production process is
energy-intensive and produces air emissions [58]. Similarly, the use of biofertilizers has
currently emerged as a cost-effective and eco-friendly alternative to chemical-based fertil-
izers [59]. A comparative LCA by Alengebawy et al. [60] of four biofertilizer production
scenarios (pellets, biocompost, liquid biofertilizers, and powder biofertilizer) demonstrated
environmental gains compared to synthetic fertilizers, and the top three emission reduction
categories were marine aquatic ecotoxicity, global warming, and human toxicity.

While our findings align with prior research and reflect the realities of Egyptian agri-
culture, caution is needed when extrapolating the results to other regions. Egypt’s diverse
agroecological conditions lead to significant variations in farming methods, highlighting the
need for similar analyses in different areas to fully understand the implications of differing
farming practices. Advocating for a nuanced, context-specific approach is important, but
further large-scale research is necessary to validate these results and provide a comprehen-
sive view of the environmental impacts of organic and conventional farming practices in
cotton cultivation. From a global standpoint, the implications of this study extend beyond
Egypt to the broader discourse on sustainable agriculture. The evidence highlights organic
cultivation as a promising method for sustainable cotton production, offering benefits such
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as reduced energy intensity, higher efficiency, and a lower environmental burden. These
findings contribute to the ongoing discourse on agricultural sustainability and underscore
the importance of optimizing fertilization and irrigation methods. Future research should
focus on validating these findings across diverse geographical regions and agricultural
contexts. Comparative studies could offer a more comprehensive understanding of the
environmental impacts of organic and conventional farming on a larger scale. Additionally,
exploring the socio-economic benefits (e.g., price premiums, improved market access, finan-
cial stability) or trade-offs of innovative farming practices and technologies could provide
insights into balancing sustainability with economic viability. Furthermore, when aiming
for a holistic and systemic approach, it is vital to investigate social (e.g., community well-
being, empowerment, fair trade, gender equality) as well as human health impacts (e.g.,
exposure to chemicals, food safety, improved nutrition) in the local context.

Table 7. Sensitivity analysis of energy performance indicators and total environmental impact of
organic vs. conventional cotton in Egypt.

Energy Use Energy Total

Strategy . . . Specific Energy (SE) Environmental

Efficiency (EUE) Productivity (EP) Impact (TEI)

Organic baseline 1.60 0.136 7.36 150.7
Conventional +10% yield 1.17 0.099 10.13 214.3
Conventional +20% yield 1.27 0.108 9.28 196.5
Conventional +30% yield 1.38 0.117 8.57 181.4
Conventional +40% yield 1.48 0.126 7.96 168.4
Conventional +50% yield 1.59 0.135 7.43 157.2
Conventional —20% fertilizer use 1.19 0.101 9.92 206.4

5. Conclusions

The study evaluated the energy and environmental impact of irrigated cotton cropping
systems on selected farms in the Beheira governorate in Egypt using energy analysis and
LCA methodology, identifying key inputs, processes, and co-benefits and drawbacks. The
energy analysis suggests that organic cotton farming can lead to higher energy profitability
due to lower energy intensity and better net energy gain, which could translate into in-
creased income for local farmers, especially as global demand for sustainable products rises.
The LCA analysis corroborates these findings, revealing that organic cotton production
systems exhibit lower environmental impacts across various functional units, including
mass- or area-based metrics. These benefits encompass reduced greenhouse gas emissions,
ecotoxicity, water usage, and improvements in human health, ecosystem integrity, and
overall environmental sustainability. Contrary to common beliefs, our study, along with
other literature, demonstrates that the environmental advantages of organic cotton culti-
vation extend not only per unit of area but also per unit of product. This emphasizes the
overall sustainability of organic cotton farming, even when accounting for data uncertainty
and potential yield differences. The benefits of organic farming are attributed to the use
of organic fertilizers, bio-fertilizers, and lower input intensity. The findings indicate that
organic cotton farming requires less synthetic input, which can lower costs for farmers
by reducing their dependence on expensive synthetic fertilizers and pesticides. Over the
long term, organic farming practices can enhance soil health, leading to better crop yields
and resilience against pests and diseases while contributing to a reduced environmental
footprint of cotton production, which can positively impact local ecosystems and commu-
nity health. As consumers become more environmentally conscious, organic cotton may
command higher prices in both local and international markets, allowing farmers to benefit
from marketing their products as sustainable and potentially accessing premium markets.

Research limitations of this study include reliance on data from specific farms, which
may not be representative, and constraints in the methodologies used, which might over-
look some environmental and social aspects. The choice of functional units and potential
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temporal variations in impacts were not fully addressed. Additionally, the economic impli-
cations of transitioning to organic farming, including conversion costs and market access,
were not explored. Data uncertainty also affects the robustness of the conclusions. These
limitations highlight the need for further research to better understand sustainable cotton
farming practices.

Achieving sustainability in Egypt’s cotton production requires implementing resource-
saving strategies to optimize fertilizer and water use while maintaining productivity,
regardless of the cultivation method employed. By leveraging technological advancements,
research insights, and best practices from diverse agricultural contexts, Egypt can further
enhance the sustainability and efficiency of its cotton farming sector. This involves adopting
precision fertilization and efficient irrigation practices, alongside promoting the use of
less energy-intensive organic fertilizers and bio-fertilizers. Furthermore, integrating these
practices with broader agricultural policies and technological innovations will help address
key environmental and energy challenges, ultimately advancing the sustainability of cotton
production in Egypt.

The study emphasizes the need for further research to understand the dynamics of
organic and conventional farming methods, validate LCA results across different regions,
and explore the environmental benefits and economic trade-offs of innovative farming
practices in cotton cultivation, to guide sustainable decision-making. For future LCA
studies in Egypt, it is advisable to utilize both mass- and area-based functional units (FUs)
and midpoint and endpoint approaches to capture a broader range of environmental effects
and provide more nuanced insights into the sustainability of agricultural practices.
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DALY Disability-Adjusted Life Year
EOFP Ecosystem ozone formation
EUE Energy use efficiency

EP Energy productivity

FEP Freshwater eutrophication

FFP Fossil fuel scarcity

GWP Global Warming

HOFP Human health ozone formation
HTPc Human carcinogenic toxicity

HTPnc Human non-carcinogenic toxicity
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IRP Ionizing radiation

ISO International Organization for Standardization
LCA Life Cycle Assessment

LCC Life Cycle Costing

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
LU Land use

MEP Marine eutrophication

METP Marine ecotoxicity

ODP Stratospheric ozone depletion
PMPF Particulate matter formation
SE Specific energy

SOP Mineral resource scarcity
TAP Terrestrial acidification

TETP Terrestrial ecotoxicity

WCP Water consumption

14-DBEq. 14 Dichlorobenzene equivalent
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