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ABSTRACT

This study reconsiders the complexinterconnections between climate change, industrial agriculture,
global food security, and environmental sustainability. It highlights the negative impacts of climate change
oncrop quantityand quality, as wellasincreased susceptibility to pests and diseases. It also discusses how
the expansion of industrial agriculture contributes to competition for vitalresources, threatening food
security, while exploring possibilities for reconciling agricultural production objectives with sustainability
requirements. The study addresses the environmentalimpacts of these systems,including deforestation,
soil degradation, and the decline of biodiversity. To address these challenges, the study reviews potential
mitigation strategies such as crop rotation, precision agriculture, the development of climate-resilient
varieties, andbiotechnology applications. It also emphasizes the importance of policy and regulatory
frameworks in supporting the transition to sustainable agricultural systems. The study concludes that an
integratedscientific approach that combinesincreased productivity, environmental conservation, and
long-term food securityis necessary to enhance understanding of theinterconnected challenges of
climate change, agriculture, and global sustainability
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ABSTRACT

This study reconsiders the complex interconnections between climate
change, industrial agriculture, global food security, and environmental
sustainability. It highlights the negative impacts of climate change on
crop quantity and quality, as well as increased susceptibility to pests and
diseases. It also discusses how the expansion of industrial agriculture
contributes to competition for vital resources, threatening food security,
while exploring possibilities for reconciling agricultural production
objectives with sustainability requirements. The study addresses the
environmental impacts of these systems, including deforestation, soil
degradation, and the decline of biodiversity. To address these
challenges, the study reviews potential mitigation strategies such as
crop rotation, precision agriculture, the development of climate-resilient
varieties, and biotechnology applications. It also emphasizes the
importance of policy and regulatory frameworks in supporting the
transition to sustainable agricultural systems. The study concludes that
an integrated scientific approach that combines increased productivity,
environmental conservation, and long-term food security is necessary to
enhance understanding of the interconnected challenges of climate
change, agriculture, and global sustainability.

Keywords: Climate Change, Food Security, Environmental
Sustainability, Regulatory Frameworks, Economic and Social, Circular
Economy.
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Introduction

Commodities play a vital role in the global economy by providing raw materials for agriculture, energy,
and manufacturing (Li, 2022). These include agricultural commodities such as wheat, corn, soybeans,
cotton, coffee, and livestock products, as well as energy commodities such as crude oil, natural gas, and
biofuels, and minerals such as gold, silver, copper, and iron ore. These resources are key drivers of trade,
pillars of economic stability, and means of ensuring livelihoods, making their sustainable production
critical to balancing economic growth and environmental conservation, especially in light of growing
climate challenges (VanDeveer, 2020).

Industrial crops are a key focus of this trend, serving as sources of biofuels, bioplastics, and processed
foods (Javaid et al., 2021). Corn is a key ingredient in the production of ethanol, bioplastics, and animal
feed (Chong et al., 2021), while cotton is used in the textile and clothing industries (Rita, 2024), sugarcane
for sugar and ethanol production (Kar et al., 2023), and sunflower for extracting high-quality edible oil
used in the food and cosmetic industries (Algayyim et al.,, 2021). These crops directly influence
agricultural and trade policies, especially in export-dependent developing countries (Scott, 2021).

Sustainability in the production of these crops is gaining increasing importance through the adoption of
precision agriculture, smart irrigation, targeted fertilization, and soil improvement (Getahun et al., 2023).
The resulting biofuels contribute to reducing carbon emissions (Mahapatra et al., 2021), although large-
scale agriculture requires responsible management of natural resources to avoid deforestation and soil
degradation (Tian et al., 2021). Biotechnology is thus crucial for enhancing yields, pest resistance, and
climate change adaptation, contributing to food security and stable supply chains (Barrows et al., 2014;
Ngongolo and Mmbando, 2024).

Industrial crops also contribute to diversifying income sources, attracting investment, and supporting
strategic sectors such as textiles, biofuels, and food processing (Jarzebski et al., 2020; Hassoun et al.,
2022; Wang et al., 2021). Environmentally, crops such as Miscanthus and switchgrass demonstrate the
potential to restore ecosystems, improve soil fertility, and act as natural carbon sinks (Aradottir and
Hagen, 2012; Quintarelli et al., 2022). In developing countries, these crops contribute to job creation and
increased exports, provided that sustainable agricultural practices are adhered to (Scott, 2021).

To achieve sustainable development in the Middle East through a bioeconomy, a multidimensional
approach is required that incorporates effective governance, integrated policies, and extensive
international cooperation (Tarawneh et al., 2025). Research has highlighted the importance of enhancing
food security, facilitating access to agricultural loans, and employing smart technologies to
simultaneously enhance productivity and sustainability (Abo Znemah et al., 2023; Al-Barakeh et al., 2024;
Dayoub et al., 2024; Al-Lataifeh et al., 2024; Tarawneh and Al-Najjar, 2023; Tarawneh et al., 2022).

General, industrial crops are a fundamental pillar of the global economy, trade, and sustainability. They
support strategic sectors and influence agricultural and trade policies, particularly in developing countries.
To maximize benefits and minimize environmental impact, it is essential to bridge the gap between current
agricultural practices and sustainable development goals through advances in biotechnology, rational
resource management, and the integration of agricultural, environmental, and trade policies.

Research aims

This research aims to study the impact of climate change on industrial crops, analyze their role in
enhancing food security, and explore their environmental sustainability, particularly in developing
countries. It also seeks to evaluate the regulatory frameworks and policies governing the production of
these crops, measure their economic and social impacts, and examine their contribution to the circular
economy. The research explores the future of industrial crops by understanding the relationship between
sustainability and innovation, and the prospects for development in light of environmental and economic
challenges.
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Methodology

This study conducted a literature review to evaluate the role of industrial crops within sustainability
frameworks. Academic research published between 2011 and 2025 was collected via Google Scholar,
focusing on keywords such as industrial crops, climate change, food security, and environmental
sustainability. 184 studies were selected based on strict inclusion criteria, emphasizing sustainability in
industrial crop production. Data from these studies were analyzed thematically to extract patterns and
insights into how industrial crops contribute to achieving sustainable development goals, economic
growth, and environmental resilience.

Soybean and Sunflower Production Overlap
Production overlap was calculated using the following equation (Tilman et al., 2011):

Sop(MMT )

( .
——F—< X MMT
Top( MMT) x ) (Equation 1)

Production Overlap =

Top=Sop+'

Where, Sop =Soy Production; Sup =Sunflower production; Top =Total Production, MMT =Million
Metric Tons.

Regression Coefficients for Soybean, Sunflower, and Overlap Production

The data were analyzed using SAS (2012) using a simple linear regression model:
Y,=p+BX;+e; (Equation2)

Where, Y; = Soybean Production/ MMT, Sunflower Production/ MMT, or Production Overlap of i®
observations; = Ovrall mean; B =Regression coefficients; X = Years of production ; e;=Random error.

Limitations

This study was limited to English-language publications during a specific time period. Despite these
limitations, it offers valuable insights into a transformative approach to achieving sustainable economic
and environmental development.

Findings and Discussion
Impacts of climate change

Climate change poses a major challenge to industrial crops, especially water-intensive ones such as cotton,
sugarcane, corn, and sunflower, due to erratic rainfall and drought, which threaten yield stability (Yuan et
al., 2024; Yao et al., 2022). Implementing precision agriculture and improving water management are
essential solutions to ensure the sustainability of these crops (Monteleone et al., 2023). Rising
temperatures also lead to increased pest populations, threatening crops such as soybean and canola,
necessitating the development of resistant varieties and the implementation of adaptive management
strategies (Skendzi¢ et al., 2021).

Rising carbon dioxide levels affect the quality of crops such as sunflower and corn in terms of oil and
starch content (Ainsworth & Long, 2020), reinforcing the need for innovative biological technologies such
as genetically modified crops for drought resistance (Abdul Aziz et al., 2022; Jin et al., 2024). Increasing
competition for land and water is also exacerbating soil degradation and biodiversity loss, necessitating
the adoption of sustainable practices such as crop rotation and integrated management (Hemathilake &
Gunathilake, 2021; Padhiary & Kumar, 2024).

In developing countries, unsustainable practices such as deforestation and excessive use of chemicals
threaten the sustainability of major crops such as cotton, cocoa, and palm oil (Fahad et al., 2023).
Sustainable agricultural technologies are essential to ensure balanced economic and environmental
benefits (Agula et al., 2018). These challenges underscore the need for innovation, sustainable practices,
and effective policies to ensure the resilience of industrial crops to climate change (Pathirana, 2022).
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Industrial crops and food security

Industrial crops, especially those used for biofuel production such as corn and sugarcane, compete with
food crops for land and water, impacting food availability (Dida, 2024; Giller et al., 2021). Large-scale
cultivation of these crops can also lead to deforestation and soil degradation (Borras et al., 2015).

Resilient crops such as sorgum, jatropha, and camelliana can be grown on marginal lands, avoiding
competition with food crops (Raza et al., 2024). Biotechnology, precision agriculture, and vertical farming
contribute to improved productivity and optimal resource utilization (Kabir et al., 2023). Sustainable
policies and support for smallholder farmers are vital to balancing food security and the growth of
industrial crops.

The need to meet global food demand while maintaining sustainability poses a major challenge in
contemporary agricultural discourse (Hemathilake & Gunathilake, 2021). Genetically modified crops
have shown significant potential to improve nutritional outcomes ((Amna et al., 2020). Furthermore, the
application of precision agriculture and advanced agricultural methods, such as climate-smart agriculture,
smart irrigation systems, and soil conservation agricultural practices, contribute to improved resource use
and high productivity (Samoraj et al., 2024; Poole et al., 2021).

The growing demand for industrial crops, such as soybean and palm oil, is placing increased pressure on
water and land resources, a challenge further compounded by the impacts of anthropogenic climate change
(Muluneh et al., 2021). To address these resource constraints, an integrated approach that incorporates
artificial intelligence and precision irrigation techniques is a critical strategy for ensuring sustainability
(Bugge et al., 2016). Furthermore, expanding the bioeconomy can help balance industrial crop use with
food security (Scarlat et al., 2015). To mitigate the environmental impact of industrial agriculture, the
implementation of comprehensive water management strategies, including desalination and precision
irrigation, is essential (Hussain et al., 2019). Investments in post-harvest infrastructure to reduce food
waste, along with the formulation and implementation of policies that support sustainable agricultural
practices, are also essential for enhancing the resilience of the agricultural sector (Jarzebski et al., 2020).

The convergence of population growth, climate change, and resource depletion poses a significant threat
to global food security, with the expansion of industrial crop production considered a contributing factor
to these challenges (Pawlak & Kolodziejczak, 2019; Maja et al., 2021). To reconcile the need to ensure
food security with the growing demand for industrial crops, strategic land-use planning, sustainable water
management practices, and the development of climate-resilient crop varieties are essential (Pawlak &
Kotodziejczak, 2019). Industrial crops contribute to global food security, but they require careful
management to avoid resource depletion and environmental damage. Solutions include the adoption of
resilient crops, precision agriculture, sustainable land-use practices, and policies that support both
economic development and food security. Integrating industrial and food crop systems ensures long-term
sustainability (Umesha et al., 2017).

The expansion of industrial crop production poses a threat to food security, so adopting solutions such as
resilient crops, precision agriculture, and sustainable policies is essential to protect food availability.

Balancing Food Security, Economic, and Sustainability

Table (1) provides a comprehensive overview of the multifaceted contributions of major industrial crops,
illustrating their roles in food security, industrial applications, and sustainability considerations. The table
highlights the dual function of crops such as maize, wheat, and soybeans, which are used as basic food
commodities and as raw materials for diverse industrial sectors, including biofuels, textiles, and animal
feed. While industrial crop cultivation contributes to economic stability and diversification of the
agricultural sector, it poses significant sustainability challenges (Feliciano, 2019). The high water demand
of crops such as sugarcane and cotton raises fundamental concerns about resource depletion, and the
expansion of oil palm and soybean cultivation is associated with deforestation and habitat fragmentation
(Lim et al., 2023). The table emphasizes the need to adopt sustainable agricultural practices, such as the
use of drought-resistant varieties, precision agriculture techniques, and certification programs, to mitigate
negative environmental impacts. It also suggests that strategic policy interventions and technological
innovations play a pivotal role in balancing industrial crop production with overall food security goals.
Expanding the "Industrial Uses" column to include emerging applications such as bioplastics and
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pharmaceuticals, and incorporating underutilized crops such as jatropha and camelliana, would allow for a
more comprehensive understanding of the industrial landscape (Abou Assi et al., 2017). Furthermore,
including specific mitigation strategies, such as agroforestry for oil palm cultivation and microirrigation
for sugarcane, in the "Sustainability Considerations" column enhances the analytical depth of the table.
Updating the cited sources with recent peer-reviewed studies or industry reports enhances the table's
credibility and reflects current sustainability practices. Ultimately, Table (1) serves as an illustrative
framework for understanding the complex relationships between food security, economic development,
and environmental sustainability, emphasizing the vital importance of integrated strategies for improving
agricultural productivity while simultaneously preserving the integrity of natural resources.

Industrial crops, while balancing food and industrial needs, pose a threat to sustainability; therefore,
adopting sustainable practices, modern technologies, and effective policies is essential to reduce resource

depletion and deforestation.

Table 1: Contribution of industrial crops to food security and sustainability

Industrial Crop Role in Food Security Industrial Uses Sust?lnabl} ity
Considerations

Staple food, key Biofuel (ethanol), animal Climate resilience, GMOs
Maize (Corn) ingredient in processed feed, sweeteners, starch for higher yields, soil health

foods production impact

E ial fo . . .

ssentia or bread, pasta, Flour production, gluten Drought-resistant varieties,
Wheat cereals; major global . . . . .
. extraction, bioethanol soil conservation techniques

calorie source

Rich in protein, supports ~ Vegetable oil, biodiesel, soy Deforestation concerns,
Soybeans . . o . need for sustainable farming

livestock industry protein isolates, animal feed .

practices

Major source of sugar Ethanol biofuel, sweeteners, ~ High water usage, impact of
Sugarcane . .

and energy molasses, paper production monoculture farming
Palm Oil Affordable cooking oil, Biofuels, cosmetics, Deforestation, need for

found in processed foods  detergents sustainable certification
Cotton (Secondary  Cottonseed oil used in Textiles, biofuels, animal Water-intensive crop, soil

Food Source)

cooking

feed from cottonseed meal

depletion concerns

Sources: (Jarzebski et al., 2020; Pawlak & Kotodziejczak, 2019).
Industrial Crops and Non-Food Production

Industrial crops, such as corn, sugarcane, and soybeans, are the primary raw materials for biofuel
production, providing an opportunity to enhance environmental sustainability by reducing carbon
emissions and diversifying energy sources away from fossil fuels (Deora et al., 2021). Furthermore, these
crops contribute to atmospheric carbon sequestration through photosynthesis, supporting climate change
mitigation efforts (Koriesh & Abo-Soud, 2020). However, the implementation of large-scale biofuel
production faces significant challenges, particularly competition with food crops for land and water
resources, which can threaten food security, especially in resource-limited regions (Kurowska et al.,
2019). Furthermore, intensive agricultural practices associated with biofuel feedstock production can lead
to soil degradation, ecosystem disruption, and increased reliance on chemical fertilizers and pesticides,
which can further degrade the environment (Hossain et al., 2020; Tudge et al., 2021). To address these
multifaceted challenges, adopting sustainable agricultural methodologies that include crop rotation,
precision irrigation, and the use of alternative raw materials such as algae and agricultural waste becomes
essential to enhance biofuel production efficiency and reduce negative environmental impacts (Sarkar et
al., 2019).

The interconnected relationship between industrial crops, such as sugarcane and cotton, and sectors
outside food production, particularly the biofuel and textile industries, is documented (Dos Santos et al.,
2024). The cultivation of these crops contributes to the creation of diversified economic pathways that
enhance the resilience of agricultural communities and provide vital additional income that contributes to
achieving sustainable food security (Xie et al., 2023).

Industrial crops are a key component of the bioeconomy, providing essential raw materials for diverse
applications including biofuels, bioplastics, pharmaceuticals, and cosmetics (Rathour et al., 2023). This



Jerash for Research and Studies | <l all 5 &ysall (s Alaa | Vol. 25, No. 1, pp. X-X | December 2025

shift toward bio-based industries contributes to reducing the environmental impact associated with
traditional manufacturing and energy production processes (Panoutsou et al., 2022). Notably, perennial
crops such as miscanthus and ryegrass play an important role in sequestering atmospheric carbon, while
biofuel crops contribute to climate change mitigation by providing renewable alternatives to fossil-fuel-
derived energy sources (Wagh et al., 2024).

The cultivation of industrial crops generates significant economic opportunities, particularly for small
farmers in developing regions (Jarzebski et al., 2020). By providing raw materials for the production of
biofuels, textiles, and vegetable oils, these crops contribute to the diversification of local economies,
reducing dependence on imported goods, and stimulating rural development initiatives (Amelework et al.,
2021). The growing demand for renewable products is fostering the emergence of new markets for
biofuels, bioplastics, and sustainable textiles, driving innovation and attracting investment capital. In
addition, industrial crops enhance energy and material security by offering viable alternatives to
petroleum-based products and synthetic fibers, reducing dependence on non-renewable resources (Giller
etal., 2021).

Industrial crops provide non-food benefits but pose risks to food security and the environment. Therefore,
these non-food applications require sustainable practices and the use of diverse non-food raw materials to
maximize utilization and minimize risks.

Environmental Sustainability of Industrial Crops

Industrial crops, including oilseeds, fiber crops, and bioenergy crops, play an important role in reducing
dependence on fossil fuels and contributing to climate change mitigation strategies (Rathour et al., 2023;
Abiodun, 2017). Notably, crops such as hemp and flax contribute to reducing plastic waste through their
use in the production of biodegradable materials (Enarevba & Haapala, 2024). These crops also contribute
to improving soil health, restoring degraded lands, and preventing soil erosion (Liaqat et al., 2023).
However, the implementation of large-scale agricultural practices can lead to deforestation and
biodiversity loss if strict management protocols are not implemented (Gasparatos et al., 2015). Therefore,
adopting sustainable agricultural practices, such as crop rotation, agroforestry, and precision farming
methods, is essential to improve resource use and promote biodiversity conservation (Karaca & Ince,
2022).

Cotton cultivation, especially in arid regions, poses a significant challenge to sustainable water resource
management due to its water-intensive nature (Hussain et al., 2020). To mitigate this challenge, the
implementation of efficient irrigation techniques, the development and use of drought-resistant varieties,
and the adoption of crop diversification strategies are essential (Vaddula & Singh, 2023; Nikolaou et al.,
2020).

The use of chemical pesticides and fertilizers is a major factor in environmental degradation (Tripathi et
al., 2019). To mitigate these negative impacts, precision agriculture, biological pest control strategies, and
the use of controlled-release fertilizer formulations are key solutions (Zhou et al., 2024; Singh et al.,
2020). Additionally, incorporating organic farming practices, such as crop rotation, contributes to
enhancing the overall sustainability of agricultural systems (Xing & Wang, 2023).

Achieving long-term food security critically depends on the balance between agricultural productivity and
environmental sustainability (Shah & Wu, 2018). The application of advanced technological solutions,
including smart irrigation systems, soil sensor networks, and drones, contributes to enhancing resource
use efficiency and reducing negative environmental impacts (Obaideen et al., 2022). Furthermore,
adopting sustainable agricultural practices, such as using organic fertilizers and implementing crop
diversification strategies, contributes to improving soil health and increasing biodiversity, ensuring
environmental resilience (Baweja et al., 2020).

Industrial crops, such as soybean, play a role in the transition to renewable energy sources by contributing
to carbon emissions reductions through biofuel production (Deora et al., 2021; Kurowska et al., 2019).
Intensive agricultural practices, such as monocultures, also contribute to soil degradation and ecosystem
disturbance, leading to a decline in biodiversity (Hossain et al., 2020). To mitigate these negative
environmental and food security impacts, strategies such as crop rotation, precision irrigation, and the use
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of alternative biofuel feedstocks, including algae and agricultural waste, are being implemented (Sarkar et
al., 2019).

Cotton cultivation, especially in arid regions, poses a significant challenge to water resource sustainability
due to its high water demand, which further exacerbates existing water scarcity issues (Hussain et al.,
2020). To mitigate this challenge, water-efficient irrigation techniques such as drip irrigation are being
implemented, along with the adoption of drought-tolerant cotton varieties (Vaddula & Singh, 2023).
Diversifying agricultural practices by incorporating drought-tolerant crops, such as sorgum, also
contributes to enhancing resilience in these water-stressed environments (Nikolaou et al., 2020).

The overuse of pesticides and chemical fertilizers significantly contributes to soil degradation and water
pollution, posing a significant threat to environmental health (Tripathi et al., 2019). To combat these
negative impacts, innovative agricultural practices are being implemented, including precise pesticide
application, biological pest control strategies, and organic farming methods such as crop rotation, with the
aim of reducing adverse environmental impacts (Zhou et al., 2024; Singh et al., 2020). These efforts are
essential to achieving a sustainable balance between agricultural productivity and environmental
conservation.

Achieving an integrated balance between agricultural productivity and environmental sustainability
requires the adoption of advanced technological interventions, including smart irrigation systems, soil
sensor networks, and drones, to improve resource use efficiency (Obaideen et al., 2022). Meanwhile, the
implementation of sustainable agricultural practices, including organic farming, crop diversification
strategies, and Al-enabled technologies, contributes to maintaining soil health, reducing reliance on
chemical inputs, and enhancing agricultural resilience to climate change (Shah & Wu, 2018; Baweja et al.,
2020).

Despite the potential benefits of industrial crops, they carry environmental risks such as deforestation and
pollution. Therefore, sustainable practices and modern technologies are essential to achieve a balance
between productivity and environmental protection.

Sunflower

Sunflower oil is a popular industrial crop widely used in the food processing sector. The refining process,
which aims to improve sensory properties, oxidative stability, and shelf life, involves a series of chemical
transformations to remove impurities such as free fatty acids, viscosities, and pigments. However, this
process also results in the reduction of beneficial nutritional components such as vitamin E and
unsaturated fatty acids (Zaaboul et al., 2022). To optimally maintain the nutritional profile of the oil, it is
recommended to use cold-pressed or unrefined sunflower oil (Chandra et al., 2020).

Sunflower oil refining is a resource-intensive process, requiring large amounts of water and energy
(Havrysh et al., 2023). To reduce the environmental impact associated with this process, it is necessary to
adopt sustainable technological interventions that include water recycling systems and energy-efficient
refining methods (Almusaed et al., 2024).

The development and implementation of innovative refining technologies represents a promising
opportunity to preserve the nutritional value of the oil while reducing the environmental impact. The
adoption of energy-efficient and water-conserving systems is essential to enhance sustainability in
sunflower oil production processes (Javaid et al., 2021; Maitra et al., 2021).

Soybeans

Global markets rely on soybeans as a vital commodity, primarily used for animal feed, soybean oil, and
biofuel. In 2020, Brazil surpassed the United States in soybean production, producing 137 million metric
tons (Pompeu et al., 2021). Genetically modified soybean varieties were introduced during the 1990s,
significantly improving yields and herbicide resistance (Brookes & Barfoot, 2013).

The expansion of soybean cultivation is associated with significant deforestation, particularly in Brazil,
where approximately 1.2 million hectares of forest were lost between 2003 and 2015 (Sauer, 2018).
Consequently, habitat loss and soil degradation remain critical issues associated with large-scale soybean
production. Initiatives such as the Roundtable for Responsible Soy (RTRS) contribute to the promotion of



Jerash for Research and Studies | <l all 5 &ysall (s Alaa | Vol. 25, No. 1, pp. X-X | December 2025

responsible agricultural practices (Schilling-Vacaflor et al., 2021). The implementation of practices such
as no-till farming and crop rotation is essential to mitigate environmental degradation while maintaining
agricultural productivity (Somasundaram et al., 2020).

Global Production Trends and Overlap

Global production trends indicate a significant increase in the cultivation of both soybeans and sunflowers
over time. The expansion of soybean production, driven primarily by the adoption of genetically modified
(GM) varieties and increasing demand for animal feed, has expanded into areas traditionally devoted to
sunflowers, such as Eastern Europe and South America (Martignone et al., 2024). Consequently, this
spatial overlap between the two crops has led to increased competition for agricultural land and resources
(Table 2).

The "Production Overlap" column in Table 2 also illustrates the growing geographic overlap between
soybean and sunflower cultivation within global agricultural markets. This spatial and market overlap has
been exacerbated by the expansion of soybean cultivation into areas traditionally devoted to sunflowers
(DeHaan et al., 2016).

The global expansion of soybean cultivation, fueled by genetically modified (GM) varieties and growing
demand, reflects its overlap with sunflower cultivation, creating competition for land and resources. This
trend requires strategic agricultural planning to ensure sustainable production of both crops.

Table 2: Global trends in production and overlap between soybeans and sunflowers

Year Soybean Production (MMT) Sunflower Production (MMT) Production Overlap*

1950s 35 6.5 0.5
1970s 60 9 1.5
1980s 80 12 2.0
1990s 130 14 4.0
2000s 220 17 5.5
2010s 340 19 7.0
2020 360 20 7.5
2023 380 21 8.0

*Production Overlap: Calculated based on relative relationship between the two productions. MMT =Million Metric

Tons.

Technological Advances, Sustainability, and Production

Technological innovations have played a pivotal role in enhancing the yields of both soybeans and
sunflowers. The application of genetic modification (GM) technologies has significantly increased
soybean yields, while sunflower production has benefited from agricultural advances, including the use of
hybrid seeds and mechanized harvesting techniques (Mustafa & Igbal, 2021).

However, the cultivation of both crops poses distinct sustainability challenges. Soybean cultivation is
associated with deforestation, while sunflower cultivation often contributes to soil degradation. To ensure
their long-term sustainability, the adoption of sustainable agricultural practices such as agroforestry and
conservation agriculture is essential (Konefal et al., 2023; Rotundo et al., 2024).

Global average production is estimated at 200,625; 14,813 and 4,500 million metric tons (MMT) for
soybeans and sunflowers, and their production overlap, respectively (Table 3). These values are estimated
from raw data (FAOSTAT, 2023).

These estimates highlight the significant global production importance of both crops, with soybeans being
the most dominant. Production overlap also indicates the presence of common agricultural conditions or
practices between the two crops, reinforcing the importance of understanding these trends in improving
resource allocation, enhancing sustainability, and meeting global food and industrial demand (Tian et al.,
2018).

Table 3 shows the high predictive power of the regression models used to analyze industrial crop
production, with high explanatory power across all variables. The statistical significance of the estimates
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indicates a high degree of reliability of the observed relationships. Soybean production has the strongest
effect, while sunflower production models have the highest accuracy. The variable "production overlap"
also plays an important role, reflecting the influence of common production factors on more than one crop
(Reiss & Drinkwater, 2017).

These confirm that these models provide valuable insights for agricultural planning and sustainability
analysis, as technology enhances production, despite persistent environmental challenges that call for
integrated solutions.

Table 3: Regression estimates for industrial crop production and model fit

Variables Estimate + Std. Error p-Value R-Square
Soybean Production (MMT) 5.378+0.699 0.0003 0.91
Sunflower Production (MMT) 0.208+0.001 0.0001 0.98
Production Overlap 0.113+0.009 0.0001 0.96

MMT = Million Metric Tons.

Regulatory Framework and Policies

The Rotterdam Convention (1998) is a vital tool for protecting human health and the environment by
regulating international trade in hazardous chemicals (Nufiez-Rocha & Martinez-Zarzoso, 2019). The
Convention faces major challenges, most notably weak implementation commitment and difficulty
communicating information effectively (Kinniburgh et al., 2023). Strengthening international cooperation
and providing technical support are essential measures to improve the effective implementation of the
Convention's provisions (Onyeaka et al., 2023).

The Paris Climate Agreement (2015) plays a pivotal role in supporting sustainable agricultural practices,
reducing greenhouse gas emissions, and enhancing climate resilience (Sharma et al., 2019; Nsabiyeze et
al., 2024). However, implementation faces significant obstacles, such as a lack of investment in
sustainable technologies and resistance to change within traditional agricultural systems (Rehman et al.,
2020). To overcome these challenges, effective financing mechanisms, the adoption of climate-smart
agriculture, and the establishment of knowledge-sharing platforms are essential tools for disseminating
best practices and innovative solutions (Manna et al., 2020; Senapati & Das, 2024).

EU biofuel legislation seeks to strike a delicate balance between supporting renewable energy and
implementing strict sustainability standards, while maintaining food security (Viccaro et al., 2019; Suali
& Suali, 2022). However, the practical implementation of these regulatory frameworks faces several
challenges, such as high production costs, land-use conflicts, and the ongoing need for innovation in
sustainable production technologies (Suhara et al., 2024). To address these interconnected challenges, it is
crucial to conduct in-depth research studies to improve biofuel efficiency, adopt economic incentives to
encourage sustainable practices, and implement strategic land-use planning that mitigates competition
between biofuel production and food provision (Rahman et al., 2022; Morone et al., 2019).

U.S. Food and Drug Administration (FDA) regulations are a key tool for ensuring the safety of genetically
modified (GM) crops and mitigating their associated risks (Turnbull et al., 2021; Ghimire et al., 2022).
Key challenges associated with these regulations include poor public trust, potential long-term impacts,
and rapid developments in biotechnology technologies (Rodricks, 2020; James, 2024). To address these
issues, transparency must be enhanced, rigorous risk assessments conducted, and international
cooperation strengthened (Sharma et al., 2022; Reuber, 2019).

Transparency initiatives enable consumers to make informed decisions and strengthen risk management
frameworks (Nielsen et al., 2021; Turnbull et al., 2021). However, challenges include balancing
consumers' desire for clear information with scientific consensus, ensuring label accuracy, and addressing
pest resistance (Hanlon & Sewalt, 2020). Key solutions include establishing clear labeling guidelines,
implementing ongoing monitoring mechanisms, and promoting scientific research.

Legislative frameworks also encourage the adoption of environmentally sustainable agricultural practices
(Bonn et al., 2020; Kyriakopoulos et al., 2022), but effective enforcement and compliance with regulations
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remain major challenges (Verschuuren, 2022; Lykogianni et al., 2021). Compliance and effectiveness can
be enhanced through adequate training, financial support, and strict oversight mechanisms.

FDA policies also contribute to protecting public health by ensuring food safety standards (Ghimire et al.,
2022; Ladics, 2018). However, public skepticism and the ongoing development of biotechnology remain
pressing issues (Soares et al., 2019). Improved transparency and comprehensive risk assessments are
essential.

FDA policies play a critical role in mitigating environmental risks associated with food production and
biotechnology (Rodricks, 2020; James, 2024). Long-term environmental impacts and pest resistance
remain significant challenges (Sharma et al., 2022; Reuber, 2019). Therefore, continued environmental
monitoring and enhanced scientific research efforts are essential to sustainable risk management.

The FDA approval process is a key pillar for ensuring the safety and efficacy of food products and
biotechnologies before they reach the market (Turnbull et al., 2021; Ladics, 2018). A critical challenge is
balancing technological advances with safety requirements, which requires adherence to rigorous testing
and evaluation protocols.

Transparency in regulatory processes enhances consumer confidence and enables informed decisions
(Nielsen et al., 2021; Hanlon & Sewalt, 2020). However, ensuring accurate labeling and responding to
consumer concerns is a significant challenge. These challenges can be mitigated by establishing clear
regulatory guidelines and investing in public awareness programs.

Sustainable agricultural practices contribute to improved soil health, water conservation, biodiversity
preservation, reduced emissions, increased yields, and enhanced economic resilience (Rehman et al.,
2020; Suhara et al., 2024). However, high startup costs and the need for specialized training are major
barriers (Boix-Fayos et al., 2023; Rahman et al., 2022). Providing transitional support and financial
assistance can facilitate the adoption of these practices.

The success of implementation is affected by a range of obstacles, including high costs, limited access to
technology, resistance to change, financial constraints, weak political support, and climate variability
(Raihan et al., 2024; Erekalo et al., 2024; Viccaro et al., 2019; Morone et al., 2019; Wagqar, 2024; Sharma
et al., 2019). Addressing these interconnected challenges requires targeted financial incentives,
comprehensive policy reforms, and educational interventions to promote understanding and stimulate
broader adoption (Bennett et al., 2018).

Effective measures include financial incentives, government support, awareness programs, precision
agriculture technologies, regenerative agriculture, renewable energy integration, policy strengthening,
and collaborative research (Nsabiyeze et al., 2024; Manna et al., 2020; Jeswani et al., 2020; Turnbull et al.,
2021; Nielsen et al., 2021; Fermeglia & Peris$i¢, 2023). These strategies contribute to achieving
environmental sustainability, increasing productivity, supporting innovation, and ensuring long-term
resilience in agricultural and food production systems (Coomes et al., 2018).

To effectively regulate sustainable agriculture and ensure the safety of biotechnology, policies must
address barriers related to cost and resistance. This requires an integrated framework that combines
incentives, rigorous standards, targeted education, and strategic technology deployment to provide a
supportive environment for the adoption of responsible and sustainable practices.

Economic and Social Impact of Industrial Crops

Industrial crops, which include oil crops such as soybean (Glycine max) and sunflower (Helianthus
annuus), fiber crops such as cotton (Gossypium spp.), and biofuel crops such as maize (Zea mays) and
sugarcane (Saccharum officinarum), are a fundamental component of global economic and social
frameworks. These crops are key drivers of income generation, employment, and rural development,
particularly in agrarian economies (Arumugam & Manida, 2023). They also contribute to international
trade and industrial production, including sectors such as food processing, textile manufacturing, and
biofuel production (Rehman et al., 2021; Ceyhan et al., 2022). Moreover, bioenergy crops, such as
sugarcane (Saccharum officinarum) and oil palm (Elaeis guineensis), are expected to contribute to
sustainable investments by reducing dependence on fossil fuel sources (Zamri et al., 2022).
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Industrial crop cultivation faces a number of complex challenges, most notably market volatility, the
impacts of climate change, and competition for arable land with food crops (Rathour et al., 2023).
Commodity price fluctuations directly impact farmers' incomes, while the increasing frequency and
intensity of extreme weather events lead to reduced crop yields (Chau & Scrimgeour, 2023). The spread of
large-scale monoculture systems is also associated with significant environmental degradation and a
decline in biodiversity (Qi et al., 2024). To mitigate these challenges, priority must be given to
implementing sustainable agricultural practices such as crop rotation, agroforestry, and responsible land
use. Developing climate-resilient varieties, promoting value-added processing industries, and adopting
fair trade policies are also essential to ensuring the long-term stability and sustainability of industrial crop
production (Mahto & Mahato, 2025; Valizadeh & Bijani, 2020).

Industrial crop cultivation plays a vital role in promoting social stability by improving rural livelihoods
and reducing poverty (Ahmed et al., 2019). Sustainable agricultural practices, such as intercropping and
agroforestry, contribute to increased productivity while preserving environmental integrity (Karaca &
Ince, 2022). Strategic investments in infrastructure development, such as irrigation systems and treatment
facilities, strengthen rural economies and reduce rural-urban migration (Velazquez et al., 2023).
Integrating industrial crops into comprehensive sustainability programs enables improved resource use,
supporting long-term economic stability and environmental conservation (Nhemachena et al., 2020;
Perovi¢ et al., 2024).

The industrial crop sector provides extensive employment opportunities across integrated value chains,
from agricultural production to processing and manufacturing (Jarzebski et al., 2020). In developing
economies, industries based on crops such as cotton (Gossypium spp.), flax (Linum usitatissimum), and
sugarcane (Saccharum officinarum) contribute significantly to national employment rates, thereby
enhancing economic growth (Sjah & Zainuri, 2020). Furthermore, the production of value-added goods,
such as biofuels and textiles, contributes to increased income and enhanced financial security for target
groups (Provin et al., 2021).

Farmers engaged in industrial crop cultivation face significant economic constraints due to the high costs
of production inputs, including seeds, fertilizers, and pesticides, leading to a decline in overall profit
margins (Maja et al., 2021). Climate challenges exacerbate these pressures, as increasingly unpredictable
weather patterns due to climate change lead to reduced crop yields (Kumar et al., 2021). Growing drought-
resistant varieties and implementing climate-smart agriculture practices are effective strategies for
enhancing resilience and improving resource use efficiency (Kremsa, 2020).

To mitigate these financial constraints and environmental challenges, providing targeted financial
support, improving access to affordable agricultural inputs, and implementing comprehensive training
programs in climate-smart agriculture are essential interventions. These measures enable farmers to
maintain productivity levels, enhance their resilience to climate variability, and ensure the sustainability of
agricultural production (Solomon et al., 2022).

Despite their economic importance, industrial crops face severe market and climate fluctuations.
Therefore, adopting sustainable agricultural practices and providing effective support to farmers is
essential to ensuring resilience and enhancing social well-being.

Sustainability of Industrial Crops in Developing Countries

The cultivation of major industrial crops, including soybean (Glycine max), oil palm (Elaeis guineensis),
cotton (Gossypium spp.), and sugarcane (Saccharum officinarum), occupies a vital position in global
commodity markets, serving as key sources of raw materials for diverse sectors including food processing,
biofuel production, textile manufacturing, and industrial applications (Siqueira et al., 2022). However, the
expansion of these crops into developing economies poses a complex set of challenges related to
environmental sustainability, economic development trajectories, and socioeconomic impacts (Zeidan et
al., 2015).

The spread of industrial crop cultivation often leads to land-use conflicts and the displacement of small
farmers. In many geographical contexts, large agricultural companies prioritize cash crop production over
basic food commodities, reducing the availability of land for subsistence farming and consequently
impacting regional food security (Panoutsou et al., 2022). Furthermore, the heavy use of pesticides
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associated with industrial agriculture can lead to significant environmental pollution and health risks,
particularly for agricultural workers and nearby communities (Rubika et al., 2024).

Government policy frameworks, including subsidy programs aimed at stimulating biofuel production,
have encouraged the widespread cultivation of industrial crops such as soybean ( Glycine max) and palm
oil (Elaeis guineensis), often contributing to deforestation and the resulting loss of biodiversity (Ben Fradj
et al., 2020). Although international sustainability programs and certifications, most notably the
Roundtable on Sustainable Palm Oil (RSPO) and the Better Cotton Initiative (BCI), seek to mitigate these
negative impacts, their effectiveness varies, particularly in developing countries (Duarte et al., 2021).

Technological advances, including the development and deployment of genetically modified (GM) crops
and the application of precision agriculture methodologies, offer potential opportunities to enhance
agricultural productivity while simultaneously reducing environmental impacts (Srivastav et al., 2024).
For example, genetically modified soybean varieties designed to resist herbicides can reduce the need for
intensive weed control measures, increasing crop efficiency (Altaf et al., 2024). The adoption of
mechanical harvesting techniques, particularly in sugarcane (Saccharum officinarum), has significantly
improved operational efficiency and reduced associated environmental impacts (Adhikari et al., 2024).

Achieving an integrated balance between food security, economic growth, and environmental
sustainability requires the implementation of an integrated systematic framework (Streimikis &
Balezentis, 2020). Agroforestry practices, land-use improvement strategies, and the implementation of
water-efficient irrigation systems are essential components for ensuring sustainable industrial crop
production (Panoutsou et al., 2022). In many developing countries, industrial crops such as cotton
(Gossypium spp.) and oil palm (FElaeis guineensis) play a significant role in driving economic
development, creating jobs, and contributing to foreign exchange (Jarzebski et al., 2020). However, their
cultivation places significant pressure on water resources and contributes to soil degradation, particularly
in climate-sensitive geographic areas (Hussain et al., 2020). The ethical considerations associated with
industrial crop production constitute an important area of research, particularly regarding land distribution
equity, institutional accountability mechanisms, and the protection of vulnerable farming communities
(Mahto & Mahato, 2025). As consumers become more aware of environmental and social externalities,
there is a growing demand for sustainably produced goods, such as organic cotton and deforestation-free
palm oil. This consumer-driven demand is driving companies to adopt more ethical sourcing practices
(Sisti et al., 2021).

Implementing an integrated management model for industrial crop production is essential to achieve a
balance between resource sustainability and economic viability (Bottrell and Schoenly, 2018). Policy
frameworks should prioritize the promotion of sustainable agricultural practices, including providing
incentives for the adoption of precision agriculture and organic farming systems (Bugge et al., 2016).
Furthermore, developing a bioeconomy based on the use of renewable resources such as soybean (Glycine
max) for biodiesel production and sugarcane (Saccharum officinarum) for bioethanol production can
support industrial crop production without compromising food security objectives (Scarlat et al., 2015).
Targeted support mechanisms for smallholder farmers, particularly those involved in the production of
staple food crops, are vital to ensure equitable participation and minimize potential negative impacts on
food availability (Bizikova et al., 2020).

Investments in post-harvest infrastructure and sustainable water management systems are essential to
reduce resource waste and maximize efficiency. For example, precision irrigation technologies and water
harvesting systems can effectively mitigate water scarcity challenges, especially in areas with extensive
sugarcane and soybean cultivation (Hussain et al., 2019).

By adopting these strategies, agricultural systems can achieve greater resilience to climate change impacts
and improve economic stability, enhancing sustainability in both food production and industrial crops
(Amelework et al., 2021).

To ensure sustainable industrial crop production in developing countries, whose economic growth is
highly dependent on them, integrated strategies are essential. These strategies include locally adapted
sustainable practices, ethical policies that promote social and environmental justice, and targeted
technologies to enhance productivity while minimizing negative impacts.

12
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Industrial crops in the circular economy

The circular economy model, which focuses on reducing waste generation and maximizing resource
efficiency by promoting reuse and recycling, represents a viable framework for sustainable development
(Morseletto, 2020). Industrial crops contribute to sustainability principles by providing renewable raw
materials for diverse industrial applications, including biofuel production, bioplasticsand textile. This use
of renewable resources reduces reliance on fossil fuels and non-biodegradable materials, mitigating
environmental impacts (Freitas et al., 2021).

Bioplastics, derived from renewable and biodegradable raw materials, constitute a sustainable alternative
to traditional fossil-fuel-based polymers, reducing the environmental impact associated with plastic waste
(Coppola et al., 2021). Corn (Zea mays) is the primary raw material in bioplastic production, particularly
in the manufacture of polylactic acid (PLA), a polymer widely used in packaging, single-use plastics, and
food containers (Taib et al., 2023). Polylactic acid is biodegradable, facilitating natural decomposition and
reducing the accumulation of plastic waste (Ncube et al., 2019).

However, bioplastic production creates competition for land and water resources with food crop
cultivation and is characterized by high manufacturing costs (Rosenboom et al., 2022). Developing cost-
effective production methods that simultaneously address competing demands on agricultural resources
remains a significant challenge (Moshood et al., 2022).

The widespread cultivation of industrial crops, including cotton (Gossypium spp.), maize (Zea mays), and
soybean (Glycine max), significantly impacts biodiversity, necessitating the implementation of
sustainable management strategies to balance agricultural production with ecosystem conservation
(Padhiary and Kumar, 2024). Monoculture practices contribute to the loss of species diversity, while the
intensive use of pesticides and fertilizers degrades soil health and pollutes aquatic systems (Peter, 2023).
Strategies such as crop diversification, integrated farming systems, organic farming practices, and reduced
chemical inputs are essential to mitigate these negative environmental impacts (Gamage et al., 2023).
Furthermore, establishing protected areas within agricultural landscapes can contribute to protecting
biodiversity while maintaining agricultural productivity (Weynants et al., 2020). Energy crops, such as
maize (Zea mays), sugarcane (Saccharum officinarum), and soybean (Glycine max), play a pivotal role in
biofuel production, contributing to reduced dependence on fossil fuels and mitigating greenhouse gas
emissions (Deora et al., 2021). Ethanol production from maize and biodiesel from soybean offers an
important pathway to climate change mitigation through atmospheric carbon dioxide sequestration during
crop growth (Giir, 2022). However, the large-scale cultivation of these energy crops poses challenges in
competing with food crop production, raising concerns about food security (Zhuang et al., 2022).
Addressing these multifaceted challenges requires advances in biofuel conversion technologies to
enhance efficiency and reduce negative environmental impacts (Shahid et al., 2021). Implementing
sustainable land-use planning strategies is also critical to balancing energy production, food security, and
environmental conservation goals (Kumar and Sharma, 2024).

Industrial crops are essential components of multiple economic sectors beyond food production.
Sugarcane (Saccharum officinarum) plays a vital role in biofuel production, contributing to reducing
dependence on fossil fuels, while cotton (Gossypium spp.) supports the textile industry (Dos Santos et al.,
2024). Diversifying industrial crop cultivation contributes to enhancing economic resilience and
providing multiple sources of income for farming communities, reducing exposure to market fluctuations
(Xie et al., 2023). The income generated from these crops helps finance investments in improving
agricultural practices, infrastructure development, and enhancing livelihoods, supporting the long-term
sustainability of agricultural systems (Verma et al., 2019).

Within the framework of the circular economy, industrial crops provide renewable resources for the
production of sustainable products, but their widespread use requires addressing competition with food
production and environmental impacts through improved farming, technology, and land management.

The future of industrial crops is sustainable and innovative

In the future, achieving sustainable industrial crop farming requires adopting smart and integrated
solutions to address environmental and social challenges, such as climate change and resource scarcity.
The expansion of precision agriculture, supported by artificial intelligence and sensors, will contribute to
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improving water and input use efficiency, increasing productivity while reducing environmental impact.
Genetically modified crops are also a promising tool for enhancing drought and disease resistance and
improving nutritional value, which requires updating regulatory policies and encouraging responsible
innovation. Regenerative agriculture and crop diversification represent supportive pathways for soil
regeneration and biodiversity protection. By integrating technology, inclusive governance, and scientific
research, a more resilient and sustainable agricultural future can be built.

Conclusions

The industrial crops sector faces increasing challenges due to climate change, requiring integrated
solutions that include technology, resistant varieties, sustainable practices, and supportive policies.
Adopting sustainable agriculture and integrated resource and pest management is essential to reduce
environmental damage and ensure food security. Sustainability in this sector requires effective regulatory
frameworks and a multidimensional approach that balances economic growth and environmental
conservation, especially in developing countries. The circular economy and biotechnology represent
pivotal tools for a resilient agricultural future that combines productivity with environmental and social
responsibility.
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