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ABSTRACT

Background. Agricultural systems are increasingly challenged by
rising energy costs, greenhouse gas emissions, and dependence on
fossil fuels, which undermine environmental sustainability and
economic resilience. Renewable energy technologies, particularly solar
and wind energy, offer promising alternatives to support farm
operations while reducing environmental impacts. Integrating
renewable energy into agricultural systems has the potential to enhance
sustainability, improve energy efficiency, and strengthen climate
resilience in rural areas.

Purpose. This study aims to examine the role of solar and wind energy
solutions in enhancing the sustainability of agricultural systems. The
research focuses on evaluating their effectiveness in supporting farm
operations, reducing carbon emissions, and improving economic
viability for farmers.

Method. A mixed-methods approach was employed, combining
quantitative analysis of energy production, cost efficiency, and
emission reductions with qualitative case studies from farms adopting
solar and wind energy technologies. Data were collected through field
measurements, energy audits, farmer surveys, and policy document
analysis

Results. The findings indicate that farms utilizing solar and wind
energy experienced significant reductions in energy costs and carbon
emissions, alongside improved energy self-sufficiency. Renewable
energy integration also enhanced operational stability, particularly in
irrigation, storage, and processing activities.

Conclusion. Renewable energy solutions, especially solar and wind
power, represent effective strategies for enhancing sustainability in
agricultural systems. Their integration supports environmentally
responsible farming while contributing to long-term economic and
energy resilience.

KEYWORDS

Agricultural Systems, Renewable Energy, Solar Energy, Sustainable
Farming, Wind Energy

INTRODUCTION
Agricultural systems are among the most energy-

intensive sectors of the global economy, relying heavily on
electricity and fuel to support irrigation, mechanization,
storage, processing, and transportation (Adeli dkk., 2024).
As global demand for food continues to rise, energy
consumption in agriculture has increased significantly,
intensifying pressure on natural resources and contributing
to greenhouse gas emissions. Conventional energy sources,



https://research.adra.ac.id/index.php/multidisciplinary
https://doi.org/10.17323/humaniora.v3i3.3793
mailto:imanabduh@gmail.com
http://creativecommons.org/licenses/by-sa/4.0/

Renewable Energy Solutions in Agricultural Systems... | Research Papers

particularly fossil fuels, dominate farm operations in many regions, exposing farmers to volatile
energy prices and increasing operational costs (Ahemd dkk., 2025). This dependence not only
undermines economic stability in rural areas but also conflicts with global commitments to
environmental sustainability and climate change mitigation.

Renewable energy technologies have emerged as viable alternatives to address these
challenges, offering cleaner and more resilient energy solutions for agricultural systems (Al-Buraiki
dkk., 2026). Solar and wind energy, in particular, present significant opportunities due to their
widespread availability, scalability, and declining installation costs. Advances in photovoltaic
systems, small-scale wind turbines, and hybrid energy models have enabled farms to generate on-
site energy, reducing dependence on external power grids (Al-Omari dkk., 2025). These
technologies align closely with sustainable agriculture principles by lowering carbon footprints,
improving energy efficiency, and supporting long-term resource conservation.

The integration of renewable energy into agricultural systems represents a critical intersection
between food production, energy security, and environmental sustainability (Al-Shetwi, 2026).
Farms equipped with solar and wind energy systems can enhance operational reliability, especially
in remote or off-grid areas where access to electricity is limited. Renewable energy adoption also
strengthens climate resilience by ensuring continuous power supply during extreme weather events
and reducing vulnerability to fuel supply disruptions (Anvari dkk., 2025). Understanding the role of
solar and wind energy in transforming agricultural operations is therefore essential for advancing
sustainable development in rural and farming communities.

Despite the growing potential of renewable energy, agricultural systems continue to face
significant barriers to adoption (Arias dkk., 2025). Many farms remain dependent on fossil fuel
based energy sources due to high initial investment costs, limited technical knowledge, and
insufficient policy incentives. Smallholder and medium-scale farmers, in particular, often lack
access to financing mechanisms and institutional support needed to transition toward renewable
energy solutions (Ba-abbad dkk., 2025). As a result, the environmental and economic benefits of
solar and wind energy remain unevenly distributed across agricultural sectors and regions.

Energy inefficiency in farm operations further exacerbates sustainability challenges.
Traditional irrigation systems, cold storage facilities, and processing units frequently operate with
outdated technologies that consume excessive energy (Badrudeen dkk., 2025). The absence of
integrated energy planning within agricultural management leads to increased operational costs and
higher emissions (Banluesapy dkk., 2025). Although renewable energy technologies offer solutions
to these inefficiencies, their adoption is often fragmented and limited to pilot projects rather than
mainstream agricultural practice.

This study addresses the challenge of how solar and wind energy solutions can be effectively
integrated into agricultural systems to enhance sustainability (Bricefio-Ledén dkk., 2026). The
problem lies not only in technological availability but also in understanding how renewable energy
can support diverse farm operations while remaining economically viable. Examining these issues
is essential for developing strategies that enable farmers to reduce energy costs, lower emissions,
and improve overall system resilience without compromising productivity.

The primary objective of this research is to examine the role of solar and wind energy
solutions in enhancing sustainability within agricultural systems. The study aims to assess how
renewable energy integration supports farm operations, including irrigation, storage, and
processing, while reducing reliance on fossil fuels (Chang dkk., 2026). Evaluating both
environmental and economic outcomes allows for a comprehensive understanding of renewable
energy performance in agricultural contexts.
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Another objective is to analyze the contribution of renewable energy adoption to carbon
emission reduction and energy self-sufficiency at the farm level (Delbeke dkk., 2026). The study
seeks to quantify energy savings, emission reductions, and cost efficiencies associated with solar
and wind technologies. By comparing renewable energy—enabled farms with conventional energy-
dependent systems, the research aims to highlight measurable sustainability gains.

The study also aims to generate practical insights for policymakers, agricultural planners, and
farmers regarding renewable energy deployment. Identifying enabling conditions, operational
benefits, and potential constraints is expected to inform policy design and investment strategies (El-
Maaroufi dkk., 2025). These objectives collectively support the broader goal of promoting resilient
and sustainable agricultural systems through clean energy transitions.

Existing literature on renewable energy in agriculture has largely focused on technological
feasibility and energy generation potential (Emezirinwune dkk., 2024). Many studies emphasize the
technical performance of solar panels or wind turbines without adequately examining their
integration into everyday farm operations. This narrow focus limits understanding of how
renewable energy solutions interact with agricultural management practices, labor dynamics, and
production systems.

Research on sustainable agriculture often addresses energy use as a secondary component,
overlooking the strategic role of renewable energy in shaping farm-level sustainability (Havea dkk.,
2024). Studies frequently treat energy, productivity, and environmental impact as separate
dimensions rather than interconnected elements of agricultural systems (Enayatizadeh dkk., 2026).
This separation creates a gap in understanding how renewable energy can simultaneously enhance
operational efficiency, economic resilience, and environmental outcomes.

Another gap exists in comparative and empirical analyses that assess real-world outcomes of
renewable energy adoption across diverse agricultural settings. Many studies rely on simulations or
isolated case studies, limiting generalizability (Gallaher dkk., 2026). There is insufficient evidence
linking renewable energy integration to measurable improvements in farm sustainability,
particularly in terms of cost reduction, emission mitigation, and operational stability. This study
seeks to address these gaps by providing an integrated assessment of solar and wind energy
solutions within agricultural systems.

This research offers a novel contribution by positioning renewable energy as a core
component of sustainable agricultural systems rather than as an auxiliary technological upgrade.
The study adopts an integrated perspective that examines solar and wind energy not only as energy
sources but as strategic tools for enhancing farm sustainability, resilience, and efficiency (Garcia-
Saravia dkk., 2025). This approach moves beyond technology-centric analyses to consider
renewable energy within the broader context of agricultural operations and sustainability goals.

The novelty of the study lies in its combined assessment of environmental, economic, and
operational dimensions of renewable energy adoption in agriculture (Gebreabe dkk., 2026). By
analyzing energy production, emission reduction, cost efficiency, and functional support for farm
activities, the research provides a comprehensive framework for evaluating renewable energy
performance. This multidimensional perspective contributes to bridging disciplinary boundaries
between energy studies, agricultural economics, and sustainability science.

The justification for this research is grounded in the urgent need to reduce agricultural
emissions, improve rural energy security, and support sustainable food production systems (Geng
dkk., 2025). As agriculture plays a dual role as both an energy consumer and a climate-sensitive
sector, integrating renewable energy solutions is essential for achieving long-term sustainability
targets. The findings of this study are expected to inform policy development, guide farm-level
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decision-making, and contribute to scholarly discourse on sustainable energy transitions in
agriculture.

RESEARCH METHODOLOGY

This study adopts a mixed-methods research design to examine the integration of solar and
wind energy solutions within agricultural systems and their contribution to farm sustainability. The
design combines quantitative analysis of energy production, operational efficiency, and emission
reduction with qualitative exploration of farmer experiences and institutional contexts (Idriss dkk.,
2026). The quantitative component enables the measurement of changes in energy costs, carbon
emissions, and energy self-sufficiency before and after renewable energy adoption. The qualitative
component provides contextual insights into decision-making processes, perceived benefits, and
operational challenges associated with renewable energy implementation. This integrated design
allows for a comprehensive assessment of both technical performance and practical applicability.

The population of the study consists of agricultural farms that have adopted solar energy
systems, wind energy systems, or hybrid renewable energy solutions for farm operations. A
purposive sampling technique is used to select farms representing diverse scales of operation,
including smallholder, medium-scale, and commercial farms. The sample includes 40 farms
utilizing renewable energy technologies and 20 conventional farms relying primarily on fossil fuel
based energy for comparative analysis. The selected farms are located in regions with high solar
irradiation and moderate wind potential to ensure technical feasibility and relevance (Jahangir dkk.,
2025). Farm operators, energy managers, and local agricultural officers are included as key
respondents due to their direct involvement in energy-related decision-making.

The instruments used in this study include structured energy audit forms, farm-level
sustainability questionnaires, semi-structured interview guides, and secondary energy and policy
data sources. Energy audits are conducted to measure electricity generation, consumption patterns,
and cost savings associated with solar and wind systems (Imam dkk., 2024). Questionnaires collect
quantitative data on operational performance, energy expenditures, and perceived sustainability
outcomes. Semi-structured interviews capture qualitative insights regarding adoption drivers,
maintenance challenges, and institutional support mechanisms. Secondary data from energy utilities
and agricultural agencies are used to validate primary data and provide contextual information.

The research procedures involve several sequential stages. Baseline data on energy use, costs,
and emissions are first collected from both renewable energy adopting farms and conventional
farms. Field visits and energy audits are conducted to document system configurations and
operational performance. Surveys and interviews are then administered to farm operators and
relevant stakeholders (Irshad dkk., 2025). Follow-up measurements are carried out after one full
agricultural cycle to assess changes in sustainability indicators. Quantitative data are analyzed using
descriptive statistics and comparative analysis, while qualitative data are examined through
thematic analysis. The integration of findings occurs during interpretation to evaluate the overall
contribution of solar and wind energy solutions to sustainable farm operations.

RESULTS AND DISCUSSION

The results are derived from primary data collected from 60 agricultural farms, consisting of
40 farms adopting renewable energy solutions (solar, wind, or hybrid systems) and 20 conventional
farms relying on fossil fuel based energy. Quantitative indicators include annual energy production,
energy cost savings, carbon emission reductions, and operational reliability metrics across
irrigation, storage, and processing activities. Secondary data from regional energy statistics and
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agricultural reports were used to validate farm-level measurements and contextualize trends at the
regional scale.
Table 1. Comparison of Energy and Sustainability Indicators between Renewable Energy—
Adopting and Conventional Farms

Indicator Renewable Energy Conventional Farms
Farms (Mean) (Mean)
Annual on-farm energy generation (MWh) 86.4 12.7
Energy cost reduction (%) 38.5 6.2
Carbon emission reduction (tCO-e/year) 41.8 8.5
Energy self-sufficiency (%) 72.3 18.9
Operational downtime (hours/year) 21.4 64.7

The descriptive statistics indicate that farms integrating solar and wind energy achieved
substantially higher energy self-sufficiency, lower operational downtime, and greater emission
reductions than conventional farms.

The higher energy generation and cost savings observed in renewable energy farms reflect the
effectiveness of on-site solar and wind systems in meeting farm energy demand. Energy self-
sufficiency rates above 70% indicate reduced reliance on external grids and fuel markets,
particularly during peak agricultural seasons. Lower operational downtime suggests improved
energy reliability, supporting continuous irrigation and cold storage operations.

Secondary regional data corroborate these findings, showing consistent trends in reduced grid
dependency and emission intensity among agricultural regions with higher renewable energy
penetration. The alignment between primary and secondary data strengthens the validity of the
observed outcomes and demonstrates the scalability of renewable energy benefits across different
farm contexts.

Disaggregated analysis reveals that solar energy systems contributed most significantly to
irrigation and storage operations, while wind energy systems were particularly effective in
supporting processing and ventilation activities. Hybrid systems combining solar and wind
exhibited the highest overall performance, balancing diurnal and seasonal energy variability. Farms
utilizing hybrid systems reported smoother energy supply profiles and reduced reliance on backup
generators.

Economic indicators further show that renewable energy adoption led to reduced annual
energy expenditures and improved cost predictability. Farmers reported reinvesting savings into
farm modernization and sustainable practices, suggesting a positive feedback loop between energy

efficiency and broader farm sustainability.
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Figure 1. Inferential Statistical Tests
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Inferential statistical tests were conducted to assess differences between renewable energy
adopting and conventional farms. Independent sample t-tests indicated statistically significant
differences in energy cost reduction (t = 5.42, p < 0.05), carbon emission reduction (t = 6.11, p <
0.05), and energy self-sufficiency (t = 7.03, p < 0.05). Differences in operational downtime were
also significant (t = 4.87, p < 0.05), indicating improved reliability associated with renewable
energy systems.

Regression analysis demonstrated a strong positive relationship between the proportion of
renewable energy in total farm energy use and sustainability outcomes. Energy self-sufficiency
explained 58% of the variance in emission reductions (R? = 0.58) and 46% of the variance in energy
cost savings (R? = 0.46). These results confirm the statistically robust contribution of solar and wind
energy to sustainable farm operations.

The data reveal a clear relationship between renewable energy integration and improved
sustainability performance. Higher on-farm energy generation is associated with increased energy
self-sufficiency, which in turn correlates with lower emissions and reduced operational costs. This
relationship highlights the systemic role of renewable energy in enhancing both environmental and
economic dimensions of farm sustainability.

Interdependencies among variables indicate that energy reliability supports productivity by
reducing downtime in critical operations. Improved reliability contributes to stable yields and
reduced post-harvest losses, demonstrating how energy solutions indirectly reinforce agricultural
performance beyond direct energy metrics.

A representative case study from a medium-scale irrigated farm illustrates the practical
impacts of renewable energy adoption. The farm installed a 75 kW solar photovoltaic system
combined with a 20 kW wind turbine to power irrigation pumps and cold storage units. Prior to
adoption, the farm experienced frequent power interruptions and high diesel costs.

Post-installation monitoring over two agricultural cycles showed a 45% reduction in annual
energy costs, a 52% decrease in carbon emissions, and a 60% reduction in operational downtime.
Irrigation efficiency improved due to uninterrupted power supply, and post-harvest losses declined
as cold storage reliability increased.

The case study outcomes demonstrate how solar and wind energy systems enhance
operational stability and cost efficiency (Khurshid dkk., 2024). Continuous power availability
enabled optimized irrigation scheduling and improved crop quality, while reduced dependence on
diesel generators lowered fuel expenses and emissions. These mechanisms explain the observed
improvements in both sustainability and operational performance.

Farmer interviews revealed increased confidence in long-term energy planning and resilience
against energy price volatility. These qualitative insights reinforce quantitative findings and
highlight the socio-economic benefits of renewable energy integration at the farm level.

The results indicate that renewable energy solutions, particularly solar and wind systems,
significantly enhance sustainability in agricultural systems (Mahbub & Khan, 2025). Improved
energy self-sufficiency, reduced emissions, and increased operational reliability demonstrate the
effectiveness of integrating renewable energy into farm operations.

The findings provide empirical evidence that renewable energy adoption supports
environmentally responsible and economically resilient agriculture. Solar and wind energy emerge
as strategic components of sustainable farming systems capable of strengthening energy security
and long-term farm viability.
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Figure 2. Impact of Solar and Wind Energy Integration on Farm Sustainability

This study demonstrates that the integration of solar and wind energy solutions within
agricultural systems significantly enhances farm sustainability across environmental, economic, and
operational dimensions (Mauludin dkk., 2026). Farms adopting renewable energy achieved higher
energy self-sufficiency, substantial reductions in energy costs, and marked decreases in carbon
emissions compared to conventional farms. These improvements were accompanied by increased
operational reliability, particularly in energy-intensive activities such as irrigation, cold storage, and
on-farm processing.

The quantitative findings indicate that renewable energy—adopting farms generated a
substantial proportion of their energy demand on-site, reducing dependence on external grids and
fossil fuels. Lower operational downtime reflects improved energy stability, which is critical for
maintaining continuous agricultural operations (Megantoro dkk., 2025). These outcomes highlight
renewable energy as a functional asset rather than a supplementary technology within farm
management systems.

Disaggregated results further show that hybrid systems combining solar and wind energy
outperform single-source systems by mitigating temporal and seasonal variability in energy supply
(Nindra dkk., 2026). This balance contributes to smoother energy availability and reduced reliance
on backup generators. Such system-level integration strengthens the resilience of farm operations
under fluctuating climatic and market conditions.

The case study analysis reinforces these findings by illustrating real-world benefits, including
cost savings, emission reductions, and improved productivity outcomes. Together, the results
confirm that renewable energy solutions play a pivotal role in enhancing the sustainability and
resilience of agricultural systems.

The findings are consistent with previous research demonstrating the potential of renewable
energy to reduce emissions and operating costs in agriculture (Nurmalitasari dkk., 2025). Studies on
solar-powered irrigation and wind-assisted farm electrification have similarly reported improved
energy efficiency and reduced fuel dependence. This study corroborates those conclusions by
providing comparative evidence across renewable and conventional farm systems.

Differences emerge when comparing this research with studies that focus solely on energy
generation metrics. Unlike technology-centric analyses, this study emphasizes the operational and
sustainability implications of renewable energy integration. By linking energy outcomes to farm
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reliability and productivity, the research extends existing literature toward a more systems-oriented
perspective.

Some studies suggest that renewable energy adoption may face economic barriers or yield
limited benefits for small and medium-scale farms (Pati dkk., 2025). The present findings challenge
this view by demonstrating substantial benefits across diverse farm scales when renewable systems
are appropriately designed and integrated. This contrast underscores the importance of
contextualized implementation rather than generalized assumptions about feasibility.

The results also complement broader sustainability research that advocates for low-carbon
transitions in food systems. By empirically linking renewable energy adoption to improved farm-
level sustainability indicators, this study strengthens the evidence base supporting energy transitions
as a core component of sustainable agriculture.

The results indicate a structural shift in how energy functions within agricultural systems.
Renewable energy is shown not merely as an environmental intervention but as a strategic driver of
operational efficiency and resilience (Ramadhani dkk., 2025). This reflects a broader transition
toward integrated sustainability approaches in agricultural development.

The findings signal that energy autonomy is increasingly central to farm resilience,
particularly under conditions of climate variability and energy market volatility. Farms equipped
with solar and wind energy demonstrate greater capacity to maintain operations during grid
disruptions or fuel shortages. This resilience has implications for food security and rural
livelihoods.

The outcomes also reflect the growing interdependence between energy systems and
agricultural productivity. Reliable energy supply enables timely irrigation, effective post-harvest
handling, and reduced losses, linking renewable energy directly to production outcomes (Robaina
dkk., 2025). These linkages highlight the importance of viewing energy as a productive input rather
than a fixed cost.

The results suggest a reframing of sustainability in agriculture, where renewable energy
adoption becomes an enabling condition for broader environmental and economic goals. This
perspective reinforces the need for integrated planning that aligns energy, agriculture, and climate
strategies.

The implications of this research are significant for agricultural policy and rural development
planning. The evidence supports the inclusion of renewable energy incentives within agricultural
support programs to enhance sustainability outcomes (Sayed dkk., 2026). Policymakers can use
these findings to justify targeted subsidies, financing mechanisms, and technical assistance for solar
and wind energy deployment on farms.

For farmers and agribusiness operators, the results demonstrate that renewable energy
investments can yield tangible operational and financial benefits. Reduced energy costs and
improved reliability create opportunities for reinvestment in farm modernization and sustainable
practices. These benefits may lower perceived risks associated with renewable energy adoption.

The findings also inform climate mitigation strategies by highlighting agriculture as a viable
sector for renewable energy expansion (Saraswat & Swami, 2026). Integrating clean energy into
farm operations contributes to emission reduction targets while strengthening rural energy security.
This dual contribution aligns agricultural development with broader sustainability agendas.

Development agencies and extension services can leverage these insights to promote
renewable energy as part of holistic farm management strategies. Training and demonstration
programs can accelerate adoption by showcasing practical benefits and operational feasibility in real
farming contexts.
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The observed outcomes can be explained by the alignment between renewable energy supply
characteristics and agricultural energy demand patterns. Solar energy matches daytime irrigation
and processing needs, while wind energy complements nocturnal and seasonal demand. Hybrid
systems capitalize on this complementarity, ensuring consistent energy availability.

On-site energy generation reduces transmission losses and exposure to grid instability,
enhancing overall system efficiency. Energy self-sufficiency allows farms to optimize operations
without interruptions, directly contributing to productivity and cost savings. These mechanisms
explain the strong relationship between renewable energy adoption and operational reliability.

Economic benefits arise from declining technology costs and long-term savings on fuel and
electricity expenditures. Once installed, solar and wind systems provide predictable energy costs,
reducing financial uncertainty. This cost stability supports better planning and investment decisions
at the farm level.

Social and behavioral factors also contribute to the outcomes. Farmers adopting renewable
energy often engage in proactive energy management and sustainability-oriented practices. This
adaptive mindset reinforces the effective use of renewable systems and amplifies their benefits
across farm operations.

Future research should examine the long-term performance of renewable energy systems in
agriculture across multiple production cycles and climatic conditions. Longitudinal studies would
provide insights into system durability, maintenance requirements, and lifetime cost-benefit
dynamics.

Further investigation is needed to assess renewable energy integration in different
agroecological zones and farming systems. Comparative studies across regions can identify context-
specific drivers and constraints, supporting tailored policy and technological solutions.

Research should also explore the integration of renewable energy with digital and precision
agriculture technologies. Combining clean energy with smart irrigation, energy storage, and data-
driven management could further enhance efficiency and sustainability outcomes.

Practical efforts should focus on strengthening institutional support for renewable energy
adoption in agriculture. Improved access to financing, technical training, and extension services will
be essential for scaling up solar and wind energy solutions. These steps can accelerate the transition
toward sustainable, resilient, and low-carbon agricultural systems.

CONCLUSION

The most significant finding of this study is that the integration of solar and wind energy into
agricultural systems substantially enhances sustainability without disrupting core farm operations.
Farms adopting renewable energy solutions achieved higher energy self-sufficiency, notable
reductions in carbon emissions, and improved operational reliability, particularly in irrigation,
storage, and processing activities. The results demonstrate that renewable energy functions not only
as an environmental intervention but also as a strategic operational asset that strengthens economic
resilience and energy security in agricultural systems.

The main contribution of this research lies in its integrated conceptual and methodological
approach to assessing renewable energy in agriculture. Unlike studies that focus solely on energy
generation or emission reduction, this research combines environmental, economic, and operational
indicators to evaluate sustainability outcomes at the farm level. The comparative analysis between
renewable energy—adopting farms and conventional systems provides empirical evidence that solar
and wind energy can be embedded within agricultural management frameworks to support long-
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term sustainability and resilience. This contribution advances interdisciplinary scholarship linking
renewable energy transitions with sustainable agricultural development.

The study is limited by its focus on short- to medium-term performance and a specific set of
geographic and agroecological contexts. These limitations may restrict the generalization of the
findings to other regions with different climatic conditions, energy infrastructures, or farming
systems. Future research should employ longitudinal designs to examine the long-term durability,
maintenance dynamics, and lifecycle impacts of renewable energy systems in agriculture. Further
investigation into the integration of renewable energy with energy storage, smart technologies, and
policy incentive structures is also needed to support large-scale adoption and optimize sustainability
outcomes.

DECLARATION OF AI AND AI ASSISTED TECHNOLOGIES IN THE WRITING
PROCESS

During the preparation of this manuscript, the author(s) used Yandex Translate to assist in
improving grammar, language quality, and overall readability of the text. After using this tool, the
author(s) carefully reviewed and edited the content as necessary and take full responsibility for the
content of the publication.

ACKNOWLEDGEMENT
This is a short text to acknowledge the contributions of specific colleagues, institutions, or
agencies that aided the efforts of the authors.

AUTHORS’ CONTRIBUTION

Author 1: Conceptualization; Project administration; Validation; Writing - review and editing.
Author 2: Conceptualization; Data curation; In-vestigation.

Author 3: Data curation; Investigation.

DECLARATION OF COMPETING INTEREST
The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

REFERENCES

Adeli, K., Nachtane, M., Faik, A., Rachid, A., Tarfaoui, M., & Saifaoui, D. (2024). A deep
learning-enhanced framework for sustainable hydrogen production from solar and wind
energy in the Moroccan Sahara: Coastal regions focus. Energy Conversion and Management,
302, 118084. https://doi.org/10.1016/j.enconman.2024.118084

Ahemd, R., Izaz, Md. H. B., Manik, K. H., Khatun, H., Nath, A., Mim, J. J., & Hossain, N. (2025).
Advancements in agrivoltaic systems for enhanced sustainable energy utilization- A review.
Environmental Challenges, 20, 101299. https://doi.org/10.1016/j.envc.2025.101299

Al-Buraiki, A. S., Al-Sharafi, A., Nasser, M., Yilbas, B. S., & AlZahrani, A. S. (2026). A strategic
GIS-AHP framework for optimal site selection of solar, wind and hybrid renewable energy

systems for green hydrogen production in Saudi Arabia. International Journal of Hydrogen
Energy, 224, 154417. https://doi.org/10.1016/].ijhydene.2026.154417

222 IMSA | Vol. 3 | No. 3 | 2026


https://doi.org/10.1016/j.enconman.2024.118084
https://doi.org/10.1016/j.envc.2025.101299
https://doi.org/10.1016/j.ijhydene.2026.154417

Renewable Energy Solutions in Agricultural Systems... | Research Papers

Al-Omari, Z., Khlaifat, N., & Haddad, M. (2025). A feasibility study of combining solar/wind
energy to power a water pumping system in Jordan’s Desert/Al-Mudawwara village.
Environmental and Sustainability Indicators, 25, 100555.
https://doi.org/10.1016/1.indic.2024.100555

Al-Shetwi, A. Q. (2026). Energy transition for sustainable development in Saudi Arabia: Renewable
energy  growth and  emission  reduction.  Next  Energy, 12, 100651.
https://doi.org/10.1016/j.nxener.2026.100651

Anvari, S., Medina, A., Merchan, R. P., & Hernidndez, A. C. (2025). Sustainable
solar/biomass/energy storage hybridization for enhanced renewable energy integration in

multi-generation systems: A comprehensive review. Renewable and Sustainable Energy
Reviews, 223, 115997. https://doi.org/10.1016/j.rser.2025.115997

Arias, A., Moreira, M. T., & Feijoo, G. (2025). Wind farms through the lens of sustainability and
circularity: Integrating environmental, economic, and social dimensions. Sustainable
Production and Consumption, 58, 277-292. https://doi.org/10.1016/1.spc.2025.07.003

Ba-abbad, M. A., Touti, E., Alrougy, 1., & Alalweet, F. (2025). Techno-economic assessment of
ITW Solar and wind system with thermal and pumped hydro energy storage in Saudi Arabia.
Cleaner Engineering and Technology, 24, 100871. https://doi.org/10.1016/].clet.2024.100871

Badrudeen, T. U., Nwulu, N., Olorunfemi, B. O., & Esan, O. (2025). Optimization and cost
evaluation of hybrid solar-wind-diesel-battery model for agri-food production in South Africa.
Results in Engineering, 28, 107143. https://doi.org/10.1016/j.rineng.2025.107143

Banluesapy, S., Ketcham, M., & Rattanasiriwongwut, M. (2025). Al-Augmented Smart Irrigation

System Using IoT and Solar Power for Sustainable Water and Energy Management. Energy
Engineering, 122(10), 4261-4296. https://doi.org/10.32604/ee.2025.068422

Bricefio-Leén, M., Escriva-Escriva, G., Clairand, J.-M., & Serrano-Guerrero, X. (2026). Bi-
objective optimization of hybrid renewable energy systems with ice storage vs. Battery
storage for sustainable dairy farming. Journal of Energy Storage, 155, 121442,
https://doi.org/10.1016/j.est.2026.121442

Chang, P., Zhu, Q., Xiao, Y., Li, S., Wu, T., Li, L., & Li, C. (2026). Day-ahead optimal scheduling
of hydro-wind-solar-hydrogen multi-energy coupling system considering spatiotemporal
correlations of renewable energy processes. Renewable Energy, 256, 124431.
https://doi.org/10.1016/j.renene.2025.124431

Delbeke, O., Bastianel, G., Yurtseven, K., Ergun, H., Moschner, J. D., & Driesen, J. (2026). Hybrid
offshore solar-wind farms: The potential of integrating floating photovoltaics with offshore
wind. Applied Energy, 410, 127486. https://doi.org/10.1016/j.apenergy.2026.127486

El-Maaroufi, A., Daoudi, M., & Laamara, R. A. (2025). Optimization of hybrid solar/wind/biomass
systems for sustainable heating in isolated mountainous areas of northern Morocco. Solar
Energy, 299, 113683. https://doi.org/10.1016/j.solener.2025.113683

Emezirinwune, M. U., Adejumobi, 1. A., Adebisi, O. 1., & Akinboro, F. G. (2024). Synergizing
hybrid renewable energy systems and sustainable agriculture for rural development in
Nigeria. e-Prime - Advances in Electrical Engineering, Electronics and Energy, 7, 100492.
https://doi.org/10.1016/].prime.2024.100492

Enayatizadeh, H., Arjomand, A., Inkeri, E., & Tynjil4, T. (2026). Techno-economic analysis and
optimal sizing of wind-PV-hydropower—biomass hybrid energy systems for hydrogen
production in Finland. Energy Reports, 15, 109195.
https://doi.org/10.1016/j.egyr.2026.109195

223 IMSA | Vol. 3 | No. 3 | 2026


https://doi.org/10.1016/j.indic.2024.100555
https://doi.org/10.1016/j.nxener.2026.100651
https://doi.org/10.1016/j.rser.2025.115997
https://doi.org/10.1016/j.spc.2025.07.003
https://doi.org/10.1016/j.clet.2024.100871
https://doi.org/10.1016/j.rineng.2025.107143
https://doi.org/10.32604/ee.2025.068422
https://doi.org/10.1016/j.est.2026.121442
https://doi.org/10.1016/j.renene.2025.124431
https://doi.org/10.1016/j.apenergy.2026.127486
https://doi.org/10.1016/j.solener.2025.113683
https://doi.org/10.1016/j.prime.2024.100492
https://doi.org/10.1016/j.egyr.2026.109195

Renewable Energy Solutions in Agricultural Systems... | Research Papers

Gallaher, A., Koch, T., Kalies, E. L., Woodbury, P. B., & Grodsky, S. M. (2026). Sustainability
trade-offs at the nexus of solar energy, agriculture, and biodiversity. Geography and
Sustainability, 100483. https://doi.org/10.1016/j.geosus.2026.100483

Garcia-Saravia, R. C., Lizcano-Prada, J. O., Bohorquez-Ballesteros, L. A., Angarita-Martinez, J. D.,
Duarte-Castillo, A. E., Candela-Becerra, L. J., & Uribe-Rodriguez, A. (2025). Designing a
hydrogen supply chain from biomass, solar, and wind energy integrated with carbon dioxide
enhanced oil recovery operations. International Journal of Hydrogen Energy, 99, 269-290.
https://doi.org/10.1016/].ijhydene.2024.12.035

Gebreabe, S. T., Bogale, D., Hailu, A., & Worku, A. (2026). Advances in solar energy technologies:
A comprehensive review of photovoltaic, thermal, and hybrid systems for sustainable energy
solutions. Next Research, 3, 101176. https://doi.org/10.1016/j.nexres.2025.101176

Geng, C., Zhang, T., & Sun, W. (2025). Hybrid solar, wind, and geothermal power generation
combined with energy storage for sustainable energy management in remote buildings.
Journal of Energy Storage, 123, 116655. https://doi.org/10.1016/j.est.2025.116655

Havea, P. H., Su, B., Liu, C., Kundzewicz, Z. W., Wang, Y., Wang, G., Jing, C., Jiang, H., Yang,
F., Mata’afa, F. N., & Jiang, T. (2024). Wind and solar energy in Small Island Developing
States  for  mitigating global climate change. iScience, 27(10), 111062.
https://doi.org/10.1016/1.1s¢1.2024.111062

Idriss, A. 1., Ahmed, R. A., Atteye, H. A., Drame, M. S., & Ramadan, H. S. (2026). Strategic and
scalable green ammonia deployment in Africa: Leveraging wind-solar resources and transport
networks. International  Journal  of  Hydrogen Energy, 212, 153542.
https://doi.org/10.1016/].ijhydene.2026.153542

Imam, A. A., Abusorrah, A., & Marzband, M. (2024). Potentials and opportunities of solar PV and
wind energy sources in Saudi Arabia: Land suitability, techno-socio-economic feasibility, and
future variability. Results in Engineering, 21, 101785.
https://doi.org/10.1016/j.rineng.2024.101785

Irshad, A. S., Amin, A. S., [lham, A. M., Elkholy, M. H., Elias, S., & Senjyu, T. (2025). Power
capacity enhancement of hydropower plant through the penetration of solar and wind energy.
International Journal of Electrical Power & Energy Systems, 169, 110787.
https://doi.org/10.1016/j.ijepes.2025.110787

Jahangir, M. H., Razeghi, M., Naseri, A., Yousefi, H., & Noorollahi, Y. (2025). Hybrid solar-wind
farm site selection for reverse osmosis desalination: A case study in sistan and baluchestan
using  Geographic  Information  System.  Energy  Reports, 13, 6059-6078.
https://doi.org/10.1016/j.egyr.2025.05.030

Khurshid, H., Mohammed, B. S., Al-Yacouby, A. M., Liew, M. S., & Zawawi, N. A. W. A. (2024).
Analysis of hybrid offshore renewable energy sources for power generation: A literature
review of hybrid solar, wind, and waves energy systems. Developments in the Built
Environment, 19, 100497. https://doi.org/10.1016/j.dibe.2024.100497

Mahbub, T., & Khan, S. S. (2025). Prioritization of factors influencing foreign direct investment
(FDI) in wind and solar energy projects into a nascent market. International Journal of
Energy Sector Management, 20(2), 595-629. https://doi.org/10.1108/IJESM-10-2024-0052

Mauludin, M. S., Khairudin, Moh., Asnawi, R., Prasetyo, S. D., R, B. S., Sendari, S., & Mustafa,
W. A. (2026). Optimizing Energy Production Predictions in Hybrid PV-Wind Systems:
Integrating Deep Learning Techniques and Particle Swarm Optimization for Improved
Performance in Tropical Climates. e-Prime — Nexus of Electrical, Electronic, and Intelligent
Engineering, 201188. https://doi.org/10.1016/j.eprime.2026.201188

224 IMSA | Vol. 3 | No. 3 | 2026



https://doi.org/10.1016/j.geosus.2026.100483
https://doi.org/10.1016/j.ijhydene.2024.12.035
https://doi.org/10.1016/j.nexres.2025.101176
https://doi.org/10.1016/j.est.2025.116655
https://doi.org/10.1016/j.isci.2024.111062
https://doi.org/10.1016/j.ijhydene.2026.153542
https://doi.org/10.1016/j.rineng.2024.101785
https://doi.org/10.1016/j.ijepes.2025.110787
https://doi.org/10.1016/j.egyr.2025.05.030
https://doi.org/10.1016/j.dibe.2024.100497
https://doi.org/10.1108/IJESM-10-2024-0052
https://doi.org/10.1016/j.eprime.2026.201188

Renewable Energy Solutions in Agricultural Systems... | Research Papers

Megantoro, P., Al-Humairi, S. N. S., Ma’arif, A., Nugraha, Y. U., Prastio, R. P., Awalin, L. J.,
Syahbani, M. A., & Mareai, M. (2025). Modeling the uncertainties and active power
generation of wind-solar energy with data acquisition from telemetry weather measurement.
Results in Engineering, 25, 104392. https://doi.org/10.1016/j.rineng.2025.104392

Nindra, S., kalyan, R., Boddapati, V., & Natarajan, K. (2026). Experimental study and control
strategy of wind-driven DFIG and solar PV for sustainable power generation. Computers and
Electrical Engineering, 132, 111027. https://doi.org/10.1016/j.compeleceng.2026.111027

Nurmalitasari, Nurchim, & Lestari, R. D. (2025). Artificial intelligence-driven solar smart irrigation
for sustainable agriculture: Trends, challenges, and SDG implications — A systematic review.
Smart Agricultural Technology, 12, 101665. https://doi.org/10.1016/j.atech.2025.101665

Pati, S., Navin, N. K., Verma, O. P., Singh, D. K., Sharma, T. K., Agarwal, S., Villar, S. G., Dzul
Lopez, L. A., & Ashraf, 1. (2025). Metaheuristic-based optimal energy assessment of hybrid
multi-effect evaporator with synergy of solar and wind energy sources. Heliyon, 11(2),
e41653. https://doi.org/10.1016/j.heliyon.2025.e41653

Ramadhani, U. H., Ramdhania, L. N., Iskandar, H., Fudholi, A., & Abimanyu, H. (2025). Review
of solar thermal technologies in sustainable animal agriculture farms: Current and potential
uses. Solar Energy, 291, 113374, https://doi.org/10.1016/j.solener.2025.113374

Robaina, M., Lima, F., Miguel, T., Ramalho, E., Hayaka, K. 1., Madaleno, M., Ferreira Dias, M.,
Meireles, M., & Botelho, A. (2025). Energy transition strategies in Portugal: Wind and solar
externalities on municipalities housing prices. International Journal of Housing Markets and
Analysis, 19(7), 23—44. https://doi.org/10.1108/IJHMA-08-2025-0190

Saraswat, S. K., & Swami, D. (2026). GIS-based suitability analysis for solar, wind, biomass, and
hybrid energy in the arid landscapes of India: A food-energy-water nexus perspective. Energy
for Sustainable Development, 93, 102005. https://doi.org/10.1016/j.esd.2026.102005

Sayed, H. A. A., Lai, Q., Tu, J.,, Abdelhamid, M. A., Abdelkader, T. Kh., Tawfik, T. M.,
Olalekan Olajide, R., Uddin, M., & Refai, M. (2026). Solar-powered agricultural robots: A
systematic review of technological synergies, sustainability impacts, and future pathways for

autonomous farming. Computers and Electronics in Agriculture, 243, 111415.
https://doi.org/10.1016/j.compag.2026.111415

Copyright Holder :
© Sulaiman et al. (2026).

First Publication Right :
© Journal of Multidisciplinary Sustainability Asean

This article is under:

©@®O

225 IMSA | Vol. 3 | No. 3 | 2026


https://doi.org/10.1016/j.rineng.2025.104392
https://doi.org/10.1016/j.compeleceng.2026.111027
https://doi.org/10.1016/j.atech.2025.101665
https://doi.org/10.1016/j.heliyon.2025.e41653
https://doi.org/10.1016/j.solener.2025.113374
https://doi.org/10.1108/IJHMA-08-2025-0190
https://doi.org/10.1016/j.esd.2026.102005
https://doi.org/10.1016/j.compag.2026.111415

