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he increasing demand for sustainable agricultural production has intensified the need for 

cleaner and more reliable energy systems. Conventional agricultural power sources, 

particularly diesel engines and grid-based electricity, contribute significantly to greenhouse 

gas emissions and rising operational costs. Renewable energy technologies offer an effective 

alternative by improving energy efficiency, reducing environmental impacts, and enhancing 

farm profitability. This study examines current trends in renewable energy utilization within 

agricultural power systems, focusing on solar photovoltaic systems, biomass and biogas 

technologies, wind energy applications, and hybrid renewable configurations. A mixed-

methods methodological framework is employed, integrating quantitative analysis of 

adoption trends with qualitative insights from stakeholders and field-based observations. The 

analysis highlights the rapid expansion of solar-powered irrigation systems due to declining 

technology costs and supportive government policies. Biomass and biogas systems 

demonstrate additional benefits by converting agricultural residues and livestock waste into 

useful energy while supporting circular resource management. The findings further 

emphasize the importance of hybrid renewable systems, energy storage technologies, and 

digital monitoring tools in enhancing reliability and optimizing farm energy use. Economic 

assessments reveal that renewable systems, although requiring higher initial investment, 

become more cost-effective over time compared to conventional diesel or grid-based systems. 

Environmental analysis indicates substantial reductions in greenhouse gas emissions and 

improved sustainability outcomes. Overall, the study underscores the growing role of 

renewable energy technologies in transforming agricultural power infrastructure and 

highlights the importance of policy support, technological innovation, and integrated system 

design for accelerating the transition toward sustainable agricultural energy systems. 

Keywords: Renewable Energy, Solar-Powered Irrigation Systems, Sustainable Agricultural 

Power Systems, Biomass and Biogas Energy, Hybrid Renewable Energy Systems 

Introduction 

The growing demand for sustainable agricultural production has intensified the need for 

efficient and environmentally responsible power systems. Agriculture depends extensively on 

energy for irrigation pumping, land preparation, harvesting, storage, and processing. 

Traditionally, this demand has been met through diesel engines and grid-based electricity, 
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both of which contribute to greenhouse gas emissions and rising production costs. Renewable 

energy technologies have emerged as viable alternatives capable of improving energy 

security, reducing carbon footprints, and enhancing farm profitability. Renewable energy 

utilization in agricultural power systems encompasses solar photovoltaic (PV) irrigation 

pumps, biomass gasifiers, anaerobic biogas digesters, small wind turbines, and hybrid 

systems integrated with storage and digital control technologies. The declining costs of 

renewable technologies, improvements in storage systems, and supportive policy mechanisms 

have accelerated adoption globally. 

 

Figure 1 Schematic Overview: Technological Framework for Modern Agricultural 

Energy Systems 

Recent trends indicate a rapid expansion of solar-powered irrigation systems, particularly in 

countries such as India, where decentralized renewable initiatives are actively promoted. 

Biomass and biogas technologies are gaining importance due to the abundant availability of 

crop residues and livestock waste, encouraging circular resource utilization. Additionally, the 

integration of energy storage, Internet of Things (IoT)-based monitoring, and precision 

agriculture tools has enabled optimized energy management in farm operations. Hybrid 

renewable systems combining solar, wind, and biomass technologies are increasingly adopted 

to address intermittency challenges and seasonal variability in power supply. 

 The transition toward renewable-powered agricultural systems offers significant 

environmental and economic benefits but faces challenges including high capital investment, 

technical skill requirements, and policy coordination gaps. Understanding current 

technological and institutional trends is essential for designing resilient and economically 

viable agricultural power infrastructures. 

Methodological Framework 
This study adopts a mixed-methods methodological framework to examine the emerging 

trends and adoption patterns of renewable energy technologies in agricultural power systems. 

The research design combines quantitative and qualitative approaches in order to obtain a 

comprehensive understanding of technological adoption, economic performance, and 

stakeholder perspectives. The quantitative component focuses on the analysis of statistical 

data related to installed renewable energy capacity, growth rates of renewable-powered 

agricultural systems, and patterns of technology diffusion across different farming regions. 

These data are obtained from official government publications, agricultural energy databases, 

and structured surveys conducted at the farm level. The surveys are designed to collect 

information on energy use patterns, system performance, investment costs, and farmer 

perceptions regarding renewable technologies. Prior to full implementation, the survey 
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instruments are pilot-tested to ensure clarity, consistency, and reliability of the collected 

information. 

 
Figure 2 The Workflow of Understanding Renewable Energy Trends in Agriculture 

The qualitative component complements the statistical analysis by providing contextual 

insights into the social, technical, and policy-related factors influencing renewable energy 

adoption. Semi-structured interviews are conducted with farmers, agricultural engineers, 

technology providers, and policymakers, while field-based case studies and observational 

assessments are used to evaluate the operational performance of different renewable systems. 

The study population includes farms that utilize solar, wind, biomass, biogas, and hybrid 

energy technologies. A multi-stage sampling strategy is applied to ensure representation 

across diverse geographic regions, farm sizes, and renewable system types. 

 Quantitative data are analyzed using statistical techniques such as frequency 

distribution, trend analysis, time-series evaluation, and regression modeling to identify key 

drivers influencing technology adoption. Qualitative data are examined through thematic 

content analysis to identify recurring patterns related to economic motivations, technological 

challenges, and policy impacts. Data triangulation enhances the validity of the findings, while 

ethical considerations—including informed consent, confidentiality, and secure data 

handling—are maintained throughout the research process. 

Applications and Technical Advancements 
Recent technological developments have significantly improved the efficiency and 

practicality of renewable energy systems used in agriculture. One of the most important 

advancements is the integration of energy storage technologies with renewable power 

sources. Battery storage systems, particularly lithium-ion and emerging flow battery 

technologies, allow excess energy generated from solar or wind systems to be stored and 

utilized during periods of low energy generation. This stored energy can support nighttime 

irrigation, operate farm equipment, and maintain critical agricultural operations when 

renewable generation is limited. The use of storage systems also enables load shifting, 

reduces peak electricity demand, and enhances energy reliability in remote farming areas 

where grid connectivity may be weak or inconsistent. In addition to storage integration, 

digital technologies are transforming energy management in agricultural operations. Internet 

of Things (IoT)–based monitoring systems use sensors and smart controllers to collect real-

time data on solar energy production, battery charge levels, irrigation requirements, and 

pump performance. These intelligent systems help farmers optimize energy use by aligning 

irrigation schedules and equipment operation with periods of maximum renewable energy 

generation, thereby improving efficiency and reducing reliance on conventional electricity 

sources. 
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Technological improvements have also strengthened the performance of biogas systems. 

Modern anaerobic digester designs have enhanced methane production, shortened start-up 

periods, and improved temperature regulation, making biogas systems more reliable and 

efficient for farm-level energy generation. In some rural areas, biogas generators are 

integrated into small micro-grids, allowing communities to produce and distribute electricity 

locally. Furthermore, the cultivation of dedicated bioenergy crops such as switchgrass and 

miscanthus has gained attention as a renewable fuel source. When integrated carefully with 

food production systems, these crops provide additional income opportunities for farmers 

while contributing to sustainable energy generation. 

Analytical Discussion and Emerging Results 
Economic Performance 

The lifecycle cost comparison graph illustrates the difference in cumulative expenditure 

between a traditional diesel/grid-based power system and a solar/renewable energy system 

over a 15-year period. The traditional system shows a steady and steep increase in costs over 

time due to continuous expenses associated with fuel consumption, electricity tariffs, and 

routine maintenance. Because these costs occur every year, the cumulative expenditure rises 

linearly throughout the entire timeframe. 

 
Graph 1 : Lifecycle Cumulative Expenditure Comparison 
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In contrast, the solar/renewable system demonstrates a significantly different cost pattern. At 

the beginning (Year 0), there is a large initial investment required for equipment purchase, 

installation, and system setup. This causes a sharp increase in the cumulative cost at the start. 

However, after installation, the operating and maintenance expenses are relatively low, 

resulting in a very gradual increase in cumulative expenditure over time. The graph indicates 

that the two cost curves intersect at approximately Year 6 to Year 7. This point represents the 

break-even stage where the total cost of the renewable system becomes equal to that of the 

traditional system. Beyond this point, the renewable system becomes more economical, as its 

operating costs remain minimal compared to the continuously increasing costs of diesel or 

grid electricity. Overall, the analysis highlights that although renewable energy systems 

require higher initial capital investment, they provide substantial long-term financial benefits 

and improved cost efficiency over the system’s operational lifespan. 

Environmental Impact 

 
Figure 2: Comparative Annual  Equivalent Emissions across Agricultural Power 

Systems. 

The pie chart indicates that diesel-based agricultural systems account for the largest share of 

environmental impact. This is primarily due to the combustion of fossil fuels used in 

irrigation pumps, tractors, and other farm machinery. Diesel-based agricultural systems 

contribute the most to environmental impact because they rely heavily on fossil fuels for 

irrigation pumps, tractors, and other machinery. Burning diesel releases significant carbon 

dioxide and pollutants, increasing the carbon footprint of farming and contributing to climate 

change. This highlights the need to reduce dependence on conventional fuels in agriculture. 

In contrast, solar and wind-powered systems have very low environmental impacts during 

operation. Once installed, they generate electricity without direct greenhouse gas emissions, 

helping reduce agricultural carbon emissions. Technologies such as solar-powered irrigation 

pumps can replace diesel equipment and lower emissions substantially. Biomass and biogas 

systems show moderate impacts but provide sustainability benefits. They use agricultural 

residues, crop waste, and animal manure to produce energy through processes like anaerobic 

digestion. These systems support waste recycling, improve manure management, and help 

maintain soil fertility.  Overall, the results demonstrate that transitioning from diesel-powered 

agricultural systems to renewable energy sources can significantly reduce environmental 

impacts. Solar and wind technologies offer the greatest potential for minimizing operational 

emissions, while biomass and biogas systems provide additional environmental benefits 

through waste recycling and sustainable resource management. Therefore, integrating 

multiple renewable energy technologies within agricultural systems could be an effective 
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strategy for achieving long-term environmental sustainability and reducing the sector’s 

contribution to global greenhouse gas emissions. 

Energy Security and Resilience 

The analysis highlights the role of decentralized renewable energy systems in improving 

energy security and resilience in agricultural regions. Compared with conventional 

centralized grid systems, decentralized renewable systems such as solar, wind, and biomass-

based units demonstrated greater reliability in maintaining energy supply during grid failures 

or fuel shortages. The conceptual comparison indicates that centralized grids are more 

vulnerable to large-scale disruptions caused by transmission failures, natural disasters, or fuel 

supply interruptions. In contrast, decentralized systems distribute power generation across 

multiple small units, reducing dependency on a single energy source and enhancing system 

stability. 

 
Graph 3 Conceptual comparison of energy security and resilience across centralized 

grid systems. 

Furthermore, the integration of hybrid renewable systems—combining two or more energy 

sources such as solar photovoltaic with wind or battery storage—showed the highest level of 

resilience. Hybrid configurations ensure continuous power availability by compensating for 

fluctuations in individual energy sources. For instance, solar energy production during the 

daytime can be supplemented by wind energy or stored battery power during periods of low 

solar radiation. This complementary operation significantly improves reliability, particularly 

in remote agricultural areas where grid connectivity is limited or unstable. Overall, the 

findings suggest that adopting decentralized and hybrid renewable energy systems can 

strengthen energy security, minimize supply disruptions, and support sustainable agricultural 

development by providing a stable and reliable energy infrastructure. 

Policy Influence on renewable energy trends 

The graphical analysis illustrates the relative contribution of different policy incentives in 

promoting the adoption of renewable energy technologies. Among the policy instruments 

considered, capital subsidies represent the largest share, accounting for 35% of the total 

influence. This indicates that direct financial assistance for the installation of renewable 

energy systems plays a critical role in encouraging farmers, households, and industries to 

adopt clean energy technologies. Capital subsidies reduce the initial investment burden, 

which is often a major barrier to renewable energy adoption. Tax credits, contributing 25%, 

are the second most influential policy measure. These incentives provide financial relief 

through reduced tax liabilities, making renewable energy projects more economically 
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attractive over time. Tax-based incentives are particularly beneficial for businesses and 

commercial sectors that can utilize tax reductions to offset installation costs. Both low-

interest loans and feed-in tariffs account for 20% each, reflecting their moderate but 

important role in supporting renewable energy expansion. Low-interest loans improve access 

to affordable financing, enabling stakeholders to invest in renewable infrastructure with 

reduced repayment pressure. Meanwhile, feed-in tariffs encourage electricity generation from 

renewable sources by guaranteeing a fixed price for energy supplied to the grid, thereby 

providing a stable income stream for producers. 

 
Graph 4 Government-Driven Incentives in Renewable Energy Adoption 

Overall, the results suggest that a balanced policy framework combining financial subsidies, 

fiscal incentives, and supportive market mechanisms is essential to accelerate renewable 

energy adoption and ensure long-term sustainability in the energy sector. 

Conclusion 
The transition toward renewable energy in agricultural power systems represents a significant 

step toward achieving sustainable and resilient farming practices. This study demonstrates 

that renewable technologies such as solar photovoltaic systems, biomass and biogas energy, 

wind turbines, and hybrid renewable configurations can effectively replace conventional 

diesel-based energy sources in many agricultural operations. The findings indicate that solar-

powered irrigation systems have emerged as one of the most widely adopted renewable 

technologies due to their declining costs, minimal operating expenses, and strong policy 

support. Similarly, biomass and biogas systems contribute not only to energy production but 

also to improved waste management and nutrient recycling within agricultural ecosystems. 

Economic analysis shows that while renewable energy systems require relatively high initial 

investment, their lower operational and maintenance costs result in long-term financial 

advantages for farmers. Lifecycle cost comparisons reveal that renewable systems can reach a 

break-even point within several years of operation and subsequently provide significant cost 

savings over time. In addition to economic benefits, renewable energy adoption substantially 

reduces greenhouse gas emissions and promotes environmentally responsible agricultural 

production. 

 



Bag et al. (2026) Agri Articles, 06(02): 79-86 (MAR-APR, 2026)     

Agri Articles ISSN: 2582-9882 Page 86 

References 
1. Food and Agriculture Organization of the United Nations. (2019). Energy-smart food for 

people and climate. FAO. 

2. International Renewable Energy Agency. (2022). Renewable energy statistics 2022. 

IRENA. 

3. United Nations. (2021). The sustainable development goals report 2021. United Nations 

Publications. 

4. Creswell, J. W., & Plano Clark, V. L. (2018). Designing and conducting mixed methods 

research (3rd ed.). SAGE Publications. 

5. Tashakkori, A., & Teddlie, C. (2010). SAGE handbook of mixed methods in social & 

behavioral research (2nd ed.). SAGE Publications. 

6. International Renewable Energy Agency. (2022). Renewable energy in agriculture: 

Global trends and outlook. IRENA. 

7. Food and Agriculture Organization. (2021). Energy-Smart Food for People and Climate. 

FAO. 

8. Kumar, A., & Baredar, P. (2019). Solar photovoltaic irrigation systems: A path to 

sustainable agriculture. Renewable Energy Journal, 135, 1234–1242. 

9. Mousa, A., El-Sayed, M. A., & Hassan, S. (2021). Hybrid wind–solar application for 

rural agriculture: Optimization and performance analysis. Energy Reports, 7, 2998–3008. 

10. Piantadosi, J., & Yang, H. (2023). Policy incentives and renewable energy adoption in 

agriculture: A global review. Journal of Clean Energy Policy, 10(2), 45–60. 

11. Singh, R., Patel, S. K., & Kumar, P. (2022). Biomass energy potential from agricultural 

residues: A sustainable strategy for farm energy security. Bioenergy Research, 15(1), 80–

93. 

12. Sokhansefat, T., Zilouchian, A., & Bairagi, A. K. (2020). Solar energy applications in 

agriculture: Trends, challenges, and prospects. Renewable and Sustainable Energy 

Reviews, 120, 109615. 

13. Bhattacharyya, S. C., & Ohiare, S. (2020). Enabling rural energy transitions in 

developing countries: Policy challenges and opportunities. Renewable and Sustainable 

Energy Reviews, 134, 110–379. 

14. Das, B., & Sadhu, P. K. (2019). Wind–solar hybrid energy system for agricultural 

pumping: A techno-economic analysis. Energy Reports, 5, 1238–1248. 

15. Kumar, A., & Sharma, R. (2019). Solar irrigation pumps: A sustainable solution for 

agricultural energy needs. Journal of Renewable Energy, 45(3), 256–268. 

16. Sahu, A., Yadav, S., & Ojha, P. (2020). Performance evaluation of solar PV irrigation 

system in rural settings. Energy for Sustainable Development, 58, 1–9. 

17. Singh, A., Goel, S., & Sharma, M. (2020). Advancements in biogas digester technologies 

for farm-level energy generation. Biomass Conversion and Biorefinery, 10, 11–27. 

18. Suresh, A., Patel, K., & Nair, V. (2021). Bioenergy crops and integrated food–energy 

systems in agriculture. Renewable Agriculture and Food Systems, 36(2), 145–155. 

19. Wang, X., Li, H., & Chen, J. (2021). Hybrid renewable energy systems with energy 

storage for agricultural applications. Journal of Energy Storage, 39, 102–453. 


