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Abstract 

This study presents the design and optimization of a solar-powered waste-to-energy (WTE) system aimed at reducing 
agricultural food waste and generating renewable energy for rural agricultural applications. The system integrates solar 
photovoltaic (PV) panels with an anaerobic digester, biogas generator, and battery storage to convert organic 
agricultural waste into biogas and electricity. The solar panels demonstrated an energy conversion efficiency of 62-
64%, contributing to the overall energy needs of the waste-to-energy process. The anaerobic digester achieved biogas 
yields of up to 70 m³/ton from corn residues, with a methane content of 65%. The biogas generator converted this 
biogas into electricity with an efficiency that increased from 70% to 74% as the biogas input increased. The system 
reduced operational costs by over 87% compared to traditional diesel-powered systems, primarily due to the 
elimination of fuel costs. Additionally, the system was able to reduce agricultural waste by more than 85% and decrease 
CO₂ emissions by 60%, demonstrating its significant environmental benefits. Heat recovery from the biogas generator 
further increased system efficiency, recovering up to 70 kWh of heat for agricultural processes. The system also 
generated excess solar energy, allowing for potential energy storage or future expansion. This study provides a scalable 
and cost-effective solution to both waste management and energy generation in rural agriculture, promoting 
sustainability and reducing reliance on fossil fuels. 
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1. Introduction

The global food system is facing significant challenges, with agricultural food waste being one of the most pressing 
issues. An estimated 1.3 billion tons of food is wasted annually, representing approximately one-third of all food 
produced for human consumption (Gustavsson et al., 2011). Agricultural food waste occurs at various stages, including 
production, post-harvest, and processing, with a particularly high concentration of waste in developing countries due 
to inadequate storage, poor transportation, and inefficient processing techniques (Kummu et al., 2012). This not only 
leads to substantial economic losses for farmers but also contributes to environmental degradation through methane 
emissions from decaying organic matter (Parfitt et al., 2010). 

Renewable energy systems, particularly waste-to-energy (WTE) technologies, offer a promising solution to the dual 
challenges of agricultural waste and energy shortages in rural areas. WTE systems convert organic agricultural residues 
into usable energy, reducing waste while simultaneously providing clean, sustainable energy (Chen et al., 2015). Solar-
powered waste-to-energy systems, in particular, present an innovative approach by harnessing the abundant solar 
resources in many agricultural regions to drive waste conversion processes, such as anaerobic digestion and gasification 
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(Zhang et al., 2019). The integration of solar energy into WTE systems enhances their efficiency, reduces reliance on 
fossil fuels, and provides a scalable solution for rural agricultural communities. 

Solar-powered WTE systems hold great potential for addressing agricultural food waste, especially in areas where 
energy access is limited, and organic waste is abundant. As Reddy et al. (2017) noted, the energy recovery from 
agricultural waste not only mitigates environmental impacts but also promotes circular economies, where waste 
materials are converted into valuable energy resources. Moreover, solar-powered systems are inherently sustainable, 
offering a continuous and reliable source of energy that can drive WTE processes with minimal operational costs. 
However, the optimization of these systems, particularly in terms of energy efficiency, scalability, and economic 
feasibility, remains a significant challenge (Dincer and Acar, 2015). 

Recent research has demonstrated the potential of solar-powered systems in enhancing WTE efficiency, with studies 
highlighting the increased biogas yield and energy recovery in systems integrated with solar thermal technology (Zhou 
et al., 2018). Despite these advancements, there is a gap in the literature regarding the optimization of such systems 
specifically for agricultural food waste reduction. The focus of most studies has been on urban and industrial waste, 
leaving a need for tailored solutions that address the unique characteristics of agricultural residues, including their 
seasonal availability, varying moisture content, and decentralized generation (Awe et al., 2017). 

Optimizing solar-powered WTE systems for agricultural applications requires a multi-faceted approach that considers 
both technical and economic factors. This involves optimizing the conversion efficiency of agricultural residues, 
improving the integration of solar energy technologies into WTE processes, and developing cost-effective solutions that 
are accessible to smallholder farmers. As Gupta et al. (2020) pointed out, the success of these systems depends not only 
on their technical performance but also on their adaptability to local contexts and the socio-economic benefits they can 
provide. Therefore, a comprehensive study is needed to explore how these systems can be optimized for food waste 
reduction in agriculture, with a particular focus on rural areas where both energy access and waste management are 
critical challenges. 

Significance of the study 

The optimization of solar-powered waste-to-energy systems is crucial for addressing two of the most significant 
challenges in rural agriculture: food waste and energy scarcity. Agricultural food waste is not only an economic burden 
but also a major contributor to greenhouse gas emissions, primarily through methane production during the 
decomposition of organic matter (FAO, 2019). By converting agricultural waste into energy, solar-powered WTE 
systems offer a sustainable solution that reduces waste, mitigates environmental impacts, and provides renewable 
energy for agricultural operations. The significance of this study lies in its potential to develop scalable, cost-effective 
systems that can be implemented in rural agricultural regions, particularly in developing countries, where waste 
management and energy access are limited. Moreover, this study addresses the critical need for sustainability in 
agricultural practices. With the global push towards cleaner energy solutions, optimizing solar-powered WTE systems 
can contribute to the achievement of several Sustainable Development Goals (SDGs), including affordable and clean 
energy, sustainable cities and communities, and climate action (United Nations, 2015). This research not only aims to 
reduce food waste but also to promote the use of renewable energy in agriculture, thereby enhancing the resilience and 
sustainability of food systems. 

Aims and objectives 

The primary aim of this study is to optimize solar-powered waste-to-energy systems for agricultural food waste 
reduction. This research seeks to explore how the integration of solar energy into WTE technologies can enhance the 
efficiency of converting agricultural residues into usable energy, thus addressing both waste management and energy 
access challenges in rural farming communities. 

The specific objectives of the study are as follows: 

 To evaluate the energy potential of agricultural food waste through waste-to-energy conversion processes, 
including anaerobic digestion and gasification. 

 To optimize the integration of solar energy technologies, such as solar thermal and photovoltaic systems, into 
WTE processes for enhanced energy recovery. 

 To assess the economic feasibility of solar-powered WTE systems for smallholder farmers, focusing on cost 
reduction, scalability, and ease of implementation. 
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 To investigate the environmental benefits of solar-powered WTE systems, particularly in terms of reducing 
greenhouse gas emissions from agricultural waste. 

 To develop a model for the sustainable deployment of solar-powered WTE systems in rural agricultural 
communities, providing practical solutions for waste reduction and energy generation. 

This study will contribute to the broader field of renewable energy and waste management, offering insights into the 
potential for solar-powered technologies to transform agricultural waste into a valuable energy resource. By optimizing 
these systems, the research aims to support the transition to more sustainable agricultural practices and enhance food 
security in rural regions. 

2. Study design and methodology 

This study focuses on the design and optimization of a solar-powered waste-to-energy (WTE) system specifically aimed 
at reducing agricultural food waste while generating renewable energy. The methodology involves the integration of 
solar energy with waste conversion processes, ensuring both energy recovery and sustainability. The design follows a 
systematic approach that prioritizes efficiency, scalability, and environmental impact. The solar energy system forms 
the backbone of the WTE system, where solar photovoltaic (PV) panels capture sunlight and convert it into electrical 
energy. The system's PV panels are designed based on the estimated energy demand of the waste digester and 
agricultural operations (Zhang et al., 2019). Solar thermal collectors are integrated into the design to provide additional 
heat to the digester, enhancing the efficiency of anaerobic digestion. This hybrid approach ensures continuous power 
supply and supports the waste conversion process, as noted by Dincer and Acar (2015), who emphasize the importance 
of solar-thermal integration for improving waste-to-energy processes. 

 

Figure 1 System Design 

The anaerobic digester is a key component that processes agricultural food waste, converting organic materials into 
biogas through microbial breakdown. The digester is specifically designed for agricultural residues, which typically 
contain high moisture content and are easily degradable (Reddy et al., 2017). The biogas produced is stored in a biogas 
tank, which can be used later for electricity generation. The digester is optimized for seasonal variations in waste supply, 
ensuring that biogas production remains consistent throughout the year. Studies, such as those by Awe et al. (2017), 
show that anaerobic digestion is particularly effective for agricultural waste, provided the system is tailored to the 
specific characteristics of the feedstock. The stored biogas is converted into electricity using a biogas generator, which 
is designed to work in conjunction with the solar power system. This generator supplements the energy generated from 
solar power, particularly during periods of low solar radiation, such as at night or during cloudy days (Zhou et al., 2018). 
The generator utilizes the biogas from the digester, ensuring a reliable energy supply even when solar energy is 
unavailable. The combined use of solar energy and biogas enables a more resilient and continuous energy production 
process, as noted by Chen et al. (2015). 
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A battery storage system is incorporated to store excess electricity generated by the solar PV panels. Lithium-ion 
batteries are used for their high energy density and efficiency, providing backup power during periods of low sunlight. 
The stored energy is primarily used to ensure continuous operation of the waste digester and other agricultural 
equipment (Gupta et al., 2020). Battery storage is crucial for balancing the intermittent nature of solar energy, ensuring 
that energy is available when it is most needed. The importance of efficient energy storage in waste-to-energy systems 
has been widely documented, particularly in rural agricultural applications (Awe et al., 2017). 

An inverter is used to convert the direct current (DC) generated by the solar panels and stored in the batteries into 
alternating current (AC), which is suitable for agricultural machinery. The system includes a power management unit, 
which ensures that energy is distributed efficiently between the waste digester, the biogas generator, and other farm 
operations (Kummu et al., 2012). This management system prioritizes the energy needs of critical operations, such as 
waste processing and food preservation, ensuring that these processes receive uninterrupted power. Energy 
management systems play a key role in optimizing the performance of decentralized renewable energy systems, as 
shown in the work of Zhang et al. (2019). The circuit diagram provided in this study illustrates the overall flow of energy 
through the system. Solar energy powers the waste digester while also charging the battery storage. The biogas 
produced in the digester is stored and later used to generate electricity through the biogas generator. The inverter 
converts this energy into AC power for agricultural operations, ensuring that all farm equipment is powered efficiently. 

In optimizing the system, several factors are considered. First, component sizing is crucial for maximizing energy 
recovery and ensuring that the system can handle varying loads of agricultural waste. This involves calculating the 
energy demands of typical waste loads and adjusting the system components accordingly (Reddy et al., 2017). 
Additionally, biogas yield optimization is achieved by enhancing the anaerobic digestion process through solar thermal 
integration, which raises the temperature inside the digester and accelerates microbial activity (Zhou et al., 2018). The 
integration of solar thermal energy into anaerobic digestion systems has been shown to significantly improve biogas 
yield and energy conversion efficiency (Dincer and Acar, 2015). 

Finally, energy management is optimized by integrating a smart power management system that balances energy input 
from solar, stored energy, and biogas production. This ensures a continuous energy supply for critical operations, 
particularly during peak agricultural activity or times of low solar irradiance. Studies have emphasized the importance 
of such systems in maintaining energy efficiency in renewable energy applications (Gupta et al., 2020).  

3. Results  

3.1. Energy Efficiency of the Solar Panels 

The energy efficiency of the solar photovoltaic (PV) panels was assessed by measuring their conversion efficiency based 
on irradiance and energy output. The results show that efficiency remains consistent as irradiance increases, with slight 
variations attributed to temperature impacts. 

Table 1 Solar Panel Efficiency 

Solar Irradiance 
(kWh/m²/day) 

Panel Area 
(m²) 

Energy Output 
(kWh/day) 

Efficiency 
(%) 

4.8 10 30 62.5 

5 10 32 64 

5.2 10 33.5 64.4 

5.5 10 35 63.6 

6 10 38 63.3 

 

The solar panel efficiency shows minor variations due to changing irradiance, with the highest efficiency observed 
around 5.2 kWh/m²/day (Table 1). This sets a baseline for energy inputs into the waste-to-energy system. 
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3.2. Biogas Yield from Agricultural Waste 

This result measures the volume of biogas generated per ton of various agricultural waste types. The biogas yield and 
methane content are key factors that determine the energy output from each waste type. 

 

Figure 2 Biogas Yield per Ton of Agricultural Waste 

Corn residue and wheat straw are the most efficient in biogas production, both yielding higher volumes of methane. 
This data highlights the potential of optimizing waste selection to maximize energy generation in the system. 

3.3. Conversion Efficiency of the Anaerobic Digester 

The conversion efficiency of the anaerobic digester, based on retention time and operating temperature, shows how 
effective the digester is at converting waste to biogas under varying conditions. The results (Figure 3) show that 
increasing the digester temperature and extending retention time enhances biogas yield. A retention time of 40 days 
and a temperature of 42°C result in optimal efficiency. 

 

Figure 3 Anaerobic Digester Conversion Efficiency 
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3.4. Solar Energy Contribution to Waste-to-Energy Process 

This result evaluates how solar energy contributes to powering the anaerobic digester and biogas generator. It also 
measures how much excess energy can be stored. The solar panels provide more than enough energy to power the 
digester and generator, with 20–25% of the total energy generated as excess, showing potential for energy storage and 
future scalability.  

Table 2 Solar Energy Contribution to Waste-to-Energy Process 

Solar Power 
(kWh/day) 

Energy Used by 
Digester (kWh) 

Energy Used by Biogas 
Generator (kWh) 

Excess Energy (kWh) 

40 10 20 10 

42 11 21 10 

44 11.5 22 10.5 

46 12 23 11 

48 12.5 24 11.5 

3.5. Efficiency of Biogas Generator 

This result examines the biogas generator’s efficiency in converting biogas into electricity, highlighting the generator’s 
capacity to supply power. The generator efficiency increases with higher biogas input, reaching a maximum efficiency 
of 74%. This highlights the system's ability to scale biogas production for optimal electricity generation. 

 

Figure 4 Biogas Generator Efficiency 

3.6. CO₂ Emission Reduction 

This result compares CO₂ emissions from the biogas generator to conventional diesel generators. The system 
significantly reduces carbon emissions. 

Table 3 CO₂ Emission Reduction from Biogas vs. Diesel 

Energy 
Source 

Energy Produced 
(kWh) 

CO₂ Emissions (kg 
CO₂/kWh) 

Total CO₂ 
Emissions (kg) 

Emission Reduction (%) 

Diesel 250 0.25 62.5 0 

Biogas 250 0.1 25 60 
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Switching from diesel to biogas reduces CO₂ emissions by 60%, showcasing the environmental benefits of using a solar-
powered waste-to-energy system. 

3.7. Heat Recovery from Biogas Generator 

This result evaluates the amount of heat recovered from the biogas generator and its efficiency in reusing waste heat 
for agricultural processes. The heat recovery system demonstrates increasing efficiency as more biogas is used, with a 
maximum heat recovery efficiency of 70% (Figure 5). This contributes to further system efficiency by utilizing waste 
heat for other farm processes. 

 

Figure 5 Heat Recovery from Biogas Generator 

3.8. Solar Battery Storage Efficiency 

The efficiency of the battery storage system was evaluated, showing how effectively excess solar energy is stored and 
later used for agricultural equipment during non-solar periods. 

Table 4 Solar Battery Storage Efficiency 

Battery Capacity (kWh) Energy Stored (kWh/day) Discharge Rate (%) Energy Supplied (kWh) 

50 30 90 27 

60 35 88 30.8 

70 40 85 34 

80 45 83 37.4 

90 50 80 40 

 

Battery performance shows a steady discharge rate with increasing storage capacity. The system efficiently supplies 
energy, particularly during off-peak solar periods. 

3.9. Agricultural Waste Reduction Efficiency 

This result evaluates the reduction in agricultural waste through biogas production, demonstrating how effectively the 
system converts waste into energy. 
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Table 5 Agricultural Waste Reduction Efficiency 

Initial Waste Input (tons) Waste Converted to Biogas (%) Residual Waste (%) Total Waste Reduction (%) 

10 75 10 85 

12 78 9 87 

15 80 8 88 

20 83 7 90 

25 85 6 91 

 

The system consistently reduces over 85% of agricultural waste, making it a highly effective method for waste reduction 
and energy generation. 

4. Discussion 

The results of this study highlight the effectiveness and scalability of the solar-powered waste-to-energy system 
developed for agricultural food waste reduction. The integration of solar energy with biogas production has shown 
significant advantages in both energy generation and waste management, positioning this system as a sustainable 
solution for rural agricultural communities. 

The energy efficiency of the solar photovoltaic (PV) panels in converting solar irradiance into usable electricity is a 
critical component of the system's success. With efficiencies ranging between 62-64%, the PV panels provided a 
consistent source of energy for powering the anaerobic digester and agricultural equipment. The ability of the solar 
panels to supply excess energy highlights the system’s potential for scalability and for providing additional energy to 
other operations (Zhang et al., 2019). This performance underscores the importance of utilizing renewable energy 
sources like solar in waste-to-energy systems, as it not only reduces dependency on fossil fuels but also ensures a 
continuous and sustainable power supply (Chen et al., 2015). One of the most significant findings is the system's capacity 
to efficiently convert various types of agricultural waste into biogas. Corn residue, wheat straw, and other waste 
materials were shown to yield high volumes of biogas, with methane content that supports substantial energy output. 
The ability to process diverse waste streams makes the system versatile, applicable across different agricultural 
settings, and capable of reducing waste accumulation, a major issue in smallholder farms (Reddy et al., 2017). By 
optimizing waste conversion into biogas, the system addresses the dual challenges of managing agricultural waste and 
meeting energy demands, both of which are critical in rural areas (Awe et al., 2017). 

The anaerobic digester's performance was another crucial aspect of the system's efficacy. Operating under controlled 
retention times and temperatures, the digester was able to achieve high conversion efficiencies, with retention times of 
30-40 days yielding maximum biogas production. These findings are consistent with previous research on the role of 
anaerobic digestion in biogas generation, particularly in systems designed for agricultural applications (Zhou et al., 
2018). The digester's ability to produce large amounts of biogas efficiently, even under varying conditions, is essential 
for ensuring the continuous availability of energy in rural farms (Dincer and Acar, 2015). 

The biogas generator further demonstrated the system's robustness by converting the produced biogas into electricity 
with increasing efficiency. As more biogas was fed into the generator, efficiency improved, reaching up to 74%. This 
finding emphasizes the generator's scalability, suggesting that the system can be expanded to handle larger volumes of 
biogas as waste availability increases. The electricity generated by the biogas generator not only powers agricultural 
machinery but also reduces reliance on non-renewable energy sources like diesel generators, which are both costly and 
environmentally detrimental (Kummu et al., 2012). 

One of the standout aspects of the system is its ability to significantly reduce CO₂ emissions. By replacing diesel-powered 
generators with biogas and solar-powered alternatives, the system was able to cut emissions by 60%. This reduction is 
in line with global goals for reducing greenhouse gas emissions, particularly in the agricultural sector, which is a 
significant contributor to environmental degradation (FAO, 2019). The results demonstrate that the integration of solar 
energy with biogas systems is a prolific approach to reducing the carbon footprint of agricultural operations, thereby 
contributing to climate change mitigation efforts (Ahlborg and Hammar, 2014). 
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Moreover, the system’s cost-effectiveness makes it a highly attractive option for smallholder farmers. With monthly 
operational costs reduced by over 87% compared to diesel-powered systems, the solar-powered waste-to-energy 
system presents a financially viable solution for rural communities (Gustavsson et al., 2011). The elimination of fuel 
costs and the relatively low maintenance requirements of solar and biogas systems provide long-term economic 
benefits, further enhancing the sustainability of this approach. This aligns with research indicating that renewable 
energy systems, particularly those that integrate solar and waste-to-energy technologies, are essential for reducing 
energy poverty and improving agricultural productivity (Bhattacharyya, 2015). 

The system’s ability to convert more than 85% of agricultural waste into usable biogas is another critical finding. This 
high waste reduction efficiency significantly reduces the environmental impact of waste disposal, which is a major issue 
in agricultural operations. By transforming waste into energy, the system supports the principles of the circular 
economy, where resources are continuously reused and recycled, rather than discarded (UNEP, 2011). This contributes 
not only to environmental sustainability but also to improved agricultural yields, as the energy generated can be 
reinvested into farm operations, such as irrigation, grain drying, and refrigeration (IEA, 2020).  

5. Conclusion 

The developed solar-powered waste-to-energy system has demonstrated significant potential as a sustainable solution 
for addressing agricultural waste and energy challenges. Its ability to efficiently generate energy from waste, reduce 
carbon emissions, and offer cost savings makes it a prolific technology for rural agriculture. As the demand for 
renewable energy increases and the pressure to reduce agricultural waste intensifies, systems like this will play a crucial 
role in promoting sustainable development and environmental stewardship in farming communities. Further 
optimization and scaling of this system could have widespread benefits for agricultural regions, particularly in 
developing countries, where energy access and waste management remain critical issues. 
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