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ABSTRACT

	Agrivoltaics system is an innovative way to use land sustainably by allowing the production of both food as well as solar energy on the same land. This dual-use of the agricultural land addresses various pressing challenges which the agriculture is facing globally such as land scarcity, climate change, rising energy demands, and the need for resilient rural livelihoods. This paper presents an in-depth analysis of these systems, highlighting technological advancements, environmental benefits, effect on crop performance, energy production and socio-economic impacts. The study also discusses recent innovations in photovoltaic (PV) technologies to maximize the energy production, including semi-transparent, bifacial and spectrally selective panels. It also examines the effect of different structural design like elevated and tracking system on both solar energy output and crop yields. The study highlights various agronomical benefits like better crop resilience, healthier crop, and more water use efficiency, particularly under climate stressed conditions. Environmental benefits include fewer greenhouse gases (GHG’s) emissions, enhanced carbon storage and support for biodiversity. An energy performance analysis shows that agrivoltaics system are able to achieve high land equivalent ratios (LER>1), competitive energy yields, and greater overall efficiency with the use of advanced digital technologies like Artificial Intelligence (AI) and Internet of Things (IoT). However, there has been some challenges such as high installation costs, gaps in the public-private policies, and technical complexities which limits its broader use. Overall, agrivoltaics system offers a promising approach for sustainable development and supports global goals for food, energy, water security, and climate adaptation.



Keywords: Agrivoltaics; Photovoltaic Systems; Sustainable Agriculture; Agro-Energy Systems

1. INTRODUCTION

The need for sustainable development has increased substantially in recent times due to climate change, rising population numbers and growing demands for land, energy, and food. The arable land, which is continuously diminishing due to increased urbanization and industrialization, frequently faces direct competition from the expansion of energy production systems, especially from renewable sources like solar panels and bioenergy crops for limited land and other resources (Xia et al., 2024). Ground-mounted solar panels and bioenergy crops can deprive the land that was once used for food production. This further raise concerns about food security, rural jobs, and the impact on rural landscapes (Unger & Lakes, 2023). Although the world needs renewable energy to achieve the climate goals, but the land needed for its establishment may negatively impact other environmental goals if it leads to habitat loss or decreased agricultural productivity. This conflict is particularly serious in areas where high-quality farmland is being used for energy projects, leading to public opposition and policy debates.

To address these concerns, Goetzberger and Zastrow in 1981, introduced a new concept of Integrating solar panels with crop production, commonly known as agrivoltaics. This approach offers a promising solution by allowing both food and energy generation on the same land, which reduces direct competition and has the potential to improve land-use efficiency (Widmer et al., 2024).  The concept was implemented as a small project that focused on combining irrigation power generation with agriculture. In the last twenty years, there has been significant growth in the size and complexity of agrivoltaics system due to the innovative research and developments all over the world (Agyekum, 2024). Recent Innovations include using newer PV technologies such as concentrating photovoltaics (CPV), wavelength-selective panels, and sun-tracking systems. These advancements help optimize light distribution for both crops and energy production (Asa’a et al., 2024; Gorjian et al., 2023; Klokov et al., 2023), thus increasing the land use efficiency.

Apart from reduced land competency, agrivoltaics can simultaneously reduce plant drought stress and heat exposure, (Barron-Gafford et al., 2019; Pataczek & Schweiger, 2023), reduces evaporation and irrigation needs (Chopdar et al., 2024; Santino et al., 2025) leading to greater crop survivability and more stable yields. Also, integrating conservation practices with agrivoltaics can improve soil health, promote biodiversity (Chopdar et al., 2024; Time et al., 2024), increase farmer incomes, create new jobs and support rural development, especially in regions with limited resources (Favi et al., 2024; Randle-Boggis et al., 2025). Therefore, Agrivoltaics directly supports multiple Sustainable Development Goals by advancing food security, clean energy, water conservation, and climate action.

The integration of solar energy generation with agricultural production on the same land has seen rapid global growth over the last two decades. The total installed capacity has risen from just 5 MW in 2012 to 2.8 GW in 2020, and research output increased sharply in the last few years as countries try to find solutions to land-use conflicts and climate change challenges (Agyekum, 2024; Pestisha et al., 2023). The technology is most advanced in Europe, with significant adoption in the United States, China, and Chile, and growing interest in Canada, Mexico, and Colombia, though legislative and regulatory barriers remain a major obstacle in the Americas and elsewhere (Peña-Calzada et al., 2024). In Japan, these systems have been used on smallholder plots to support aging farmers (Iida et al., 2024). Germany and France are also exploring agrivoltaics for high-value horticulture (C & E, 2024; Lewandowski et al., 2021). India, with its KUSUM (Pradhan Mantri Kisan Urja Suraksha evam Utthaan Mahabhiyan) scheme, supports solarization of agriculture, and is beginning to experiment with agrivoltaics models on government and private farmland (Yadav et al., 2024). Despite these developments, the scaling and optimization of agrivoltaics remain limited. There are gaps in agronomic data, economic feasibility studies, and policy clarity in most regions. Additionally, most current deployments are based on trial-and-error methods without a unified techno-economic framework for crop - PV compatibility and energy yield optimization. 

This paper aims to fill these gaps by offering an in-depth analysis of agrivoltaics system. The specific goals of this study are to review progress in solar and agriculture integration technologies, evaluate how different agrivoltaics setups affect crop yields, soil health, and energy production, assess economic benefits like income diversification and rural electrification, and examine the policies and support systems needed to increase the global adoption of these systems. Through this approach, the study seeks to provide useful insights and practical recommendations for those interested in using agrivoltaics as a sustainable and climate-ready land-use solution.

2. TECHNOLOGICAL BASIS OF AGRIVOLTAICS

The success and efficiency of any agrivoltaics systems depend heavily on its design and engineering integration. The basic fundamental of these systems is to maximize the coexistence of photovoltaic energy generation and agricultural productivity. Various technological approaches like adaptive materials, creative design, and efficient control systems are needed to achieve this goal. The foundation of all these technological advancements includes basic conventional opaque PV modules. However, recent developments focus more on semi-transparent PV (STPV) modules, such as crystalline silicon (c-Si), thin-film, organic PVs, dye-sensitized solar cells, and luminescent solar concentrators. These modules reduce the detrimental effects of shading on plant growth by allowing more light to reach crops canopy while still producing electricity (Asa’a et al., 2024; Gorjian et al., 2022). The key design factors affecting the performance of any agrivoltaics system include solar panel height, inter-panel spacing, orientation, and spectral management. These factors play an important role in balancing the equilibrium of land-use efficiency, microclimate effect and light distribution (Chopdar et al., 2024; Williams et al., 2023). Some researchers have also explored bifacial and vertically mounted modules to further improve light capture and crop productivity (Campana et al., 2021). These systems can reduce water usage, improve land use efficiency, and shield crops from severe weather. However, to optimize benefits and reduce trade-offs between energy and food production, they require careful site-specific design and continuous research (Barron-Gafford et al., 2019; Widmer et al., 2024).

These systems need to be carefully engineered as per the site requirement because their structural layout and design have a significant impact on the production of food and energy. Crop yields and energy output are directly impacted by critical design elements that determine how sunlight is shared between crops and solar panels, such as panel height, tilt, spacing, orientation, and density (Campana et al., 2021). For example, increasing the distance between rows of vertically mounted bifacial panels improves light distribution and can double crop yields compared to denser configurations, though it may reduce total energy output per area (Alam et al., 2024; Sarr et al., 2023). The optimal configuration depends on site’s latitude, local climate, crop type, and the specific balance desired between food and energy goals; for instance, high panel density can reduce food production by up to 50% in some regions, but may benefit agriculture in arid climates by reducing water stress (Pandey et al., 2025; Warmann et al., 2024). Systematic reviews highlight that agrivoltaics design must be customized to accommodate crop shade tolerance, microclimate effects, and irrigation requirements to maximize the combined land productivity and achieve sustainability targets (Alam et al., 2024; Sarr et al., 2023; Zainuri et al., 2021). 

Over the last few years, several structural configurations have emerged including - Elevated Fixed Tilt Systems, which are the most common and cost effective but their energy output can be sub-optimal without tracking. Studies show that the choice of tilt angle and elevation must balance the needs of both crops and energy production, as excessive shading can reduce crop yields by up to 62% for sensitive species (Kallioğlu et al., 2024; Tahir & Butt, 2022). To overcome this problem, Single-Axis and Dual-Axis Tracking Systems have been developed. Single-axis trackers, which follow the sun’s movement along one axis (typically east-west) can boost energy output by 20-35% as compared to fixed systems (Mohammed et al., 2025; Qader et al., 2023), while dual-axis trackers, which adjust both azimuth and elevation, can achieve 30–45% higher yields, especially in regions with high solar variability or at extreme latitudes (Hammas et al., 2025; Jamroen et al., 2020). Semi-transparent photovoltaic (STPV) modules, allow a portion of sunlight - especially the wavelengths most useful for photosynthesis - to reach crops while converting the rest into electricity, thus minimizing negative impacts on plant growth and sometimes even improving crop conditions by moderating temperature and light intensity (Uchanski et al., 2023). Inspired by greenhouse or curtain mechanisms, movable or retractable systems allow manual or automatic retraction of panels based on weather or crop requirements. Though costly, they offer high adaptability by optimizing both solar energy generation and agricultural productivity (Pawlak-Jakubowska, 2023). 

The continuous innovation in photovoltaic materials also play a decisive role in the effectiveness of these systems like Crystalline Silicon (c-Si) based panels, dominant in current deployments, are very reliable but often opaque. However, bifacial c-Si panels can improve ground-level light conditions. Thin-Film PV panels, due to their light weight, offer more flexibility and can be adapted into transparent forms but may have slightly lower efficiencies (Gorjian et al., 2022). Other emerging PV panels technologies are organic Panels and Spectrally Selective Panels. Organic PV panels offer high transparency, flexibility, and tunable spectral absorption - making them suitable for light-sensitive crops but faces some challenges including stability and scalability. The Spectrally Selective Panels are designed to absorb wavelengths used for electricity generation while transmitting those essential for photosynthesis (PAR range: 400–700 nm). This allows for better coexistence of crops and PV modules (Thompson et al., 2020). The recent digital technologies like IoT and AI are also being integrated successfully for crop monitoring and solar tracking. According to recent studies, solar powered IoT devices can collect data on soil and environmental conditions in real-time. This enhances resource use efficiency and sustainability while enabling accurate crop monitoring and management (Dhineshkumar et al., 2025; Palniladevi et al., 2023; Strazzella et al., 2024). AI-driven predictive models help balance energy production and crop growth by adjusting solar panel angles and irrigation schedules (Strazzella et al., 2024). 

One of the main advantages of using agrivoltaics systems is that they provide significant cooling effects and help in regulating microclimates. By providing shades to the crop and soils, these systems can lower the temperature of the air and soil beneath the panels, increase humidity and improve soil moisture retention. This creates a more favorable microclimatic condition as compared to traditional farming or solar farms without vegetation. This benefits not only the agriculture but also the energy production. Some studies find that solar panel temperatures can drop by up to 10°C when crops are grown underneath, which leads to better photovoltaic efficiency and boosts energy generation by 3% or more. This improvement mainly results from evaporative cooling effect provided by the plants and higher mounting heights for the panels (Williams et al., 2023). Additionally, these systems also help buffer soil and air temperatures, reduce plant drought stress by decreasing evapotranspiration and increasing soil moisture by as much as 29% which ultimately lead to lower irrigation water needs (Barron-Gafford et al., 2019; Choi et al., 2023). These microclimate benefits are especially significant in arid and semi-arid regions where dry land faming is practiced predominantly. The degree of cooling and microclimate regulation varies based on panel height, ground cover, crop type, and local climate. Thus, these systems play a vital role in improving crop resilience to heat and drought while supporting sustainable energy production.

3. AGRONOMIC AND ENVIRONMENTAL IMPACTS

The agrivoltaics systems due to their dual-use capability has demonstrated special benefits for agriculture and environment. These systems can affect crop growth, soil health, water use and ecosystem services by partially shading crops and altering microclimate conditions. In order to ensure the sustainable production and to maximize the benefits from food and energy output, it is very important to understand and further analyze the effects on various performance parameter under different agricultural settings. In terms of environmental conservation, agrivoltaics can drastically reduce GHGs emission, use lesser fossil fuels and mitigate the effect of eutrophication and climate change. This is mostly achieved by replacing conventional energy sources with solar energy and conserving arable land (Kiesel et al., 2023). Life cycle assessments of these systems indicate that the overall environmental impact of agrivoltaics systems is similar to or better than that of traditional solar panel or agricultural systems. This is particularly admissible when considering the potential for producing both food and energy as well as the land use efficiency (Krexner et al., 2024). Agrivoltaics can also improve soil quality, boost biodiversity, and support ecosystem services like carbon sequestration and water conservation.

3.1 Effect on Crop yield and Productivity

The partial shading from agrivoltaics can have both positive and negative impact on the crop yields. The major factors influencing the nature of the impact varies based on the plant species, how intense the shading is, and the local climate conditions. On an average, the partial shading from solar panels reduces photosynthetically active radiation by about 30%. This can lead to slight reduction in the yield for some crops, especially those sensitive to low light, such as wheat and tomatoes (Lewandowski et al., 2021; Prakash et al., 2023). Although the effect can vary depending on the crop type and panel density. For example, wheat and potato yields under agrivoltaics ranged from a 20% decrease to an 11% increase, with yield improvements observed during hot, dry conditions due to reduced heat stress and better water retention (Weselek et al., 2019). Shade-tolerant crops - such as leafy greens (lettuce, spinach), root vegetables (carrots, radish), and certain legumes - often perform well under agrivoltaics conditions. Partial-shading helps mitigate heat stress, reduce evapotranspiration, and maintain soil moisture-especially important in arid and semi-arid regions (Bauerle et al., 2021). In rice cultivation, maintaining shading below 39% can sustain at least 80% of typical yields, supporting both food and energy production (Nakamura et al., 2021). For fruit crops, a shading threshold of about 30% is recommended to avoid significant declines in yield and quality (Mazzeo et al., 2024). Agrivoltaics systems can also improve water productivity, making them especially valuable in arid or drought-prone regions (Proctor et al., 2021). Therefore, it is the fact that while some yield reductions are possible, agrivoltaics can increase total land productivity by up to 70% when considering both crop and energy outputs. Overall, It offers better economic and environmental benefits, particularly with careful crop selection and system design (Chopdar et al., 2024; Nagashima & Sekiyama, 2019).
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	Fig. 1: Vegetables Production under Agrivoltaics System at VNMKV Parbhani, Maharashtra



3.2 Effect on Soil Health, Water Retention, and Biodiversity

Studies shows that the agrivoltaics systems can significantly enhance soil moisture, organic carbon, and nutrient levels (nitrogen, phosphorus, potassium), as well as microbial biomass and certain enzyme activities, leading to improved soil quality and multifunctionality, especially in fragile or dry regions (Choi et al., 2023; Sui et al., 2024). The presence of solar panels alters microclimatic conditions by reducing solar radiation and soil temperature, increasing soil moisture, and moderating air temperature and humidity, which can lower crop water demand and protect plants from heat stress (Touil et al., 2021). By providing shade, these systems reduce soil surface evaporation and crop transpiration, leading to water savings of 14–47% depending on the design and local climate conditions, without substantially compromising crop yield when shading is moderate (Ali Abaker Omer et al., 2022; Jiang et al., 2022). For example, studies have found that agrivoltaics setups can decrease cumulative soil evaporation by up to 33% and crop water consumption by 30–40%, while also enhancing soil moisture retention (Ali Abaker Omer et al., 2022; Khudhair et al., 2024). In some cases, water use can be reduced by approximately 50% compared to traditional open-field agriculture, especially under high temperatures or water-scarce conditions (Scarano et al., 2025). The improved microclimate under the panels -characterized by lower temperatures and higher humidity - further supports plant growth and reduces irrigation needs. However, excessive shading can negatively impact crop productivity, so optimal panel density and placement are crucial.

3.3 Effect on Biodiversity and Ecosystem Services

Some research also suggests that integrating features such as pollinator habitats, perennial crops, and diversified planting within agrivoltaics systems can significantly increase pollinator supply (by 33–88%), water & sediment retention, and carbon storage compared to conventional farming, while also providing farmers with income diversification and supporting biodiversity targets (Ludzuweit et al., 2025). In regions like the Himalayan and Gangetic Plains, agrivoltaics can create microhabitats that foster pollinator populations and reduce land degradation, contributing to the preservation of indigenous ecosystems and resilience against climate change (Richa et al., 2025). Conservation-focused agrivoltaics practices, especially when combined with conservation agriculture management, further improve soil health, long-term carbon sequestration, and biodiversity, while maintaining or increasing crop yields (Time et al., 2024). However, the ecological benefits depend on careful site selection and design; for example, avoiding installation in environmentally sensitive areas ensures that agrivoltaics do not conflict with other biodiversity-enhancing land uses like agroforestry (Johnson et al., 2024). Overall, agrivoltaics, when thoughtfully implemented, can support food and energy production while promoting biodiversity and ecosystem health, though further field studies are needed to optimize strategies for different local contexts.

3.4 Effect on Carbon Sequestration and Emission Reduction

By reducing reliance on fossil fuels for electricity and irrigation, agrivoltaics contribute directly to greenhouse gas emission reduction. Moreover, maintaining vegetative cover under PV arrays supports soil carbon sequestration, further enhancing the carbon offset potential of these systems. Research in Zhejiang Province, China, found that centralized agrivoltaics power plants can reduce annual carbon dioxide emissions by 2.58 million tons, with a carbon payback period of less than four years, highlighting their efficiency in offsetting emissions over their lifespan (Huang et al., 2024). In urban settings, rooftop agrivoltaics can cut citywide carbon emissions by up to 2.68% annually, thanks to both local food production and renewable electricity generation (Liu et al., 2024). In the United States, widespread adoption of agrivoltaics could reduce emissions equivalent to removing 71,000 cars from the road each year (Proctor et al., 2020). Similar benefits have been observed in Germany, where implementing agrivoltaics on just 1–5% of arable land could cut greenhouse gas emissions by 1.2 to 5.9 million metric tons (Sponagel et al., 2024). In the Philippines and Japan, large-scale agrivoltaics integration, especially when combined with battery storage, can reduce power sector carbon emissions by up to 85%, surpassing national targets (Gonocruz et al., 2022). These findings consistently demonstrate that agrivoltaics systems are a powerful tool for decarbonizing energy and agriculture, supporting both climate and food security goals. While the environmental and agronomic benefits of agrivoltaics are compelling, these systems also present certain trade-offs and limitations. These include altered water drainage and runoff pattern due to panel installations; potential light deprivation, if panels are poorly positioned or not crop-specific; soil compaction during installation; waste generation and material disposal of PV modules after their lifespan.

4. ENERGY PERFORMANCE ANALYSIS

Energy performance is a crucible aspect of agrivoltaics systems, as it determines the feasibility of integrating photovoltaic technology with agriculture without compromising productivity. While traditional solar farms mainly focus on getting the most energy possible, agrivoltaics systems must balance energy production with crop light requirements for photosynthesis activities and farm operations. The main factors that affect the energy performance of these systems, include PV cell efficiency, layout, solar tracking technologies, and cost of energy productions. Higher PV efficiency increases the amount of energy produced from the same land area by converting more sunlight into electricity. Recent study indicates that the agrivoltaics system which are using more efficient solar modules, like monofacial or bifacial panels with higher conversion rates, are able to produce more electricity and therefore providing better economic benefits as compared to other less efficient systems (Patel et al., 2024). They also have proven to improve the crop health beneath the panel. Next-generation innovations in this field for developing more efficient PV module like semi-transparent and spectral-splitting PV technologies further optimize the balance between light requirement for crops and electricity generation without compromising agricultural productivity (Gorjian et al., 2022; Zhang et al., 2023). Additionally, the presence of crops can help PV module to reduce their temperature by cooling the panels, therefore improving the PV efficiency. This leads to the modest increases in daily energy output.

Other design and layout strategies like solar tracking and dynamic shading in agrivoltaics systems generally lead to increased energy generation compared to fixed-tilt systems.  Studies show that single-axis and dual-axis solar tracking can boost energy yields by 20–45% over fixed panels, with dual-axis systems providing the highest gains, especially in regions with variable sun angles (Sadeghi et al., 2025). Dynamic shading - such as foldable or adjustable panels - can further optimize the balance between sunlight for crops and energy production, with some designs achieving up to 15% more power generation and creating favorable microclimates for diverse crops (Lama & Jeong, 2024). Customized tracking strategies, like time-multiplexed tracking and anti-tracking, allow for targeted shading during critical crop growth periods, maintaining high crop yields while still achieving 80–87% of the maximum possible energy output (Alam & Butt, 2024). Additionally, innovative tracking and backtracking strategies can increase the land equivalent ratio (LER) by up to 47%, making agrivoltaics installations more efficient and sustainable (Casares de la Torre et al., 2022). LER is the sum of the fractions of energy and food produced by an agrivoltaics system compared to the production of each component (agriculture and photovoltaics) on separate land (equation-1). An LER>1 indicates that the system is more efficient in land use than separate systems. 

	
	…..(1)


Recent studies show that well-designed agrivoltaics systems can achieve LERs ranging from about 1.1 to over 1.7, depending on crop type, solar panel configuration, and local conditions (Zheng et al., 2021).  Another study in India, showed the land equivalent ratio is obtained greater than open field treatments up to 1.65 for all treatments and environments (Patel et al., 2024). Agrivoltaics systems are viable in numerous locations with a land equivalency ratio above 1 in all regions for tilted agrivoltaics systems (Garrod et al., 2024). Overall, agrivoltaics can make land more profitable per unit area. Agrivoltaics can also facilitate rural electrification and solar-powered agro-processing, enhancing farm productivity and sustainability. In on-grid scenarios surplus electricity can be sold back through feed-in tariffs or net metering, offering an income stream for farmers and reducing reliance on fossil fuels. Studies in East Africa and California demonstrate that agrivoltaics can provide reliable electricity for both grid-tied and off-grid communities, enhance land productivity, and support water conservation, with the added benefit of climate resilience for crops (Randle-Boggis et al., 2025). 

Economic analyses indicate that agrivoltaics systems can achieve levelized costs of energy (LCOE) comparable to conventional PV installations, especially when innovative business models and policy incentives are in place (Agostini et al., 2021; Thomas et al., 2023). Combining energy sales and agricultural returns makes agrivoltaics financially attractive. In some cases, total revenue per hectare in these systems can be 1.5 to 2 times higher than single-use models, depending on crop type and energy pricing. Energy Payback Time (EPBT) of these systems also remains competitive, especially when crops help enhance PV performance through cooling.

5. SOCIOECONOMIC AND POLICY DIMENSIONS

The feasibility of agrivoltaics depend not only on technical performance and environmental outcomes but also on a wide range of social, economic, and policy factors. Although this system presents a promising approach to sustainable development by integrating renewable energy production with supported food production system, its widespread adoption is shaped by land ownership pattern, financial support, regulatory clarity, and local community acceptance. Additional concerns arise from the need for strong governance mechanism capable of linking the agriculture and energy sectors. In many places, existing policies remains poorly aligned, creating uncertainty or local disputes, as seen in France and Turkey (Agir et al., 2023; Carrausse & Sartre, 2023). Therefore, it is necessary to address the socioeconomic aspects such as advantage, barrier to implementation, and the policy measures to make agrivoltaics more acceptable and gain broader traction. 

It allows farmers to generate income from both crop production and solar energy on the same piece of farm land. Research shows that overall earnings can increase by as much as five times compared to conventional farming. By using these systems, farmers can sell their farm produce along with surplus electricity, or they can use the generated energy to reduce operational cost of the farm (Klokov et al., 2023; Zheng et al., 2021). By providing a consistent revenue stream from power generation, agrivoltaics also help cushion farmers against price fluctuations in the agricultural markets. This becomes more valuable particularly in regions where crops yields or prices are highly variable due to weather uncertainty (Kumpanalaisatit et al., 2022). Moreover, integrating value-added facilities such as solar-powered cold storage, processing units, or irrigation systems can further boost far profitability and enhance long-term sustainability. 

In addition, the technology can also promote rural development and help in reducing poverty by creating new employment opportunities for rural population. These jobs come from both the installation and maintenance of solar infrastructure, as well as from the diversification of agricultural activities as seen in countries like India, Brazil, Japan and East Africa (Nakata & Ogata, 2023; Sharma et al., 2021; Vidotto et al., 2024). Research suggests that large-scale adoption could create more than 100,000 rural jobs in the United States alone, while boosting local economies and supporting rural electrification efforts (Proctor et al., 2020). Beside having all these benefits, achieving social equity requires careful addressing of barriers like high initial investments, limited public awareness, regulatory challenges and risks related to land concentration or rent -seeking, which could otherwise deepen existing social inequalities. 

Financial support and subsidies programs also play an important role in encouraging the adoption and expansion of agrivoltaics system. Tools such as direct cash transfer benefits, tax incentives, and dedicated loan grants help reduce the levelized cost of energy (LCOE). This allows agrivoltaics projects to compete more effectively with traditional solar panel installations, especially when combined with green incentives pr subsidies focused on reducing social and environmental impacts (Barbosa, 2024; Thomas et al., 2023). In addition to direct financial support, government mechanisms such as disaster relief, early-warning systems, and programs promoting sustainable agriculture further encourage adoption.

However, the lack of comprehensive financial performance models and the need for coordinated, multi-level policy integration remain challenges for mainstreaming agrivoltaics (Pascaris et al., 2023). Key issues include fragmented or insufficient legal frameworks, lack of coordination between agricultural and energy sectors, and bureaucratic hurdles that complicate permitting and land-use decisions, as seen in France, Turkey, Japan, and the U.S. (Agir et al., 2023; Carrausse & Sartre, 2023; Pascaris et al., 2023; Tajima & Iida, 2021). Recent studies emphasize the importance of interdisciplinary research, targeted policy support, and the creation of multi-stakeholder councils to address these challenges and facilitate the transition of agrivoltaics from niche innovation to mainstream practice (Chopdar et al., 2024; Pascaris et al., 2023).

6. CHALLENGES AND LIMITATIONS

Despite the growing recognition of agrivoltaics as a promising solution for sustainable land use, its real-world deployment faces several practical and systemic challenges. Key technical issues include the potential for photovoltaic panels to alter microclimates, affecting crop yields through changes in shading, temperature, and water management, as well as vulnerability to wind loads and the need for advanced monitoring and design solutions to optimize both energy and agricultural outputs (Gomez-Casanovas et al., 2023; Gorjian et al., 2022). Economic barriers are also prominent, with high initial investment costs, uncertain long-term financial returns, and a lack of comprehensive financial performance models making it difficult for farmers and investors to commit to these systems (Mamun et al., 2022; Pascaris et al., 2020, 2023). Grid integration also poses challenges, such as managing the intermittent nature of solar power, ensuring grid stability, and requiring investments in storage or transmission infrastructure to handle variable outputs (Ahmed et al., 2022). Social and institutional challenges include concerns about land productivity, compensation, and the flexibility of systems to accommodate diverse farming practices, as well as bureaucratic hurdles and weak legislative frameworks that complicate permitting and regulatory processes (Agir et al., 2023; Pascaris et al., 2020). Additionally, there are knowledge gaps regarding the impacts of agrivoltaics on different crops, especially in large-scale and livestock-integrated systems, and a need for more interdisciplinary research to understand ecological, environmental, and socio-economic consequences (Gomez-Casanovas et al., 2023; Mamun et al., 2022). In regions like Sub-Saharan Africa and the Americas, limited technical capacity, sociocultural acceptance, and inadequate policy support further restrict adoption, despite the technology’s potential to address food and energy security (Abidin et al., 2025; Peña-Calzada et al., 2024). Overcoming these challenges will require coordinated policy incentives, technological innovation, stakeholder engagement, and robust research to ensure agrivoltaics can deliver on its promise of sustainable land use and dual resource production.

7. FUTURE DIRECTIONS AND INNOVATION PATHWAYS

As global demands for food, clean energy, and land intensify under the pressures of climate change and urbanization, agrivoltaics presents a strategic convergence of these priorities. However, to realize its full potential as a mainstream, scalable solution, agrivoltaics must evolve beyond pilot projects and regional applications into a globally adaptive, high-impact land-use model. This requires technological innovation, system optimization, and integration with broader agricultural and energy systems. Key pathways include the development of advanced photovoltaic technologies such as concentrating photovoltaics (CPV) and semi-transparent modules, which allow for better spectral management and minimize shading impacts on crops, thereby enhancing both energy and food yields (Gorjian et al., 2023). There is growing interest in integrating agrivoltaics with precision agriculture, smart farming, and the use of decommissioned solar panels to reduce costs and environmental impact. Research is also expanding to optimize crop selection, system design, and site-specific configurations to ensure profitability and resilience under varying climatic conditions (Asa’a et al., 2024). These systems can also be integrated with smart technologies for real-time monitoring, control, and optimization. AI and IoT tools can dynamically manage the light-sharing balance between crops and panels by Predicting crop water and light requirements using machine learning, adjusting panel tilt and orientation for optimal energy-agriculture co-performance, monitoring plant health and managing irrigation and fertigation schedules automatically (Muhammed et al., 2024; Strazzella et al., 2024). Socioeconomic and policy innovations are crucial, including stakeholder engagement, regulatory frameworks, and financial incentives to overcome adoption barriers and scale up deployment, especially in regions like Sub-Saharan Africa and India. Overall, future research should prioritize long-term, large-scale field studies, spectral separation technologies, and the assessment of plant responses to new PV materials to ensure sustainable and productive agrivoltaics systems.

8. CONCLUSION

Agrivoltaics system offers an innovative approach to manage the land sustainably by meeting the need of food production, energy generation, and environmental conservation at the same time. By enabling agriculture and solar to coexist on the same land, it reforms the traditional idea of land productivity and offers a more feasible solution to global challenges such as climate change, shrinking arable land, and rural economies pressures. This study analyzed different dimensions of agrivoltaics systems, including the technical advancement, agricultural and energy benefits, social implications, and policy considerations. The research and analysis suggest that well-planned agrivoltaics system can enhance crop resilience, improve water-use efficiency, generate clean energy, and increase farmers income, while also reducing greenhouse gas emissions and supporting biodiversity. Despite these benefits, several challenges prevent its large-scale adoption. High initial investment requirements, regulatory uncertainty, technical constraints, and limited interdisciplinary expertise slow its integration into majority farming and energy frameworks. These challenges highlight the need for focused policy reforms, inclusive financing approaches, farmer-focused support systems, and sustained research investment. In the future, the success of agrivoltaics will depend on its ability to evolve into a smart, adaptable, and equitable system. Integrating advanced digital technologies such as artificial intelligence, precision agriculture, and climate-resilient practices will further strengthen its impact. Moreover, aligning agrivoltaic development with broader national and global priorities such as the Sustainable Development Goals (SDGs), clean energy transitions, and climate adaptation plans will be crucial for realizing its full potential.


Consent 

Not applicable. 

Ethical approval 

Not applicable. 

References

1. Abidin, M. I. Z., Abubakar, S. I., Sundaram, S., Kamarudin, M. K. A., Sukki, F. M., Mahendiran, R., & See, C. (2025). Deploying Agrivoltaics in Sub-Saharan Africa: A Sustainable Pathway Towards Energy-Food Security-Challenges and Opportunities: A Review. IEEE Access, 13, 87810–87833. https://doi.org/10.1109/ACCESS.2025.3568717 
2. Agir, S., Derin-Gure, P., & Senturk, B. (2023). Farmers’ perspectives on challenges and opportunities of agrivoltaics in Turkiye: An institutional perspective. Renewable Energy, 212, 35–49. https://doi.org/10.1016/j.renene.2023.04.137 
3. Agostini, A., Colauzzi, M., & Amaducci, S. (2021). Innovative agrivoltaic systems to produce sustainable energy: An economic and environmental assessment. Applied Energy, 281, 116102. https://doi.org/10.1016/j.apenergy.2020.116102 
4. Agyekum, E. B. (2024). A comprehensive review of two decades of research on agrivoltaics, a promising new method for electricity and food production. Sustainable Energy Technologies and Assessments, 72, 104055. https://doi.org/10.1016/j.seta.2024.104055 
5. Ahmed, S. D., Al-Sulaiman, F., & Shafiullah, M. (2022). Grid Integration Challenges and Solution Strategies for Solar PV Systems: A Review. IEEE Access, 10, 52233–52257. https://doi.org/10.1109/ACCESS.2022.3174555 
6. Alam, H., Alam, M. A., Armstrong, A., & Butt, N. (2024). How does Module Array Design Affect the Food-Energy Productivity of Agrivoltaic Systems? 2024 IEEE 52nd Photovoltaic Specialist Conference (PVSC), 1211–1213. https://doi.org/10.1109/PVSC57443.2024.10749436 
7. Alam, H., & Butt, N. Z. (2024). How does module tracking for agrivoltaics differ from standard photovoltaics? Food, energy, and technoeconomic implications. Renewable Energy, 235, 121151. https://doi.org/10.1016/j.renene.2024.121151 
8. Ali Abaker Omer, A., Liu, W., Li, M., Zheng, J., Zhang, F., Zhang, X., Osman Hamid Mohammed, S., Fan, L., Liu, Z., Chen, F., Chen, Y., & Ingenhoff, J. (2022). Water evaporation reduction by the agrivoltaic systems development. Solar Energy, 247, 13–23. https://doi.org/10.1016/j.solener.2022.10.022 
9. Asa’a, S., Reher, T., Rongé, J., Diels, J., Poortmans, J., Radhakrishnan, H. S., van der Heide, A., Van de Poel, B., & Daenen, M. (2024). A multidisciplinary view on agrivoltaics: Future of energy and agriculture. Renewable and Sustainable Energy Reviews, 200, 114515. https://doi.org/10.1016/j.rser.2024.114515 
10. Barbosa, M. (2024). Government Support Mechanisms for Sustainable Agriculture: A Systematic Literature Review and Future Research Agenda. Sustainability, 16(5), 2185. https://doi.org/10.3390/su16052185 
11. Barron-Gafford, G. A., Pavao-Zuckerman, M. A., Minor, R. L., Sutter, L. F., Barnett-Moreno, I., Blackett, D. T., Thompson, M., Dimond, K., Gerlak, A. K., Nabhan, G. P., & Macknick, J. E. (2019). Agrivoltaics provide mutual benefits across the food–energy–water nexus in drylands. Nature Sustainability, 2(9), 848–855. https://doi.org/10.1038/s41893-019-0364-5 
12. Bauerle, A., Lewandowski, I., Weselek, A., Högy, P., & Zikeli, S. (2021). Effects on Crop Development, Yields and Chemical Composition of Celeriac (Apium graveolens L. var. Rapaceum) Cultivated Underneath an Agrivoltaic System. Agronomy, 11, 733. https://doi.org/10.3390/agronomy11040733 
13. C, R., & E, F. (2024). The spatial socio-technical potential of agrivoltaics in Germany. Renewable and Sustainable Energy Reviews. https://doi.org/10.1016/j.rser.2024.114706 
14. Campana, P. E., Stridh, B., Amaducci, S., & Colauzzi, M. (2021). Optimisation of vertically mounted agrivoltaic systems. Journal of Cleaner Production, 325, 129091. https://doi.org/10.1016/j.jclepro.2021.129091 
15. Carrausse, R., & Sartre, X. A. de. (2023). Does agrivoltaism reconcile energy and agriculture? Lessons from a French case study. Energy, Sustainability and Society, 13, 1–14. https://doi.org/10.1186/s13705-023-00387-3 
16. Casares de la Torre, F. J., Varo, M., López-Luque, R., Ramírez-Faz, J., & Fernández-Ahumada, L. M. (2022). Design and analysis of a tracking / backtracking strategy for PV plants with horizontal trackers after their conversion to agrivoltaic plants. Renewable Energy, 187, 537–550. https://doi.org/10.1016/j.renene.2022.01.081 
17. Choi, C. S., Macknick, J., Li, Y., Bloom, D., McCall, J., & Ravi, S. (2023). Environmental Co-Benefits of Maintaining Native Vegetation With Solar Photovoltaic Infrastructure. Earth’s Future, 11(6), e2023EF003542. https://doi.org/10.1029/2023EF003542 
18. Chopdar, R. K., Sengar, N., Giri, N. C., & Halliday, D. (2024). Comprehensive review on agrivoltaics with technical, environmental and societal insights. Renewable and Sustainable Energy Reviews, 197, 114416. https://doi.org/10.1016/j.rser.2024.114416 
19. Dhineshkumar, K., Kanth, T. V. R., Babiyola, A., & Mishra, H. (2025). IoT-Based Smart Agricultural Monitoring Using WSN and Predictive Analytics with Artificial Intelligence (AI). International Journal of BIM and Engineering Science, Issue 1, 26–34. https://doi.org/10.54216/IJBES.100104 
20. Favi, S. G., Adamou, R., Godjo, T., Giri, N. C., Kuleape, R., & Trommsdorff, M. (2024). Agrivoltaic systems offer symbiotic benefits across the water-energy-food-environment nexus in West Africa: A systematic review. Energy Research & Social Science, 117, 103737. https://doi.org/10.1016/j.erss.2024.103737 
21. Garrod, A., Hussain, S. N., & Ghosh, A. (2024). The technical and economic potential for crop based agrivoltaics in the United Kingdom. Solar Energy, 277, 112744. https://doi.org/10.1016/j.solener.2024.112744 
22. Gomez-Casanovas, N., Mwebaze, P., Khanna, M., Branham, B., Time, A., DeLucia, E. H., Bernacchi, C. J., Knapp, A. K., Hoque, M. J., Du, X., Blanc-Betes, E., Barron-Gafford, G. A., Peng, B., Guan, K., Macknick, J., Miao, R., & Miljkovic, N. (2023). Knowns, uncertainties, and challenges in agrivoltaics to sustainably intensify energy and food production. Cell Reports Physical Science, 4(8), 101518. https://doi.org/10.1016/j.xcrp.2023.101518 
23. Gonocruz, R. A., Uchiyama, S., & Yoshida, Y. (2022). Modeling of large-scale integration of agrivoltaic systems: Impact on the Japanese power grid. Journal of Cleaner Production, 363, 132545. https://doi.org/10.1016/j.jclepro.2022.132545 
24. Gorjian, S., Bousi, E., Özdemir, Ö. E., Trommsdorff, M., Kumar, N. M., Anand, A., Kant, K., & Chopra, S. S. (2022). Progress and challenges of crop production and electricity generation in agrivoltaic systems using semi-transparent photovoltaic technology. Renewable and Sustainable Energy Reviews, 158, 112126. https://doi.org/10.1016/j.rser.2022.112126 
25. Gorjian, S., Jalili Jamshidian, F., Gorjian, A., Faridi, H., Vafaei, M., Zhang, F., Liu, W., & Elia Campana, P. (2023). Technological advancements and research prospects of innovative concentrating agrivoltaics. Applied Energy, 337, 120799. https://doi.org/10.1016/j.apenergy.2023.120799 
26. Hammas, M., Fituri, H., Shour, A., Khan, A. A., Khan, U. A., & Ahmed, S. (2025). A Hybrid Dual-Axis Solar Tracking System: Combining Light-Sensing and Time-Based GPS for Optimal Energy Efficiency. Energies, 18(1), 217. https://doi.org/10.3390/en18010217 
27. Huang, C., Xie, L., Chen, W., Lin, Y., Wu, Y., Li, P., Chen, W., Yang, W., & Deng, J. (2024). Remote-sensing extraction and carbon emission reduction benefit assessment for centralized photovoltaic power plants in Agrivoltaic systems. Applied Energy, 370, 123585. https://doi.org/10.1016/j.apenergy.2024.123585 
28. Iida, T., Tajima, M., & Doedt, C. (2024). The Socio-Technical Dynamics of Agrivoltaics in Japan. AgriVoltaics Conference Proceedings. https://doi.org/10.52825/agripv.v2i.990 
29. Jamroen, C., Komkum, P., Kohsri, S., Himananto, W., Panupintu, S., & Unkat, S. (2020). A low-cost dual-axis solar tracking system based on digital logic design: Design and implementation. Sustainable Energy Technologies and Assessments, 37, 100618. https://doi.org/10.1016/j.seta.2019.100618 
30. Jiang, S., Tang, D., Zhao, L., Liang, C., Cui, N., Gong, D., Wang, Y., Feng, Y., Hu, X., & Peng, Y. (2022). Effects of different photovoltaic shading levels on kiwifruit growth, yield and water productivity under “agrivoltaic” system in Southwest China. Agricultural Water Management, 269, 107675. https://doi.org/10.1016/j.agwat.2022.107675 
31. Johnson, B. A., Arino, Y., Magcale-Macandog, D. B., Liu, X., & Yamanoshita, M. (2024). Potential of agrivoltaics in ASEAN considering a scenario where agroforestry expansion is also pursued. Resources, Conservation and Recycling, 209, 107808. https://doi.org/10.1016/j.resconrec.2024.107808 
32. Kallioğlu, M. A., Avcı, A. S., Sharma, A., Khargotra, R., & Singh, T. (2024). Solar collector tilt angle optimization for agrivoltaic systems. Case Studies in Thermal Engineering, 54, 103998. https://doi.org/10.1016/j.csite.2024.103998 
33. Khudhair, M. A., Sahib, M. R., & AL-Agele, H. A. (2024). Interactive Effects of Agrivoltaic Shading, Irrigation, and Biofertilizers on the Chemical Composition of Lettuce Leaves (Lactuca sativa L.): Pengaruh Interaktif Peneduh Agrivoltaic, Irigasi, dan Pupuk Hayati terhadap Komposisi Kimia Daun Selada (Lactuca sativa L.). Indonesian Journal on Health Science and Medicine, 1(3), Article 3. https://doi.org/10.21070/ijhsm.v2i1.56 
34. Kiesel, A., Lask, J., Schnaiker, M.-A., Lewandowski, I., Weselek, A., Högy, P., Trommsdorff, M., Wagner, M., & Bauerle, A. (2023). Agrivoltaics: The Environmental Impacts of Combining Food Crop Cultivation and Solar Energy Generation. Agronomy, 13, 299. https://doi.org/10.3390/agronomy13020299 
35. Klokov, A., Loktionov, E., Loktionov, Y. V., Panchenko, V., & Shraborova, E. S. (2023). A Mini-Review of Current Activities and Future Trends in Agrivoltaics. Energies. https://doi.org/10.3390/en16073009 
36. Krexner, T., Bauer, A., Gronauer, A., Mikovits, C., Schmidt, J., & Kral, I. (2024). Environmental life cycle assessment of a stilted and vertical bifacial crop-based agrivoltaic multi land-use system and comparison with a mono land-use of agricultural land. Renewable and Sustainable Energy Reviews, 196, 114321. https://doi.org/10.1016/j.rser.2024.114321 
37. Kumpanalaisatit, M., Setthapun, W., Sintuya, H., Pattiya, A., & Jansri, S. N. (2022). Current status of agrivoltaic systems and their benefits to energy, food, environment, economy, and society. Sustainable Production and Consumption, 33, 952–963. https://doi.org/10.1016/j.spc.2022.08.013 
38. Lama, R. K., & Jeong, H. (2024). Design and Performance Analysis of Foldable Solar Panel for Agrivoltaics System. Sensors, 24(4), Article 4. https://doi.org/10.3390/s24041167 
39. Lewandowski, I., Weselek, A., Högy, P., Hartung, J., Bauerle, A., & Zikeli, S. (2021). Agrivoltaic system impacts on microclimate and yield of different crops within an organic crop rotation in a temperate climate. Agronomy for Sustainable Development, 41. https://doi.org/10.1007/s13593-021-00714-y 
40. Liu, Q., Chen, T., Zhang, N., Ye, Z., Jiang, K., Lin, Z., Gao, Y., Guo, Y., & Weng, A. (2024). Green energy meets urban agriculture: Unveiling the carbon reduction potential of Rooftop Agrivoltaics. Journal of Cleaner Production, 480, 144110. https://doi.org/10.1016/j.jclepro.2024.144110 
41. Ludzuweit, A., Paterson, J., Wydra, K., Pump, C., Müller, K., & Miller, Y. (2025). Enhancing ecosystem services and biodiversity in agrivoltaics through habitat-enhancing strategies. Renewable and Sustainable Energy Reviews, 212, 115380. https://doi.org/10.1016/j.rser.2025.115380 
42. Mamun, M. A. A., Dargusch, P., Wadley, D., Zulkarnain, N. A., & Aziz, A. A. (2022). A review of research on agrivoltaic systems. Renewable and Sustainable Energy Reviews, 161, 112351. https://doi.org/10.1016/j.rser.2022.112351 
43. Mazzeo, A., Magarelli, A., & Ferrara, G. (2024). Fruit Crop Species with Agrivoltaic Systems: A Critical Review. Agronomy, 14(4), 722. https://doi.org/10.3390/agronomy14040722 
44. Mohammed, K. Q., Hama, P. O., Salih, R. A., Noori, B. K., & Hassan, R. O. (2025). Design and Implementation of Single Axis Solar Tracking System: Utilizing GPS, Astronomical Equations, and Satellite Dish Actuator for Optimal Efficiency. Journal of Engineering, 31(2), 95–109. https://doi.org/10.31026/j.eng.2025.02.06 
45. Muhammed, D., Ahvar, E., Ahvar, S., Trocan, M., Montpetit, M.-J., & Ehsani, R. (2024). Artificial Intelligence of Things (AIoT) for smart agriculture: A review of architectures, technologies and solutions. Journal of Network and Computer Applications, 228, 103905. https://doi.org/10.1016/j.jnca.2024.103905 
46. Nagashima, A., & Sekiyama, T. (2019). Solar Sharing for Both Food and Clean Energy Production: Performance of Agrivoltaic Systems for Corn, A Typical Shade-Intolerant Crop. Environments, 6(6), 65. https://doi.org/10.3390/environments6060065 
47. Nakamura, R., Yoshida, Y., Gonocruz, R. A. T., Homma, M., Doi, T., Tani, A., & Yoshino, K. (2021). Analysis of the Rice Yield under an Agrivoltaic System: A Case Study in Japan. Environments, 8(7), 65. https://doi.org/10.3390/ENVIRONMENTS8070065 
48. Nakata, H., & Ogata, S. (2023). Integrating Agrivoltaic Systems into Local Industries: A Case Study and Economic Analysis of Rural Japan. Agronomy, 13(2), 513. https://doi.org/10.3390/agronomy13020513 
49. Palniladevi, P., Sabapathi, T., Kanth, D. A., & Kumar, B. P. (2023). IoT Based Smart Agriculture Monitoring System Using Renewable Energy Sources. 2023 2nd International Conference on Vision Towards Emerging Trends in Communication and Networking Technologies (ViTECoN), 1–6. https://doi.org/10.1109/ViTECoN58111.2023.10157010 
50. Pandey, G., Lyden, S., Franklin, E., & Harrison, M. T. (2025). Agrivoltaics as an SDG enabler: Trade-offs and co-benefits for food security, energy generation and emissions mitigation. Resources, Environment and Sustainability, 19, 100186. https://doi.org/10.1016/j.resenv.2024.100186 
51. Pascaris, A. S., Gerlak, A. K., & Barron-Gafford, G. A. (2023). From niche-innovation to mainstream markets: Drivers and challenges of industry adoption of agrivoltaics in the U.S. Energy Policy, 181, 113694. https://doi.org/10.1016/j.enpol.2023.113694 
52. Pascaris, A. S., Schelly, C., & Pearce, J. M. (2020). A First Investigation of Agriculture Sector Perspectives on the Opportunities and Barriers for Agrivoltaics. Agronomy, 10(12), 1885. https://doi.org/10.3390/agronomy10121885 
53. Pataczek, L., & Schweiger, A. (2023). How to reconcile renewable energy and agricultural production in a drying world. PLANTS, PEOPLE, PLANET. https://doi.org/10.1002/ppp3.10371 
54. Patel, U. R., Gadhiya, G. A., & Chauhan, P. M. (2024). Techno-economic analysis of agrivoltaic system for affordable and clean energy with food production in India. Clean Technologies and Environmental Policy, 26(7), 2117–2135. https://doi.org/10.1007/s10098-023-02690-1 
55. Pawlak-Jakubowska, A. (2023). Retractable roof module with photovoltaic panel as small solar power plant. Energy and Buildings, 288, 112994. https://doi.org/10.1016/j.enbuild.2023.112994 
56. Peña-Calzada, K., Toledo, C., Garciga, J. P., Barrera-Cardoso, E. L., Iriondo-Pérez, M. E., Sotolongo-Hernández, E., & Scognamiglio, A. (2024). Advances and challenges of agrivoltaic in the Americas: A look at its current situation. Agroforestry Systems, 99(1), 8. https://doi.org/10.1007/s10457-024-01121-4 
57. Pestisha, A., Lengyel, P., Gabnai, Z., Chalgynbayeva, A., & Bai, A. (2023). Worldwide Research Trends in Agrivoltaic Systems—A Bibliometric Review. Energies. https://doi.org/10.3390/en16020611 
58. Prakash, V., Lunagaria, M. M., Trivedi, A. P., Upadhyaya, A., Kumar, R., Das, A., Kumar Gupta, A., & Kumar, Y. (2023). Shading and PAR under different density agrivoltaic systems, their simulation and effect on wheat productivity. European Journal of Agronomy, 149, 126922. https://doi.org/10.1016/j.eja.2023.126922 
59. Proctor, K., Murthy, G., Al-agele, H., & Higgins, C. (2021). A Case Study of Tomato (Solanum lycopersicon var. Legend) Production and Water Productivity in Agrivoltaic Systems. Sustainability, 13(5), 2850. https://doi.org/10.3390/su13052850 
60. Proctor, K., Murthy, G., & Higgins, C. (2020). Agrivoltaics Align with Green New Deal Goals While Supporting Investment in the US’ Rural Economy. Sustainability, 13(1), 137. https://doi.org/10.3390/su13010137 
61. Qader, V. S., Ali, O. M., & Hasan, N. I. (2023). An Experimental Comparison Between Fixed and Single-Axis Tracking Photovoltaic Solar Panel Performance: Zakho City as Case Study. Al-Rafidain Engineering Journal (AREJ), 28(1), 272–279. https://doi.org/10.33899/rengj.2022.136292.1204 
62. Randle-Boggis, R. J., Barron-Gafford, G. A., Kimaro, A. A., Lamanna, C., Macharia, C., Maro, J., Mbele, A., & Hartley, S. E. (2025). Harvesting the sun twice: Energy, food and water benefits from agrivoltaics in East Africa. Renewable and Sustainable Energy Reviews, 208, 115066. https://doi.org/10.1016/j.rser.2024.115066 
63. Richa, R., Gupta, D., Mukherjee, S., Duneria, K., & Makhdumi, P. M. A. (2025). Harnessing Agrivoltaics for Sustainable Agriculture, Indigenous Ecosystems and Biodiversity in the Himalayan and Gangetic Plains. UTTAR PRADESH JOURNAL OF ZOOLOGY, 46(8), 240–250. https://doi.org/10.56557/upjoz/2025/v46i84911 
64. Sadeghi, R., Parenti, M., Memme, S., Fossa, M., & Morchio, S. (2025). A Review and Comparative Analysis of Solar Tracking Systems. Energies, 18(10), Article 10. https://doi.org/10.3390/en18102553 
65. Santino, A., Semeraro, T., Lenucci, M., Basset, A., Calisi, A., Scarano, A., Curci, L. M., & Caroli, M. D. (2025). Agrivoltaics as a Sustainable Strategy to Enhance Food Security Under Water Scarcity. Horticulturae. https://doi.org/10.3390/horticulturae11040401 
66. Sarr, A., Diop, L., Tossa, A. K., & Soro, Y. M. (2023). Agrivoltaic, a Synergistic Co-Location of Agricultural and Energy Production in Perpetual Mutation: A Comprehensive Review. Processes, 11(3), 948. https://doi.org/10.3390/pr11030948 
67. Scarano, A., Curci, L. M., Semeraro, T., Calisi, A., Lenucci, M. S., Santino, A., Basset, A., & De Caroli, M. (2025). Agrivoltaics as a Sustainable Strategy to Enhance Food Security Under Water Scarcity. Horticulturae, 11(4), Article 4. https://doi.org/10.3390/horticulturae11040401 
68. Sharma, D., Mahto, R. V., John, R., & Putcha, C. (2021). Agrivoltaics: A Climate-Smart Agriculture Approach for Indian Farmers. Land, 10(11), 1277. https://doi.org/10.3390/land10111277 
69. Sponagel, C., Weik, J., Feuerbacher, A., & Bahrs, E. (2024). Exploring the climate change mitigation potential and regional distribution of agrivoltaics with geodata-based farm economic modelling and life cycle assessment. Journal of Environmental Management, 359, 121021. https://doi.org/10.1016/j.jenvman.2024.121021 
70. Strazzella, S., Serio, R., Zito, F., & Giannoccaro, N. (2024). Analysis and Development of an IoT System for an Agrivoltaics Plant. Technologies, 12, 106. https://doi.org/10.3390/technologies12070106 
71. Sui, X., Luo, Z., Shi, W., Luo, J., & Li, W. (2024). The Early Effects of an Agrivoltaic System within a Different Crop Cultivation on Soil Quality in Dry–Hot Valley Eco-Fragile Areas. Agronomy, 14(3), 584. https://doi.org/10.3390/agronomy14030584 
72. Tahir, Z., & Butt, N. Z. (2022). Implications of spatial-temporal shading in agrivoltaics under fixed tilt & tracking bifacial photovoltaic panels. Renewable Energy, 190, 167–176. https://doi.org/10.1016/j.renene.2022.03.078 
73. Tajima, M., & Iida, T. (2021). Evolution of agrivoltaic farms in Japan. AIP Conference Proceedings, 2361(1), 030002. https://doi.org/10.1063/5.0054674 
74. Thomas, S. J., Thomas, S., Sahoo, S. S., G, A. K., & Awad, M. M. (2023). Solar parks: A review on impacts, mitigation mechanism through agrivoltaics and techno-economic analysis. Energy Nexus, 11, 100220. https://doi.org/10.1016/j.nexus.2023.100220 
75. Thompson, E. P., Bombelli, E. L., Shubham, S., Watson, H., Everard, A., D’Ardes, V., Schievano, A., Bocchi, S., Zand, N., Howe, C. J., & Bombelli, P. (2020). Tinted Semi-Transparent Solar Panels Allow Concurrent Production of Crops and Electricity on the Same Cropland. Advanced Energy Materials, 10(35), 2001189. https://doi.org/10.1002/aenm.202001189 
76. Time, A., Gomez-Casanovas, N., Mwebaze, P., Apollon, W., Khanna, M., DeLucia, E. H., & Bernacchi, C. J. (2024). Conservation agrivoltaics for sustainable food-energy production. PLANTS, PEOPLE, PLANET, 6(3), 558–569. https://doi.org/10.1002/ppp3.10481 
77. Touil, S., Richa, A., Fizir, M., & Bingwa, B. (2021). Shading effect of photovoltaic panels on horticulture crops production: A mini review. Reviews in Environmental Science and Bio/Technology, 20(2), 281–296. https://doi.org/10.1007/s11157-021-09572-2 
78. Uchanski, M., Hickey, T., Bousselot, J., & Barth, K. L. (2023). Characterization of Agrivoltaic Crop Environment Conditions Using Opaque and Thin-Film Semi-Transparent Modules. Energies, 16(7), 3012. https://doi.org/10.3390/en16073012 
79. Unger, M., & Lakes, T. (2023). Land Use Conflicts and Synergies on Agricultural Land in Brandenburg, Germany. Sustainability, 15(5), Article 5. https://doi.org/10.3390/su15054546 
80. Vidotto, L. C., Schneider, K., Morato, R. W., do Nascimento, L. R., & Rüther, R. (2024). An evaluation of the potential of agrivoltaic systems in Brazil. Applied Energy, 360, 122782. https://doi.org/10.1016/j.apenergy.2024.122782 
81. Warmann, E., Jenerette, G. D., & Barron-Gafford, G. A. (2024). Agrivoltaic system design tools for managing trade-offs between energy production, crop productivity and water consumption. Environmental Research Letters, 19(3), 034046. https://doi.org/10.1088/1748-9326/ad2ab8 
82. Weselek, A., Högy, P., Ehmann, A., Zikeli, S., Schindele, S., & Lewandowski, I. (2019). Agrophotovoltaic systems: Applications, challenges, and opportunities. A review. Agronomy for Sustainable Development, 39, 1–20. https://doi.org/10.1007/s13593-019-0581-3 
83. Widmer, J., Christ, B., Grenz, J., & Norgrove, L. (2024). Agrivoltaics, a promising new tool for electricity and food production: A systematic review. Renewable and Sustainable Energy Reviews, 192, 114277. https://doi.org/10.1016/j.rser.2023.114277 
84. Williams, H. J., Hashad, K., Wang, H., & Max Zhang, K. (2023). The potential for agrivoltaics to enhance solar farm cooling. Applied Energy, 332, 120478. https://doi.org/10.1016/j.apenergy.2022.120478 
85. Xia, Z., Li, Y., Guo, S., Jia, N., Pan, X., Mu, H., Chen, R., Guo, M., & Du, P. (2024). Balancing photovoltaic development and cropland protection: Assessing agrivoltaic potential in China. Sustainable Production and Consumption, 50, 205–215. https://doi.org/10.1016/j.spc.2024.08.001 
86. Yadav, A., Kumar, A., & K, M. (2024). Agrivoltaic systems in Indian context: A multi-dimensional examination. Energy Systems. https://doi.org/10.1007/s12667-024-00712-5 
87. Zainuri, M. A. A. M., Mahyuddin, M., & Abidin, M. A. Z. (2021). Solar Photovoltaic Architecture and Agronomic Management in Agrivoltaic System: A Review. Sustainability, 13(14), 7846. https://doi.org/10.3390/su13147846 
88. Zhang, Z., Zhang, F., Zhang, W., Li, M., Liu, W., Ali Abaker Omer, A., Zheng, J., Zhang, X., & Liu, W. (2023). Spectral-splitting concentrator agrivoltaics for higher hybrid solar energy conversion efficiency. Energy Conversion and Management, 276, 116567. https://doi.org/10.1016/j.enconman.2022.116567  
89. Zheng, J., Meng, S., Zhang, X., Zhao, H., Ning, X., Chen, F., Omer, A. A. A., Ingenhoff, J., & Liu, W. (2021). Increasing the comprehensive economic benefits of farmland with Even-lighting Agrivoltaic Systems. PLoS ONE, 16. https://doi.org/10.1371/journal.pone.0254482  

image1.jpeg




image2.jpeg




