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Abstract. Agrivoltaic systems is an emerging solution that combines agricultural production with 
photovoltaic energy generation on the same area. This paper synthesizes findings from 
approximately 251 peer-reviewed studies, technical reports, and real-world applications to 
explore the classification, benefits, and implementation of agrivoltaics systems globally.  
Case studies from Japan, France, Africa, and Latin America reveal yield increases above 10% for 
certain crops under partial shading and energy production outputs of up to 1.5 MW ha-1, 
depending on the panel type and configuration. The overview also examines key technological 
developments, such as bifacial modules and smart irrigation, which improve efficiency and 
resource management. Additionally, it discusses the economic, environmental, and social benefits 
and identifies the main barriers to widespread adoption. By evaluating current challenges and 
future perspectives, this overview provides a comprehensive synthesis of how agrivoltaic systems 
contribute to sustainable energy and food production, highlighting their global relevance, 
integrating emerging technologies, and emphasizing the policy frameworks that support 
successful deployment. 
 
Key words: agrivoltaics, dual land use, photovoltaic systems, sustainable agriculture, energy 
transition, climate resilience. 
 

INTRODUCTION 
 

In recent years, there has been a surge of interest in novel solutions at the nexus of 
climate change, renewable energy generation, and sustainable food production. 
Agrivoltaics has emerged as a key area of focus, representing an integrative solution that 
combines photovoltaic energy production with agricultural practices. This dual land-use 
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strategy not only harnesses solar energy but also upholds the principles of sustainable 
agriculture by enhancing land efficiency and fostering ecological balance.  

Agrivoltaic system offer a broad spectrum of benefits, including renewable energy 
generation, greenhouse gas emissions reductions, and contributions to rural economic 
growth in line with Green New Deal objectives (Proctor et al., 2021). Additionally, it 
provides solutions to land-use conflicts by enabling concurrent agricultural and 
photovoltaic utilization, thereby reducing competition for land resources (Tomich et al., 
2011). 

Unlike conventional photovoltaic installations, which often displace agricultural 
activities, agrivoltaics maintains agricultural productivity while contributing to 
renewable energy goals. This dual approach supports food-energy-water nexus 
objectives by creating favourable microclimatic conditions, conserving water, and 
fostering rural energy self-sufficiency. 

Despite its initial slow adoption, agrivoltaics has recently gained significant 
traction globally, driven by increasing interest and advancements in research (Touil et 
al., 2021). The concept, also referred to as agrophotovoltaics, agrovoltaics, agrisolar, or 
dual-use solar, was first proposed by proposed by Adolf Goetzberger in Germany around 
1982 (Goetzberger & Zastrow, 1982). Since then, it has evolved into an innovative 
strategy for sustainable energy and agricultural practices, offering a complementary 
solution that optimizes land use and transforms both the energy and agricultural sectors 
(Mamun et al., 2022; Wagner et al., 2023). 

Agrivoltaic systems (AVS) combine photovoltaic (PV) energy generation with 
agricultural production on the same land, addressing both energy transition goals and 
agricultural productivity challenges (Dupraz et al., 2011; Barron-Gafford et al., 2019). 
Initially conceptualized to optimize land use efficiency, the approach now encompasses 
diverse configurations, technological innovations, and integration models tailored to 
different crops, climates, and socio-economic contexts (Dinesh & Pearce, 2016; Weselek 
et al., 2019). By integrating agricultural productivity with renewable energy generation, 
agrivoltaic systems represent a versatile approach capable of addressing multiple 
sustainability challenges, from resource efficiency to climate adaptation, while aligning 
with broader policy and development objectives (van de Ven et al., 2021; Lu, 2024). 
These systems can also play a role in rural electrification and decentralized energy 
supply, as evidenced in related renewable energy initiatives (Dunmade, 2021), 
expanding their socio-economic relevance in both developed and developing regions. 

Agriculture is a considerable energy-consuming sector, contributing significantly 
to global greenhouse gas emissions (Bumbiere et al., 2023). Implementing energy 
management strategies is therefore fundamental for achieving sustainability. Agrivoltaic 
systems offer an innovative solution to enhance energy efficiency while maintaining 
agricultural productivity, directly supporting global emission reduction and land 
optimization goals. 

While several reviews have addressed the technical and environmental benefits of 
agrivoltaic systems, few have provided a comprehensive synthesis that captures their 
global applicability, long-term economic viability, and region-specific implementation 
dynamics. There is also limited discussion on social acceptance, policy integration, and 
infrastructure readiness (factors crucial for widespread adoption). This qualitative 
overview aims to fill those gaps and offer a broader understanding of how agrivoltaic 
systems connect with diverse agricultural and energy contexts. 
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This paper synthesizes key qualitative findings on agrivoltaics, exploring the 
classification, benefits, case studies, emerging technologies, and challenges. It is based 
on a structured literature review of 251 peer-reviewed articles and technical reports 
selected using clear inclusion criteria, as described in the Methodology section. By 
delving into the interdependencies of energy and agricultural production, also seeks to 
identify a path forward for agrivoltaics, underscoring its potential as a key component 
of sustainable development and a driving force for global change. The results are 
structured thematically to highlight key trends, case studies, benefits, and challenges in 
the implementation of agrivoltaics systems worldwide. 

 
METHODOLOGY 

 
This overview is based on a systematic synthesis of scientific literature designed to 

capture the global landscape of agrivoltaic systems. A multi-faceted methodological 
approach was used to examine the classification, implementation, benefits, and emerging 
technologies associated with agrivoltaics across various regions and agricultural 
contexts. The review integrates comprehensive literature analysis, global case studies, 
and selected experimental findings to evaluate the environmental, technical, and policy 
dimensions of agrivoltaic systems. 

The methodological framework followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021), and 
involved a multi-stage process of literature identification, screening, and eligibility 
assessment. 

The literature search was conducted across four academic databases: Scopus, Web 
of Science, Google Scholar, and MDPI, targeting publications between 2010 and 2024. 
In addition to the 251 studies included through the formal selection process, a small 
number of relevant 2025 publications, identified during the final manuscript revision 
stage, were cited to incorporate the most recent developments in the field. These 
publications were not part of the systematic pool and are therefore not reflected in the 
PRISMA counts. The search utilized a combination of keywords, including ‘agrivoltaic 
systems’, ‘solar energy in agriculture’, ‘dual land use’, and ‘sustainable agriculture’ to 
identify a broad spectrum of relevant studies. The initial search yielded an initial pool of 
2087 records. 

All retrieved records were compiled, and 396 duplicates were identified and 
removed, resulting in 1691 documents. These were screened by title and abstract screening 
based on predefined inclusion criteria: (1) the document must be a peer-reviewed journal 
article or a technical report from a recognized institution; (2) its primary focus must be 
the integration of solar energy and agriculture; and (3) it must directly discuss themes 
such as system performance, observed benefits, implementation challenges, or emerging 
technologies. Based on this screening, 1123 records were excluded as they did not meet 
the scope of our review. 

The remaining 568 articles proceeded to a full-text evaluation to assess relevance 
and methodological transparency. Studies that lacked methodological transparency, 
provided no empirical insights, or did not substantively address agrivoltaic systems were 
excluded, resulting in a final selection of 251 publications. Additional documents from  
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institutions such as NREL, NSEFI and Fraunhofer ISE were included to support  
case-specific discussions. Geographic diversity was also considered to reflect the wide 
adaptability of agrivoltaic systems. 

The selected sources were thematically categorized to inform the structure of this 
overview. Case studies from diverse regions were analyzed to highlight technical 
performance, crop compatibility, and institutional frameworks. Recent developments in 
agrivoltaics technologies were reviewed to assess their effectiveness and practical 
applicability. This multidisciplinary and structured approach ensured a comprehensive 
assessment of the agrivoltaics landscape. The review process is summarized in the 
PRISMA flow diagram in Fig. 1. 

 

 
 

Figure 1. Overview of the research methodology applied in the agrivoltaic systems review. 
Source: Own elaboration. 

 
The findings from this literature synthesis are presented in the subsequent sections, 

which details the key themes and insights identified through the methodological process 
described above. 
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CLASSIFICATION OF AGRIVOLTAICS 
 
Agrivoltaic systems are classified according to several criteria in order to facilitate 

a deeper understanding of their implementation and to enable more effective 
optimization (SETO. 2022), (Sekiyama & Nagashima, 2019). Notable classifications 
include configuration type, application type, and system type. The National Renewable 
Energy Laboratory (NREL) provides a detailed explanation of the application type 
classification as follows (Macknick et al., 2022). 

 
Classification by Configuration Type 
Elevated Systems: Photovoltaic modules are positioned over crops at heights 

above 1.8 meters, protecting against severe weather and creating a controlled 
microenvironment. This setup benefits regions with high temperatures and intense 
sunlight but requires careful management to balance shading with sunlight needs for 
high-value crops like berries and grapes, optimizing energy production and crop yield. 

Inter-row Systems: Vegetation is grown between rows of photovoltaic modules, 
allowing for larger farming equipment and extensive operations. Although these systems 
offer less direct weather protection and ensure sufficient sunlight for photosynthesis and 
growth. Typically, these systems are used for lower-value crops like grass, cereals,  
and hardy vegetables, which are resilient to light and environmental variations 
(Macknick et al., 2022). 

 
Classification by Application Type 
Crop and Food Production: The integration of agrivoltaics into crop production 

confers benefits regarding microclimate management. This is achieved through the 
provision of partial shade, which serves to reduce water evaporation, lower soil 
temperature, and protect plants from extreme heat. This enhances water efficiency and can 
increase crop yields, particularly in arid and semi-arid regions (Macknick et al., 2022). 

Livestock Production: Integrating animals like sheep, cows, poultry, bees, and 
rabbits with solar panels offers significant benefits. Sheep manage vegetation by feeding, 
reducing maintenance needs. The shade provided by the panels can also reduce heat 
stress in animals, improving animal welfare and productivity (Macknick et al., 2022). 

Ecosystems Services Provision: These systems are crucial for environmental 
conservation, enhancing biodiversity by creating habitats for pollinators and wildlife, 
enhancing biodiversity. Such a system enhances soil health through the deposition of 
organic matter and microbial activity, which are essential for sustainable agriculture. 
Furthermore, they facilitate the provision of clean water, climate regulation, and 
recreational opportunities, thereby linking renewable energy with environmental 
protection (Macknick et al., 2022). 

Solar Greenhouses: This approach combines energy production with the creation of 
optimal agricultural environments. The integration of photovoltaic panels into greenhouses 
enables farmers to effectively manage light and temperature, thereby promoting optimal 
plant growth. This approach enables the year-round cultivation of high-value crops and 
reduces dependency on external energy sources (Macknick et al., 2022). 
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In Fig. 2, a classification of agrivoltaics systems according to their intended 
application is presented. 

According to Fraunhofer Institute for Solar Energy Systems (ISE), agrivoltaics can 
also be classified by system type (Fraunhofer Institute for Solar Energy Systems ISE. 
2022), as follows. 

 
Classification by System Type 
Open Systems: Including ground-level, interspace, and aerial / overhead modules 

(Fig. 2), are designed to adapt to a variety of agricultural practices (Fig. 3). Ground-level 
systems are well-suited for permanent grasslands and grazing animals, while interspace 
systems are ideal for use between crop rows. Aerial / overhead systems improve air 
circulation and environmental protection, with solar tracking enhancing energy capture 
and efficiency without disrupting existing farming practices. 
 

a)   

 

b)   
 
Figure 2. Types of open agrivoltaic systems: a) Overhead system with fixed modules,  
and b) Interspace system with fixed modules (Biró-Varga et al., 2024). 
 

 
 

Figure 3. Classification of agrivoltaics systems by application. Adapted from (Dreves, 2022). 
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Closed Systems: Which can be photovoltaic greenhouses, combine solar panels 
with greenhouse technology to create controlled microclimates that enhance crop 
production. The aforementioned systems provide shading, thereby reduce the need for 
artificial cooling, and allow for the creation of specific growing conditions. The 
electricity generated is used to power greenhouse operations, making the system highly 
energy-efficient and sustainable (Dreves, 2022). 

 

 
 

Figure 4. Classification by type of agrivoltaic system (Fraunhofer Institute for Solar Energy 
Systems ISE (2022)). 

 
Fig. 4 illustrates the classification by type of agrivoltaic system. The classification 

system allows agrivoltaic systems to be adapted to a variety of agricultural and 
environmental contexts, enhancing efficiency and sustainability. By optimizing land use, 
agrivoltaics enhance crop and livestock productivity while improving the performance 
and benefits of photovoltaic systems (Dreves, 2022). This approach represents a 
transformative shift in sustainable agriculture and energy production. 

 
BENEFITS OF AGRIVOLTAIC SYSTEMS 

 
Agrivoltaic systems offer farmers a valuable opportunity to diversify their income 

streams. They facilitate the simultaneous production of electricity and crops, providing 
an additional revenue stream. This dual capability is especially valuable in rural areas 
with limited economic opportunities, as it provides a means of financial stability through 
the sale of both energy and agricultural products (Walston et al., 2022; PV Tech Power, 
2023; Wydra et al., 2023). In the United States, several states have identified the 
potential of agrivoltaics and implemented financial incentives to encourage the 
development of these projects. For instance, the state of Massachusetts offers a tariff 
add-on of $0.06/kWh for agrivoltaic projects through its SMART program (Pascaris,  
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2021), while the state of New Jersey has authorized a pilot agrivoltaic program of up to 
200 MW on non-preserved farmland, alongside funding a research system at Rutgers 
University (PV Tech Power, 2023; Kirto et al., 2024). Furthermore, Colorado has also 
invested in agrivoltaic research with the objective of optimizing its economic, technical, 
and environmental benefits (PV Tech Power, 2023; Uchanski et al., 2023). These 
initiatives highlight the significant economic potential of agrivoltaic systems for a 
broader adoption and for energy production (Pascaris et al., 2023). 

While the benefits of agrivoltaic systems are substantial, it is important to recognize 
the potential trade-offs that may emerge during implementation. For instance, although 
agrivoltaics can generate additional income through energy production, the initial capital 
investment for elevated mounting structures are higher than for ground-mounted PV 
systems (Trommsdorff et al., 2022). Also, the use bifacial modules, or smart irrigation 
systems may offset short-term economic gains, particularly in small-scale or resource-
constrained farms (see Case studies and emerging technologies sections for detailed 
analysis). The higher capital expenditure and the operation and maintenance costs need 
to be considered to determine costs. On the other hand, the sale of both electricity and 
agricultural products needs to be considered for the calculation of Return on Investment 
(ROI) (Sturchio & Knapp, 2023). Similarly, while crop yields may benefit from 
improved microclimatic conditions, not all plant species respond positively to partial 
shading, and site-specific adaptation is required to ensure long-term productivity. In 
some cases, land-use efficiency might also be affected if the solar infrastructure limits 
access for machinery or harvesting activities. These trade-offs do not negate the benefits 
of agrivoltaics but make clear the importance of tailored system designs, proper crop-
panel matching, and supportive policy frameworks to maximize net benefits. A critical 
understanding of these limitations can enhance decision-making and promote the 
sustainable scaling of agrivoltaic practices. 

From an environmental perspective, agrivoltaic systems provide numerous benefits 
that significantly contribute to sustainability and environmental conservation. The 
integration of solar panels with crops aids in soil conservation and improving water 
quality. Vegetation beneath the panels mitigates soil erosion and reduces water run-off 
(Walston et al., 2022; Wydra et al., 2023). This is of particular importance in areas prone 
to desertification and soil degradation (Dreves, 2022). Moreover, agrivoltaic systems can 
enhance the efficiency of solar panels by reducing the temperatures around them, which 
improves their performance and decreases water evaporation, thereby reducing the 
irrigation needs (Marrou et al., 2013; Dreves, 2022). Furthermore, these systems promote 
biodiversity by providing habitats for pollinators and other species. This biodiversity 
boost benefits local ecosystems and agricultural production by improving pollination 
services (Dreves, 2022), (The potential of agrivoltaics for the US). Overall, the 
environmental benefits demonstrate the potential of agrivoltaic systems to foster more 
sustainable and resilient agriculture, while simultaneously advancing renewable energy 
goals and reducing carbon emissions (Wagner et al., 2023). These benefits serve to 
illustrate the transformative impact on modern agricultural and environmental practices. 
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From a technical perspective, agrivoltaic systems offer significant benefits for 
photo-voltaic systems. The presence of crops beneath the solar panels provides a natural 
cooling effect, which is particularly advantageous in warm climates where high 
temperatures can reduce solar panel efficiency (Jerome et al., 2022). Studies have 
indicated that lowering the temperature around the panels enhances their performance 
and increases energy output (Sheik et al., 2022), (Kumari et al., 2022). In addition, the 
partial shading provided by the panels helps to retain soil moisture, thus reducing the 
need for frequent irrigation and conserving water resources (Omer et al., 2022). 

The integration of vegetation with solar installations represents an effective means 
of controlling weed growth. This results in a reduction in the necessity for mechanical 
or chemical weed control methods, thereby lowering the maintenance costs associated 
with photovoltaic systems. Furthermore, the vegetation beneath the panels contributes 
to soil health by adding organic matter and promoting beneficial microbial activity  
(Jiufu et al., 2024). These factors not only enhance the technical viability of agrivoltaics 
systems but also support eco-friendly agricultural practices, thereby their sustainability 
(Time et al., 2024). These benefits illustrate how agrivoltaic systems can optimize the 
performance of solar panels, reduce operational costs, and enhance energy production. 

While the benefits of agrivoltaic systems are widely acknowledged, distinguish 
between theoretical claims and those substantiated by empirical evidence remains 
crucial. For example, pilot projects in Japan and France have demonstrated concrete 
outcomes, such as increased farmer income, enhanced land-use efficiency, and improved 
energy output stability. Similarly, studies in Kenya confirm benefits in water 
conservation and energy access for off-grid farming. However, in regions like Brazil, 
most benefits remain conceptual, pending long-term implementation data. A table that 
summarizes these comparative outcomes by highlighting the location, main applications, 
technologies, challenges, and policy support for agrivoltaic systems can be found in the 
Case Studies section (Table 1). This serves as a useful guide for future scalability and 
adoption strategies. 

 
CASE STUDIES OF AGRIVOLTAIC SYSTEMS 

 
Agrivoltaic systems have been adopted in diverse geographical contexts, offering 

insights into their adaptability, socio-economic impact, and integration with local 
agricultural practices. Notable case studies include countries such as Japan, France, 
Africa, China, and others, where pilot projects have been implemented to study the 
impacts and advantages of agrivoltaics systems. The case studies included in this section 
have been selected based on several criteria, including geographical diversity, variety of 
crops and agricultural practices, scale of implementation, and the specific socio-
economic and environmental challenges addressed by each project. While many case 
studies reveal common benefits, such as increased land-use efficiency and improved 
crop yields, each also demonstrates distinct strategies, challenges, and policy settings 
that inform context-specific and scalable deployment of agrivoltaic systems. 
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Japan has been a pioneer in the implementation of agrivoltaic systems since the 
introduction of its feed-in tariff scheme in 2012. This approach has significantly 
augmented the country's renewable energy supply, with a notable growth in renewable  
energy between 2012 and 2019. In the country, agrivoltaic systems have been employed 
with over 120 different crop species, including rice, tea, and blueberries. Re-search 
indicates that these systems can provide shade that benefits certain crops by reducing 
water stress and improving the local microclimate, thereby enhancing agricultural 
productivity (Gonocruz et al., 2021; Nakata & Ogata, 2023; Chalgynbayeva et al., 2024). 
A case study conducted at the agrivoltaic experimental farm operated by the CHO 
Institute of Technology in Ichihara City demonstrated the effectiveness of a photovoltaic 
system with a total output capacity of 4.5 kW. The system secured a feed-in tariff rate 
of 48 yen (approximately 0.44 USD) per kWh (Sekiyama & Nagashima, 2019). Another 
study suggests that agrivoltaic systems in Japan could generate approximately 284 
million MWh per year, which is equivalent to approximately 29% of the country's total 
electricity demand (Gonocruz et al., 2021). These studies may position Japan as a leader 
in this field. 

France exemplifies how the adoption of agrivoltaic systems constitutes a key 
element of the country's energy transition efforts. A case study in the Pyrénées-
Atlantiques region underscores the critical role of social acceptance and effective 
governance in the implementation of these projects. Researchers found that the 
integration of energy production with agriculture on the same land requires active 
community participation and a clear political vision. This collaborative approach serves 
to mitigate conflicts between different land uses, thereby fostering a harmonious 
coexistence of food and energy production (Carrausse & Arnauld de Sartre, 2023; 
DW News (2024)). The Pyrénées-Atlantiques case study highlights that the success of 
agrivoltaic systems relies on engaging local stakeholders and the establishment of 
supportive governance frameworks. By addressing potential conflicts and promoting 
community involvement, agrivoltaic systems can effectively contribute to the goals of 
agricultural sustainability and renewable energy. This illustrates the potential of 
agrivoltaic systems to enhance agricultural productivity and energy genera-tion, in 
alignment with France's broader objecttives for sustainable development. 

A study conducted in India examines the potential for the deployment of agrivoltaic 
systems on existing grape farms. The results indicate that this implementation on a 
national scale could generate over 16,000 GWh of electricity, potentially meeting the 
energy demands of more than 15 million people (Malu et al., 2017). 

One such interesting project is Cochin International Airport Limited (CIAL) in 
Kerela, India. The world’s first airport to operate entirely on solar power, had previously 
conducted an experiment with organic farming on one of its solar plant sites within the 
airport premises. This Airport features an impressive setup of eight solar plants within 
its premises with total capacity of solar plants in Feb. 2020 of 42 MWp. It was noted that 
the project yields an annual organic produce output of approximately 60–80 tons. 
Additionally, the airport has established strong market linkages, enabling direct sales of 
its agricultural products to regular consumers and passengers, thereby creating an  
additional revenue stream. The success of this initiative is largely attributed to interspace  
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cultivation techniques. Over 20 variety of vegetables are grown under this project 
(National Solar Energy Federation of India (2023)). 

Several agrivoltaic pilot programs are being conducted across Africa in 
collaboration with European research centers. In Algeria, the Watermed 4.0 project has 
shown promising encouraging outcomes, with a significant increase in the yield and size  
of potato crops cultivated under agrivoltaic installations in comparison to uncovered 
fields. Furthermore, projects involving agrivoltaic systems can assist in restoring the 
fertility of agricultural areas that have been adversely affected by progressive infertility 
due to climate change or land aridity. This is achieved through the use of solar 
technologies for irrigation and water management, thereby enhancing agricultural 
productivity, (Randle-Boggis et al., 2021; Macdonald et al., 2022; DW News (2024)). 

A case study conducted in Hungary on apple production revealed the economic 
potential of agrivoltaic systems. The utilization of agrivoltaic technologies in intensive 
and super-intensive apple orchards not only enhanced fruit production but also facilitated 
the coverage of high fixed costs associated with the installation of these systems. The 
study concluded that agrivoltaic systems are economically viable and can enhance the 
competitiveness of farmers by efficiently utilizing space and implementing sustainable 
agricultural practices (Chalgynbayeva et al., 2022, 2024). 

The integration of agrivoltaics has the potential to advance Canada towards net-
zero power generation and greenhouse gas emissions (Jamil et al., 2023a). A case study 
demonstrated that the installation of racking structures on grape farms could enable the 
country to generate over 10 GW of renewable electricity (Jamil et al., 2023b). This 
substantial increase in sustainable energy production underscores the transformative 
potential of agrivoltaic systems to contribute to the nation’s energy and environmental 
goals. 

The United States has several incentives and research programs that have promoted 
the implementation of agrivoltaic systems. A noteworthy example is Jack's Solar Garden 
in Colorado, which integrates solar energy generation with agricultural practices. This 
project has facilitated sheep grazing and the creation of habitats for pollinators, 
showcasing the multifunctional and sustainable benefits of agrivoltaic systems for both 
the local community and the environment (Dreves, 2022; PV Tech Power (2023)). 

Germany has been a pioneer in the research and implementation of agrivoltaic 
systems. The Fraunhofer Institute for Solar Energy Systems (ISE) conducted a study on 
a 50 MWp project in Maharashtra, India, demonstrating economic viability with a 
competitive levelized cost of electricity (LCOE). This project highlighted the importance 
of institutional structures and international cooperation to maximize the benefits of 
agrivoltaic systems, underscoring their potential for large-scale applications (Wydra et 
al., 2023; Chalgynbayeva et al., 2024. 

Italian agrivoltaic systems have been employed to address the decline in soil 
fertility resulting from climate change. A collaborative project with Green Cross 
International and the public research agency ENEA (Italian National Agency for New 
Technologies, Energy and Sustainable Economic Development) led to the construction  
of a five-megawatt photovoltaic plant in an agricultural region of Morocco. This 
initiative demonstrated that agrivoltaic systems can improve the local microclimate,  
boost agricultural productivity, and provide energy for irrigation and water desalination  
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systems, benefiting local communities and mitigating the effects of climate change 
(Di Francia & Cupo, 2023; DW News (2024)). 

South Korea’s experience highlights the dual benefits of agrivoltaics, with 
improved agricultural yields and reduced environmental impact facilitated by supportive 
government policies. A study demonstrated that the implementation of these systems on 
agricultural lands can improve energy efficiency and agricultural productivity while  
reducing environmental impact. These projects in South Korea have been supported by 
government policies that promote renewable energy adoption and the integration of 
agrivoltaic technologies (Kim, M. et al., 2021; Kim, Y. et al., 2023; Chalgynbayeva et 
al., 2024). 

China has been a pioneer in the integration of agriculture and photovoltaic energy 
through various agrivoltaic projects. A study conducted between 2007 and 2016 has 
evaluated the development levels and coordination between the photovoltaic industry 
and agriculture. The results proven significant improvements in land use efficiency and 
agricultural productivity. The projects in China have highlighted the im-portance of 
resource coordination and optimized agricultural practices in order to fully realize the 
benefits of agrivoltaic systems (Xiao et al., 2021; Hu, 2023; Chalgynbayeva et al., 2024). 

Latin American research focuses on agrivoltaic systems with the objective of 
enhancing agricultural productivity and renewable energy generation. These projects 
showcase their potential of agrivoltaics systems to address environmental challenges, 
improve land use efficiency, and support local economies through sustainable practices. 

Brazil demonstrates how agrivoltaics can address both energy generation and food 
security in semi-arid regions. The Ecolume Agrivoltaic System, for instance, has 
demonstrated the dual benefits of generating renewable energy and improving 
agricultural productivity. The integration of aquaponic systems beneath solar panels, this 
project not only increased solar power production through the cooling effect of plant 
transpiration but also enhanced crop yields and provided protein sources through fish 
farming. These initiatives underscore the potential of agrivoltaic systems to address both 
energy and food security in degraded or desertified areas (IDB Invest; Mongabay News 
(2022)). 

In Chile, agrivoltaic projects are designed to optimize the efficiency of land use in 
regions that are experiencing water scarcity and high energy demands. These projects, 
which are supported by organizations such as IDB Invest of Inter-American 
Development Bank, combine goat farming with solar energy production. They 
demonstrate how agrivoltaic systems can enhance agricultural resilience and renewable 
energy generation. This approach not only optimizes land use but also supports local 
economies by integrating sustainable agricultural practices with energy production  
(IDB Invest). A study focused on a 100 kWp east-west vertical bifacial agrivoltaic 
facility in Chanco suggests potential benefits for energy production and water 
conservation. The results indicate that vertical agrivoltaic systems can reduce the water 
demand of irrigated crops by 1410 m³/ha while simultaneously generating renewable 
energy (Bruhwyler et al., 2023). 

Argentina is implementing agrivoltaic systems with the dual objective of 
supporting sustainable agriculture and renewable energy goals. Projects in regions such 
as Patagonia are being implemented with the goal of integrating solar panels with  
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traditional farming practices. The objective is to improve land use efficiency and provide  
stable energy supplies for irrigation and other agricultural needs. These initiatives are 
part of broader efforts to promote sustainable development and reduce the carbon 
footprint of agricultural activities (IDB Invest). 

The case studies collectively demonstrate the transformative potential of agrivoltaic 
systems in improving agricultural productivity, addressing environmental challenges, 
and advancing renewable energy objectives across diverse geographical contexts. 

On the other hand, it can be said that an important number of countries are actively 
promoting agrivoltaic systems through a combination of fiscal incentives, regulatory 
frameworks, and supportive policies. France leads with a robust legal framework under 
the 2023 Act APER (loi relative à l'accélération de la production d'énergies 
renouvelables), which recognizes agrivoltaics as a key component of its national 
renewable energy strategy. The French government provides financial support through 
the ‘Plan de Relance’, offering subsidies and streamlined permitting processes to 
facilitate the adoption of agrivoltaics (Masons, 2024). Germany also provides support 
for agrivoltaics through the Renewable Energy Sources Act (EEG), which offers  
feed-in tariffs and low-interest loans through the KfW (Kreditanstalt für Wiederaufbau)  
Renewable Energy Program. This makes it easier for farmers to manage the costs 
associated with these systems. In Japan, the Ministry of Agriculture, Forestry, and 
Fisheries (MAFF) provides subsidies and tax deductions to encourage the integration of 
solar energy into agricultural practices, with a stable income guaranteed through the 
country's feed-in tariff system (MAFF Japan (2021)). In the United States, states like 
Massachusetts offer additional financial incentives through programs like the SMART 
initiative, thereby in-creasing the viability of agrivoltaics as a local farming option 
(Pascaris, 2021). 

The case studies reviewed reveal a set of shared patterns that help explain the 
success of agrivoltaic systems across different regions. Countries such as France, 
Germany, and Japan have advanced more rapidly due to supportive policies, financial 
incentives, and clear regulatory guidelines. Technological innovations have also played 
a key role. In Japan, bifacial panels help optimize light distribution, while in Brazil, 
systems that combine solar panels with aquaponics have shown improved productivity 
and better use of land. Climate conditions shape outcomes as well. Projects in arid 
regions such as Algeria and Chile benefit from water savings and improved 
microclimates created by solar shading. In addition, local engagement has proven 
essential. In France and the United States, strong community participation and inclusive 
governance have contributed to long term project acceptance. These experiences suggest 
that successful implementation of agrivoltaic systems depends on a combination of 
context specific technologies, active local involvement, and well aligned policy 
frameworks. 

Table 1. presents a comparative summary of the global agrivoltaic case studies 
discussed in this section. 
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Table 1. Comparative Agrivoltaics Case Studies by Country 
Country/ 
Region Main Application Key Crops Technology Used Outcomes Challenges Policy Support 

Japan Maximizing land-use 
efficiency in mountainous 
and rural regions 

Rice, leafy greens, 
fruit trees 

Fixed-tilt and  
elevated PV systems 

Enhanced income,  
stable energy generation 

Crop compatibility, 
shading issues 

Government 
subsidies and 
research funding 

France Enhancing vineyard 
productivity and energy 
generation 

Grapes (vineyards) Dynamic PV panels 
with tracking 

Reduced drought stress, 
stable yields 

Regulatory complexity Agri-PV pilot 
programs and 
national strategy 

Kenya Improving rural 
electrification and water 
access 

Vegetables and 
grains 

Fixed-tilt PV systems 
with water pumps 

Reduced water loss,  
better irrigation 

Cost, limited technical 
capacity 

NGO and donor-
supported pilot 
projects 

Germany Integrating agrivoltaics 
in temperate climates 

Potatoes, beets, 
vegetables 

Bifacial modules, 
smart sensors 

Yield preservation 
and CO2 reduction 

Public resistance, zoning 
laws 

EU support and 
national climate 
plans 

China Rehabilitating degraded 
land, boosting energy 

Goji berries, corn Bifacial modules on 
elevated structures 

Increased land 
productivity 

High installation cost National dual-use 
land policy 

USA Research and 
demonstration for 
commercial farms 

Lettuce, kale, 
pollinator plants 

Adjustable-height 
PV panels 

Improved biodiversity, 
extended growing season 

Lack of standardization DOE-funded 
projects and local 
initiatives 

India R&D, governmental 
supported projects and 
commercial projects  

Vineyards, 
Vegetables  
(20+ varieties e.g 
Tomatoes,  
onions, etc.  

Mix of approaches 
using mono facial 
and bifacial Fixed 
panels above crops 

Water saving and energy 
security 

Small land holdings, 
awareness 

KUSUM scheme 
and renewable 
incentives 

Brazil Feasibility analysis 
and early-stage pilots 

Coffee, pastures Experimental PV 
arrays 

Theoretical benefits 
identified 

Lack of long-term data Limited, mostly 
academic support 

Africa 
(Regional) 

Supporting food-energy-
water nexus 

Various regional 
crops 

Simple PV systems, 
often fixed 

Community-level access 
gains 

Low technical capacity, 
funding gaps 

NGO-led support, 
minimal policy 
integration 

Source: Own elaboration from the reviewed case studies. 
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EMERGING TECHNOLOGIES IN AGRIVOLTAICS 
 
One of the most significant innovations in agrivoltaic technology is the use of 

bifacial solar panels. These panels are capable of capturing sunlight from both sides, 
increasing their efficiency. The light reflected from the ground and plants can be 
absorbed by the underside of the panel, thereby increasing the total energy produced. 
Furthermore, these panels facilitate the management of light and shade over crops, 
optimizing the microclimate for plants (Nakata & Ogata, 2023; Chalgynbayeva et al., 
2024). 

The performance of bifacial modules in agrivoltaic applications reveal substantial 
variability depending on environmental and design parameters. Field studies conducted 
in diverse agricultural contexts demonstrate that energy yield improvements from 10% 
to 30% compared to monofacial systems (Badran & Dhimish, 2024; GrowingSolarMist, 
2025) with bifaciality factors ranging from 70% to 95%, depending on the cell 
technology used (Katsikogiannis et al., 2022; Mohd Zaki, 2024). Surface characteristics 
beneath the panels play a critical role in determining rear-side irradiance gains. For 
example, grass-covered soils can add approximately 5.2% additional energy, sandy 
surfaces about 10.8%, and highly reflective white surfaces up to 21.9% (Guarino et al., 
2025). Advanced heterojunction cell technologies further push bifaciality values toward 
95% to 100%, offering enhanced benefits in elevated agrivoltaic configurations where 
modules are installed positioned above crop canopies (Buari & Kumari, K., 2023; 
Yakubu et al., 2024). 

Economic analysis of bifacial agrivoltaic systems present a trade-off between 
higher upfront costs and improved long-term performance. While bifacial modules 
typically cost $0.05/W to $0.15/W more than monofacial ones, representing a higher 
capital cost of 10% to 15% (Mouhib et al., 2022; Almarshoud et al., 2024), 
comprehensive lifecycle assessments indicate LCOE reductions of 8% to 10% due to 
energy output (Hussain & Ghosh, 2024). Global optimization analyses suggest that 
bifacial systems achieve economic viability through careful design choices, such as 
ground coverage ratios between 0.3 and 0.5, and site-specific tilt angle adjustments 
(Zhong et al., 2023). The financial demand is further enhanced by the ability to generate 
higher energy output using the same mounting infrastructure, avoiding proportional 
increases in balance-of-system costs. 

Design optimization for bifacial agrivoltaic systems introduces distinctive 
challenges not present in traditional PV installations. Ground coverage ratio must be 
carefully balanced to manage inter-row shading while maximizing albedo capture 
(Muñoz García et al., 2024). Additionally, agronomic compatibility requires elevated 
mounting, typically 1 to 2 meters above the crop canopy, to ensure adequate sunlight for 
photosynthesis and to enhance rear-side irradiance. 

Albedo management is another distinctive operational consideration in bifacial 
agrivoltaic systems. Since, rear-side energy gain depends directly on ground reflectivity, 
effective system planning must consider seasonal crop cycles, vegetation maintenance, 
and the potential use of reflective ground covers. These factors interact dynamically over 
time and should be integrated into the system’s agronomic and energy performance 
strategies to maximize year-round efficiency. 
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The technical and economic advantages of bifacial solar panels outlined above have 
significant implications for agrivoltaic deployment worldwide, particularly in regions 
where agricultural productivity and renewable energy expansion are both national 
priorities. India exemplifies this convergence, where the government's ambitious solar 
energy targets and the country's substantial agricultural sector create ideal conditions for 
bifacial agrivoltaic adoption. 

India's bifacial PV panel market reflects this growing potential, with projections 
indicating expansion at a CAGR of 13.60% during the forecast period from FY2025 to 
FY2032, increasing from USD 488.11 million in FY2024 to USD 1,353.78 million by 
FY2032. Recent technological developments further support this growth trajectory. In 
September 2024, Sharp announced the launch of a 450 W bifacial TOPCon solar module 
with an efficiency of 22.52%, certified under IEC61215 and IEC61730 standards. The 
panel features an operating temperature coefficient of -0.29% per °C and is designed for 
both solar farms and rooftop installations, with compact dimensions enabling  
space-efficient deployment (Markets & Data, 2024). 

These market developments are being translated into practical applications through 
several commissioned pilot projects that demonstrate the real-world implementation of 
bifacial agrivoltaic systems. The following case studies illustrate how the theoretical 
advantages of bifacial technology are being realized in operational agrivoltaic 
installations across India (GIZ, 2024). 

The Parbhani installation in Maharashtra's Marathwada region represents one of the 
most comprehensive bifacial agrivoltaic demonstrations to date. This 5-acre facility, 
with a capacity of 1.4 MW as part of a larger 50 MW solar project, was commissioned 
on November 12, 2022, through a collaborative effort between SunSeed APV, Kanoda 
Energy, and GIZ. The project's design incorporates four distinct APV configurations 
alongside a control farming area, enabling systematic comparison of different approaches 
to agrivoltaic implementation. The installation's most notable feature is a 6000 m² 
elevated structure housing a shade net system for trellised vegetables, which 
demonstrates the practical application of albedo management principles discussed 
earlier. This elevated configuration enhances rear-side irradiance capture while 
providing optimal growing conditions for crops including watermelon, capsicum, 
muskmelon, and spinach. Lower-elevation configurations at 1.25 m and 1.75 m heights 
offer alternative cost-effective approaches for different agricultural applications. The 
project's sophisticated water management system, incorporating drip irrigation and soil 
moisture sensors, exemplifies how panel shading can be leveraged to reduce water 
consumption while maintaining crop productivity (Mongabay, 2024). With extensive 
instrumentation, the farm supports R&D in agrivoltaics, informing future designs and 
crop strategies shown in Fig. 5. 

Complementing these agricultural applications, the National Institute of Solar 
Energy (NISE) has pioneered a distinct approach through its vertically-installed  
bifacial PV panel pilot project in Haryana. This 5 kW experimental installation positions 
bifacial panels vertically with east-west orientation, addressing the challenge of energy 
generation balance throughout the day while maximizing agricultural land availability. 
This configuration represents an innovative solution to the space competition  
between solar installations and crop cultivation (National Solar Energy Federation of 
India (2023)). 
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Figure 5. Green capsicum at elevated section I at agrivoltaics plant near Parbhani, India 
(Mongabay. 2024). 
 

The Nashik facility in Maharashtra further demonstrates the scalability of bifacial 
agrivoltaic systems. Initially developed as a 250 kWp installation on a one-acre plot 
owned by Sahyadri Farms, an FPO, the project's success led to expansion to 500 kWp 
capacity. The installation features an elevated structure at 4-meter height with bifacial 
panels positioned at 6-meter pitch intervals, allowing cultivation of high-value crops 
including grapes, oranges, raspberry, tomato, and strawberry beneath the solar canopy. 
This project, developed through collaboration between Sunseed APV, Kanoda Energy, 
and GIZ, exemplifies the economic viability potential discussed in the technical analysis 
above. (Rahman et al., 2023). 

Despite these successful demonstrations, pilot project experiences have revealed 
several implementation challenges that must be addressed for broader adoption. The 
higher capital costs associated with bifacial panels, typically 10% to 15% above 
monofacial alternatives, require careful economic optimization to achieve favorable 
lifecycle cost outcomes. Design complexity increases significantly as engineers must 
balance solar irradiance requirements for energy generation with photosynthetic light 
needs for crop productivity, necessitating site-specific optimization approaches. 
Furthermore, the dual-technology nature of agrivoltaic systems demands enhanced 
technical expertise from operators, requiring training programs that bridge agricultural 
and photovoltaic knowledge domains. Regulatory frameworks remain underdeveloped, 
with policy guidelines needed to provide clear pathways for project approval, grid 
interconnection, and agricultural land use compliance. These challenges underscore the 
need for continued research and development efforts to optimize system designs and 
crop selection strategies specifically adapted to diverse Indian agricultural contexts 
(National Solar Energy Federation of India. 2023). 

Another significant technological advancement is the use of solar trackers, which 
adjust the orientation of the solar panels to follow the sun's movement throughout the 
day. This technology optimizes solar light capture and can be integrated with agrivoltaic 
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systems to ensure that crops receive the optimal amount of light and shade, enhancing 
both energy production and agricultural yield (Casares de la Torre et al., 2022;  
Di Francia & Cupo, 2023). 

The study on the Even-lighting Agrivoltaic System (EAS) introduces innovative 
concepts and potential future developments for agrivoltaics. The EAS confers economic 
benefits upon farmers, by increasing their income, providing uniform illumination for 
crops, and boosting the daily irradiation received by crops by 47.38% compared to 
conventional agrivoltaic systems (Zheng et al., 2021). 

Smart irrigation systems represent another emerging technology in agrivoltaic 
applications, offering quantifiable benefits in water conservation, energy efficiency, and 
crop productivity. These systems integrate IoT sensors, automated controllers, and  
real-time data analytics to optimize water delivery based on soil moisture content, 
weather conditions, and crop-specific requirements (Tajima & Iida, 2021). Recent 
studies demonstrate that sensor-controlled irrigation systems, when implemented under 
photovoltaic panel structures, can cut irrigation water requirements by 20 to 35% (Elamri 
et al., 2018; Mohammedi et al., 2023), while simultaneously increase crop water-
productivity by up to approximately 90 kg m⁻³ (AL-agele et al., 2021). In water limited 
regions, these systems have shown the potential to recover the initial investment, 
estimated at less than €6,000 per hectare, within three to five growing seasons, 
(Champness et al., 2023; Di Francia & Cupo, 2023; Di Gennaro et al., 2024); Zidane et 
al., 2025). 

The integration of smart irrigation with agrivoltaic systems lies in the 
complementary relationship between solar panel microclimate effects and precision 
water management. Agrivoltaic canopies reduce net solar radiation, canopy temperature 
and soil-evaporation, thereby lowering crop water demand. Smart irrigation systems 
enhance these effects by delivering water efficiently based on real time sensor data. 
Studies in dryland regions of Arizona report midday leaf-water potential 40% less 
negative, and thus lower stress, inside agrivoltaic plots than in full sun, even when 
irrigation is halved (Barron-Gafford et al., 2025). Furthermore, modeling work 
conducted in Montpellier on lettuce crops showed that combining panel tilt adjustment 
with soil moisture thresholds could achieve 20 to 30% seasonal water savings while 
maintaining yield losses at or below 10% (Elamri et al., 2018). 

From an economic perspective, the integration of smart irrigation systems within 
agrivoltaic installations presents favorable cost-benefit profiles. Commercial Internet of 
Things platforms designed specifically for agrivoltaics report total hardware and 
installation costs below €6,000 for a two-hectare block. This includes soil moisture 
probes, LoRa gateway and solar powered pump upgrades (Di Gennaro et al., 2024), 
representing only 3 to 5% of the total system cost associated with elevated single-axis 
agrivoltaic configurations (Zidane et al., 2025). A multi-region cost–benefit analysis in 
Italy estimated that the additional capital expenditure for precision irrigation reduces  
the levelized cost of electricity by 1 to 2 €/MWh, primarily due to lower panel  
soiling and improved photovoltaic efficiency. While water conservation yields a net  
present benefit of €800 to 1,500 ha⁻¹ yr⁻¹, achieving payback periods of 3 to 4 years for  
wheat and solar energy combination (Di Francia & Cupo, 2023). The overall economic 
feasibility is further enhanced through energy integration strategies. For example, smart 
pumps powered directly from the DC output of agrivoltaics system can operate without  
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relying on the power grid. The pumps can be scheduled during periods of reduced energy 
dispatch, thereby increasing the site's internal energy use by around 12% percent in 
simulation studies (Al Mamun et al., 2025). 

Furthermore, few deployments have implemented combined strategies that 
integrate panel-tilt schedules with irrigation schedules. The development of integrated 
optimization frameworks that use environmental sensors alongside photovoltaic tracking 
remains an area of active investigation (Elamri et al., 2018; Navarro-González et al., 
2023). Successful implementation depends on site specific features such as soil type, 
crop selection, and climate conditions, all of which influence sensor placement and 
irrigation control. The scalability from demonstration projects to commercial 
agricultural operations requires progress in standardizing technologies and cost 
reduction strategies. 

 

 
 

Figure 6. Fish Pond set-up underneath PV-modules in Bhaloji, Rajasthan, India (National Solar 
Energy Federation of India. 2023). 

 
Future developments in smart irrigation for agrivoltaics applications include the use 

of machine learning models capable of forecasting irrigation needs. These models rely 
on historical data, weather predictions, and real-time plant monitoring to guide water 
application with greater precision (Saikai et al., 2023; Umutoni & Samadi, 2024). Policy 
frameworks that include water-pricing and environmental incentives programs that 
reward verified water savings, could help improve the financial returns and encourage 
wider implementation (Giannoccaro et al., 2022; (Mooney et al., 2022). These 
technological and policy advances are expected to further improve water use efficiency 
while maintaining the productive combination of farming and solar energy, positioning 
smart irrigation as a key element in the evolution of precision agriculture in photovoltaic 
environment. An innovative approach in agrivoltaic systems is the ‘Fish Pond Agri-PV 
System’ located in Bhaloji, Rajasthan, India shown in Fig. 6. This 30 kW solar power 
project is integrated with a fish pond with total site capacity of 1MW and is likely part 
of the Prime Minister's Kisan Urja Suraksha evam Utthaan Mahabhiyan (KUSUM) 
scheme, which supports farm-based solar power initiatives. The system  
involves installing solar panels over or around the fish pond, enabling simultaneous  
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electricity generation and aquaculture operations. The system likely serves a dual 
function: harnessing solar energy for electricity generation while potentially boosting 
fish production in the pond beneath. Research indicates that the shading provided by 
solar panels can help regulate water temperature, creating favorable conditions for 
aquaculture. While agrivoltaic is still an emerging technology, its potential to address 
food and energy security challenges, particularly in water-stressed regions, is making it 
an increasingly attractive option for sustainable development (National Solar Energy 
Federation of India (2023)). 
 

CHALLENGES AND MITIGATION STRATEGIES IN IMPLEMENTING 
AGRIVOLTAIC SYSTEMS 

 
One of the primary obstacles to the implementation of agrivoltaic systems is the 

necessity of ensuring compatibility between crop types and solar panels. Not all crops 
exhibit the same response to the partial shading provided by solar panels. The selection 
of appropriate crops is crucial to achieve the optimal balance between food pro-duction 
and energy generation. It is therefore essential that ongoing research be conducted to 
identify the most optimal crop-panel combinations and configurations (Chalgynbayeva 
et al., 2024). To address these compatibility challenges, research institutions have 
developed systematic approaches based on the ‘five C's’ framework: (1) Climate, soil 
and environmental conditions, (2) Configurations, (3) Crop selection, (4) Compatibility 
and flexibility, (5) Collaboration and partnerships (Macknick et al., 2022). The InSPIRE 
project identified these five key factors that contribute to the success of agrivoltaics 
initiatives. It provides a standardized yet adaptable methodology for guiding both crop 
selection and system design. By applying this approach, farmers can make evidence-
based decisions about optimal crop-panel combinations suitable for their specific 
agricultural and climatic conditions (Macknick et al., 2022; Soto-Gómez, 2024). 

The initial installation costs of agrivoltaic systems can be prohibitive for many 
farmers. The necessity for additional infrastructure, such as elevated structures for panels 
and enhanced irrigation systems, can significantly increase project costs. This financial 
burden may act as a deterrent for farmers, particularly those in regions with limited 
financial resources, from adopting this technology (Tajima & Iida, 2021). For example, 
a study conducted in Germany indicates that the implementation costs of agrivoltaic 
systems can be considerably higher than those of conventional ground-mounted 
PV systems. The use of bifacial modules has been found to result in an average cost 
increase of €326 per kWp. The costs associated with mounting systems can vary 
considerably. Tilted and overhead agrivoltaic systems installed at heights exceeding four 
meters have been found to cost, on average, €372 per kWp, in comparison to a mean cost 
of just €76 per kWp for standard ground-mounted systems. The aforementioned costs 
can range from €240 to €500 per kWp, depending on the specific system configuration. 
Furthermore, the costs associated with site preparation and installation of agrivoltaic 
systems can range from €190 to €260 per kWp, which is considerably higher than the 
€60 to €100 per kWp typically associated with ground-mounted systems (Pascaris,  
2021). However, recent technological developments have increasingly focused on cost  
reduction through modular agrivoltaic systems designed for incremental deployment and  
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reduced upfront investment. Research demonstrates a modular design approach, where 
each unit is prefabricated independently and assembled using interlocking components 
and bolted connections, facilitating both construction and scalability (Toledo & 
Scognamiglio, 2021; Zhang et al., 2025). This approach enables farmers to begin with 
small-scale installations and gradually expand capacity as financial conditions improve, 
thereby reducing the barrier to entry without technical performance. Additionally, 
collaborative financing models, such as peer-to-peer lending schemes, have been shown 
to accelerate the adoption of renewable energy technologies. These mechanism offer 
alternative funding pathways that bypass conventional banking systems, making 
agrivoltaic adoption more accessible, especially in underserved or credit-constrained 
contexts (Zhang et al., 2025). 

Moreover, regulations and policies can also act as impediments to the 
implementation of agrivoltaic systems. Land use regulations, including restrictions on 
the height and placement of solar panels, can limit the viability of these systems. 
Additionally, the absence of specific incentives for agrivoltaics can impede their large-
scale adoption. It is essential that governments develop policies that actively support the 
integration of agrivoltaic systems into current agricultural and energy practices. 
Likewise, studies on renewable energy expansion (Karapidakis et al., 2023) underscore 
that the lack of robust grid infrastructure and energy storage solutions can lead to further 
complications in the integration of intermittent energy sources, including agrivoltaics, 
particularly in remote or isolated regions. 

In addition to the economic and regulatory challenges associated with the 
implementation of agrivoltaics systems, the limited access to reliable electricity 
infrastructure in rural areas poses a significant barrier to the widespread implementation 
of such systems. In many developing regions, where electrification rates remain low, 
agrivoltaics could serve as a decentralized energy solution, offering both electricity and 
agricultural benefits. However, as highlighted in previous rural electrification studies 
(Dunmade, 2021), successful adoption requires significant investment in grid stability, 
storage solutions, and technical expertise. Without appropriate infrastructure and policy 
frameworks to support energy distribution, agrivoltaic projects may struggle to deliver 
their full benefits, particularly in areas where agricultural communities face economic 
and logistical constraints. To overcome rural infrastructure constrains and limited 
technical expertise, demonstration projects and community-based learning have proven 
to be effective strategies for transferring agrivoltaic technology. Studies highlight the 
importance of partnerships between governmental agencies, solar energy providers, and 
local farming communities to facilitate the successful implementation of these systems. 
Such collaborations provide the necessary resources and assistance (Dupraz et al., 2011; 
Fraunhofer Institute for Solar Energy Systems ISE (2022); Zeddies et al., 2025)). 

Furthermore, the implementation of supportive policies and the provision of 
specific financial incentives for agrivoltaic projects can help offset high initial costs 
associated with such projects (Schindele et al., 2020; Wagner et al., 2024). Subsidy 
programs, feed-in tariffs, and tax credits can facilitate the accessibility of these systems 
to farmers (Pascaris et al., 2021; Jamil & Pearce, 2023). Financial incentives can play a 
pivotal role in promoting the adoption of agrivoltaic technologies and fostering their 
integration into sustainable agriculture. 
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Finally, fostering collaboration between the public and private sectors can facilitate 
the implementation of agrivoltaic systems. Partnerships between governmental entities, 
solar energy companies, and farmers can facilitate the development of successful 
agrivoltaic projects by providing the necessary resources and assistance. Pilot programs 
and demonstration projects can also serve to showcase the benefits of agrivoltaic 
technology on a large scale, encouraging broader adoption. 

In summary, the findings from the case studies, emerging technologies, and 
challenges discussed in this paper provide comprehensive answers to the research 
questions. The global applicability and effectiveness of agrivoltaic systems are clearly 
demonstrated with regard to diverse geographical and socio-economic contexts. 
Technological innovations are playing a critical role in improving system efficiency, 
while the identified challenges emphasize the importance of supportive policies and 
collaborative efforts in overcoming barriers to implementation. Together, these findings 
contribute to a more accurate understanding of how agrivoltaic systems can be 
successfully integrated into sustainable agricultural and energy practices. 
 

CONCLUSIONS 
 

Agrivoltaic systems offer a promising solution for integrating renewable energy 
generation with agricultural production, providing economic, environmental, and 
technical benefits. Case studies from Japan, France, Africa, and Latin America 
demonstrate diverse applications and successful implementations. These systems 
improve agricultural productivity by creating favorable microclimates, optimizing light 
and water use, and supporting higher crop yields. For the purpose of scalability, the 
economic implications in terms of capital, and operation and maintenance costs, as well 
as the technology costs (for example, tracking) need to be understood. There is also the 
need for establishing standardised systems designs as well as the documentation of best 
practices to enable widespread application of agrivoltaics. 

Technological advancements, including bifacial solar panels, solar trackers, and 
smart irrigation systems, have played a key role in enhancing the efficiency and 
effectiveness of agrivoltaic systems. These innovations enable better resource 
management, improve solar panel performance, and encourage the adoption of 
sustainable agricultural practices. 

Despite these promising benefits, several challenges remain, including the 
compatibility of crops with solar panels, high initial installation costs, and regulatory 
barriers. To address these challenges, further research is required to identify the most 
effective crop-panel configurations to develop supportive policies and financial 
incentives. Public-private collaborations are crucial for ensuring the availability of the 
necessary resources and support for the successful project implementation. Additionally, 
fostering interdisciplinary cooperation among researchers, policymakers, agricultural 
experts, and energy sector stakeholders will be essential to drive innovation and develop 
solutions adaptable to different environmental and socio-economic scenarios. 

In conclusion, the integration of agrivoltaic systems holds significant potential for 
advancing sustainable agriculture and driving the energy transition efforts. Technical 
advantages for solar photovoltaic systems in agrivoltaics include enhanced panel 
performance due to natural cooling from crop transpiration, decreased vegetation-related  
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maintenance, and improved soil conditions through organic matter deposition. Tackling 
the existing challenges and capitalizing on these innovations is essential for agrivoltaic 
systems to meaningfully contribute to climate change mitigation, rural development, and 
long-term sustainability. 

Based on these findings, this integrative qualitative overview contributes to the 
field by combining global case evidence, emerging technologies, and policy perspectives 
to provide a context-adapted and scalable roadmap for the implementation of agrivoltaic 
systems. 

This qualitative overview provides a comprehensive synthesis of agrivoltaic 
systems to deepen the understanding of their relevance across diverse contexts. 
However, it also acknowledges certain limitations that need further investigation. These 
include variability in crop responses under different panel configurations or panel 
shading, economic modeling over extended timeframes, and the scalability of systems 
across differing geographical and policy environments. Additionally, social acceptance 
and land tenure dynamics complexities remain underexplored areas with implications 
for widespread adoption. To advance the field, future research should emphasize region-
specific design optimization, crop-panel compatibility assessments, full-lifecycle 
environmental impact analyses, and adaptable policy frameworks. Policymakers are 
encouraged to implement incentive structures, revise zoning regulations, and support 
pilot projects to foster adoption. Industry actors should prioritize modular designs, cost-
reduction strategies, and collaborative research. Integrating agrivoltaic development 
with broader sustainability agendas, including water management, biodiversity 
preservation, and rural resilience, will be crucial for maximizing their societal and 
environmental value. 

In summary, this overview highlights the significant potential of agrivoltaic 
systems to improve land use efficiency, strengthen climate resilience and adaptation, and 
enhance food and energy security across diverse geographical and socio-economic 
contexts. Technological innovations, including bifacial solar panels, solar tracking 
mechanisms, and integrated smart irrigation have demonstrated their effectiveness in 
optimizing both energy generation and agricultural productivity. To ensure broader 
adoption and scalability, the presence of supportive policy frameworks remain essential. 
These include targeted investment incentives, adaptative regulatory mechanisms, and 
collaborative efforts across research institutions, industry stakeholders, and government 
entities. Collectively, these findings reinforce the relevance of agrivoltaics as a practical 
and adaptable solution that contributes meaningfully to the goals of sustainable 
development. 

 
ACKNOWLEDGEMENTS. This work was supported by the Vicerrectoria de Ciencia y 
Tecnología of the Universidad de Medellín, through the Semilleros de Investigación program. 
 

 
REFERENCES 

 
AL-agele, H.A., Proctor, K., Murthy, G & Higgins, C. 2021. A case study of tomato (solanum 

lycopersicon var. legend) production and water productivity in agrivoltaic systems. 
Sustainability 13, 2850. doi: 10.3390/su13052850 



1459 

Almarshoud, A.F., Abdel-halim, M.A., Almasri, R.A & Alshwairekh, A.M. 2024. Experimental 
study of bifacial photovoltaic module performance on a sunny day with varying backgrounds 
using exergy and energy analysis. Energies 17, 5456. doi: 10.3390/en17215456 

Al Mamun, M.R., Ahmed, A.K., Upoma, S.M., Haque, M.M & Ashik-E-Rabbani, M. 2025.  
IoT-enabled solar-powered smart irrigation for precision agriculture. Smart Agricultural 
Technology 10, 100773. doi: 10.1016/j.atech.2025.100773 

Badran, G & Dhimish, M. 2024. Comprehensive study on the efficiency of vertical bifacial 
photovoltaic systems: a UK case study. Scientific Reports 14, 18380. doi: 10.1038/s41598-
024-68018-1  

Barron-Gafford, G.A., Murphy, P., Salazar, A., Lepley, K., Rouini, N., Barnett-Moreno, I. & 
Macknick, J.E 2025. Agrivoltaics as a climate-smart and resilient solution for  
midday depression in photosynthesis in dryland regions. Sustainable Agriculture 3, 32. 
doi: 10.1038/s44264-025-00073-1 

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. Nat Sustain 2, 848–855. doi: 10.1038/s41893-019-0364-5 

Biró-Varga, K., Sirnik, I & Stremke, S. 2024. Landscape user experiences of interspace  
and overhead agrivoltaics: A comparative analysis of two novel types of solar landscapes 
in the Netherlands. Energy Research & Social Science 109, 103408. 
doi: 10.1016/j.erss.2023.103408 

Buari, O.K & Kumari, K. 2023. Optimizing agrivoltaics electricity generation in Sweden: A 
techno-economic analysis of latitude-dependent design systems. Mälardalen University. 
Available at: https://urn.kb.se/resolve?urn=urn:nbn:se:mdh:diva-63547 

Bumbiere, K., Sereda, S., Pubule, J & Blumberga, D. 2023. The role of energy management in 
the agricultural sector: key prerequisites and impacts. Agronomy Research 21(S2),  
439–450. doi: 10.15159/AR.23.034 

Bruhwyler, R., Sánchez, H., Meza, C., Lebeau, F., Brunet, P., Dabadie, G., Dittmann, S., 
Gottschalg, R. & Negroni, J.J. 2023. Vertical agrivoltaics and its potential for electricity 
production and agricultural water demand: A case study in the area of Chanco, Chile. 
Sustainable Energy Technologies and Assessments 60. doi: 10.1016/j.seta.2023.103425 

Carrausse, R. & Arnauld de Sartre, X. 2023. Does agrivoltaism reconcile energy and agriculture? 
Lessons from a French case study. Energ. Sustain Soc 13(1). doi: 10.1186/s13705-023-
00387-3 

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. doi: 10.1016/j.renene.2022.01.081 

Chalgynbayeva, A., Balogh, P., Szőllősi, L., Gabnai, Z., Apáti, F., Sipos, M. & Bai, A. 2024. The 
Economic Potential of Agrivoltaic Systems in Apple Cultivation – A Hungarian Case Study. 
Sustainability 16, 232. doi: 10.3390/su16062325 

Chalgynbayeva, A., Mizik, T. & Bai, A. 2022. Cost–Benefit Analysis of Kaposvár Solar 
Photovoltaic Park Considering Agrivoltaic Systems. Clean Technol 4, 1054–1070. 
doi: 10.3390/cleantechnol4040064 

Champness, M., Vial, L., Ballester, C & Hornbuckle, J. 2023. Evaluating the performance and 
opportunity cost of a smart-sensed automated irrigation system for water-saving rice 
cultivation in temperate australia. Agriculture 13, 903. doi: 10.3390/agriculture13040903 

Di Francia, G. & Cupo, P. 2023. A Cost–Benefit Analysis for Utility-Scale Agrivoltaic 
Implementation in Italy. Energies 16, 2991. doi: 10.3390/en16072991 



1460 

Di Gennaro, S.F., Cini, D., Berton, A & Matese, A. 2024. Development of a low-cost smart 
irrigation system for sustainable water management in the Mediterranean region. Smart 
Agricultural Technology 9, 100629. doi: 10.1016/j.atech.2024.100629 

Dinesh, H. & Pearce, J.M. 2016. The potential of agrivoltaic systems. Renewable and Sustainable 
Energy Reviews 54, 299-308. doi: 10.1016/j.rser.2015.10.024 

Dreves, H. 2022. Growing Plants, Power, and Partnerships Through Agrivoltaics. NREL Trans-
forming Energy. https://www.nrel.gov/news/program/2022/growing-plants-power-and-
partnerships.html 

Dunmade, I. 2021. Community/shared solar power option: a pathway to sustainable rural 
electrification in Nigeria. Agronomy Research 19(4), 1734–1476. doi: 10.15159/AR.21.150 

Dupraz, C., Marrou, H., Talbot, G., Dufour, L., Nogier, A & Ferard, Y. 2011. Combining solar 
photovoltaic panels and food crops for optimising land use: Towards new agrivoltaic 
schemes. Renewable Energy 36(10), 2725–2732. doi: 10.1016/j.renene.2011.03.005 

DW News. 2024. Climate change puts agrivoltaics projects in Northern Africa in the spotlight. 
https://www.dw.com/en/climate-change-puts-agrivoltaic-projects-in-northern-africa-in-
the-spotlight/a-61972022 

Elamri, B., Cheviron, J.M., Lopez, C., Dejean, G & Belaud, G. 2018. Water budget and crop 
modelling for agrivoltaic systems: Application to irrigated lettuces. Agricultural Water 
Management 208, 440–453. doi: 10.1016/j.agwat.2018.07.001 

Fraunhofer Institute for Solar Energy Systems ISE. 2022. Agrivoltaics: Opportunities for 
Agriculture and the Energy Transition. Freiburg, Germany. 

Giannoccaro, G., Roselli, L., Sardaro, R & de Gennaro, B.C. 2022. Design of an incentive-based 
tool for effective water saving policy in agriculture. Agricultural Water Management 272, 
107866. doi: 10.1016/j.agwat.2022.107866 

GIZ. 2024. Agrivoltaics in India. 
https://energyforum.in/fileadmin/india/media_elements/publications/20240502_AgriPV_i
n_India/Agrivoltaics_in_India.pdf 

Goetzberger, A. & Zastrow, A. 1982. On the Coexistence of solar-energy conversion and plant 
cultivation. Int. J. Sol. Energy 1(1), 55–69. 

Gonocruz, R., Nakamura, R., Yoshino, K., Homma, M., Doi, T., Yoshida, Y. & Tani, A. 2021. 
Analysis of the Rice Yield under an Agrivoltaic System: A Case Study in Japan. 
Environments 8, 65. doi: 10.3390/environments8070065 

GrowingSolarMist 2025. Bifacial Solar Panels Benefits for Farming Operations. Avlaible at: 
https://growingsolarmist.com/bifacial-solar-panels-benefits-for-farming-operations 
Retrived on July 30th, 2025 

Guarino, S., Buscemi, A., Chiaruzzi, C & Lo Brano, V. 2025. Modelling and analysis of  
V-shaped bifacial PV systems for agrivoltaic applications: A Python-based approach for 
energy optimization. Applied Energy 389, 125785. doi: 10.1016/j.apenergy.2025.125785 

Hu, Z. 2023. Towards solar extractivism? A political ecology understanding of the solar energy 
and agriculture boom in rural China. Energy research and social science 98, 102988. 
doi: 10.1016/j.erss.2023.102988 

Hussain, S.N & Ghosh, A. 2024. Evaluating tracking bifacial solar PV based agrivoltaics system 
across the UK. Solar Energy 284, 113102. doi: 10.1016/j.solener.2024.113102  

IDB Invest. 2023. Agriphotovoltaics double opportunity - Latin America and Caribbean. 
https://www.idbinvest.org/en/blog/agribusiness/agrophotovoltaics-double-opportunity-
latin-america-and-caribbean 

Jamil, U., Bonnington, A. & Pearce, J.M. 2023a. The Agrivoltaic Potential of Canada. 
Sustainability 15(4), 3228. doi: 10.3390/su15043228  

Jamil, U., Vandewetering, N. & Pearce, J.M. 2023b. Solar photovoltaic wood racking  
mechanical design for trellis-based agrivoltaics. PLoS ONE 18(12), e0294682. 
doi: 10.1371/journal.pone.0294682 



1461 

Jamil, U. & Pearce, J.M. 2023. Energy Policy for Agrivoltaics in Alberta Canada. Energies 16(1), 
53. doi: 10.3390/en16010053 

Jerome, W., Chew, B., Shiddalingeshwar, C.D., Soon Tay, R.H. & Jusuf, S.K. 2022 Effects of 
Agrivoltaic Systems on the Sur-rounding Rooftop Microclimate. Sustainability 14(12), 
7089. doi:10.3390/su14127089 

Jiufu, L., Zhongxin, L., Wen, Li, Shi, W. & Sui, X. 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. doi:10.3390/agronomy14030584 

Karapidakis, E., Kikaki, A. & Mozakis, J. 2023. Sustainable power generation expansion with 
RES and energy storage. Agronomy Research 21(3), 1154–1160. doi: 10.15159/AR.23.063 

Katsikogiannis, O.A., Ziar, H & Isabella, O. 2022. Integration of bifacial photovoltaics in 
agrivoltaic systems: A synergistic design approach. Applied Energy 309, 118475. 
doi: 10.1016/j.apenergy.2021.118475 

Kim, M., Oh, S-Y. & Jung, J.H. 2021. History and legal aspect of agrivoltaics in Korea. 
Nucleation and Atmospheric Aerosols. AIP Conf. Proc. 2635(1), 050001. 
doi: 10.1063/5.0127822 

Kim, Y., On, Y., So, J., Kim, S. & Kim, S. 2023. A Decision Support Software Application for 
the Design of Agrophotovoltaic Systems in Republic of Korea. Sustainability 15, 8830. 
doi: 10.3390/su15118830  

Kirto, E., Woodruff, C. & Wu, S. 2024. Environmental Benefits and Market Potential of 
Agrivoltaics. Masters project submitted for the Master of Environmental Management 
degree of Duke University, USA, 34 pp. 

Kumari, S., Pandit, A., Bhende, A. & Rayalu, A. 2022. Thermal Management of Solar Panels for 
Overall Efficiency Enhancement Using Different Cooling Techniques. Int. J. Environ Res. 
16, 53. doi:10.1007/s41742-022-00431-8 

Macdonald, J., Probst, L. & Cladera, J.R. 2022. Opportunities and challenges for scaling agrivoltaics 
in rural and Urban Africa. AIP Conf. Proc 2635(1), 070002. doi: 10.1063/5.0105526 

Macknick, J., Hartmann, H., Barron‐Gafford, G., Beatty, B., Burton, R., Seok-Choi, C, 
Davis, M., Davis, R., Figueroa, J., Garret, A., Hain, L., Herberth, S., Janski, J., Kinzer, A., 
Knapp, A., Lehan, M., Losey, J., Marley, J., MacDonald, J., McCall, J., Nebet, L., Ravi, S., 
Schmidt, J., Staie, B. & Waltson, L. 2022. The 5 Cs of Agrivoltaic Success Factors in the 
United States: Lessons from the InSPIRE Research Study. National Renewable Energy 
Laboratory. doi: 10.2172/1882930 

MAFF Japan. 2021. Subsidies for Renewable Energy in Agriculture. 
Malu, P.R., Sharma, U.S. & Pearce, J.M. 2017. Agrivoltaic potential on grape farms in India. 

Sustainable Energy Technologies and Assessments 23. doi: 10.1016/j.seta.2017.08.004  
Mamun, M.A.A., Dargusch, P., Wadley, D., Zulkarnain, N.A. & Aziz, A.A. 2022. A review of 

re-search on agrivoltaic systems. Renew. Sustain Energy Rev. 161, Article 112351. 
doi: 10.1016/j.rser.2022.112351 

Markets & Data. 2024. India Bifacial Solar Market Assessment, Opportunities and Forecast, 
FY2018-FY2032F https://www.marketsandata.com/industry-reports/india-bifacial-solar-market 

Marrou, H., Dufour, L. & Wery, J. 2013. How does a shelter of solar panels influence water flows in 
a soil–crop system? European Journal of Agronomy 50, 38–51. doi: 10.1016/j.eja.2013.05.004 

Masons, P. 2024. Rising opportunities for agrivoltaic energy projects under France’s regulatory 
strategy. https://www.pinsentmasons.com/out-law/analysis/rising-opportunities-
agrivoltaic-energy-projects-under-regulatory-strategy 

Mohammedi, S., Dragonetti, G., Admane, N & Fouial, A. 2023. The Impact of Agrivoltaic 
Systems on Tomato Crop: A Case Study in Southern Italy. Processes 11, 3370. 
doi: 10.3390/pr11123370 

Mohd Zaki, N.A. 2024. Bifacial PV modules for agrivoltaic applications. University Sains 
Malaysia. Available at: https://erepo.usm.my/handle/123456789/21648 



1462 

MONGABAY. 2022. In Brazil’s semiarid region agrivoltaics show promise for food energy 
security. https://news.mongabay.com/2022/07/in-brazils-semiarid-region-agrivoltaics-
show-promise-for-food-energy-security/ 

MONGABAY. 2024. Agrivoltaics in India get a fresh boost from tech and design innovations. 
https://india.mongabay.com/2024/08/agrivoltaics-in-india-get-a-fresh-boost-from-tech-
and-design-innovations/ 

Mooney, D.F., Hoag, D.L.K., Rasul, Z.I & Gao, S. 2022. More risk, more money: When are 
payments for water savings from limited irrigation profitable for farmers? Water Resources 
and Economics 40, 100212. doi: 10.1016/j.wre.2 

Mouhib, E., Micheli, L., Almonacid, F.M & Fernández, E.F. 2022. Overview of the 
Fundamentals and Applications of Bifacial Photovoltaic Technology: Agrivoltaics and 
Aquavoltaics. Energies 15, 8777. doi: 10.3390/en15238777 

Muñoz García, M.A., Nieto Morone, B., Moreda Cantero, G.P., Alonso García, M.C., Fialho, L & 
Baptista, F. 2024. Bifacial panels for agrivoltaics and crop influence: expected benefits. 
In: 41st European Photovoltaic Solar Energy Conference, 23–27 September, Vienna, Austria. 

Nakata, H. & Ogata, S. 2023. Integrating Agrivoltaic Systems into Local Industries: A Case Study 
and Economic Analysis of Rural Japan. Agronomy 13, 513. doi: 10.3390/agronomy13020513  

National Solar Energy Federation of India (NSEFI). 2023. Agrivoltaics in India – Overview of 
projects and relevant policies. 
https://energyforum.in/fileadmin/india/media_elements/Photos_And_Gallery/20201210_S
marterE_AgroPV/20201212_NSEFI_on_AgriPV_in_India_1__01.pdf 

Navarro-González, F.J., Pardo, M., Chabour, H.E. & Alskaif, T. 2023. An irrigation scheduling 
algorithm for sustainable energy consumption in pressurised irrigation networks supplied 
by photovoltaic modules. Clean Technologies and Environmental Policy 25, 2009–2024. 
doi: 10.1007/s10098-023-02486-3 

Omer, A., Liu, W., Li, M., Zheng, J., Zhang, F., Zhang, X., Mohammed, S.O.H., Fan, L., Liu, Z., 
Chen, F., Chen, Y. & Ingenhoff, J. 2022. Water evaporation reduction by the agrivoltaic 
systems development. Solar Energy 247. doi: 10.1016/j.solener.2022.10.022 

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D., 
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J., 
Grimshaw, J.M., Hróbjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E. 
McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A., 
Whiting, P. & Moher, D. 2021. The PRISMA 2020 statement: an updated guideline for 
reporting systematic reviews. BMJ 372, n71. doi: 10.1136/bmj.n71 

Pascaris, A.S. 2021. Examining existing policy to inform a comprehensive legal framework for 
agrivoltaics in the U.S. Energy Policy 159. doi: 10.1016/j.enpol.2021.112620 

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. doi: 10.1016/j.enpol.2023.113694  

Pascaris, A.S., Schelly, C., Burnham, L. & Pearce, J. 2021. Integrating solar energy with 
agriculture: Industry perspectives on the market, community, and socio-political dimensions 
of agrivoltaics. Energy Research & Social Science 75. doi: 10.1016/j.erss.2021.102023 

Proctor, K., Murthy, G. & Higgins, C. 2021. Agrivoltaics Align with Green New Deal  
Goals While Supporting Investment in the US’ Rural Economy. Sustainability 13, 137. 
doi: 10.3390/su13010137 

Rahman, A., Sharma, A., Postel, F., Goel, S., Kumar, K. & Laan, T. 2023. Agrivoltaics in India: 
Challenges and opportunities for scale-up. International Institute for Sustainable 
Development. IISD, Winnipeg, Canada, 1–31. 

Randle-Boggis, R.J., Lara, E., Onyango, J., Temu, E.J. & Hartley, S.E. 2021. Agrivoltaics in East 
Africa: Opportunities and Challenges. AIP Conf. Proc. 2361, 090001. doi: 10.1063/5.0055470 



1463 

Saikai, Y., Peake, A & Chenu, K. 2023. Deep reinforcement learning for irrigation  
scheduling using high-dimensional sensor feedback. PLOS Water 2(9), e0000169. 
doi: 10.1371/journal.pwat.0000169 

Schindele, S., Trommsdorff, M., Schlaak, A., Obergfell, T., Bopp, G., Reise, C., Braun, C., 
Weselek, A., Bauerle, A., Högy, P., Goetzberger, A. & Weber, A. 2020. Implementation of 
agrophotovoltaics: Techno-economic analysis of the price-performance ratio and its policy 
implications. Applied Energy 265. doi: 10.1016/j.apenergy.2020.114737  

Sekiyama, T. & Nagashima, A. 2019. Solar Sharing for Both Food and Clean Energy  
Pro-duction: Performance of Agrivoltaic Systems for Corn, A Typical Shade-Intolerant 
Crop. Environments 6(6), 65. doi: 10.3390/environments6060065 

Sheik, M., Kakati, P., Dandotiya, D., Ravi, U. & Ramesh, C. 2022. A comprehensive review on 
various cooling techniques to decrease an operating temperature of solar photovoltaic 
panels. Energy Nexus 8. doi: 10.1016/j.nexus.2022.100161  

Silvia Ma Lu. 2024. Solar Irradiance Assessment in Agrivoltaic Systems: Understanding  
Photo-synthetically Active Radiation Separation Models and Dynamic Crop Albedo Effect 
in Agri-voltaic Systems Modelling. Mälardalen University Licentiate Thesis, 94 pp. 

Soto-Gómez, D. 2024. Integration of Crops, Livestock, and Solar Panels: A review of agrivoltaic 
systems. Agronomy 14, 1824. doi: 10.3390/agronomy14081824 

Sturchio, M.A & Knapp, A.K., 2023. Ecovoltaic principles for a more sustainable, ecologically 
informed solar energy future. Nature Ecology & Evolution 7(11), 1746–1749. 
doi: 10.1038/s41559-023-02174-x 

Tajima, M. & Iida, T. 2021. Evolution of agrivoltaic farms in Japan. AIP Conf. Proc. 2361, 
030002. doi: 10.1063/5.0054674 

The potential of agrivoltaics for the US. 2023. Solar industry, farmers and communities. PV Tech 
Power 34. https://www.pv-tech.org/technical-papers/the-potential-of-agrivoltaics-for-the-
us-solar-industry-farmers-and-communities/  

The Solar Energy Technologies Office (SETO). 2022. Market Research Study Agrivoltaics. 
Rochester, NY. 

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. doi:10.1002/ppp3.10481 

Toledo, C & Scognamiglio, A. 2021. Agrivoltaic systems design and assessment: a critical 
review, and a descriptive model towards a sustainable landscape vision (Three-Dimensional 
Agrivoltaic Patterns). Sustainability 13, 6871. doi: 10.3390/su13126871 

Tomich, T.P., Brodt, S., Ferris, H., Galt, R., Horwath, W.R., Kebreab, E., Leveau, Johan H.J., 
Liptzin, D., Lubell, M., Mere, P., Michelmore, R., Scow, K., Six, J., Williams, N. & 
Yang, L. 2011. Agroecology: A Review from a Global-Change Perspective. Annu. Rev. 
Environ. Resour. 36,193–222. doi: 10.1146/annurev-environ-012110-121302 

Touil, S., Richa, A., Fizir, M. & Bigwa, B. 2021. Shading effect of photovoltaic panels on 
horticulture crops production: a mini review. Rev Environ Sci Biotechnol 20, 281–296. 
doi: 10.1007/s11157-021-09572-2 

Trommsdorff, M., Dhal, I.S., Özdemir, Ö.E., Ketzer, D., Weinberger, N & Rösch, C. 2022. 
Chapter 5 - Agrivoltaics: Solar Power Generation and Food Production. In: Solar Energy 
Advancements in Agriculture and Food Production Systems. Gorjian, S & Campana, P.E. 
(eds.). Academic Press, Cambridge, MA, USA, 159–210. 

Uchanski, M., Thomas. H., Jennifer, B. & Kurt, L. 2023. Characterization of Agrivoltaic Crop 
Environment Conditions Using Opaque and Thin-Film Semi-Transparent Modules. 
Energies 16(7), 3012. doi:10.3390/en16073012 

Umutoni, L & Samadi, V. 2024. Application of machine learning approaches in supporting 
irrigation decision making: A review. Agricultural Water Management 294, 108710. 
doi: 10.1016/j.agwat.2024.108710 



1464 

van de Ven, D.J., Capellan-Peréz, I., Arto, I., Cazcarro, I., de Castro, C., Patel, P. & Gonzalez-
Eguino, M. 2021. The potential land requirements and related land use change emissions of 
solar energy. Sci. Rep. 11(1), 2907. doi: 10.1038/s41598-021-82042-5 

Wagner, J., Bühner, C., Gölz, S., Trommsdorff, M. & Jürkenbeck, K. 2024. Factors influencing 
the willingness to use agrivoltaics: A quantitative study among German farmers. Applied 
Energy 361. doi: 10.1016/j.apenergy.2024.122934 

Wagner, M., Lask, J., Kiesel, A., Lewandowski, I., Weselek, A., Högy, P., Trommsdorff, M., 
Schnaiker, M.A. & Bauerle, A. 2023. Agrivoltaics: The Environmental Impacts of 
Combining Food Crop Cultivation and Solar Energy Generation. Agronomy. 
doi: 10.3390/agronomy13020299 

Walston, L.J., Barley, T., Bhandari, I., Campbell, B., McCall, J., Hartmann, H.M. & 
Dolezal, A.G. 2022. Opportunities for agrivoltaic systems to achieve synergistic food-
energy-environmental needs and address sustainability goals. Frontiers In Sustainable 
Food Systems 6. doi: 10.3389/fsufs.2022.932018 

Weselek, A., Ehmann, A., Zikeli, S., Lewandowski, I., Schindele, S. & Högy, P. 2019. 
Agrophotovoltaic systems: applications, challenges, and opportunities. A review. Agron. 
Sustain. Dev. 39, 35. Doi: 10.1007/s13593-019-0581-3 

Wydra, K., Vollmer, V., Busch, C. & Prichta, S. 2023. Agrivoltaic: Solar Radiation for Clean Energy 
and Sustainable Agriculture with Positive Impact on Nature. doi: 10.5772/intechopen.111728 

Xiao, Y., Zhang, H., Pan, S., Wang, Q., He, J. & Jia, X. 2021. An agrivoltaic park enhancing 
ecological, economic and social benefits on degraded land in Jiangshan, China. Nucleation 
and Atmospheric Aerosols. AIP Conf. Proc. 2635(1), 020002. doi: 10.1063/5.0106454 

Yakubu, R.O., Mensah, L.D., Quansah, D.A & Adaramola, M.S. 2024. A systematic literature 
review of the bifacial photovoltaic module and its applications. The Journal of Engineering 
8, e12421. doi: 10.1049/tje2.12421 

Zeddies, H.H., Parlasca, M & Qaim, M. 2025. Agrivoltaics increases public acceptance of solar 
energy production on agricultural land. Land Use Policy 156, 107604. 
doi: 10.1016/j.landusepol.2025.107604 

Zhang, Y., Chen, T., Gasparri, E & Lucchi, E. 2025. A modular agrivoltaics building envelope 
integrating thin-film photovoltaics and hydroponic urban farming systems: a circular design 
approach with the multi-objective optimization of energy, light, water and structure. 
Sustainability 17, 666. doi: 10.3390/su17020666 

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(7), e0254482. doi: 10.1371/journal.pone.0254482 

Zhong, J., Zhang, W., Xie, L., Zhao, O., Wu, X., Zeng, X & Guo, J. 2023. Development and 
challenges of bifacial photovoltaic technology and application in buildings: A review. 
Renewable and Sustainable Energy Reviews 187, 113706. doi: 10.1016/j.rser.2023.113706 

Zidane, T.E.K., Zainali, S., Bellone, Y., Guezgouz, M., Khosravi, A., Lu, S.M., Tekie, S., 
Amaducci, S & Campana, P.E. 2025. Economic evaluation of one-axis, vertical, and 
elevated agrivoltaic systems across Europe: a Monte Carlo Analysis. Applied Energy 391, 
125826. doi: 10.1016/j.apenergy.2025.125826 

 




