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ABSTRACT  

 

Background: The increasing competition for land between agriculture and energy production has 
created a need for innovative solutions that can optimize land use. Agrivoltaic systems, which co-locate 
solar panels and crops, have emerged as a promising approach to address this challenge. 

Objective: This comprehensive review synthesizes the experimental findings and field applications of 
agrivoltaic systems to provide a holistic understanding of their potential benefits and challenges. 

Methods: A systematic literature search was conducted to identify relevant studies published in the last 
decade. The selected studies were analyzed to extract data on the impact of agrivoltaic systems on crop 
production, energy generation, and economic viability. 

Results: The review of 108 studies reveals that agrivoltaic systems can have a positive impact on both 
crop production and energy generation. The shading provided by the solar panels can improve crop 
yields and water use efficiency, while the vegetation can cool the solar panels and increase their 
efficiency. However, the performance of agrivoltaic systems is highly dependent on the specific design, 
crop type, and climate. 

Conclusion: Agrivoltaic systems have the potential to be a key technology in the transition to a more 
sustainable food and energy system. However, further research is needed to optimize their design and 
management for different contexts. 
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The 21st century is defined by a series of interconnected global challenges, prominently featuring the need to 
ensure food security, transition to sustainable energy sources, and manage finite water resources under a 
changing climate [12, 16]. This triad, often termed the food-energy-water (FEW) nexus, highlights a fundamental 
conflict: the increasing competition for land. As the global population expands, so does the demand for both 
agricultural land to produce food and land for renewable energy infrastructure, particularly large-scale solar 
photovoltaic (PV) installations [11, 108]. Conventional ground-mounted solar farms, while crucial for 
decarbonization, occupy vast tracts of land, often displacing agriculture and disrupting local ecosystems, leading 
to significant land-use conflicts [13, 17]. This paradigm of single-use land management is becoming increasingly 
untenable, necessitating innovative solutions that promote synergy rather than competition. 

Agrivoltaics (AV), also known as agrophotovoltaics or solar sharing, has emerged as a transformative approach 
to reconcile these competing demands [10, 15]. Coined by Goetzberger and Zastrow in 1981, the concept 
involves the co-location of agricultural activities and solar energy generation on the same piece of land [101]. 
By strategically elevating and spacing solar panels, sufficient sunlight can reach the crops or pasture below, 
enabling a dual harvest of both food and electricity from a single land area [5, 14]. This innovative land-use 
strategy moves beyond simple co-existence to create a symbiotic relationship where the two systems provide 
mutual benefits. For instance, the partial shade from PV panels can protect crops from excessive solar radiation 
and heat stress, reduce soil water evaporation, and create a more favourable microclimate, particularly in arid 
and semi-arid regions [39, 44, 70]. Conversely, the evapotranspiration from the underlying vegetation can create 
a cooling effect that improves the efficiency and lifespan of the PV panels [34, 48, 79]. 

Over the past decade, research and development in agrivoltaics have accelerated globally, moving from 
conceptual models to a wide array of experimental and commercial field applications [13, 26]. Studies have 
explored diverse AV system designs, from static, overhead structures and vertical bifacial arrays to dynamic 
tracking systems and integration with greenhouses [4, 27, 32, 64]. The application scope has broadened to 
include various forms of agriculture, such as horticulture [22, 54], broadacre cropping [8, 88], fruit orchards [28, 
40, 60], and livestock grazing [3, 6, 91]. This growing body of work has generated a wealth of data on the system's 
performance, exploring its impacts on crop physiology, yield, water productivity, energy output, soil health, and 
economic viability [1, 11, 33, 66]. 

Despite this rapid progress, significant research gaps and practical challenges remain. The performance of AV 
systems is highly context-dependent, varying with local climate, soil type, crop selection, and system 
configuration [9, 10]. A comprehensive understanding of the complex interactions between the photovoltaic 
array and the agricultural subsystem is still developing. Key questions persist regarding the long-term ecological 
impacts, the optimization of system design for different agricultural contexts, and the development of supportive 
policy and economic frameworks to facilitate wider adoption [16, 20, 103]. While several reviews have 
summarized the state of agrivoltaics [11, 13, 26], the continuous emergence of new experimental data from 
diverse global contexts necessitates an updated and comprehensive synthesis. 

This review aims to address this need by providing a systematic and comprehensive analysis of the existing 
experimental and field application literature on agrivoltaic systems. The primary objectives are to: (1) 
systematically collate and synthesize findings on the impacts of AV systems on agricultural production and 
energy generation; (2) critically evaluate the environmental and economic co-benefits and trade-offs associated 
with this dual-use approach; and (3) identify key knowledge gaps and outline future research directions 
required to unlock the full potential of agrivoltaics. By consolidating the current state of knowledge, this review 
seeks to provide a valuable resource for researchers, farmers, policymakers, and energy developers, informing 
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evidence-based decisions for the sustainable intensification of land use. 

METHODS 

To provide a robust and transparent overview of the state of agrivoltaic research, this comprehensive review 
was conducted following the principles outlined in the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) statement [18]. The methodology was designed to be systematic and replicable, 
ensuring a comprehensive capture of relevant literature and an unbiased synthesis of the findings. 

2.1. Search Strategy 

A systematic literature search was performed across three major academic databases: Scopus, Web of Science, 
and Google Scholar. These platforms were chosen for their extensive coverage of peer-reviewed literature in the 
fields of agriculture, energy, environmental science, and engineering. The search was conducted to identify all 
relevant articles published up to January 2025. The search query was constructed using a combination of 
keywords related to the core concepts of agrivoltaics and its impacts. The search string was adapted for the 
syntax of each database and included the following terms: ("agrivoltaic*" OR "agrophotovoltaic*" OR "solar 
sharing" OR "agrisolar" OR "solar agriculture") AND ("crop yield" OR "crop production" OR "livestock" OR 
"grazing" OR "pasture" OR "energy yield" OR "photovoltaic performance" OR "microclimate" OR "soil moisture" 
OR "water use efficiency" OR "economic*" OR "land equivalent ratio"). Additionally, the reference lists of 
previously published review articles [10, 11, 13, 14, 26] and key primary studies were manually scanned to 
identify any publications missed by the database search. 

2.2. Inclusion and Exclusion Criteria 

Studies identified through the search strategy were screened for eligibility based on a predefined set of inclusion 
and exclusion criteria. To be included in the review, a study had to: 

1. Be a peer-reviewed article, conference paper, or official technical report. 

2. Be published in the English language. 

3. Present original empirical data from an experimental, quasi-experimental, or observational field study of 
an agrivoltaic system. Modelling and simulation-only studies were included if they were validated with field data 
[e.g., 27, 89]. 

4. Investigate at least one key outcome related to agricultural production (e.g., crop yield, biomass, animal 
productivity), energy production (e.g., PV efficiency, energy output), or environmental interactions (e.g., 
microclimate, soil properties, water use). 

Studies were excluded if they were: (1) purely theoretical, conceptual, or policy-focused without empirical data; 
(2) focused solely on the technical aspects of PV technology without an agricultural component; (3) news 
articles, editorials, or non-technical publications; or (4) focused on floating solar or building-integrated 
photovoltaics that did not involve land-based agriculture. The screening process was conducted in two stages: 
an initial title and abstract screening, followed by a full-text review of the potentially eligible articles to make 
the final selection. 

2.3. Data Extraction and Synthesis 

For each study that met the inclusion criteria, relevant information was extracted and compiled into a structured 
database. The extracted data included: (1) bibliographic details (authors, year, title); (2) study location (country, 
climate zone); (3) agrivoltaic system design (e.g., panel type, height, density, orientation, tracking system); (4) 
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agricultural system details (e.g., crop species, livestock type, cultivation practices); (5) key measured outcomes 
(e.g., changes in crop yield, quality, biomass; Land Equivalent Ratio; PV energy output; microclimatic variables 
like air temperature, soil moisture, and Photosynthetically Active Radiation (PAR); economic performance 
metrics); and (6) primary conclusions of the study. 

The extracted data were then synthesized thematically according to the core objectives of this review. A 
narrative synthesis approach was adopted to integrate the findings from the diverse set of studies. This involved 
grouping studies based on the outcomes they investigated (e.g., crop responses, energy performance, 
environmental co-benefits) and identifying common patterns, key trade-offs, and sources of heterogeneity in 
the results. Quantitative metrics such as the Land Equivalent Ratio (LER), defined as the sum of the relative yield 
of agriculture under the AV system and the relative yield of electricity production compared to their respective 
monoculture systems [101], were used as a primary indicator of overall system performance where available. 

2.4. Quality Assessment 

While a formal meta-analysis was not the objective of this review due to the heterogeneity in study designs and 
reported metrics, a qualitative assessment of the included studies was performed. The quality and reliability of 
each study were informally evaluated based on criteria such as the clarity of the research design, the duration 
of the experiment (short-term vs. multi-year), the presence of appropriate control groups (e.g., full-sun 
monoculture crop, standalone PV installation), the rigour of the data collection methods, and the statistical 
analysis employed. This assessment helped in contextualizing the findings and giving more weight to studies 
with more robust methodologies, such as long-term, multi-location trials [e.g., 9, 35]. The synthesis presented in 
the Results and Discussion sections reflects this qualitative appraisal of the evidence base. 

RESULTS 

The systematic search and screening process yielded a total of 108 relevant sources that form the basis of this 
review. These studies span a wide range of geographical locations, climatic conditions, AV system designs, and 
agricultural applications, reflecting the growing global interest in this technology. This section synthesizes the 
key findings from this body of literature, organized according to the system's impact on agricultural production, 
energy generation, and the broader environmental and economic context. 

3.1. Overview of Included Studies 

The research landscape for agrivoltaics is geographically diverse, with significant clusters of research activity in 
North America [9, 39, 44, 89], Europe (e.g., France [43, 50, 101], Germany [15, 31, 59], Italy [49, 86, 103], Belgium 
[4, 8, 57], Spain [87]), and Asia (e.g., China [7, 27, 46], Japan [52], India [1, 58, 63], Pakistan [55]). There is also 
emerging research from South America [19, 29], Africa [20], and Australia [72]. The studied agricultural systems 
are equally varied. A significant portion of the research has focused on horticultural crops, including leafy greens 
[56, 102], tomatoes [22, 38, 69, 83], peppers [39], cucumbers [82], and various vegetables [54, 55]. Research has 
also extensively covered broadacre crops like wheat [8, 85, 88], corn [41, 89], soybeans [86], and rice [52]. 
Perennial systems, such as fruit orchards [28, 40, 60], vineyards [51], and berry cultivation, are increasingly 
being investigated. Another major application area is animal husbandry, with studies focusing on sheep grazing 
[3, 6, 92], cattle [30, 91], and forage production for livestock [72, 84, 95]. 

AV system designs vary substantially across studies, driven by different optimization goals (maximizing crop 
yield, energy output, or overall LER). Common designs include static, fixed-tilt overhead arrays with varying 
panel densities or "checkerboard" patterns [50, 101], single-axis [4, 27] and dual-axis tracking systems [5], and 
vertical bifacial installations oriented east-west [4, 32, 55]. The use of different PV module technologies, 
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including standard opaque panels [61], semi-transparent modules [54], and wavelength-selective panels [25], 
has also been explored to manage the light environment for the crops below. 

3.2. Impact on Agricultural Production 

The introduction of a PV array fundamentally alters the growing environment for the underlying agricultural 
system. The primary effect is the reduction and redistribution of incoming solar radiation, which in turn 
influences the microclimate, water balance, and plant physiology. 

3.2.1. Microclimate Modification 

One of the most consistently reported effects of AV systems is the moderation of the microclimate. The shade 
cast by the PV panels leads to a significant reduction in air and soil temperatures during the day and can retain 
heat, leading to slightly warmer temperatures at night [39, 49, 50]. Barron-Gafford et al. [39] found that in a 
dryland ecosystem in Arizona, USA, air temperatures under the AV array were cooler during the day, creating a 
less stressful environment for crops. Similarly, soil temperature is typically lower and exhibits less diurnal 
fluctuation under panels, which can benefit root development and soil microbial activity [35, 97]. 

The shading effect also significantly reduces evaporative demand. Studies have consistently demonstrated 
higher soil moisture content under AV systems compared to open-field controls [43, 44]. Hassanpour Adeh et 
al. [44] reported that soil moisture remained 5-15% higher under panels throughout the growing season in 
Oregon, USA. This water conservation effect is particularly pronounced in arid and semi-arid climates, where it 
can translate into substantial water savings and buffer crops against drought stress [39, 65, 70]. The panels also 
reduce wind speed at the crop level, further decreasing evapotranspiration [42]. 

3.2.2. Crop Yield, Quality, and Physiology 

The response of crop yield to the modified light environment under AV systems is highly variable and depends 
on the crop's light saturation point, the degree of shading (i.e., panel density), and the local climate. 

For shade-tolerant crops, such as lettuce, spinach, chard, kale, and certain herbs, yields can be equal to or even 
greater than those in full-sun conditions [56, 102]. The reduced light is often not a limiting factor, and these 
crops benefit greatly from the cooler temperatures and improved water availability, which prevent bolting and 
reduce stress. 

For sun-loving crops, such as wheat, corn, and many fruiting vegetables, the results are more nuanced. In 
temperate climates with ample water, significant shading can lead to yield reductions due to light limitation [8, 
59, 88]. For example, Weselek et al. [59] in Germany observed yield declines for winter wheat and potatoes, 
although celery yields were unaffected. However, in hot, arid, or semi-arid climates, the benefits of stress 
reduction can outweigh the negative effects of reduced light, leading to stable or even increased yields. Barron-
Gafford et al. [39] famously found that the yield of chiltepin peppers was three times higher under an AV system 
in Arizona. Similarly, tomato production has been shown to be successful, with some studies reporting increased 
fruit quality and water productivity despite a potential slight reduction in total yield [22, 69, 83]. The timing of 
shading can also be critical; dynamic systems that track the sun can be programmed to provide shade during the 
hottest parts of the day while allowing more light during cooler periods, helping to optimize photosynthesis [27, 
41]. 

Beyond yield, AV systems can affect crop quality. Forage quality under panels has been shown to remain higher 
later into the season in drylands, extending the grazing period for livestock [84]. For some fruits, such as apples 
and grapes, shading can reduce sunscald, delay ripening, and alter the chemical composition (e.g., sugar and acid 
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content), which can be beneficial or detrimental depending on the desired characteristics [51, 60]. 

3.2.3. Livestock and Pasture Production 

Agrivoltaics has proven highly synergistic with animal husbandry. The shade and shelter provided by the panels 
offer significant animal welfare benefits by reducing heat stress [29, 30, 91]. Studies have shown that sheep and 
cattle spend a significant amount of time resting in the shade of the panels on hot days, which reduces their 
water intake and core body temperature [29, 91]. This improved comfort can lead to better animal health and 
productivity. 

Forage production under AV systems shows a similar pattern to crop yields. In water-limited environments, 
pasture biomass production can be equal to or greater than in open pasture due to water conservation [6, 72, 
84]. Sturchio et al. [84] found that forage production was maintained in a semi-arid grassland, effectively 
doubling the productive output of the land when combined with the energy generated. Even when total biomass 
is slightly reduced, the extended growing season and improved forage quality can compensate for the lower 
quantity [3, 95]. Animal behaviour studies also indicate that livestock, such as sheep, readily adapt to grazing 
within AV arrays without negative impacts on their foraging patterns [6, 92]. 

3.3. Impact on Energy Generation 

The agricultural component of an AV system is not merely a passive user of the land but actively interacts with 
the PV array, influencing its performance. 

3.3.1. Energy Yield and System Performance 

The energy yield of an AV system is primarily determined by its design (panel density, tilt, tracking) and the 
local solar irradiance. By definition, spacing panels out to allow for agriculture reduces the total installed 
capacity per unit of land compared to a conventional, high-density solar farm [14, 23]. Therefore, the total 
energy output per hectare from an AV system is lower. However, the key metric for evaluation is the Land 
Equivalent Ratio (LER), which measures the overall land productivity. Numerous studies have reported LER 
values significantly greater than 1.0, typically ranging from 1.10 to as high as 1.90 [1, 5, 58, 101]. An LER of 1.70, 
for instance, means that 1.7 hectares of separate monoculture (1 ha for farming, 0.7 ha for solar) would be 
needed to produce the same combined output as 1 hectare of the agrivoltaic system. This clearly demonstrates 
a significant improvement in land-use efficiency. 

The choice of system design profoundly affects energy output. Bifacial panels, which can capture reflected light 
(albedo) from the ground, are particularly effective in AV systems, especially in vertical configurations [4, 24, 
32]. The type of vegetation underneath can influence the albedo and thus the bifacial gain [37]. Single-axis 
tracking systems have also been shown to significantly boost energy production while allowing for dynamic light 
management for the crops below [4, 27]. 

3.3.2. Panel Temperature and Efficiency 

A crucial synergistic benefit is the cooling effect of the underlying vegetation on the PV panels. Solar panels lose 
efficiency as their operating temperature increases [77, 80]. The process of evapotranspiration from crops and 
pasture creates a cooler, more humid microclimate around the panels compared to the bare ground or gravel 
found in conventional solar farms [34, 48]. This "biogenic cooling" can lower panel temperatures by several 
degrees Celsius. Williams et al. [79] modelled this effect and found that it could increase annual electricity 
production by about 1%. While modest, this gain in efficiency, coupled with a potential increase in the 
operational lifespan of the panels due to reduced thermal stress, adds to the overall economic value of the 
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system. Kumpanalaisatit et al. [34] observed this effect experimentally with the cultivation of Bok Choy in 
Thailand, noting improved power generation efficiency. 

3.4. Environmental and Economic Dimensions 

Beyond the dual production of food and energy, AV systems offer a range of additional co-benefits and present 
a unique economic proposition. 

3.4.1. Soil, Water, and Biodiversity 

The long-term impact on soil health is a critical area of ongoing research. The reduction in temperature extremes 
and higher moisture retention under panels can foster a more stable environment for soil biota [33, 99]. 
However, construction activities and altered precipitation patterns (e.g., water runoff from panels creating drip 
lines) can lead to soil compaction and erosion if not managed properly [97]. Some studies have reported positive 
changes in soil organic carbon and microbial communities under AV arrays over several years [35, 96], while 
others have shown localized negative impacts [98]. The integration of restorative agricultural practices, such as 
planting native vegetation or cover crops, can further enhance soil health and biodiversity [2, 96]. 

The impact on biodiversity is also multifaceted. AV systems can provide habitat and resources for pollinators, 
especially in arid landscapes where the shade and moisture create floral refuges that last longer into the season 
[71]. The structures can also serve as perches for birds. However, the infrastructure can also fragment habitats. 
The overall ecological impact depends heavily on the initial state of the land (e.g., converting degraded pasture 
vs. a pristine ecosystem) and the management practices employed [21, 106]. 

3.4.2. Economic Viability and Social Acceptance 

The economic case for agrivoltaics is complex. The initial capital cost of an AV system is higher than that of a 
conventional solar farm due to the need for elevated structures and more complex installation procedures [31, 
66]. However, this is offset by the creation of a second revenue stream from the sale of agricultural products [1, 
7]. The LER provides a strong biophysical argument for its value, and techno-economic analyses have shown 
that AV systems can be profitable, particularly for high-value crops or in regions with high electricity prices and 
supportive policies [1, 103]. Schindele et al. [31] demonstrated the economic feasibility of an AV system in 
Germany, finding it competitive with traditional agriculture. 

Social acceptance is a key factor for the successful deployment of AV systems [9, 20]. By maintaining agricultural 
activity and preserving the rural landscape, agrivoltaics can often overcome the local opposition that frequently 
stalls conventional solar projects ("NIMBYism" - Not In My Back Yard). It provides a pathway for farmers to 
diversify their income, making their operations more resilient to climate and market volatility, and can help 
sustain farming livelihoods [20, 74]. The development of clear national guidelines and standards, such as those 
in Germany (DIN SPEC 91434) [105] and France [104], is crucial for providing regulatory certainty and ensuring 
that AV projects deliver genuine agricultural benefits rather than simply being "solar on stilts." 

DISCUSSION 

The results synthesized from over a hundred studies paint a compelling, albeit complex, picture of agrivoltaics 
as a promising solution for integrated land use. The findings demonstrate that AV systems can successfully 
produce food and energy simultaneously, often achieving a higher overall land productivity than separate 
monocultures [101, 108]. This discussion will critically analyze the key synergies and trade-offs revealed by the 
evidence, place them within the broader context of sustainable development, identify crucial knowledge gaps, 
and suggest directions for future research. 
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4.1. Synthesis of Findings: A Symbiotic System 

The core strength of agrivoltaics lies in its ability to transform a competitive relationship over land into a 
symbiotic one. The most significant mechanism driving this synergy is the moderation of the microclimate by 
the PV array [39, 44, 50]. By providing partial shade, the panels buffer the agroecosystem against environmental 
stressors, particularly excessive solar radiation and heat. This effect is most beneficial in arid, semi-arid, and 
increasingly, in temperate regions experiencing more frequent heatwaves and droughts due to climate change 
[70]. The resulting improvement in water availability is a critical co-benefit, directly enhancing crop water 
productivity [22, 46] and making agriculture viable in previously marginal lands. This finding repositions 
agrivoltaics not just as a land-saving technology, but as a climate adaptation strategy [16, 28]. 

Simultaneously, the agricultural component provides a tangible benefit to the energy system. The biogenic 
cooling effect, while modest in terms of percentage gains in energy efficiency [79], is a consistent and valuable 
synergy. When scaled across large installations over a 25-30 year lifespan, even a 1-2% increase in energy 
output and the potential for extended panel longevity due to reduced thermal degradation can translate into 
significant economic and environmental gains [34]. This reciprocal relationship—panels protecting crops, and 
crops cooling panels—is the fundamental principle that elevates agrivoltaics above simple co-location. 

The consistently high Land Equivalent Ratio (LER) reported across numerous studies [1, 5, 53, 58] serves as the 
most powerful quantitative evidence of the system's enhanced efficiency. An LER of 1.5 implies a 50% increase 
in land productivity, a remarkable gain in a world of finite resources. This metric validates the core premise of 
agrivoltaics: that the whole can be greater than the sum of its parts. 

4.2. Navigating the Trade-offs: Light, Yield, and Optimization 

Despite the clear synergies, agrivoltaics is not a universally applicable panacea. The primary trade-off is the 
reduction in Photosynthetically Active Radiation (PAR) reaching the crops. For any given location, there exists 
a fundamental compromise between energy generation (which favours higher panel density) and agricultural 
production (which requires sufficient light) [23, 88]. The extensive body of research clearly shows that there is 
no one-size-fits-all solution; the optimal balance is highly specific to the crop, climate, and economic goals. 

The variability in crop yield responses is the most telling illustration of this trade-off. While shade-tolerant leafy 
greens often thrive [56], the yield of sun-loving staple crops like wheat and corn can be compromised, 
particularly in cooler, light-limited climates [8, 59, 89]. This highlights the critical importance of site-specific 
design and crop selection. The future of agrivoltaics likely lies not in retrofitting existing agricultural systems 
but in co-designing new, integrated systems where the PV layout is optimized for a specific crop's light 
requirements, and crop varieties are selected or even bred for shade tolerance [93, 94]. 

The emergence of advanced AV technologies offers pathways to mitigate this trade-off. Dynamic systems with 
tracking capabilities can modulate the light environment throughout the day or season, providing shade when 
it is most needed (e.g., midday to prevent heat stress) and allowing full sun when light is more valuable for 
photosynthesis (e.g., morning and evening) [27, 41, 62]. Likewise, innovations in PV technology, such as semi-
transparent or wavelength-selective modules, aim to share the solar spectrum more efficiently, transmitting 
PAR wavelengths vital for photosynthesis while absorbing others for electricity generation [25, 54, 67]. While 
currently more expensive, these technologies represent a frontier for maximizing system synergy and 
minimizing yield trade-offs. 

4.3. Broader Implications and Future Research Directions 

The successful implementation of agrivoltaics at scale has implications reaching far beyond the farm gate. It 
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contributes directly to several of the UN Sustainable Development Goals, including Zero Hunger (SDG 2), 
Affordable and Clean Energy (SDG 7), Climate Action (SDG 13), and Life on Land (SDG 15) [16, 108]. By providing 
farmers with a diversified and stable income source, it can enhance the resilience of rural economies [74]. By 
reducing land-use conflicts, it can accelerate the deployment of renewable energy needed to meet climate targets 
[12]. 

However, to realize this potential, several key knowledge gaps must be addressed by future research: 

1. Long-Term Ecological Impacts: Most AV studies are short-term (1-3 years). There is a pressing need for 
long-duration (10+ years) monitoring of AV sites to understand the cumulative impacts on soil health (carbon 
sequestration, nutrient cycling, compaction), hydrology, and local biodiversity [33, 97, 99]. Are the observed 
benefits in soil moisture and microbial health sustained over time? What are the long-term shifts in plant and 
animal communities? 

2. Optimized System Co-Design: Research should move from testing existing PV layouts over crops to an 
integrated co-design approach. This requires interdisciplinary collaboration between agronomists, engineers, 
and economists to develop sophisticated models that can optimize system configuration (panel height, density, 
orientation, technology) for specific crop-climate-market combinations [27, 42, 73, 89]. 

3. Breeding for Agrivoltaics: A largely unexplored frontier is the development of "shade-adapted" crop 
varieties. Conventional breeding has overwhelmingly selected for performance in full-sun conditions. A targeted 
breeding program could develop cultivars that maintain high yields and quality in the unique, light-limited, but 
less stressful microclimate of AV systems [93, 94]. 

4. Scaling and Socio-Economics: More research is needed on the socio-economic drivers and barriers to 
adoption at scale. This includes detailed techno-economic analyses across a wider range of agricultural systems 
and markets [66, 103], studies on consumer perception of "agrivoltaic-grown" products, and analysis of policy 
mechanisms (e.g., subsidies, zoning regulations, carbon credits) that can best support sustainable and equitable 
deployment [9, 20]. 

5. Expanding Geographic and Agricultural Scope: While research is growing, it remains concentrated in a 
few regions and on a limited set of crops. More studies are needed in tropical and subtropical regions of the 
Global South, where the potential for both solar energy and agricultural improvement is immense [19, 20]. 
Furthermore, applications beyond traditional cropping, such as aquaculture (aquavoltaics) or integration with 
specialty crops like medicinal plants [62], warrant further investigation. 

4.4. Limitations of the Review 

This review, while comprehensive, has several limitations. First, the narrative synthesis approach, while 
necessary given the heterogeneity of the studies, precludes a quantitative meta-analysis, which could provide 
more precise estimates of effect sizes. Second, a potential publication bias may exist, where studies showing 
positive or significant results are more likely to be published than those with null or negative findings. Finally, 
the rapidly evolving nature of the field means that new research is constantly emerging, and any review is a 
snapshot in time. Despite these limitations, the synthesis provides a robust and evidence-based overview of the 
current state of knowledge in agrivoltaics. 

CONCLUSION 

Agrivoltaics stands at a critical juncture, evolving from a niche concept into a mainstream contender for 
sustainable land management. This comprehensive review of 108 studies confirms that the dual-use of land for 
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agriculture and solar energy generation is not only technically feasible but also highly synergistic. The evidence 
overwhelmingly shows that AV systems can lead to a significant increase in overall land productivity, as 
demonstrated by Land Equivalent Ratios consistently exceeding 1.0. The core benefits are driven by a modified 
microclimate under the panels, which enhances water conservation and protects crops and livestock from 
environmental stress, while the agricultural understory, in turn, provides a cooling service to the PV panels, 
boosting their efficiency. 

The findings highlight that the success of an agrivoltaic system is not automatic but hinges on intelligent, 
context-specific design. The trade-off between light for crops and light for energy is real, necessitating a careful 
balancing act that considers the local climate, the physiological needs of the chosen crop or animal, and the 
economic objectives of the farmer. The future of agrivoltaics lies in moving towards this sophisticated co-design, 
supported by dynamic systems, advanced PV technologies, and potentially, new crop varieties bred for 
performance in partial shade. 

By mitigating land-use conflicts, enhancing climate resilience in agriculture, and contributing to rural economic 
diversification, agrivoltaics offers a tangible pathway toward achieving multiple sustainable development goals 
simultaneously. To unlock its full potential, the research community must now focus on long-term ecological 
monitoring, interdisciplinary system optimization, and addressing the socio-economic barriers to adoption. For 
policymakers and investors, the challenge is to create supportive frameworks that encourage the development 
of genuine, symbiotic agrivoltaic systems, ensuring that they contribute meaningfully to both a stable food 
supply and a clean energy future. Agrivoltaics is more than just solar panels on a farm; it is a reimagining of the 
landscape as a high-efficiency, integrated system for a sustainable world. 

REFERENCES 

[1] Poonia S, Jat NK, Santra P, Singh AK, Jain D, Meena HM. Techno-economic evaluation of different agri-voltaic 
designs for the hot arid ecosystem India. Renew Energy Jan. 2022;184:149–63. 
https://doi.org/10.1016/j.renene.2021.11.074. 

[2] Choi CS, Macknick J, Li Y, Bloom D, McCall J, Ravi S. Environmental co-benefits of maintaining native 
vegetation with solar photovoltaic infrastructure. Earth’s Futur Jun. 2023;11(6). 
https://doi.org/10.1029/2023EF003542. 

[3] Andrew AC, et al. Herbage and sheep production from simple, diverse, and legume pastures established in 
an agrivoltaic production system. Grass Forage Sci Jun. 2024;79(2):294–307. 
https://doi.org/10.1111/gfs.12653. 

[4] Willockx B, Lavaert C, Cappelle J. Performance evaluation of vertical bifacial and single-axis tracked 
agrivoltaic systems on arable land. Renew Energy Nov. 2023;217:119181. 
https://doi.org/10.1016/j.renene.2023.119181. 

[5] Valle B, et al. Increasing the total productivity of a land by combining mobile photovoltaic panels and food 
crops. Appl Energy Nov. 2017;206:1495–507. https://doi.org/10.1016/j.apenergy.2017.09.113. 

[6] Andrew AC, Higgins CW, Smallman MA, Graham M, Ates S. Herbage yield, lamb growth and foraging behavior 
in agrivoltaic production system. Front Sustain Food Syst 2021;5(Apr). 
https://doi.org/10.3389/fsufs.2021.659175. 

https://doi.org/10.1016/j.renene.2021.11.074
https://doi.org/10.1016/j.renene.2021.11.074
https://doi.org/10.1029/2023EF003542
https://doi.org/10.1029/2023EF003542
https://doi.org/10.1111/gfs.12653
https://doi.org/10.1111/gfs.12653
https://doi.org/10.1016/j.renene.2023.119181
https://doi.org/10.1016/j.renene.2023.119181
https://doi.org/10.1016/j.apenergy.2017.09.113
https://doi.org/10.1016/j.apenergy.2017.09.113
https://doi.org/10.3389/fsufs.2021.659175
https://doi.org/10.3389/fsufs.2021.659175


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  11 

  https://www.grpublishing.org/journals/index.php/gmj 

[7] Zheng J, et al. Increasing the comprehensive economic benefits of farmland with even-lighting agrivoltaic 
systems. PLoS One Jul. 2021;16(7):e0254482. https://doi.org/10.1371/journal.pone.0254482. 

[8] Reher T, et al. Potential of sugar beet (beta vulgaris) and wheat (Triticum aestivum) production in vertical 
bifacial, tracked, or elevated agrivoltaic systems in Belgium. Appl Energy Apr. 2024;359:122679. 
https://doi.org/10.1016/j.apenergy.2024.122679. 

[9] Macknick J, et al. The 5 Cs of agrivoltaic success factors in the United States: lessons from the InSPIRE 
research study [Online]. Available: https://www.nrel.gov/docs/fy22osti/83566.pdf; 2022. 

[10] Kumpanalaisatit M, Setthapun W, Sintuya H, Pattiya A, Jansri SN. Current status of agrivoltaic systems and 
their benefits to energy, food, environment, economy, and society. Sustain Prod Consum Sep. 2022;33:952–63. 
https://doi.org/10.1016/j.spc.2022.08.013. 

[11] Al Mamun MA, Dargusch P, Wadley D, Zulkarnain NA, Aziz AA. A review of research on agrivoltaic systems. 
Renew Sustain Energy Rev Jun. 2022;161:112351. https://doi.org/10.1016/j.rser.2022.112351. 

[12] Hernandez RR, et al. Techno–ecological synergies of solar energy for global sustainability. Nat Sustain Jul. 
2019;2(7):560–8. https://doi.org/10.1038/s41893-019-0309-z. 

[13] Sarr A, Soro YM, Tossa AK, Diop L. Agrivoltaic, a synergistic Co-Location of agricultural and energy 
production in perpetual mutation: a comprehensive review. Processes Mar. 2023;11(3):948. 
https://doi.org/10.3390/pr11030948. 

[14] Toledo C, Scognamiglio A. Agrivoltaic systems design and assessment: a critical review, and a descriptive 
model towards a sustainable landscape vision (ThreeDimensional agrivoltaic patterns). Sustainability Jun. 
2021;13(12):6871. https://doi.org/10.3390/su13126871. 

[15] Trommsdorff M, Dhal IS, Ozdemir ¨ OE, ¨ Ketzer D, Weinberger N, Rosch ¨ C. Agrivoltaics: solar power 
generation and food production. In: Solar energy advancements in agriculture and food production systems. 
Elsevier; 2022. p. 159–210. https://doi.org/10.1016/B978-0-323-89866-9.00012-2. 

[16] Walston LJ, et al. Opportunities for agrivoltaic systems to achieve synergistic food-energy-environmental 
needs and address sustainability goals. Front Sustain Food Syst 2022;6(Sep). 
https://doi.org/10.3389/fsufs.2022.932018. 

[17] Cagle AE, Shepherd M, Grodsky SM, Armstrong A, Jordaan SM, Hernandez RR. Standardized metrics to 
quantify solar energy-land relationships: a global systematic review. Front Sustain 2023;3(Feb). 
https://doi.org/10.3389/frsus.2022.1035705. 

[18] Page MJ, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 
Mar. 2021:n71. https://doi.org/10.1136/bmj.n71. 

[19] Vidotto LC, Schneider K, Morato RW, do Nascimento LR, Rüther R. An evaluation of the potential of 
agrivoltaic systems in Brazil. Appl Energy Apr. 2024;360:122782. 

https://doi.org/10.1371/journal.pone.0254482
https://doi.org/10.1016/j.apenergy.2024.122679
https://www.nrel.gov/docs/fy22osti/83566.pdf
https://doi.org/10.1016/j.spc.2022.08.013
https://doi.org/10.1016/j.spc.2022.08.013
https://doi.org/10.1016/j.rser.2022.112351
https://doi.org/10.1016/j.rser.2022.112351
https://doi.org/10.1038/s41893-019-0309-z
https://doi.org/10.1038/s41893-019-0309-z
https://doi.org/10.3390/pr11030948
https://doi.org/10.3390/pr11030948
https://doi.org/10.3390/su13126871
https://doi.org/10.3390/su13126871
https://doi.org/10.1016/B978-0-323-89866-9.00012-2
https://doi.org/10.1016/B978-0-323-89866-9.00012-2
https://doi.org/10.3389/fsufs.2022.932018
https://doi.org/10.3389/fsufs.2022.932018
https://doi.org/10.3389/frsus.2022.1035705
https://doi.org/10.3389/frsus.2022.1035705
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  12 

  https://www.grpublishing.org/journals/index.php/gmj 

https://doi.org/10.1016/j.apenergy.2024.122782. 

[20] Cinderby S, Parkhill KA, Langford S, Muhoza C. Harnessing the sun for agriculture: pathways to the 
successful expansion of Agrivoltaic systems in East Africa. Energy Res Social Sci Oct. 2024;116:103657. 
https://doi.org/10.1016/j.erss.2024.103657. 

[21] Li Z, et al. Sustainable phytoextraction of metal-polluted agricultural land used for commercial photovoltaic 
power generation. J Clean Prod Mar. 2023;391:136093. https://doi.org/10.1016/j.jclepro.2023.136093. 

[22] AL-agele HA, Proctor K, Murthy G, Higgins C. A case study of tomato (Solanum lycopersicon var. legend) 
production and water productivity in Agrivoltaic systems. Sustainability Mar. 2021;13(5):2850. 
https://doi.org/10.3390/su13052850. 

[23] Dupraz C. Assessment of the ground coverage ratio of agrivoltaic systems as a proxy for potential crop 
productivity. Agrofor Syst Dec. 2024;98(8):2679–96. https://doi.org/10.1007/s10457-023-00906-3. 

[24] Braga DS, Kazmerski LL, Cassini DA, Camatta V, Diniz ASAC. Performance of bifacial PV modules under 
different operating conditions in the state of Minas Gerais, Brazil. Renew Energy Environ Sustain Nov. 2023;8:23. 
https://doi.org/10.1051/rees/2023021. 

[25] Ma Lu S, et al. Wavelength-selective solar photovoltaic systems to enhance spectral sharing of sunlight in 
agrivoltaics. Joule Sep. 2024;8(9):2483–522. https://doi.org/10.1016/j.joule.2024.08.006. 

[26] Widmer J, Christ B, Grenz J, Norgrove L. Agrivoltaics, a promising new tool for electricity and food 
production: a systematic review. Renew Sustain Energy Rev Mar. 2024;192:114277. 
https://doi.org/10.1016/j.rser.2023.114277. 

[27] Zhang W, et al. Agricultural friendly single-axis dynamic agrivoltaics: simulations, experiments and a large-
scale application for Chinese solar greenhouses. Appl Energy Nov. 2024;374:123891. 
https://doi.org/10.1016/j.apenergy.2024.123891. 

[28] Lopez G, et al. Agrivoltaic systems: an innovative technique to protect fruit trees from climate change. Acta 
Hortic Apr. 2023;(1366):173–86. https://doi.org/10.17660/ActaHortic.2023.1366.20. 

[29] Carvalho Fonsˆeca V de F, et al. Shade of solar panels relieves heat load of sheep. Appl Anim Behav Sci Aug. 
2023;265:105998. https://doi.org/10.1016/j.applanim.2023.105998. 

[30] Faria AFPA, et al. Use of solar panels for shade for holstein heifers. Animals Jan. 2023;13(3):329. 
https://doi.org/10.3390/ani13030329. 

[31] Schindele S, et al. Implementation of agrophotovoltaics: techno-economic analysis of the price-performance 
ratio and its policy implications. Appl Energy May 2020;265:114737. 
https://doi.org/10.1016/j.apenergy.2020.114737. 

[32] Campana PE, Stridh B, Amaducci S, Colauzzi M. Optimisation of vertically mounted agrivoltaic systems. J 

https://doi.org/10.1016/j.apenergy.2024.122782
https://doi.org/10.1016/j.apenergy.2024.122782
https://doi.org/10.1016/j.erss.2024.103657
https://doi.org/10.1016/j.jclepro.2023.136093
https://doi.org/10.3390/su13052850
https://doi.org/10.1007/s10457-023-00906-3
https://doi.org/10.1007/s10457-023-00906-3
https://www.google.com/search?q=https://doi.org/10.1051/rees/2023021
https://www.google.com/search?q=https://doi.org/10.1051/rees/2023021
https://doi.org/10.1016/j.joule.2024.08.006
https://doi.org/10.1016/j.joule.2024.08.006
https://doi.org/10.1016/j.rser.2023.114277
https://doi.org/10.1016/j.rser.2023.114277
https://www.google.com/search?q=https://doi.org/10.1016/j.apenergy.2024.123891
https://www.google.com/search?q=https://doi.org/10.1016/j.apenergy.2024.123891
https://www.google.com/search?q=https://doi.org/10.17660/ActaHortic.2023.1366.20
https://www.google.com/search?q=https://doi.org/10.17660/ActaHortic.2023.1366.20
https://www.google.com/search?q=https://doi.org/10.1016/j.applanim.2023.105998
https://www.google.com/search?q=https://doi.org/10.1016/j.applanim.2023.105998
https://doi.org/10.3390/ani13030329
https://doi.org/10.3390/ani13030329
https://doi.org/10.1016/j.apenergy.2020.114737
https://doi.org/10.1016/j.apenergy.2020.114737


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  13 

  https://www.grpublishing.org/journals/index.php/gmj 

Clean Prod Nov. 2021;325:129091. https://doi.org/10.1016/j.jclepro.2021.129091. 

[33] Luo J, Luo Z, Li W, Shi W, Sui X. The early effects of an agrivoltaic system within a different crop cultivation 
on soil quality in dry–hot valley eco-fragile areas. Agronomy Mar. 2024;14(3):584. 
https://doi.org/10.3390/agronomy14030584. 

[34] Kumpanalaisatit M, Setthapun W, Sintuya H, Jansri SN. Efficiency improvement of ground-mounted solar 
power generation in agrivoltaic system by cultivation of Bok Choy (Brassica rapa subsp. chinensis L.) under the 
panels. Int J Renew Energy Dev Feb. 2022;11(1):103–10. https://doi.org/10.14710/ijred.2022.41116. 

[35] Choi CS, Macknick J, McCall J, Bertel R, Ravi S. Multi-year analysis of physical interactions between solar PV 
arrays and underlying soil-plant complex in vegetated utility-scale systems. Appl Energy Jul. 2024;365:123227. 
https://doi.org/10.1016/j.apenergy.2024.123227. 

[36] Teng JWC, Soh CB, Devihosur SC, Tay RHS, Jusuf SK. Effects of agrivoltaic systems on the surrounding 
rooftop microclimate. Sustainability Jun. 2022;14(12):7089. https://doi.org/10.3390/su14127089. 

[37] Rodriguez-Pastor DA, Ildefonso-Sanchez AF, Soltero VM, Peralta ME, Chacartegui R. A new predictive model 
for the design and evaluation of bifacial photovoltaic plants under the influence of vegetation soils. J Clean Prod 
Jan. 2023;385:135701. https://doi.org/10.1016/j.jclepro.2022.135701. 

[38] Waghmare RM, Jilte R, Joshi S. Performance analysis of Agrophotovoltaic systems with Solanum 
lycopersicum crops. Mater Today Proc 2023;72:1284–9. https://doi.org/10.1016/j.matpr.2022.09.300. 

[39] Barron-Gafford GA, et al. Agrivoltaics provide mutual benefits across the food–energy–water nexus in 
drylands. Nat Sustain Sep. 2019;2(9):848–55. https://doi.org/10.1038/s41893-019-0364-5. 

[40] Willockx B, Reher T, Lavaert C, Herteleer B, Van de Poel B, Cappelle J. Design and evaluation of an agrivoltaic 
system for a pear orchard. Appl Energy Jan. 2024;353:122166. 
https://doi.org/10.1016/j.apenergy.2023.122166. 

[41] Ramos-Fuentes IA, Elamri Y, Cheviron B, Dejean C, Belaud G, Fumey D. Effects of shade and deficit irrigation 
on maize growth and development in fixed and dynamic AgriVoltaic systems. Agric Water Manag Apr. 
2023;280:108187. https://doi.org/10.1016/j.agwat.2023.108187. 

[42] Zainali S, et al. Computational fluid dynamics modelling of microclimate for a vertical agrivoltaic system. 
Energy Nexus Mar. 2023;9:100173. https://doi.org/10.1016/j.nexus.2023.100173. 

[43] Marrou H, Dufour L, Wery J. How does a shelter of solar panels influence water flows in a soil–crop system? 
Eur J Agron Oct. 2013;50:38–51. https://doi.org/10.1016/j.eja.2013.05.004. 

[44] Hassanpour Adeh E, Selker JS, Higgins CW. Remarkable agrivoltaic influence on soil moisture, 
micrometeorology and water-use efficiency. PLoS One Nov. 2018;13(11):e0203256. 
https://doi.org/10.1371/journal.pone.0203256. 

https://www.google.com/search?q=https://doi.org/10.1016/j.jclepro.2021.129091
https://www.google.com/search?q=https://doi.org/10.1016/j.jclepro.2021.129091
https://doi.org/10.3390/agronomy14030584
https://doi.org/10.14710/ijred.2022.41116
https://www.google.com/search?q=https://doi.org/10.1016/j.apenergy.2024.123227
https://www.google.com/search?q=https://doi.org/10.1016/j.apenergy.2024.123227
https://doi.org/10.3390/su14127089
https://doi.org/10.3390/su14127089
https://doi.org/10.1016/j.jclepro.2022.135701
https://doi.org/10.1016/j.jclepro.2022.135701
https://doi.org/10.1016/j.matpr.2022.09.300
https://doi.org/10.1016/j.matpr.2022.09.300
https://doi.org/10.1038/s41893-019-0364-5
https://doi.org/10.1038/s41893-019-0364-5
https://doi.org/10.1016/j.apenergy.2023.122166
https://doi.org/10.1016/j.apenergy.2023.122166
https://doi.org/10.1016/j.agwat.2023.108187
https://doi.org/10.1016/j.agwat.2023.108187
https://www.google.com/search?q=https://doi.org/10.1016/j.nexus.2023.100173
https://www.google.com/search?q=https://doi.org/10.1016/j.nexus.2023.100173
https://doi.org/10.1016/j.eja.2013.05.004
https://doi.org/10.1016/j.eja.2013.05.004
https://doi.org/10.1371/journal.pone.0203256
https://doi.org/10.1371/journal.pone.0203256


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  14 

  https://www.grpublishing.org/journals/index.php/gmj 

[45] Weselek A, Bauerle A, Zikeli S, Lewandowski I, Hogy ¨ P. Effects on crop development, yields and chemical 
composition of celeriac (Apium graveolens L. var. rapaceum) cultivated underneath an agrivoltaic system. 
Agronomy Apr. 2021;11(4):733. https://doi.org/10.3390/agronomy11040733. 

[46] Jiang S, et al. Effects of different photovoltaic shading levels on kiwifruit growth, yield and water 
productivity under ‘agrivoltaic’ system in Southwest China. Agric Water Manag Jul. 2022;269:107675. 
https://doi.org/10.1016/j.agwat.2022.107675. 

[47] Min SY, Kim BM, Yun HK, Jung JH, Oh W. Effects of environmental changes by an agrivoltaic system on 
growth and quality characteristics of Kimchi cabbage. J People, Plants, Environ Dec. 2022;25(6):659–67. 
https://doi.org/10.11628/ksppe.2022.25.6.659. 

[48] Othman NF, et al. Advancement in agriculture approaches with agrivoltaics natural cooling in large scale 
solar PV farms. Agriculture Apr. 2023;13(4):854. https://doi.org/10.3390/agriculture13040854. 

[49] Fagnano M, et al. Effects of a photovoltaic plant on microclimate and crops’ growth in a mediterranean area. 
Agronomy 2024;14(3):466. https://doi.org/10.3390/agronomy14030466. 

[50] Marrou H, Guilioni L, Dufour L, Dupraz C, Wery J. Microclimate under agrivoltaic systems: is crop growth 
rate affected in the partial shade of solar panels? Agric For Meteorol Aug. 2013;177:117–32. 
https://doi.org/10.1016/j.agrformet.2013.04.012. 

[51] Ferrara G, Boselli M, Palasciano M, Mazzeo A. Effect of shading determined by photovoltaic panels installed 
above the vines on the performance of cv. Corvina (Vitis vinifera L.). Sci Hortic Jan. 2023;308:111595. 
https://doi.org/10.1016/j.scienta.2022.111595. 

[52] Gonocruz RA, et al. Analysis of the rice yield under an agrivoltaic system: a case study in Japan. 
Environments Jul. 2021;8(7):65. https://doi.org/10.3390/environments8070065. 

[53] Edouard S, Combes D, Van Iseghem M, Ng Wing Tin M, Escobar-Guti´errez AJ. Increasing land productivity 
with agriphotovoltaics: application to an alfalfa field. Appl Energy Jan. 2023;329:120207. 
https://doi.org/10.1016/j.apenergy.2022.120207. 

[54] Hickey T, Uchanski M, Bousselot J. Vegetable crop growth under photovoltaic (PV) modules of varying 
transparencies. Heliyon Aug. 2024;10(16):e36058. https://doi.org/10.1016/j.heliyon.2024.e36058. 

[55] Akbar A, ibne Mahmood F, Alam H, Aziz F, Bashir K, Zafar Butt N. Field assessment of vertical bifacial 
agrivoltaics with vegetable production: a case study in lahore, Pakistan. Renew Energy Jun. 2024;227:120513. 
https://doi.org/10.1016/j.renene.2024.120513. 

[56] Kirimura M, et al. Effects of agrivoltaics (photovoltaic power generation facilities on farmland) on growing 
condition and yield of Komatsuna, Mizuna, Kabu, and spinach. Environ Control Biol Apr. 2022;60(2):117–27. 
https://doi.org/10.2525/ecb.60.117. 

[57] Willockx Brecht, Herteleer Bert, Cappelle Jan. Combining photovoltaic modules and food crops: first 

https://doi.org/10.3390/agronomy11040733
https://doi.org/10.1016/j.agwat.2022.107675
https://www.google.com/search?q=https://doi.org/10.11628/ksppe.2022.25.6.659
https://doi.org/10.3390/agriculture13040854
https://doi.org/10.3390/agriculture13040854
https://doi.org/10.3390/agronomy14030466
https://doi.org/10.3390/agronomy14030466
https://doi.org/10.1016/j.agrformet.2013.04.012
https://doi.org/10.1016/j.agrformet.2013.04.012
https://doi.org/10.1016/j.scienta.2022.111595
https://doi.org/10.1016/j.scienta.2022.111595
https://doi.org/10.3390/environments8070065
https://doi.org/10.3390/environments8070065
https://doi.org/10.1016/j.apenergy.2022.120207
https://doi.org/10.1016/j.apenergy.2022.120207
https://doi.org/10.1016/j.heliyon.2024.e36058
https://doi.org/10.1016/j.heliyon.2024.e36058
https://www.google.com/search?q=https://doi.org/10.1016/j.renene.2024.120513
https://www.google.com/search?q=https://doi.org/10.1016/j.renene.2024.120513
https://www.google.com/search?q=https://doi.org/10.2525/ecb.60.117
https://www.google.com/search?q=https://doi.org/10.2525/ecb.60.117


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  15 

  https://www.grpublishing.org/journals/index.php/gmj 

agrovoltaic prototype in Belgium. RE&PQJ Jan. 2020;18(3). https://doi.org/10.24084/repqj18.291. 

[58] Giri NC, Mohanty RC. Agrivoltaic system: experimental analysis for enhancing land productivity and 
revenue of farmers. Energy Sustain Dev Oct. 2022;70:54–61. https://doi.org/10.1016/j.esd.2022.07.003. 

[59] Weselek A, Bauerle A, Hartung J, Zikeli S, Lewandowski I, Hogy ¨ P. Agrivoltaic system impacts on 
microclimate and yield of different crops within an organic crop rotation in a temperate climate. Agron Sustain 
Dev Oct. 2021;41(5):59. https://doi.org/10.1007/s13593-021-00714-y. 

[60] Juillion P, Lopez G, Fumey D, Lesniak V, G´enard M, Vercambre G. Shading apple trees with an agrivoltaic 
system: impact on water relations, leaf morphophysiological characteristics and yield determinants. Sci Hortic 
Dec. 2022;306:111434. https://doi.org/10.1016/j.scienta.2022.111434. 

[61] Uchanski M, Hickey T, Bousselot J, Barth KL. Characterization of agrivoltaic crop environment conditions 
using opaque and thin-film semi-transparent modules. Energies Mar. 2023;16(7):3012. 
https://doi.org/10.3390/en16073012. 

[62] Disciglio G, Frabboni L, Tarantino A, Stasi A. Association between dynamic agrivoltaic system and 
cultivation: viability, yields and qualitative assessment of medical plants. Sustainability Nov. 
2023;15(23):16252. https://doi.org/10.3390/su152316252. 

[63] Giri NC, Mohanty RC. Turmeric crop farming potential under Agrivoltaic system over open field practice in 
Odisha, India. Environ Dev Sustain May 2024. https://doi.org/10.1007/s10668-024-05086-3. 

[64] Savalle–Gloire N, et al. Transient shading in agrivoltaic greenhouses: its impact on growth, architecture, and 
dry matter accumulation and partition in tomato plants. J Hortic Sci Biotechnol Jan. 2025;100(1):138–51. 
https://doi.org/10.1080/14620316.2024.2371593. 

[65] Ali Abaker Omer A, et al. Water evaporation reduction by the agrivoltaic systems development. Sol Energy 
Nov. 2022;247:13–23. https://doi.org/10.1016/j.solener.2022.10.022. 

[66] Patel UR, Gadhiya GA, Chauhan PM. Techno-economic analysis of agrivoltaic system for affordable and clean 
energy with food production in India. Clean Technol Environ Policy Jul. 2024;26(7):2117–35. 
https://doi.org/10.1007/s10098-023-02690-1. 

[67] Zhang Z, et al. Spectral-splitting concentrator agrivoltaics for higher hybrid solar energy conversion 
efficiency. Energy Convers Manag Jan. 2023;276:116567. https://doi.org/10.1016/j.enconman.2022.116567. 

[68] Teitel M, et al. Effects of organic photovoltaic modules installed inside greenhouses on microclimate and 
plants. Biosyst Eng Aug. 2023;232:81–96. https://doi.org/10.1016/j.biosystemseng.2023.06.012. 

[69] Scarano A, et al. Effects of the agrivoltaic system on crop production: the case of tomato (Solanum 
lycopersicum L.). Appl Sci Apr. 2024;14(7):3095. https://doi.org/10.3390/app14073095. 

[70] Semeraro T, et al. Shading effects in agrivoltaic systems can make the difference in boosting food security 

https://doi.org/10.24084/repqj18.291
https://doi.org/10.24084/repqj18.291
https://doi.org/10.1016/j.esd.2022.07.003
https://doi.org/10.1007/s13593-021-00714-y
https://doi.org/10.1016/j.scienta.2022.111434
https://doi.org/10.3390/en16073012
https://doi.org/10.3390/en16073012
https://doi.org/10.3390/su152316252
https://doi.org/10.3390/su152316252
https://www.google.com/search?q=https://doi.org/10.1007/s10668-024-05086-3
https://www.google.com/search?q=https://doi.org/10.1007/s10668-024-05086-3
https://www.google.com/search?q=https://doi.org/10.1080/14620316.2024.2371593
https://www.google.com/search?q=https://doi.org/10.1080/14620316.2024.2371593
https://doi.org/10.1016/j.solener.2022.10.022
https://doi.org/10.1016/j.solener.2022.10.022
https://www.google.com/search?q=https://doi.org/10.1007/s10098-023-02690-1
https://www.google.com/search?q=https://doi.org/10.1007/s10098-023-02690-1
https://doi.org/10.1016/j.enconman.2022.116567
https://doi.org/10.1016/j.enconman.2022.116567
https://doi.org/10.1016/j.biosystemseng.2023.06.012
https://doi.org/10.1016/j.biosystemseng.2023.06.012
https://doi.org/10.3390/app14073095
https://doi.org/10.3390/app14073095


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  16 

  https://www.grpublishing.org/journals/index.php/gmj 

in climate change. Appl Energy Mar. 2024;358:122565. https://doi.org/10.1016/j.apenergy.2023.122565. 

[71] Graham M, et al. Partial shading by solar panels delays bloom, increases floral abundance during the late-
season for pollinators in a dryland, agrivoltaic ecosystem. Sci Rep Apr. 2021;11(1):7452. 
https://doi.org/10.1038/s41598-021-86756-4. 

[72] Al Mamun MA, Garba II, Campbell S, Dargusch P, DeVoil P, Aziz AA. Biomass production of a sub-tropical 
grass under different photovoltaic installations using different grazing strategies. Agric Syst May 
2023;208:103662. https://doi.org/10.1016/j.agsy.2023.103662. 

[73] Giri NC, Mohanty RC, Pradhan RC, Abdullah S, Ghosh U, Mukherjee A. Agrivoltaic system for energy-food 
production: a symbiotic approach on strategy, modelling, and optimization. Sustain Comput Informatics Syst 
Dec. 2023;40:100915. https://doi.org/10.1016/j.suscom.2023.100915. 

[74] Cho J, Park SM, Park AR, Lee OC, Nam G, Ra I-H. Application of photovoltaic systems for agriculture: a study 
on the relationship between power generation and farming for the improvement of photovoltaic applications in 
agriculture. Energies Sep. 2020;13(18):4815. https://doi.org/10.3390/en13184815. 

[75] NREL. System advisor ModelTM version 2023.12.17 user documentation CEC module database. Golden, 
Colorado, USA 2023 [Online]. Available: https://sam.nrel.gov/. 

[76] Fraunhofer Institute. Photovoltaics report [Online]. Available: 
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-
Report.pdf. [Accessed 3 December 2024]. 

[77] King JA, Boyson DL, Kratochvil WE. Photovoltaic array performance model. Albuquerque, New Mexico; 2004 
[Online]. Available: https://energy.sandia.gov/wp-content/gallery/uploads/SAND-2004_PV-Performance-A 

[78] WMO. Guide to meteorological instruments and methods of observation. Geneva, Switzerland, 
https://community.wmo.int/en/activity-areas/imop/wmo-no_8; 2008. 

[79] Williams HJ, Hashad K, Wang H, Max Zhang K. The potential for agrivoltaics to enhance solar farm cooling. 
Appl Energy Feb. 2023;332:120478. https://doi.org/10.1016/j.apenergy.2022.120478. 

[80] Marion B, et al. Performance parameters for grid-connected PV systems. In: Conference record of the thirty-
first IEEE photovoltaic specialists conference, 2005. IEEE; 2005. p. 1601–6. 
https://doi.org/10.1109/PVSC.2005.1488451. 

[81] Aurora. Understanding PV system losses, part 1: nameplate, mismatch, and LID losses. 
https://aurorasolar.com/blog/understanding-pv-system-losses-part-1/. [Accessed 21 November 2024]. 

[82] Gnayem N, et al. Examining the effect of different photovoltaic modules on cucumber crops in a greenhouse 
agrivoltaic system: a case study. Biosyst Eng May 2024;241:83–94. 
https://doi.org/10.1016/j.biosystemseng.2024.03.012. 

https://doi.org/10.1016/j.apenergy.2023.122565
https://doi.org/10.1016/j.apenergy.2023.122565
https://doi.org/10.1038/s41598-021-86756-4
https://www.google.com/search?q=https://doi.org/10.1016/j.agsy.2023.103662
https://doi.org/10.1016/j.suscom.2023.100915
https://doi.org/10.1016/j.suscom.2023.100915
https://doi.org/10.3390/en13184815
https://doi.org/10.3390/en13184815
https://sam.nrel.gov/
https://sam.nrel.gov/
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
https://www.google.com/search?q=https://energy.sandia.gov/wp-content/gallery/uploads/SAND-2004_PV-Performance-A
https://www.google.com/search?q=https://energy.sandia.gov/wp-content/gallery/uploads/SAND-2004_PV-Performance-A
https://community.wmo.int/en/activity-areas/imop/wmo-no_8
https://community.wmo.int/en/activity-areas/imop/wmo-no_8
https://doi.org/10.1016/j.apenergy.2022.120478
https://doi.org/10.1016/j.apenergy.2022.120478
https://doi.org/10.1109/PVSC.2005.1488451
https://doi.org/10.1109/PVSC.2005.1488451
https://aurorasolar.com/blog/understanding-pv-system-losses-part-1/
https://aurorasolar.com/blog/understanding-pv-system-losses-part-1/
https://doi.org/10.1016/j.biosystemseng.2024.03.012
https://doi.org/10.1016/j.biosystemseng.2024.03.012


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  17 

  https://www.grpublishing.org/journals/index.php/gmj 

[83] Mohammedi S, Dragonetti G, Admane N, Fouial A. The impact of agrivoltaic systems on tomato crop: a case 
study in southern Italy. Processes Dec. 2023;11(12):3370. https://doi.org/10.3390/pr11123370. 

[84] Sturchio MA, Kannenberg SA, Knapp AK. Agrivoltaic arrays can maintain semiarid grassland productivity 
and extend the seasonality of forage quality. Appl Energy Feb. 2024;356:122418. 
https://doi.org/10.1016/j.apenergy.2023.122418. 

[85] Dal Pr`a A, et al. Determination of feed yield and quality parameters of whole crop durum wheat (Triticum 
durum Desf.) biomass under agrivoltaic system. Agrofor Syst Dec. 2024;98(8):2861–73. 
https://doi.org/10.1007/s10457-024-00979-8. 

[86] Potenza E, Croci M, Colauzzi M, Amaducci S. Agrivoltaic system and modelling simulation: a case study of 
soybean (Glycine max L.) in Italy. Horticulturae Dec. 2022;8(12):1160. 
https://doi.org/10.3390/horticulturae8121160. 

[87] Varo Martínez M, Fern´andez de Ahumada LM, Fuentes García M, Fernandez García P, Casares de la Torre 
F, Lopez-Luque ´ R. Characterization of an experimental agrivoltaic installation located in a educational centre 
for farmers in Cordoba (Spain). RE&PQJ Dec. 2023;20(1). https://doi.org/10.24084/repqj20.236.1 

[88] Prakash V, et al. Shading and PAR under different density agrivoltaic systems, their simulation and effect 
on wheat productivity. Eur J Agron Sep. 2023;149:126922. https://doi.org/10.1016/j.eja.2023.1269222. 

[89] Gupta V, et al. Optimizing corn agrivoltaic farming through farm-scale experimentation and modeling. Cell 
Reports Sustain Jul. 2024;1(7):100148. https://doi.org/10.1016/j.crsus.2024.100148. 

[90] Janota L, V´avrov´a K, Weger J, Kn´apek J, Kr´alík T. Complex methodology for optimizing local energy supply 
and overall resilience of rural areas: a case study of Agrovoltaic system with Miscanthus x giganteus plantation 
within the energy community in the Czech Republic. Renew Energy Aug. 2023;212:738–50. 
https://doi.org/10.1016/j.renene.2023.05.077. 

[91] Sharpe KT, Heins BJ, Buchanan ES, Reese MH. Evaluation of solar photovoltaic systems to shade cows in a 
pasture-based dairy herd. J Dairy Sci Mar. 2021;104(3):2794–806. https://doi.org/10.3168/jds.2020-18821. 

[92] Kampherbeek EW, et al. A preliminary investigation of the effect of solar panels and rotation frequency on 
the grazing behavior of sheep (Ovis aries) grazing dormant pasture. Appl Anim Behav Sci Jan. 2023;258:105799. 
https://doi.org/10.1016/j.applanim.2022.105799. 

[93] Mathur S, Jain L, Jajoo A. Photosynthetic efficiency in sun and shade plants. Photosynthetica Mar. 
2018;56(SPECIAL ISSUE):354–65. https://doi.org/10.1007/s11099-018-0767-y. 

[94] Wu A, et al. Contrasting leaf-scale photosynthetic low-light response and its temperature dependency are 
key to differences in crop-scale radiation use efficiency. New Phytol Mar. 2024;241(6):2435–47. 
https://doi.org/10.1111/nph.19537. 

[95] Sturchio MA, et al. Grassland productivity responds unexpectedly to dynamic light and soil water 

https://doi.org/10.3390/pr11123370
https://www.google.com/search?q=https://doi.org/10.1016/j.apenergy.2023.122418
https://doi.org/10.1007/s10457-024-00979-8
https://doi.org/10.3390/horticulturae8121160
https://doi.org/10.3390/horticulturae8121160
https://www.google.com/search?q=https://doi.org/10.24084/repqj20.236
https://www.google.com/search?q=https://doi.org/10.24084/repqj20.236
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.1016/j.crsus.2024.100148
https://doi.org/10.1016/j.crsus.2024.100148
https://doi.org/10.1016/j.renene.2023.05.077
https://doi.org/10.1016/j.renene.2023.05.077
https://doi.org/10.3168/jds.2020-18821
https://doi.org/10.3168/jds.2020-18821
https://doi.org/10.1016/j.applanim.2022.105799
https://doi.org/10.1016/j.applanim.2022.105799
https://doi.org/10.1007/s11099-018-0767-y
https://doi.org/10.1007/s11099-018-0767-y
https://www.google.com/search?q=https://doi.org/10.1111/nph.19537
https://www.google.com/search?q=https://doi.org/10.1111/nph.19537


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  18 

  https://www.grpublishing.org/journals/index.php/gmj 

environments induced by photovoltaic arrays. Ecosphere Dec. 2022;13(12). 
https://doi.org/10.1002/ecs2.4334. 

[96] Choi CS, Cagle AE, Macknick J, Bloom DE, Caplan JS, Ravi S. Effects of revegetation on soil physical and 
chemical properties in solar photovoltaic infrastructure. Front Environ Sci Aug. 2020;8. 
https://doi.org/10.3389/fenvs.2020.00140. 

[97] Lambert Q, Bischoff A, Cueff S, Cluchier A, Gros R. Effects of solar park construction and solar panels on soil 
quality, microclimate, CO2 effluxes, and vegetation under a Mediterranean climate. L Degrad De Dec. 
2021;32(18):5190–202. https://doi.org/10.1002/ldr.4101. 

[98] Li T, Lu L, Kang Z, Li H, Wu J, Du W. Contrasting responses of soil bacterial and fungal networks to 
photovoltaic power station. Front Microbiol 2024;15(Dec). https://doi.org/10.3389/fmicb.2024.1494681. 

[99] Moscatelli MC, Marabottini R, Massaccesi L, Marinari S. Soil properties changes after seven years of ground 
mounted photovoltaic panels in Central Italy coastal area. Geoderma Reg Jun. 2022;29:e00500. 
https://doi.org/10.1016/j.geodrs.2022.e00500. 

[100] Karlen DL, Mausbach MJ, Doran JW, Cline RG, Harris RF, Schuman GE. Soil quality: a concept, definition, 
and framework for evaluation (A guest editorial). Soil Sci Soc Am J Jan. 1997;61(1):4–10. 
https://doi.org/10.2136/sssaj1997.03615995006100010001x. 

[101] Dupraz C, Marrou H, Talbot G, Dufour L, Nogier A, Ferard Y. Combining solar photovoltaic panels and food 
crops for optimising land use: towards new agrivoltaic schemes. Renew Energy Oct. 2011;36(10):2725–32. 
https://doi.org/10.1016/j.renene.2011.03.005. 

[102] Cossu M, Tiloca MT, Cossu A, Deligios PA, Pala T, Ledda L. Increasing the agricultural sustainability of 
closed agrivoltaic systems with the integration of vertical farming: a case study on baby-leaf lettuce. Appl Energy 
Aug. 2023;344:121278. https://doi.org/10.1016/j.apenergy.2023.121278. 

[103] Di Francia G, Cupo P. A cost–benefit analysis for utility-scale agrivoltaic implementation in Italy. Energies 
Mar. 2023;16(7):2991. https://doi.org/10.3390/en16072991. 

[104] Française R´epublique. Arrˆet´e du 5 juillet 2024 relatif au d´eveloppement de l’agrivoltaïsme et aux 
conditions d’implantation des installations photovoltaïques sur terrains agricoles, naturels ouforestiers. 2024 
[Online]. Available: https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000049891545. 

[105] DIN. DIN SPEC 91434:2021-05 agri-photovoltaic systems - requirements for primary agricultural use. 
Technical rule. Deutsches Institut für Normung; 2021 [Online]. Available: 
https://www.dinmedia.de/en/technical-rule/din-spec-91434/337886742. 

[106] Feltran-Barbieri R, F´eres JG. Degraded pastures in Brazil: improving livestock production and forest 
restoration. R Soc Open Sci Jul. 2021;8(7):201854. https://doi.org/10.1098/rsos.201854. 

[107] ABSOLAR. Energia solar Fotovoltaica no Brasil – Inforgafico ´ ABSOLAR [Online]. Available: 

https://doi.org/10.1002/ecs2.4334
https://doi.org/10.3389/fenvs.2020.00140
https://doi.org/10.1002/ldr.4101
https://doi.org/10.3389/fmicb.2024.1494681
https://doi.org/10.3389/fmicb.2024.1494681
https://doi.org/10.1016/j.geodrs.2022.e00500
https://doi.org/10.1016/j.geodrs.2022.e00500
https://doi.org/10.2136/sssaj1997.03615995006100010001x
https://doi.org/10.2136/sssaj1997.03615995006100010001x
https://doi.org/10.1016/j.renene.2011.03.005
https://doi.org/10.1016/j.renene.2011.03.005
https://doi.org/10.1016/j.apenergy.2023.121278
https://doi.org/10.1016/j.apenergy.2023.121278
https://doi.org/10.3390/en16072991
https://doi.org/10.3390/en16072991
https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000049891545
https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000049891545
https://www.dinmedia.de/en/technical-rule/din-spec-91434/337886742
https://www.dinmedia.de/en/technical-rule/din-spec-91434/337886742
https://doi.org/10.1098/rsos.201854
https://doi.org/10.1098/rsos.201854


Global Multidisciplinary Journal  
   eISSN: 2791-173X pISSN: 2791-2760 
 
   VOLUME04 ISSUE10 
   Published 01-10-2025                                                                                                                                                                         Page No. 1-19 

 

 
 

 

Global Multidisciplinary Journal  19 

  https://www.grpublishing.org/journals/index.php/gmj 

https://www.absolar.org.br/mercado/infografico/. [Accessed 16 January 2025]. 

[108] Pandey G, Lyden S, Franklin E, Harrison MT. Agrivoltaics as an SDG enabler: trade-offs and co-benefits for 
food security, energy generation and emissions mitigation. Resour Environ Sustain Mar. 2025;19:100186. 
https://doi.org/10.1016/j.resenv.2024.100186. 

 

  

 

https://www.absolar.org.br/mercado/infografico/
https://www.absolar.org.br/mercado/infografico/
https://www.google.com/search?q=https://doi.org/10.1016/j.resenv.2024.100186

