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Abstract

Agrivoltaic systems represent an integrated approach to simultaneous agricultural production and
photovoltaic energy generation, aiming to optimize land use under increasing climate and energy
pressures. This study conducts a comprehensive bibliometric analysis of the agrivoltaics literature to
identify research trends, thematic structures, and knowledge gaps. A structured search was
performed in the Web of Science, Scopus, and PubMed databases, covering all publications up to
December 2025. After data cleaning, 1,271 documents were analyzed using Python-based
bibliometric and topic modeling tools. The literature was organized into four main thematic axes:
system design and integration, photovoltaic performance and radiative modeling, agro-
environmental interactions, and livestock-oriented agrivoltaic systems. Results indicate a rapid
expansion of research activity, strong emphasis on technological optimization, and limited
integration of long-term agronomic, economic, and regulatory dimensions, particularly in Global
South contexts. The study highlights the need for standardized metrics, integrated energy—water—
crop modeling, and normative frameworks to support scalable and agriculturally prioritized
agrivoltaic systems.

Keywords: agrivoltaics; agrophotovoltaics; bibliometric analysis; land-use efficiency; renewable
energy systems

1. Introduction

The United Nations 2030 Agenda established Sustainable Development Goal 2 (SDG 2), which
calls for a structural transformation of food systems to make them simultaneously more productive,
resilient, and environmentally sustainable, capable of meeting the needs of a growing population
without intensifying the degradation of natural resources [1,2]. However, according to The State of
the World’s Land and Water Resources for Food and Agriculture (SOLAW) report [3], achieving this
goal faces increasing obstacles, as pressure on land, soil, and water already imposes concrete limits
on the expansion of agricultural production based on conventional practices. This scenario reinforces
the need for integrated solutions that reconcile food security, environmental sustainability, and the
demands associated with the energy transition.

In this context, the finite nature of land as a resource within food systems highlights an important
trade-off associated with the expansion of energy infrastructure in agricultural areas. Although solar
photovoltaic generation is widely recognized as a low-carbon alternative, its large-scale deployment
has raised debates regarding the conversion of productive land for energy purposes, particularly in
regions where the availability of fertile soil is already limited [4]. As an alternative to this conflict,
agrivoltaic (APV) technology emerges as an innovative solution by enabling shared land use,
optimizing the simultaneous utilization of productive areas for both energy generation and
agricultural production [5].
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Agrivoltaic systems are defined as productive arrangements that integrate, in a simultaneous
and functional manner, solar photovoltaic energy generation and agricultural or livestock activities
within the same area, with the aim of maximizing land-use efficiency and reducing conflicts between
food and energy production [6]. Recent evidence indicates that these systems can modify local
microclimatic conditions, influencing radiation availability, temperature, and soil water dynamics,
with direct effects on both agricultural performance and the energy efficiency of photovoltaic panels
[7].

In this context, the objective of this study is to analyze the recent scientific literature on
agrivoltaic systems, identifying their main thematic axes, emerging trends, and research gaps.

2. Methodology

This study was conducted through a bibliometric analysis of scientific literature, following a
structured protocol for data search, extraction, and analysis. The research was carried out using the
Web of Science (WoS), Scopus, and PubMed databases, with data collection performed in December
2025 and no time restrictions, to map the entire body of scientific production on agrivoltaic systems.

The keywords “agrivoltaic”, “agrophotovoltaic”, “agrovoltaic”, and “agri-photovoltaic” were
used. Non-related terms, particularly those associated with health and medicine (medicine OR
medical OR clinical OR patient OR therapy OR disease OR health), were excluded. The search
strategy employed Boolean operators OR for synonyms and NOT for exclusion. After duplicate
removal, a total of 1,271 documents remained, as detailed in Table 1. The analysis was conducted
with the support of the PyBibX library, a Python-based tool for bibliometric and scientometric
analysis [8], which enabled the assessment of temporal evolution, geographical distribution, and

emerging research topics.

Table 1. Composition of the final bibliographic portfolio by document type, resulting from searches in the Web

of Science, Scopus, and PubMed databases.

Category Document Count
Article 770
Book 4
Book chapter 31
Conference paper 225
Conference review 16
Correction; Early Access 1
Data paper 4
Editorial 4
Erratum 7
Meeting Abstract 10
News Item 1
Note 11
Proceedings Paper 57
Review 126
Short survey 4

The data indicate that agrivoltaics constitutes a relatively recent and rapidly expanding field of
research. Although the concept is grounded in earlier foundations, the volume of publications
remained relatively low until 2019. From 2020 onward, a significant and sustained increase in
scientific output can be observed, reflecting the growing interest of the academic community in
solutions that sustainably integrate solar energy generation with agricultural production. This
upward trend continues through 2025, which records the highest number of publications on the topic
to date (Figure 1).
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Figure 1. Temporal evolution of annual scientific production on agrivoltaic systems from 2011 to 2025.

About the geography of scientific production, Figure 2, highlights the countries leading the
development of this technology. A strong concentration of research activity is observed in countries
of the Global North (the United States and Europe) and within the Asian technological axis (China,
India, Japan, and South Korea). This centralization suggests that the early development of
agrivoltaics is closely associated with nations possessing high investment capacity in research,
development, and innovation (RDI), as well as strong pressures related to the energy transition.
Conversely, it also reveals a publication gap in countries of the Global South, where solar radiation
potential and agricultural bases are extensive, yet scientific production remains incipient.

Geographic Distribution of Agrivoltaic Research
(Frequency of Authors by Country)
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Figure 2. Geographical distribution of global scientific production on agrivoltaics based on the frequency of

author affiliations by country (Top 10).

Finally, the semantic analysis conducted through topic modeling enabled the organization of the
literature into five central thematic axes, as presented in Table 2. It is worth noting that Topic -1,
typically associated with documents exhibiting low semantic adherence to the remaining groups (i.e.,
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noise or outliers), was excluded from the interpretative analysis, as it does not represent a cohesive
thematic axis. Accordingly, the final classification focused on topics that demonstrated conceptual
consistency and analytical relevance for understanding the evolution of research on agrivoltaic
systems.

Table 2. Organization of scientific literature into main thematic axes based on topic modeling.

Document
Topi Thematic Axi Descripti
opic ematic Axis escription Count
F fund tals, design, and
Topic0  Systems & Integration ocus‘o‘n' un ame'n 2 S, esigh, an 318
feasibility of agrivoltaic systems.
Technological optimization of PV
Topicl  Energy Performance  panels, conversion efficiency, and 294
light management.
' Modeling & Data Application. of Artificial Intelli.gence
Topic 2 . and predictive models for yield 38
Science ..
estimation.
. Studies on soil dynamics, vegetation
. Agro-environmental . .
Topic 3 patterns, and microclimate 34
Impacts .
regulation.
Specifi lications f i
Topic4  Livestock Integration pectiic appHcations fof grazing 10

management and animal welfare.

The distribution of these topics reveals an evolution of the field, which moves beyond an
exclusive focus on technical approaches associated with photovoltaic system engineering to
incorporate an increasingly multidisciplinary perspective. The consolidation of thematic axes related
to computational modeling, as well as to the impacts of agrivoltaic systems on soil and vegetation,
indicates a growing concern with system performance optimization and the biophysical
sustainability of agroecosystems. This shift in focus reinforces the understanding that the expansion
of energy generation in agricultural areas must occur in a manner that does not compromise
agricultural productivity or food security, in line with the principles established by Sustainable
Development Goal 2 (SDG 2).

These thematic axes provide the foundation for the in-depth analysis presented in the following
sections, enabling a structured and coherent discussion of the advances, challenges, and future
perspectives of agrivoltaic systems.

3. Main Thematic Axes of Literature

Based on the results of the bibliometric analysis and topic modeling, the scientific literature on
agrivoltaic systems was organized into four main thematic axes, which structure the subsequent
analytical sections of this article. The first axis focuses on studies addressing the conceptual, design,
and system integration aspects of agrivoltaics (Topic 0). The second axis encompasses research
related to photovoltaic efficiency, solar radiation utilization, and computational modeling of
agrivoltaic systems (Topics 1 and 2). The third axis brings together investigations into the effects of
agrivoltaic systems on soil, vegetation, and the agricultural microclimate (Topic 3). Finally, the fourth
axis includes studies focused on the integration of solar power generation with livestock activities,
with an emphasis on pasture-based systems and animal management (Topic 4).

3.1. Agrivoltaic Systems as Integrated Energy Systems

The earliest scientific formulations of agrivoltaic systems were grounded in the principle of dual
land use, operationalized through the elevation of photovoltaic modules to simultaneously enable
electricity generation and agricultural cultivation on the underlying soil [9]. From 2015 onward,
however, the field began to incorporate new structural configurations, such as inter-row systems and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1261.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2026 doi:10.20944/preprints202601.1261.v1

5 of 15

ground-level vertical arrangements, significantly expanding the spectrum of technical solutions and
shifting the concept of agrivoltaics from a specific structural model to a broader approach to energy-
agriculture integration (Figure 3) [10].

Main Agrivoltaic Systems

Legend:

AL Cultivatable agricultural areas
-y AN Uncultivatable agricultural area

1 "II!| Illfi.l Fa s ] h1 Clearance height below 2.10 m

h2 Clearance height above 2,10 m

1 Solar modules

2 Mounting structure

3 Crops

Figure 3. Main agrivoltaic system types adapted from Trommsdorff et al., 2022 [10].

This diversification of configurations highlighted the relevance of the spatial organization of
agrivoltaic systems as a central element of their integrated operation. Field-based studies
demonstrate that parameters such as row spacing, module layout, and the level of induced shading
exert a direct influence on agricultural productivity, enabling the identification of optimal degrees of
solar coverage compatible with crop performance [11].

As aresult, the literature has proposed multifactorial classification schemes that simultaneously
consider system type (open or closed), structural configuration (elevated modules, inter-row
arrangements, or greenhouse-integrated systems), module mobility (fixed or tracking), and the type
of agricultural or livestock application. The incorporation of these multiple dimensions underscores
the consolidation of agrivoltaics as a category of energy systems integrated with productive land use,
whose viability depends on balancing energy performance and agricultural functionality [11] (Figure
4).
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Figure 4. Classification of approaches integrating photovoltaic systems and agricultural activities [11].

In this context, agrivoltaics moves beyond a mere coexistence technique to become a strategic
energy infrastructure, integrated into the electrical system in a decentralized manner. The
technological evolution of the sector—already exceeding 14 GWp of global installed capacity by
2021 —demonstrates a clear transition from pilot and experimental projects to large-scale commercial
applications [10]. This advancement enables agrivoltaic systems to be conceived not only as
generation units, but also as integrated components of local productive systems, capable of meeting
specific energy demands such as irrigation, agro-industrial processing, and energy storage solutions,
thereby promoting greater resource-use efficiency and reinforcing energy autonomy within the
production environment.

3.2. Energy and Technological Performance

The performance of agrivoltaic systems fundamentally arises from the way solar radiation is
partitioned between electricity generation and agricultural production. This partitioning is directly
conditioned by the geometric design of the system, which simultaneously controls photovoltaic yield
and the shading regime imposed on crops [12]. This principle is schematically illustrated in Figure 5,
which highlights the difference between separate and combined land use for agricultural and energy
production.
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Figure 5. Dual use of agricultural land increases land-use efficiency by 60% [12].

In this context, the distinction between direct and diffuse radiation plays a structuring role in
agrivoltaic analysis. From a physiological perspective, many crops utilize diffuse light more
efficiently due to its more homogeneous penetration into the plant canopy [13]. This functional
difference underpins the development of specific technological solutions, such as concentrating
photovoltaic (CPV) systems, which act as solar splitters by concentrating direct radiation onto high-
efficiency photovoltaic cells while allowing near-complete transmission of the diffuse fraction to the
plants. These systems can achieve transmittance levels above 70%, thereby preserving favorable
conditions for photosynthesis [14].

The centrality of radiation partitioning implies the adoption of evaluation criteria capable of
capturing the joint performance of agrivoltaic systems. This stems from the fact that the agrivoltaic
logic differs structurally from that of conventional photovoltaic systems: while ground-mounted PV
(GM-PV) systems are designed to maximize electricity production per unit area, agrivoltaics seeks to
optimize the simultaneous use of land for energy and agricultural production [15].

In this regard, the most widely used technical indicator is the Land Equivalent Ratio (LER),
according to which a system is considered advantageous when the sum of relative agricultural
productivity (a) and energy productivity ((3) exceeds unity (a + 3> 1) [16]. The LER thus synthesizes
the trade-off between electricity generation and agricultural production that characterizes agrivoltaic
systems.

Operationalizing this trade-off involves complex physical and biological interactions, which has
driven the adoption of advanced computational models as tools to support system planning and
operation. Methods such as ray tracing and view-factor calculations enable high-precision
simulations of the spatial distribution of incident radiation over crops, allowing for the simultaneous
estimation of electrical and agricultural yields [17].

Three-dimensional tools have been widely employed to test different structural arrangements,
module configurations, and spacing prior to field deployment, thereby reducing technical and
productive uncertainties [18]. At a more advanced stage, approaches based on machine learning and
hybrid models have been increasingly explored —particularly by research groups in Germany and
China—as a means of addressing the nonlinear and transdisciplinary nature of agrivoltaic systems
[19,20].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In parallel, integrated energy balance models have been used to assess specific applications, such
as the feasibility of organic photovoltaic (OPV) modules in agricultural greenhouses. These studies
demonstrate that it is possible to meet internal energy demands while maintaining reductions in
photosynthetically active radiation (PAR) at acceptable levels [21]. An example of such applications
is shown in Figure 6, which illustrates an experimental greenhouse covered with OPV modules [22].

Figure 6. Experimental greenhouse covered with organic photovoltaic (OPV) modules [22].

From an analytical standpoint, the consolidation of these methods and metrics highlights a
recurring dilemma in the literature: the configuration that maximizes electrical yield rarely coincides
with that which optimizes agricultural performance [12]. In systems oriented toward high-value
horticulture, the economic viability of sacrificing part of the electrical output—such as through
trackers that deliberately deviate from the optimal energy-generation position—has been observed
in favor of improved microclimatic conditions and crop health [24].

Thus, the search for an “optimal point” in agrivoltaic systems constitutes not only a technical
problem, but also a multicriteria optimization challenge, conditioned by crop type, local climatic
conditions, and the economic viability of the target market.

3.3. Agro-Environmental Impacts

From a microclimatic perspective, the presence of photovoltaic panels systematically alters
meteorological variables at the crop level. Partial shading reduces daytime air temperatures by
approximately 1.2 °C, while nighttime temperatures tend to be slightly higher on the order of 0.5 °C,
resulting in a more thermally stable environment over the diurnal cycle (Figure 7) [3]. In addition,
soil temperature exhibits significant reductions during summer periods, which contributes to
decreased root thermal stress and to the maintenance of crop physiological activity under extreme
heat conditions [24].
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Figure 7. Schematic comparison of microclimatic effects between conventional cultivation and agrivoltaic

systems.

These thermal changes are associated with relevant modifications in the system’s water regime.
Relative air humidity tends to be higher beneath the panels, which is reflected in lower vapor
pressure deficit (VPD) values, indicating a less water-demanding atmosphere and favoring leaf
hydration [25,26]. Together, partial solar radiation blockage and the reduction in wind speed induced
by photovoltaic structures result in a decrease in average daily evapotranspiration ranging from 14%
to 29%, representing a particularly relevant water-saving effect in arid and semi-arid regions [12,27].

From a soil perspective, the literature indicates that agrivoltaic systems can contribute to soil
moisture conservation, with levels remaining, on average, about 15% higher than those observed in
open-field agricultural areas [26]. This effect improves water-use efficiency and may reduce the need
for supplemental irrigation. However, soil impacts are not exclusively positive and depend strongly
on installation and management practices. The use of heavy machinery during installation may cause
soil compaction, with negative effects on soil structure and fertility; therefore, construction activities
are recommended during periods of low soil moisture [10]. Conversely, photovoltaic structures may
function as windbreaks, reducing wind erosion, while non-cultivated strips near panel foundations
can act as biotopes, contributing to biodiversity maintenance and protecting soil against erosive
processes [28].

Crop responses to the agrivoltaic environment vary significantly depending on shade tolerance
and physiological requirements. Species such as leafy vegetables, berries, aromatic herbs, and forage
crops exhibit high adaptability and are often classified as shade tolerant [8]. Some crops, such as
potatoes, belong to the so-called “plus class,” in which partial shading may result in productivity
gains due to improved microclimatic conditions [29]. Under intense heat scenarios, crops such as
peppers and cherry tomatoes have shown substantial yield increases under shading levels between
70% and 80%, whereas species highly dependent on direct radiation may experience yield reductions
if shading exceeds their light saturation point [3].

Beyond productive effects, agrivoltaic systems contribute to increased agricultural resilience to
extreme climatic events. The panels provide physical protection against hail, frost, and sunburn
damage to fruits, functioning as risk-mitigation infrastructure and contributing to production
stabilization under conditions of increasing climate variability [12].

Convergently, the literature emphasizes that the agro-environmental benefits of agrivoltaics are
conditional and strongly dependent on the alignment between crop type, local climate, and
management strategies. In hot and dry regions, shading tends to reduce water and thermal stress,
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whereas in environments where light is already the main limiting factor, radiation reduction may
compromise productivity. Thus, the success of agrivoltaic systems requires designs guided by crop
physiological needs, with dynamic light adjustments, flexible spatial configurations, and layouts
compatible with agricultural mechanization.

3.4. Livestock Applications

The integration of photovoltaic systems with pasturelands, often referred to as grassland
farming, is based on the simultaneous use of land for forage production, animal grazing, and
electricity generation. This approach maximizes land-use efficiency by allowing areas traditionally
dedicated exclusively to livestock production to also contribute to the energy matrix, without
necessarily compromising forage productivity [30]. In addition, the presence of photovoltaic
structures may provide supplementary environmental functions, contributing to the long-term
maintenance of pasture productivity [28].

From an animal welfare perspective, agrivoltaic systems offer direct benefits related to thermal
comfort. The natural shading provided by the panels reduces heat stress, particularly in warm
climates, where prolonged solar exposure can impair animal health and zootechnical performance
(Figure 8) [31]. Field observations indicate that sheep show a clear preference for areas shaded by
photovoltaic modules compared to open pasture areas, suggesting positive behavioral adaptation to
the agrivoltaic environment. There is also evidence that these microclimatic conditions may lead to
improvements in the quality of by-products, such as wool, although this aspect still requires
systematic investigation [31].

Figure 8. Lambs grazing at a solar farm in southern Ontario [32].

Among the various livestock applications, the use of sheep represents the most mature and
widely documented case, particularly in North America and Europe. This predominance stems from
the high operational compatibility between animal size and photovoltaic infrastructure, as well as
the functional role sheep play in system maintenance. Sheep act as “natural mowers,” reducing the
need for mechanical vegetation cutting and herbicide use, which results in lower operational
expenditures (OPEX) and a reduced risk of damage to cables and modules [33]. Recent technical
standards, such as DIN SPEC 91434, formally recognize the integration of other species—including
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cattle, goats, poultry, and pigs—under or between photovoltaic modules, thereby expanding the
potential scope of agrivoltaic livestock applications [10,34].

The viability of these systems, however, depends on appropriate design and logistical decisions.
Innovations such as vertical photovoltaic systems with bifacial modules have gained prominence by
allowing free movement of agricultural machinery and animals between rows, with typical spacing
ranging from 6 to 15 m [35]. In elevated systems, the literature recommends minimum heights
exceeding 2.1 m to ensure safe circulation of machinery and livestock [34]. Experiences conducted in
Germany, such as those developed by the company Next2Sun, demonstrate the economic feasibility
of forage production between rows of vertical modules, consolidating this model as a promising
alternative for sustainable land use (Figure 9) [36].

Figure 9. Reference project of the Donaueschingen-Aasen solar park [36].

Empirical results from case studies indicate that although forage density under photovoltaic
panels may be lower than that observed in open pastures—by up to 38% in some cases—the
nutritional quality tends to be higher, resulting in comparable zootechnical performance, such as
lamb production [33]. From an environmental perspective, estimates suggest that each animal
integrated into agrivoltaic systems may contribute to emission reductions on the order of 103 kg CO,
equivalent per year, reinforcing the potential of these arrangements as climate mitigation strategies
[37].

Despite the observed advances, the literature converges on the identification of relevant research
gaps within the livestock axis. While the integration of sheep under photovoltaic panels represents a
well-established success case, large-scale applications involving beef and dairy cattle remain
underexplored [37]. This gap is particularly evident in tropical and arid contexts, where the shading
provided by agrivoltaics may play a decisive role in reducing heat stress, promoting the regeneration
of degraded pastures, and supporting the adaptation of livestock systems to climate change.

4. Future Perspectives

Future perspectives point toward overcoming static photovoltaic systems in favor of dynamic,
adaptive arrangements oriented toward crop biological logic. Advances in intelligent tracking
systems will enable modules to adjust their tilt not only to maximize electricity generation but also
to modulate radiation input according to plant phenological stages or thermal stress conditions [38—
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40]. These solutions, however, imply increased capital costs, especially in elevated or mobile systems,
reinforcing the need for integrated economic assessments that simultaneously consider agricultural
yields, energy production, and climate risk reduction. In parallel, the development of spectrally
selective modules—including emerging technologies such as organic photovoltaics (OPV) and
luminescent solar concentrators (LSC)—is expected to redefine the relationship between light and
agricultural production by directing specific portions of the solar spectrum to electricity generation
while preserving photosynthetically active radiation (PAR) essential for plant growth [21].

Technological evolution also involves the consolidation of integrated energy infrastructure
combining generation, storage, and decentralized energy management. The incorporation of batteries
and rural microgrids enhances farm-level energy autonomy and enables active participation in local
energy markets or grid stability services. This infrastructure can be synergistically coupled with
smart irrigation systems, in which photovoltaic modules themselves act as elements for rainwater
capture and redirection, increasing water-use efficiency and reinforcing the multifunctional character
of the technology [10].

From a scientific standpoint, advancing the field requires a transition from isolated case studies
to integrated modeling approaches of the energy-water—plant nexus [20]. The use of artificial
intelligence and machine learning becomes central to addressing long time series and increasing
climatic variability, enabling more robust predictions of agricultural productivity and energy
performance. To support this evolution, international standardization of metrics is essential, along
with the strengthening of technical standards that ensure the primacy of the agricultural function in
agrivoltaic systems. The absence of consolidated regulatory frameworks in many countries currently
constitutes a barrier to financing and commercial expansion, as it generates technical and legal
uncertainties for investors and financial institutions [10].

In this context, there is a clear need to broaden and diversify the agrivoltaics research agenda,
particularly in regions of the Global South, where distinct solar regimes prevail and productive
systems remain underrepresented in the literature. Future studies should prioritize the development
and validation of shading and radiative distribution models better suited to conditions of high solar
incidence and elevated zenith angles, as well as their integration with diverse edaphoclimatic and
agricultural contexts.

Finally, future applications should prioritize extensive livestock systems integrated with bifacial
or vertical modules, strategies for regenerating degraded areas, and business models oriented toward
family farming and cooperatives. In these contexts, agrivoltaics can simultaneously function as an
instrument for climate adaptation, environmental restoration, and rural socioeconomic
strengthening, consolidating itself as a key technology for resilient agro-energy systems [10].

5. Conclusions

The performance of agrivoltaic systems depends on multicriteria approaches capable of
simultaneously considering energy, agronomic, environmental, and economic variables, moving
beyond assessments based exclusively on maximizing photovoltaic generation. The thematic
organization presented herein demonstrates relevant technological advances, measurable agro-
environmental impacts, and viable productive applications, while also revealing significant research
gaps—particularly in regions of the Global South, in large-scale livestock systems, and in long-term
analyses. In this context, strengthening agrivoltaics as a sustainable solution requires metric
standardization, the development of integrated models, and the expansion of empirical studies that
account for territorial specificities, rural development objectives, and climate change adaptation.

Abbreviations
The following abbreviations are used in this manuscript:

APV Agrivoltaic
CO, Carbon dioxide
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CPV Concentrating photovoltaic
GM-PV Ground-mounted PV
GWp Gigawatt-peak
LER Land Equivalent Ratio
LSC Luminescent solar concentrators
OPEX Operational expenditures
orv Organic photovoltaic
PAR Photosynthetically active radiation
PV Photovoltaic
RDI Research, development, and innovation
SDG 2 Sustainable Development Goal 2
VPD Vapor pressure deficit
WoS Web of Science
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