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Extended Abstract 

The transition toward low-carbon energy systems necessitates the rapid and large-scale 
deployment of renewable energy technologies, with solar photovoltaics (PV) playing a central 
role due to declining costs, technological maturity, and global availability [1]. At the same 
time, agriculture faces increasing pressures from climate change, population growth, and land 
degradation, leading to intensified competition for land resources. These overlapping 
challenges have raised concerns regarding land-use conflicts, food security, and rural 
livelihoods, particularly in regions with limited arable land.  

Agrivoltaics (AV), also referred to as agrophotovoltaics, offers a potential solution by 
enabling the co-location of photovoltaic energy generation and agricultural production on the 
same land [2,3]. This dual-use approach departs from conventional land-use paradigms that 
treat energy and agriculture as mutually exclusive. Instead, agrivoltaics introduces a 
multifunctional framework that seeks to optimize combined land productivity. Over the past 
decade, increasing academic and industrial interest has generated a growing body of research 
demonstrating that AV systems can deliver a substantial share of the energy output associated 
with conventional PV installations while maintaining viable agricultural production [4,5]. 

In addition to supporting dual outputs, agrivoltaic systems can modify local microclimatic 
conditions in ways that benefit agricultural performance. Partial shading from PV modules 
has been shown to reduce soil temperatures, lower evapotranspiration rates, and improve 
water-use efficiency, particularly in hot and dry environments [6–8]. In certain contexts, these 
effects can stabilize or even enhance crop yields relative to open-field conditions. Despite 
these promising outcomes, agrivoltaics remains largely confined to pilot projects and early-
stage deployments, concentrated in a limited number of countries [4]. Existing research often 
focuses on agronomic performance or technological design in isolation, with limited 
integration of energy systems, economic scalability, and governance considerations. 

This extended abstract presents a concise synthesis of agrivoltaics research across four 
interrelated domains: system configurations and energy performance; land-use efficiency and 
agricultural–energy interactions; techno-economic performance and scalability; and policy, 
legal, and social constraints. This integrated perspective reframes agrivoltaics as 
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multifunctional energy infrastructure rather than a niche agricultural innovation. 
 

Keywords: Agrivoltaics; dual-use land use; photovoltaic systems; land-use efficiency; energy food 
nexus. 
 

1 Agrivoltaic System Configurations and Energy Performance 

Agrivoltaic system design fundamentally shapes both energy generation and agricultural 
output. Unlike conventional PV installations, AV systems must balance solar capture with 
agricultural accessibility, leading to a range of configurations that reflect trade-offs among 
energy density, structural complexity, and crop compatibility. 

Elevated agrivoltaic systems mount PV modules several meters above the ground, allowing 
conventional agricultural operations to continue beneath the array. These systems are often 
integrated with solar tracking technologies to optimize irradiance capture throughout the day 
and have been shown to achieve approximately 85–95% of the energy yield of conventional 
PV installations despite reduced module density [9,10]. In addition to supporting mechanized 
agriculture and high-value crops, elevated systems can moderate microclimatic conditions by 
reducing solar exposure, thereby lowering evapotranspiration and mitigating heat stress, 
particularly in arid regions [11]. However, these advantages come with increased structural 
requirements, higher capital costs, and greater engineering complexity, while uneven shading 
patterns and exposure to wind loads may further affect system performance and crop 
outcomes [12–15]. 

Spaced or row-based systems provide an alternative configuration by increasing the distance 
between PV rows rather than significantly elevating the panels. This approach allows greater 
sunlight penetration while maintaining relatively conventional mounting heights, making it 
easier to integrate into existing agricultural systems [16]. However, the reduction in panel 
density leads to lower overall energy output, and system performance becomes highly 
sensitive to design parameters such as spacing, tilt, and orientation, which directly influence 
both energy yield and crop exposure [15,17]. 

Vertical and bifacial configurations represent another approach, emphasizing spatial 
efficiency and operational compatibility. Typically oriented east–west, vertical panels create 
alternating bands of sunlight and shade, enabling easier movement of agricultural machinery 
and reducing interference with farming activities [18]. Although energy yield is generally 
lower than that of optimally tilted systems, bifacial modules can capture reflected radiation 
from the ground, partially compensating for reduced direct irradiance [16]. Across all 
configurations, performance remains highly dependent on site-specific factors such as 
climate, crop type, and local environmental conditions. 

Taken together, these configuration-specific trade-offs illustrate that agrivoltaic system design 
is not a one-size-fits-all solution but instead requires context-sensitive optimization. 
Importantly, these trade-offs directly influence how effectively land can be utilized, 
highlighting the need to evaluate agrivoltaic systems not only in terms of energy performance 
but also in terms of integrated land-use efficiency. 
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2 Land Use Efficiency and Agricultural Energy Interactions 

A defining advantage of agrivoltaics lies in its ability to enhance land-use efficiency by 
enabling the simultaneous production of food and energy on the same land area. This 
represents a departure from conventional land-use approaches, where agriculture and energy 
generation are treated as competing uses of land [2,19]. By integrating both functions, 
agrivoltaics reframes land productivity in terms of combined outputs rather than single-use 
optimization. In this context, evaluating how efficiently land is utilized becomes central to 
assessing agrivoltaic performance. The most widely used metric to evaluate this efficiency is 
the land equivalent ratio (LER), which compares the combined productivity of an AV system 
to that of separate monoculture systems. Values greater than one indicate improved land-use 
efficiency, and empirical studies frequently report LER values ranging from approximately 
1.1 to 1.7 depending on system configuration, crop type, and environmental conditions 
[6,9,21]. However, despite its widespread use, LER is subject to methodological 
inconsistencies, including variations in baseline assumptions and land accounting methods, 
which complicate cross-study comparisons and limit its application in broader energy system 
planning [12,22,23]. 

A key mechanism underlying these outcomes is microclimatic modification. PV modules alter 
radiation, temperature, wind speed, and humidity at the soil surface, leading to reduced 
evapotranspiration and improved soil moisture retention [6,24]. These changes are 
particularly beneficial in hot and dry climates, where reduced thermal stress can help stabilize 
crop yields under increasingly variable climatic conditions [25]. 

Crop responses to agrivoltaic environments, however, vary significantly depending on species 
and growth stage. Shade-tolerant crops often benefit from reduced thermal stress and 
improved moisture conditions, whereas light-demanding crops may experience yield 
reductions if shading is not carefully managed [26,27]. In addition to yield effects, 
agrivoltaics can influence crop quality, phenology, and stress resilience, with outcomes 
depending on both crop characteristics and local environmental conditions [28,29]. 

These dynamics highlight the inherent trade-offs between energy density and agricultural 
exposure. Increasing PV coverage enhances electricity generation but reduces light 
availability for crops, while wider spacing improves agricultural conditions at the expense of 
energy output. As a result, optimal agrivoltaic design focuses on maximizing combined 
system productivity rather than prioritizing individual outputs in isolation. 

3 Techno-Economic Performance and Scalability  

The scalability of agrivoltaics depends not only on technical feasibility but also on its 
economic performance relative to conventional PV systems. A consistent finding across the 
literature is that AV systems incur higher capital expenditure due to increased structural 
complexity, greater material requirements, and the need for customized designs that maintain 
agricultural accessibility [9,30]. These cost premiums, which range from approximately 5% to 
over 30% depending on system configuration and regional conditions, vary significantly 
across elevated, spaced, and vertical designs, each of which introduces distinct trade-offs 
between cost, energy density, and agricultural compatibility [17,31]. At the same time, the 
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absence of standardized designs and economies of scale further contributes to cost variability, 
complicating direct comparisons with conventional PV systems [32]. 

The levelized cost of electricity (LCOE) remains a commonly used metric for evaluating PV 
systems; however, it is insufficient for agrivoltaics because it does not account for agricultural 
outputs [33]. As a result, AV systems may appear less competitive when assessed using 
electricity-only metrics, despite their ability to generate multiple forms of value. To address 
this limitation, researchers increasingly advocate for multi-output economic frameworks that 
integrate both energy and agricultural revenues [34–36]. When these additional value streams 
are considered, agrivoltaics can achieve competitive or even superior economic performance, 
particularly in regions with high land values or strong agricultural productivity [37,38]. In this 
context, agrivoltaics not only enhances land productivity but also provides a more diversified 
economic model. 

This diversification is further reflected in risk management. Agrivoltaic systems combine 
relatively stable electricity revenues with more variable agricultural income, allowing each to 
partially offset uncertainties in the other [39]. However, despite these advantages, AV systems 
often exhibit longer payback periods, typically ranging from 7 to 12 years, compared to 5 to 8 
years for conventional PV systems [30]. 

Scalability is also constrained by the site-specific nature of agrivoltaic design and the limited 
integration of AV systems into existing energy system models. Because agrivoltaics may 
reduce installed capacity density compared to conventional solar farms, it is often 
undervalued in planning frameworks that prioritize electricity output alone [40]. This 
highlights the need for more comprehensive evaluation approaches that capture the full range 
of benefits associated with dual-use systems. 

4 Policy, Legal, and Social Constraints  

Non-technical factors represent major barriers to the large-scale deployment of agrivoltaics. A 
key challenge is the fragmentation between energy and agricultural policy domains, where 
land is typically classified as either agricultural or industrial, leaving limited regulatory space 
for dual-use systems [41]. This classification creates legal ambiguity and complicates 
permitting processes. Regulatory authorities often require evidence that agricultural 
productivity will not be compromised; however, such assessments are inherently uncertain 
[42]. These challenges disproportionately affect small- and medium-scale farmers, who may 
lack the resources to navigate complex regulatory environments [43]. 

In some regions, zoning laws prohibit PV installations on agricultural land, while agricultural 
subsidy frameworks may exclude land used for energy production. These policy 
misalignments create economic disincentives for agrivoltaics [44]. 

Countries that explicitly recognize agrivoltaics as a distinct land-use category demonstrate 
more favorable conditions for deployment. For example, regulatory frameworks in Germany 
and Japan allow continued agricultural use under AV systems, reducing uncertainty and 
facilitating investment [45,46]. 
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Social acceptance also plays a critical role. Concerns related to visual impact, land control, 
and the perceived prioritization of energy over agriculture can generate resistance [35]. 
However, projects that involve farmers and local stakeholders in planning and ownership tend 
to achieve higher levels of acceptance and long-term stability [47]. 

Equity considerations further influence access to agrivoltaics. Participation is often shaped by 
land ownership, access to capital, and technical expertise, potentially reinforcing existing 
inequalities in rural communities [48–50]. 

5 Conclusion and Future Directions  

Overall, agrivoltaics offers a promising pathway for addressing land-use conflicts in 
renewable energy deployment by enabling the co-production of electricity and agricultural 
outputs on the same land. Evidence suggests that AV systems can achieve between 75% and 
95% of conventional PV energy output while maintaining viable agricultural production 
[9,10]. Their primary advantage lies in improved land-use efficiency and enhanced resilience 
through microclimatic modification. However, large-scale adoption remains constrained by 
higher capital costs, a lack of standardized evaluation frameworks, and limited integration 
into energy system planning. More critically, fragmented policy environments, regulatory 
uncertainty, and social acceptance challenges represent significant barriers to deployment. 

Future research should prioritize the development of standardized performance metrics, long-
term empirical studies, integration into energy system models, and systematic analysis of 
governance frameworks. Greater attention to equity and stakeholder participation will also be 
essential to ensure inclusive and sustainable implementation. Agrivoltaics should therefore be 
understood not as a niche agricultural innovation but as a multifunctional energy 
infrastructure capable of contributing to decarbonization while preserving agricultural 
productivity. 
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