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Agnieszka Kurdyś-Kujawska 2 and Waldemar Woźniak 3
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Abstract

The growing global demand for food and energy requires land-use strategies that support
agricultural production and renewable energy generation. Agrivoltaic (APV) systems
allow farmland to be used for both agriculture and solar power generation. The aim
of this study is to critically synthesize the interactions between the key dimensions of
APV implementation—technical, agronomic, legal, and economic—in order to create a
multidimensional framework for designing an APV optimization model. The analysis
covers APV system topologies, appropriate types of photovoltaic modules, installation
geometry, shading conditions, and micro-environmental impacts. The paper categorizes
quantitative indicators and critical thresholds that define trade-offs between energy pro-
duction and crop yields, including a discussion of shade-tolerant crops (such as lettuce,
clover, grapevines, and hops) that are most compatible with APV. Quantitative aspects
were integrated in detail through a review of mathematical approaches used to predict
yields (including exponential-linear, logistic, Gompertz, and GENECROP models). These
models are key to quantitatively assessing the impact of photovoltaic modules on the
light balance, thus enabling the simultaneous estimation of energy efficiency and yields.
Technical solutions that enhance synthesis, such as dynamic tracking systems, which can
increase energy production by up to 25–30% while optimizing light availability for crops,
are also discussed. Additionally, the study examines regional legal frameworks and the eco-
nomic factors influencing APV deployment, highlighting key challenges such as land use
classification, grid connection limitations, investment costs and the absence of harmonised
APV policies in many countries. It has been shown that APV systems can increase water
retention, mitigate wind erosion, strengthen crop resilience to extreme weather conditions,
and reduce the levelized cost of electricity (LCOE) compared to small rooftop PV systems.
A key contribution of the work is the creation of a coherent analytical design framework
that integrates technical, agronomic, legal and economic requirements as the most impor-
tant input parameters for the APV system optimization model. This indicates that wider
implementation of APV requires clear regulatory definitions, standardized design criteria,
and dedicated support mechanisms.
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1. Introduction
The growth of the world’s population requires an increase in food production, as

well as electricity, which is the most commonly used form of energy [1]. However, this
is increasingly raising concerns about the supply of adequate food, particularly due to
restrictions on land use, which is being used for other purposes, such as housing. Similar
to the development of food production, the availability of large areas requires the use of
renewable energy technologies (RES), e.g., in the form of agrophotovoltaics. It is extremely
difficult to reconcile the increase in the area required for both of the above-mentioned types
of production, especially in countries with high population density and a high degree
of urbanisation. Therefore, measures are needed to create synergies between efficient
agricultural production and electricity generation from RES [2,3].

The renewable energy sources currently in use include biomass, hydro, geothermal,
wind and solar energy. Periods of economic and political turmoil (e.g., periodic difficulties
in accessing fossil fuels, high inflation, wars) contribute to a much more efficient use of
locally available raw materials and energy resources, as well as a different perspective on
distributed energy, especially renewable energy. Therefore, the period in which societies
have been operating in recent years is conducive to the real implementation of modern
methods of electricity generation, including from renewable energy sources. It should
also be noted that a very interesting alternative to sources using a single type of energy
is the integration of these technologies into so-called hybrid systems [4]. Supplementing
them with energy storage systems allows the disadvantages of generating energy from
renewable sources to be minimised, particularly in terms of the continuous availability of a
specific, necessary level of power [5–9].

Solar energy is considered one of the most promising renewable energy sources, so
the effective integration of photovoltaic systems into various areas of human activity, such
as agriculture, is justified. This is due to the high stability, predictability and availability of
this source compared to other renewable sources. In addition, the supporting structures for
PV panels are the easiest to implement in practice in many areas of application, including
agriculture [8,10,11]. Initially, its use was limited mainly by economic factors resulting
from the high prices of installation components and limited energy conversion efficiency.
Currently, photovoltaics is the cheapest renewable energy technology, with photovoltaic
module prices falling by about 90% between 2009 and 2020, and the average levelized cost
of electricity (LCOE) in PV systems currently standing at 4–6 euro cents per kilowatt-hour,
depending on the size of the system [12].

Taking into account food security, it is reasonable to use wasteland and agricultural
land with the lowest soil quality for energy purposes. Agricultural producers rarely
allocate currently cultivated agricultural land for the installation of photovoltaic equipment,
even for their own energy needs. In the case of farm improvements, electricity and heat
generators are mainly installed on the roofs of residential and farm buildings, at the end of
agricultural plots or in orchards between trees.

Large-scale electricity generation using the internal photovoltaic effect often requires
a significant area, which in many cases can no longer be used for agricultural purposes.
With the current installed capacity in the photovoltaic sector in many countries around the
world, in addition to electricity production at peak sunlight, it may be more important to
correlate the energy generation profile with the profiles of energy price volatility on the
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exchange and self-consumption, including in agriculture. Fraunhofer ISE has reported
that Germany needs between 300 and 450 GW of installed capacity by 2045. The EU solar
strategy, on the other hand, has set a target of 600 GW of installed photovoltaic capacity
by 2030.

The installation of solar systems in open areas is also the lowest-cost option [13],
which has led to numerous attempts and efforts to introduce photovoltaic generators on
agricultural land, bypassing agricultural production, which in many regions of the world,
especially densely populated ones, has led to increased concerns about the loss of arable
land to more profitable photovoltaic energy production. Such trends and social reactions,
which can even lead to conflicts, are described by the authors of the following works,
among others [14–17]. However, limiting domestic agricultural production may lead to the
need to import food, which is not without significance for the level of national agricultural
development. The Joint Research Centre (JRC) of the European Commission points out
that the scenario of achieving full climate neutrality in the EU by 2050 envisages 5% of
the available land being used for PV farms [18,19]. Photovoltaics on such a scale may
prove impossible to implement without the synergistic and constructive integration of
agricultural production and electricity generation.

Issues related to the use of photovoltaics in agriculture were known earlier, where they
focused, among other things, on meeting the electricity needs of agricultural settlements
located on islands or far away from other inhabited areas.

Farms are important elements of the landscape and fulfil production, processing,
income, social, educational, ecological, recreational and cultural functions [20]. A farm
includes all land, both agricultural and that which, in the light of the local spatial devel-
opment plan, can be used for non-agricultural purposes. Climate change also forces a
change in the approach to current agricultural management. Challenges related to water
shortages in agriculture, extreme weather conditions and rising temperatures require new
measures to protect crops and soil from adverse conditions. Many agricultural producers
have also invested in photovoltaic systems on their farms. They are often interested in
further projects. Agrophotovoltaics (agrivoltaics, Agro-PV, Agri-PV, APV) offers innovative
development opportunities for farms. A new segment of solar energy, it can also be a
response to identified problems in agriculture. This may require a re-evaluation of the
current approach to farming. In modern agriculture, there is an emphasis on striving for
sustainable farming, which consists of achieving stable, economically viable and socially
acceptable production in a way that does not threaten the natural environment, equipping
farms with rational technical infrastructure, ensuring lasting soil fertility, a high soil veg-
etation cover index, and compliance with the principles of proper agrotechnology and
zootechnics [21]. These tasks can be achieved by introducing low-carbon farming and using
renewable energy sources (biomass boilers, micro-biogas plants, small wind turbines and
photovoltaic panels, solar collectors, heat pumps). The implementation of wind technology
on pasture land has already been recognised, while the implementation of photovoltaic
solutions on arable land is still being analysed [22]. The agrophotovoltaic system is an
innovative concept in the field of renewable energy systems that can contribute to the
implementation of sustainable development policies.

The key parameter presented as an indicator of the effective functioning of a farm
is the amount of biomass yield per unit area. Agrophotovoltaics can increase land use
efficiency and enable an increase in photovoltaic power while preserving fertile arable land
for agriculture. This statement is confirmed in [23], where the authors proved that a 194-kW
installation on 3 hectares of agricultural land in Germany is capable of producing enough
electricity to power 62 households with an assumed electricity consumption of 4000 kWh
per year, and the efficiency of land use will thus increase from 60% to 86%.
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This effect can be further enhanced as the technical parameters of APV systems are
constantly being improved, for example through the implementation of mobile sun-tracking
systems, which increase electricity production while also increasing light availability,
enabling sufficient plant growth [24]. The positioning of PV modules can be further
modified in such a way that they are switched off in the morning and evening hours
to reduce crop shading and activated during hours of strong solar radiation to protect
crops, reduce evaporation, and the effects of high temperatures [25]. In experiments testing
evaporation levels under solar panels for shade-tolerant crops, cucumbers and lettuce
irrigated in the California desert, 14–29% savings in evaporation were found [26] and
similar studies in the Arizona desert showed water savings of 50% for some crops [27].

A comprehensive review of existing APV facilities around the world (including their
technical specifications and areas of application), as well as the results of experiments,
is presented in [28]. It identifies possible technical innovations and adaptations in APV
design that could improve agronomic and electrical efficiency.

The development of Agro-PV technology has progressed rapidly since 2004, along
with the widespread development of photovoltaic technology. It is currently the subject of
numerous scientific studies and research conducted by research centres worldwide [8].

Agri-PV technology has developed very dynamically in recent years and is present in
almost all regions of the world. Since 2014, approximately 2800 Agri-PV systems with a
total capacity of around 2.9 GW have been installed worldwide. Installed capacity grew
exponentially from 5 MW in 2012 to 2.9 GW in 2018 and to over 14 GW in 2021, thanks to
national funding programmes in Japan (since 2013), China (around 2014), France (since
2017), the USA (since 2018) and, most recently, South Korea in particular [23].

The potential synergy between APV component systems is particularly evident in
regions and climates where high temperatures and solar radiation intensity can become
detrimental to both crop and photovoltaic production. Regions with limited land are
particularly suitable for agro-PV implementation. One study [25] found that, although
the air under the PV panels remained unchanged, lower soil and plant temperatures were
recorded during the growing season.

The Korean government is actively implementing agrophotovoltaic systems with the
goal of raising the target level to 10 GW by 2030 [29]. The problem of land scarcity in South
Korea is considered to be the main obstacle to the construction of solar power plants (or
photovoltaic farms), where 70% of South Korea’s territory (220,848 km2) is mountainous.
Most of the areas with sufficient sunlight are in the west, where there are clusters of cities
in the north-western region, and the remaining areas in the south-western region are
farmland. In order to overcome the problem of energy production without negatively
impacting food production, the development of agrophotovoltaic systems is being adopted
as an alternative. An example is an experimental APV system in Najusi with an area of
4410 m2 (63 by 70 m) and a height of 5.42 m. The system has three zones with different
percentages of mutual shading of PV module rows [30].

A high growth in this type of investment is also currently being recorded in France
(48 projects installed in 2020 alone). By 2024, the installed capacity of ground-mounted solar
installations has reached 1.6 GW, 20% of which—about 300 MW—came from agrivoltaic
projects [31].

In 2004, Japan began filling farmland with photovoltaic modules in the form of pilot
projects, concluding that with a shading level of 32%, sufficient yields could be achieved.
In Japan, higher profits per hectare through the use of APV systems are seen as a strategy
to encourage young people to remain in rural areas [32]. In addition, care is taken to
ensure that APV systems are properly designed so that the condition that crops grown
underneath must achieve 80% of the agricultural yield achieved under normal conditions
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is met. Implementing this condition can be problematic, and farmers are required to report
annually on crop yields and remove APV installations in the event of insufficient yields,
which represents a high investment risk. It is argued that practical experience is still
insufficient to enable reliable estimates of crop yields depending on environmental and
technical factors.

The Solar Massachusetts Renewable Target Programme has also set the maximum
permissible percentage reduction in yields due to the presence of APV systems over
farmland at 50%, which seems achievable without increased risk of investing in and
operating APV systems [33]. In [34], the authors concluded that for Central Europe, a
reduction of approximately 30% in available radiation in crops may be justified if yield
losses of up to 25% are tolerated. Using the required maximum reduction in available
radiation seems to be more appropriate and easier to predict and forecast than the amount
of crop losses, which depend on many other additional factors. The available radiation for
crops, as a momentary numerical value, together with the uniformity of its distribution
in the crop plane, can therefore be one of the appropriate criteria for the assessment and
standardisation of APV installations, alongside the reduction of agricultural land losses for
the construction of photovoltaic installations.

Although several studies have addressed the impact of APV systems on crop produc-
tion, many aspects remain unexplored. To scientifically determine this impact of APV on
plant production, the first research facility was installed in 2010 at the French National
Institute for Agricultural Research (INRA) near Montpellier in southern France.

At the same time, alternative solutions are being developed for the implantation of
additional photovoltaic systems in existing sectors, such as Aquaculture Photovoltaics (Aqua-
PV) technology. Research conducted at Fraunhofer ISE indicates that the implementation
of Aqua-PV will almost double land use efficiency compared to a conventional ground-
mounted photovoltaic system. The construction of a research centre in Vietnam and a 100-kW
installation in the form of a photovoltaic glass tunnel is expected to improve the conditions
for shrimp and pangasius farming by providing shade and protection from predators, as
well as a more stable, lower water temperature. This will also reduce water consumption
compared to conventional shrimp farming [35]. In this case, the shading problem generated
by PV modules, which is significant when using PV modules near crops sensitive to reduced
sunlight access, can be an advantage. Figure 1 shows a view of the system concept.

 

Figure 1. Photovoltaic tunnel for shrimp farming in Vietnam. Source: own elaboration based on [35].
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In 2011, UNITe built and commissioned a photovoltaic facility with a peak capacity of
4 MW, integrated with a trout farming complex in the Landes region of France [36]. The
shade prevents excessive heating of the water, which would be detrimental to the farmed
fish and would also lead to the growth of harmful algae, and avoids sudden fluctuations in
sunlight, which can stress the fish.

In summary, the potential synergy between photovoltaics and agriculture may include
the following [23,37]:

• Reducing irrigation requirements by up to 20%;
• Collecting rainwater for irrigation systems;
• Reducing wind erosion;
• Using the photovoltaic system substructure to attach nets or protective sheets to crops;
• Optimising the available light for crops, for example by using photovoltaic systems

that track radiation;
• Increasing the efficiency of photovoltaic modules through improved convective cooling;
• Increasing the efficiency of double-sided PV modules, which utilise light from both

sides, thanks to greater distances between PV modules and between PV modules and
the ground and adjacent rows;

• Creating new fields of electrification and automation in agriculture;
• Balancing the electricity generation profile in the power grid.

The advantages of agrophotovoltaic technologies include the following:

• Additional benefits for agriculture, including protection against hail, frost and
drought damage;

• Local electricity generation in poorly electrified areas;
• Lower average cost of electricity (LCOE) compared to small rooftop photovoltaic systems;
• Diversification of farmers’ income (important, for example, in times of high fertiliser

prices due to rising energy and gas prices, which poses a threat to the continuity of
agricultural production).

In [38], the authors presented the interrelationships between the factors that influence
the efficiency of APV systems. The paper also contains a detailed analysis of the factors that
drive and hinder the large-scale implementation of APV technology, as well as how APV
systems are perceived by the public. It points out that APV systems can potentially have a
negative impact on landscape values, which are particularly important for recreational and
tourist areas. Similar discussions are common in the context of wind farms. However, the
impact on the landscape largely depends on the system’s location, and the visual effect can
be mitigated by using existing environmental elements.

Therefore, there is a need for a comprehensive understanding of the technical, eco-
nomic and agricultural aspects surrounding APV systems, and the factors influencing
public acceptance of large-scale investments in the renewable energy sector.

The originality of this paper lies in the first-in-the-literature critical synthesis of the
interactions between key dimensions of APV implementation technical (topologies, mod-
ules, shade dynamics), agronomic (growth patterns, crop requirements), legal (regulatory
framework), and economic, to create a multidimensional framework for developing an APV
optimization model. Consequently, the paper identifies and categorizes key trade-offs and
critical thresholds that must be considered as input variables in future, quantitative APV
optimization models, while also offering an overview of the most advanced mathematical
modelling tools.

Unlike previous reviews, this paper emphasizes a holistic approach to modelling,
demonstrating that modelling solar radiation distribution and crop growth (e.g., GENECROP)
is essential for quantitatively assessing the impact of PV modules (Rshade coefficient) on
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the light balance of plants, thus enabling the simultaneous parameterization of energy
efficiency and crop yields. A detailed analysis of advanced tracking systems, such as CT-AT,
in combination with growth models, provides an original contribution to understanding
how modern technology can overcome traditional trade-offs between maximizing energy
production and agronomic requirements, which is key to increasing the Land Equivalence
Ratio (LER).

2. Topologies of Agrophotovoltaic Systems
Agrophotovoltaics, also known as agrivoltaics or dual-use solar energy, is an emerging

trend involving the simultaneous use of land for energy production (through the installation
of ground-mounted photovoltaic modules) and conventional agriculture, with different
types of crops or production profiles. This means that photosynthesis and photovoltaics
processes occur simultaneously in the same space. The concept was first described by Adolf
Goetzberger (founder of Fraunhofer ISE) and Armin Zastrow in 1982 [25]. The idea was
further developed by the APV-RESOLA group. This resulted in an APV pilot project at the
Heggelbach farm near Lake Constance. Figure 2 illustrates the coexistence of two types of
production activities on the same site.

Figure 2. Dual use of agricultural land with the installation of photovoltaics on fertile land:
1—Agricultural crops, grain, 2—Photovoltaic panels. Source: own elaboration based on [39].

Agrophotovoltaics refers to solutions in which single-sided or double-sided (bifacial)
photovoltaic modules are installed using support structures. These structures can be verti-
cal, with the photovoltaic cell planes oriented east-west direction-west or, less frequently,
north-south, or horizontal, in the form of independent units or greenhouse roof structures.

Three basic topologies of agrivoltaic systems are being actively researched [20]:

• Photovoltaic modules installed on the ground, either stationary or using sun-tracking
systems, with spacing between the structures and existing crops;

• Photovoltaic modules installed above crops, either stationary or using sun-tracking
systems;

• The use of photovoltaic greenhouses that integrate classic solutions used in horticulture
and agriculture with photovoltaic cells arranged to maintain partial transparency, or
double-sided cells with a specific degree of transparency that utilise reflected radiation.

The popularity of the two basic topologies significantly exceeds that of the third (agri-
cultural greenhouses with photovoltaics). Greenhouse cultivation requires large amounts
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of energy to control the internal environment, which is used, depending on the climate,
for cooling, heating and lighting. Greenhouses create better conditions for plant growth,
development and cultivation by effectively storing heat, thus extending the growing season
and ensuring suitable conditions for yield. Currently, greenhouses face the problem of
distribution light more effectively for generating electricity and reaching plants.

Using sun-tracking systems in these topologies can enable better lighting management
and active modification of the instantaneous radiation intensity and its distribution accord-
ing to the current stage of plant development and for each type of crop individually. The
first design of a system with sliding PV modules was implemented in Japan in 2004 [40].
Research by the Japanese engineer Akira Nagashima has shown that it is possible to com-
bine energy production in PV panels with the cultivating shade-intolerant crops such as
maize. Figure 3 illustrates various methods through which photovoltaic installations can
coexist with agricultural crops or livestock.

Figure 3. Types of agrivoltaics systems: 1—crop production, 2—animal husbandry, 3—ecosystems
services. Source: own elaboration based on [41].

One seemingly undemanding way of integrating agriculture and photovoltaics is
to graze sheep under solar panels. The sheep control the vegetation and limits hading.
They do an even a more thorough job than mowers because they can reach around the
legs of the structure [42]. In return, the sheep or goats receive feed and a shaded place
to rest. In selected countries, photovoltaic system operators pay shepherds to transport
sheep. Experimental methods of agrivoltaics involving sheep have shown that the lower
grass mass available on solar pastures is offset by higher feed quality. This results in
similar spring lamb production as on open pastures. Agrivoltaics can also be used to shade
cows. Grazing in the sun is popular in the USA, and an organisation has been established
to support it [41,43]. Using PV modules for sheep farming is also common practice in
Germany. When agrivoltaics are combined with animal husbandry, special types of fences
and inverters must be installed to ensure the animals’ safety. Figure 4 shows the coexistence
of sheep grazing and electricity generation facilities.
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Figure 4. A 6.5 MW photovoltaic installation that is part of the Barth project with a total capacity of
35 MW. Source: own elaboration based on [44].

Photovoltaics are also used to meet the electricity needs of farms involved in animal
husbandry and breeding. Processes such as lighting buildings, milking, heating and
pumping water, cooling milk, and ensuring the thermal comfort of animals require a
normal supply of electricity. The highest electricity consumption is observed in farms
specialising in poultry farms, and the lowest in farms engaged in field cultivation, farms
with herbivorous animals and mixed production farms [45].

Installation an agrivoltaic system above an aviary for free-range poultry farming
facilitates poultry farming protects the birds from intruding animals and from the droppings
of birds flying over the aviary, which can transmit infectious diseases. Figure 5 shows the
classification of APV systems based on studies by Fraunhofer ISE.

The most commonly used technical solutions for the installation of PV modules on
agricultural land in an APV system are shown in Figure 6.

The area required for overhead agrivoltaic systems is typically 20–40% greater
than that required for conventional ground-mounted photovoltaic systems (i.e., tradi-
tional farms, not APV). Overhead agrivoltaic systems are therefore described as hav-
ing an efficiency of 500–800 kW/hectare, whereas conventional ground-mounted photo-
voltaic systems have an efficiency of 700–1100 kW/hectare, depending on the system
type [47]. Interstitial agrivoltaic systems (case no. 1, Figure 6) have an efficiency of
250–400 kW/hectare, meaning they require approximately three times more space than
ground-mounted photovoltaic systems.

In the presented variants, concrete foundations are not recommended in order to
protect valuable agricultural land. Alternative options include pile or screw foundations,
which can be dismantled without leaving any trace. This means that mobile agrivoltaics
can be flexibly adapted and even implemented spontaneously in crisis regions.

The pillars of the support structures for the PV modules create unused strips, as most
agricultural work, such as sowing, weed control and harvesting, is carried out parallel to
them. This may necessitate labour-intensive manual mowing of areas there are inaccessible
to large agricultural machinery, in order to prevent weeds from spreading to neighbouring
areas. Working in close proximity to the support structures will be time-consuming in order
to prevent possible damage. Using combustion engine machines may result in increased
fuel consumption in order to carry out more precise work around problematic objects.
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Therefore, it is important to consciously design the layout of the supporting pillars and
the distance between them, both longitudinally and transversely. On the other hand, the
green belts preserved under the rows of modules provide a good habitat for many species
of insects and birds and maintain the ecosystem. Some studies suggest that annual or
perennial flowers (which increase biodiversity) could be grown in these sections (unused
strips of land) to increase biodiversity and attract pollinators to the crops. Figure 7 shows
the unused strips of land that have been created.

Figure 5. Classification of APV systems. Source: own elaboration based on [46].

The type of mounting solutions used for photovoltaic modules must allow for the
introduction and uninterrupted use of agricultural machinery in the area covered by the
investment. The chosen concept must consider various factors, such as the safe distribution
of water and light, efficient land use, and the minimisation of soil erosion risk through
effective rainwater harvesting solutions.

In accordance with the provisions set out in [49] which are the result of coopera-
tion between Fraunhofer ISE, the University of Hohenheim and the German Institute for
Standardisation (DIN), the DIN SPEC 91434:2021-05, Beuth Verlag GmbH, 10772 Berlin,
Germany, standard was developed. According to these provisions, the loss of available crop
area due to the presence of the PV subsystem of the APV system should not exceed 10% for
category 1 facilities (mounted on poles) or 15% for category 2 facilities (ground-mounted).
In addition, the agricultural yield must reach at least two-thirds (66%) of the reference
yields achieved under normal cultivation conditions. The standard is also intended to en-
able the development of consistent testing procedures and methods, and it will be possible
to certify agrivoltaic systems in the future, as it currently contains recommendations for the
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design and effective installation of such systems. The emergence of a preliminary standard
for this new technology can be considered an important step towards ensuring the quality
of APV installations.

Figure 6. Technical solutions for the installation of PV modules while maintaining cultivation. Source:
own elaboration based on [47].

 

Figure 7. Transition from celery cultivation area to winter wheat cultivation area, visible strips of
wild vegetation with grass accents at the transition border [48].

3. Factors Optimising the Performance of APV Systems
3.1. Method of Installing Photovoltaic Modules

As confirmed in publication [50], optimising APV systems is complex issue. Different
results were shown for the same APV system configuration and level of crop shading by
PV modules for different consecutive harvest periods in 2017 and 2018 of the APV-RESOLA
pilot installation. Optimising a photovoltaic system for higher electricity production can
lead to a significant reduction in biomass production, and focusing on high yields may not
necessarily correspond to the correct spatial orientation of PV modules.

In agrivoltaic systems, PV modules are typically installed in a raised configuration
or between rows [3]. Growing crops under raised PV modules reduces the amount of
solar radiation that reaches the ground, which can result in shading and reduced sunlight
exposure [51]. The main crops grown in this type of system are grapes, small fruit trees,
and delicate vegetables. In inter-row photovoltaic systems, agricultural production usually
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takes place in the space between the rows of modules. In these systems, the distance
between successive rows can be significant. The most popular crops in these systems are
grasses, hardy vegetables and higher-value horticultural plants [20].

A new approach involves the use of double-sided, vertically inclined PV modules
oriented from east to west, which are currently being tested for use in APV systems. The
steel structure consists of two vertical posts driven into the ground and connected by
three horizontal crossbars. The foundation is approximately 1.5 m deep, with the exact
depth determined for each project based on geotechnical studies and wind conditions. The
spacing is determined by factors such as the terrain, the permissible installation slope of the
structure, and the reductions in electricity production caused by of the rows shading each
other. Systems of this type are already being used in the first commercial projects, reducing
the amount of space occupied while facilitating the agricultural maintenance of the strips
in close proximity to the vertical support structures. These systems may be particularly
attractive and profitable in countries where electricity production is billed at different rates
over short periods of time, e.g., hourly electricity prices. This leads to higher revenues from
selling of electricity to the power grid, particularly during the morning and evening [52].
However, little research has been conducted in this area. In Germany, two such systems can
be found in Donaueschingen (Baden-Württemberg) and Eppelborn-Dirmingen (Saarland).
It seems that the above-described problems concerning the distribution of water and solar
radiation availability between rows of panels may be mitigated. Figure 8 show an APV
installation with vertically mounted PV modules.

 

Figure 8. View of an APV installation using vertically mounted PV modules [53].

Vertical positioning of PV modules (single-sided or double-sided) may be particularly
important for crop growth in windy areas, where photovoltaic modules can act as wind
barriers and prevent wind erosion.

3.2. Height of Photovoltaic Module Installation

The height at which panels are installed is an important factor in the success of various
agricultural practices. This depends on various factors, including geographical location,
wind conditions, crop type, soil type and financial resources.

As early as 1982, Goetzberger and Zastrow [25] analysed the effect of installation
height on the distribution of sunlight in the planes located under module structures. They
concluded that raising the planes of 6 m-long modules to a height of 2 m above ground
level, with 3 m between rows and in a stationary south-facing position, would ensure an
almost uniform distribution of sunlight, with approximately 30% shading compared to no
PV photo generator, while using only one third of the land for energy production. A height
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of 2 m would allow agricultural work to be carried out using a small tractor. Raising the
modules promotes a more even distribution of sunlight under the photovoltaic panels.

However, lower panel heights can inhibit flowering, affect insect populations and
disrupt pollination, hinder soil erosion control and increase mowing frequency if used
without taking into account appropriately selected plant seed mixtures [54]. For mounting
heights not exceeding 1.8 m, it is assumed that many crops can only be grown between the
rows of modules.

The installation height of PV modules affects the type of technical equipment that
can be used for all plant production activities, in order to create optimal growth and
development conditions. The correct height also enables safe working when using support
structures above crops. However, installing PV modules at a considerable height above the
ground can lead to increased investment and operating costs if potential future maintenance
work at height is required.

Ensuring the required height is also important for groups of farmers engaged in animal
husbandry.

Numerous studies have been conducted to determine the optimal height and place-
ment of PV to maximise energy and agricultural production. In [3], it was determined that
the appropriate location for photovoltaic systems is at least 2.1 m above the ground. In
Japan, many solutions are located at a height of 3 m [27], while there are also structures with
a significant installation height, such as those presented in [37], where the authors studied
the impact of module shading on crop conditions. Kim et al. [25] studied the impact of PV
systems in South Korea at a height of 5.2 m, while in viticulture, an agrivoltaic system only
needs to be 2 to 3 m high, which significantly reducing the cost of the substructure.

3.3. Distances Between Modules and Rows of Photovoltaic Modules

In conventional photovoltaic installations, minimum distances between rows must be
designed to avoid mutual shading. The distance between rows of PV modules is typically
6 m to 12 m to minimise shading of farmland [55]. However, no consideration is given
to the spacing between photovoltaic modules within the same row (inter-panel spacing),
as is the case with open agrophotovoltaic systems. Traditional photovoltaic installations
have minimum spacing between panels to allow for the use of mounting clamps. The wide
spacing of the modules, combined with their considerable height in APV systems, increases
the value and uniformity of solar radiation penetration to crops. However, increasing the
spacing between modules leads to a reduction in the surface density of solar radiation
energy. The spacing between panels also provides farmers with better access between rows
and beds, which can lead to more efficient farming practices. Increased spacing between
modules and between rows of modules leads to a reduction in ground coverage. This may
affect the economics of the project in areas with high land costs or limited land availability.
Dupraz et al. [56] found that installing a higher density of PV modules above crops leads
to higher electrical efficiency and land productivity. At the same time, however, relative
yields were 27% lower than for unshaded crops and 10% lower than for a topology with
reduced panel density.

3.4. Degree of Ground Shading and Microclimate Change in APV Systems

The degree of solar radiation reduction in APV systems depends largely on seasonal
(daily and annual) changes in the Sun’s altitude, and will therefore vary depending on
the geographical location of the investment site and the time of the year. To increase farm
productivity, modern facilities use sensors to monitor active photosynthetic radiation (PAR),
irradiance (using pyranometers), temperature, relative humidity, wind speed and direction,
rainfall, soil moisture, temperature and electrical conductivity in real time.
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Although the literature does not provide comprehensive data on different plant species
and categories, shading can affect both the size of the yield and the subsequent quality of
the harvest. In [57], lower yields were observed under APV in the first year of the pilot plant
study. A similar case was also described in [58], where increased yields were observed
in the second year due to shading, despite it being a very dry summer. The findings
presented in [57] also confirm that yield reduction is likely with APV; however, in hot and
dry weather conditions, favourable growing conditions may be achieved. Studies [37,59]
present research results on reduced yields sizes for five crops (sesame, mung beans, red
beans, maize and soybeans) in four different shade zones—0%, 21.3%, 25.6% and 32%,
proposing analytical mathematical formulas that link shading percentage to mass yield.

For certain plant species, the APV system can stabilise yields from one year to the
next. A positive effect was observed in winter wheat cultivation, as detailed in [57],
where the average grain yield in the APV system from 2017 to 2019 varied by only 0.4 t
DM/ha. In contrast, the variation in the reference system during the same period was
2.3 t DM/ha. However, this stabilisation was not confirmed for celery cultivation under
the same conditions and at the same observation site.

Nevertheless, in many cases, the effects of shading, compensated for by additional
electricity production, can contribute to an increase in farm income of more than 30% [60].

Shading reduces the amount of radiation (i.e., photo synthetically active radiation,
PAR) reaching the ground by around 30% [55]. The adaptive response of plants to the re-
sulting shade may involve increasing leaf area and stem length as a strategy to avoid shade.

According to DIN SPEC 91434, the light availability, light uniformity and water avail-
ability must be checked and adjusted to the needs of the agricultural products in question.

In April 2022, scientists from Chonnam National University in South Korea, conducted
research which was published in the scientific journal Agronomy [29]. This study showed
that plants grown under a canopy of photovoltaic modules did not differ from others in
terms of green colour. They also retained their taste and nutritional value.

In addition to external qualities, shading can also affect the chemical composition
of harvested products to some extent. The proportion of individual nutrients can vary
depending on the species. In wheat, for example, shading can increase the protein content
of grains [38,61], whereas an increase in the proportion of fats and proteins is observed in
corn kernels [62]. A similar effect of reduced solar radiation is observed in oilseeds, where
changes in oil quality are the result of changes in fatty acid composition in response to
periodically intercepted solar radiation [63].

The study [64] discusses the impact of the photovoltaic section of the APV system on
the cultivation of celery (a root vegetable common in Central Europe) in terms of yield and
quality. This was achieved by monitoring various plant development parameters, such as
growth phase, plant height and leaf area index, as well as determining the biomass yield
in the form of celery tubers and above-ground biomasses separately. Two-year studies
conducted at the Herdwangen-Schönach research centre (2017 and 2018) showed that APV
reduced active photosynthetic radiation by around 30%. However, monitoring of crop
development revealed that plant growth in the APV system was satisfactory in both years.
Fresh tuber yields decreased by around 19% in 2017 and increased by around 12% in 2018.
Above-ground biomass increased under APV in both years. Complex chemical analysis
of celery tubers revealed no clear negative effects resulting from the APV use. It was
concluded that celery can be considered successfully in APV systems.

For effective plant growth, the temporal distribution of sunlight on the ground plane
occupied by a given type of crop is as important as the instantaneous irradiance value.
This distribution of sunlight will depend on the geometric dimensions of the individual
PV modules used, how they are connected to the photovoltaic generator, the installation’s
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topology (stationary or tracking system), the positioning mode, the time required to change
position and the angle of inclination of the supporting structure. As shown in [9], the
typical arrangement of south-facing PV modules creates deep shadow zones of up to 60%
for many hours during the day. In contrast, the use of sun-tracking systems with east–west
positioning can reduce the shading duration to 1 h between 10:00 and 16:00. In addition,
using reduced-size PV modules allows for better shaping of the photoreceptor plane, fur-
ther reducing the duration of shading in the same zone and achieving a more uniform
distribution of sunlight. Therefore, the use of sun tracking systems in APV systems can
improve electrical efficiency and crop yields, as well as ensure targeted lighting manage-
ment. However, aspects such as construction, operation and maintenance costs must be
considered. In particular, operating costs for single- or dual-axis tracking photovoltaic
systems are considered to be higher than for systems with fixed photovoltaic modules [65].

Simulations and measurements show that orienting the modules at a 30–50-degree
angle facing south-east or south-west results in a more even distribution of radiation
for the plants (without permanent shade) while generating only slightly less electrical
power [66]. Another option is to maintain a south orientation and use narrower photovoltaic
modules. Uniform light and oxygen conditions can also be achieved by positioning the
photovoltaic modules from east to west. This arrangement maximises the movement of
shade throughout the day.

The conscious selection of crops that are well adapted to permanent or periodically
recurring shading, in conjunction with the lighting conditions obtained, makes it possible to
minimise the impact of the shading effect, as confirmed in the study [67], where a reduction
in the density of photovoltaic modules with a distance between panel rows of 3.2 m made
it possible to maintain average yields at a level exceeding 80% for the majority of vegetable
species grown, compared to a control sample grown without shading. Promising results
were presented in [68], where the authors show only an approximately 2% decrease in the
average yield of maize and wheat grown in APV systems. In the case of selected species
such as fodder crops, yield losses due to operating in conditions of limited radiation can be
mitigated by postponing harvesting in the typical period appropriate for the same species
growing in open radiation conditions, and thus extending the growing season, as described
in [69] for the case of lettuce cultivation with the additional use of APV. Deliberate shading
is found in the case of specialised crops such as citrus fruits, blackberries and blueberries,
where the use of special shading nets allows the harvest period to be changed (shifted), thus
obtaining economic benefits from the sale of products at a different time than the typical
period [70]. In addition, these are crops that naturally occur in habitats with moderate
light conditions, which means that they can be effective crops in APV systems. It can be
assumed that all plant species adapted to living in conditions of limited radiation, such as
forest plants, could be adapted for cultivation in agroforestry systems.

Due to limited number of comparable studies on the impact of shading on crop
production, it is difficult to make universal recommendations on the suitability of specific
crop s for cultivation under APV system. The suitability of a given species for cultivation
in APV systems may also be determined by an individually defined threshold of acceptable
yield losses. However, Ref. [57] assumed that crop species whose yield consists mainly of
above-ground biomass are particularly suitable for APV cultivation. In addition to leafy
vegetables such as lettuce, spinach and cabbage, suitable crops include energy crops such
as silage maize, perennial crops such as miscanthus, and fibre crops (e.g., hemp) [48].

When using PV technology in agricultural practice, an important issue will be the pos-
sible change in microclimate conditions and the resulting consequences. Using PV module
roofing reduces solar radiation components, and may also interfere with other microclimate
parameters, such as air and ground temperature, under the supporting structures. Based on
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observations of the functioning of pilot installations, it can be concluded that the closer the
PV modules are suspended to the crop surface, the greater the microclimate changes [71].

In Ref. [72] the authors assess the impact of solar panels on the microclimate of
non-irrigated pastures, which often suffer from water shortages, quantifying changes in
microclimatology, soil moisture, water consumption and biomass productivity.

The impact of PV modules on the microclimate is also presented in Ref. [57]. Based on
two years of field studies near Lake Constance in south-western Germany, the development
of grass clover, potatoes, winter wheat and celery was observed in both an APV system and
a reference open system. A change in microclimatic conditions and crop production was
confirmed within the APV system, where the soil temperature in both years was reduced
in the summer due to the presence of the APV. Reduced soil moisture and air temperature
were also observed, as well as a change in precipitation distribution. In 2017 and 2018, the
range of yield of crops grown in the APV compared to the reference site was from −19% to
+3% for winter wheat, from −20% to +11% for potatoes and from −8% to −5% for grass
clover. During the hot and dry summer of 2018, winter wheat and potato yields increased
by 2.7% and 11%, respectively, in the APV system compared to the reference system. Areas
under photovoltaic panels maintained higher soil moisture throughout the observation
period and exhibited a significant late-season biomass increase of 90%. Water productivity
also exceeded 320%.

However, in this regard, however, the authors of the studies do not provide clear
conclusions. They point to an increase in recorded air temperature in conditions of limited
ventilation and high irradiance [73], and a reduction in soil and air temperature due to the
resulting shading [74].

In general, the shade generated will lead to reduced yields for most crops. The extent
of these losses will depend largely on local climatic conditions, particularly the distribution
of solar radiation, and on the technical method used to implement the APV system. An
exception may be crops grown in arid regions, where crop stability can be maintained
despite the negative effects of high sunlight levels and excessive water transpiration.

In northern latitudes, agrivoltaics are expected to change the microclimate of crops in
both positive and negative ways. While they mitigate temperature fluctuations and thus
increase yields, they also reduce quality by increasing humidity and disease, requiring
greater expenditure on pesticides.

In countries with low or unstable rainfall, large temperature fluctuations and fewer
opportunities for artificial irrigation, APV systems are expected to have a beneficial effect
on microclimate quality [75].

3.5. Rainwater Management

As part of the EU’s Horizon 2020 programme, Fraunhofer ISE, is collaboration with
partners from Algeria, to implement the WATERMED 4.0 project. The aim of this project
is to determine the impact of agrivoltaics on water management and improve the use of
rainwater in APV installations.

The positive impact of photovoltaic modules installed in APV systems on reducing
water consumption and increasing water use efficiency has been highlighted in Ref. [72],
with similar results have been observed in Refs. [27,69]. Some authors raise questions about
the validity of using simple gutter structures mounted under the edge of the panels in the
case of PV modules installed stationary at a given angle of inclination. Rainwater runoff can
be directed directly to irrigation systems as part of smart water management (distribution
with drip or sprinkler irrigation), or it can be collected in tanks. This is particularly useful
in drier regions. In tropical areas (and areas with low latitudes), this solution can mitigate
the adverse effects of heavy rainfall, and reduce the time required for water collection.
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In Refs. [76,77] attention was drawn to the additional positive aspect of shading certain
plant species during the rainy season (mango and grape crops), resulting in a reduction in
the development of fungal diseases exacerbated by intense water inflow.

In terms of water management, the study [24] showed that the using mobile photo-
voltaic modules enables rainwater to be distributed more effectively to the lower part of
the APV installation structure and the plants [69].

Direct runoff of rainwater onto the ground, especially during heavy rainfall, can
increase the risk of soil erosion. In turn, in the sectors of the field covered by the modules’
plane, there is a risk of uneven water supply and reduced availability, and consequently
uneven crop yields in different sections of the field. PV modules also redirect water. This
leads to uneven water distribution (less water below the panels) and puddles and streams
on the ground (increasing availability in some areas of the field), which can exacerbate
erosion [56]. However, the reduction in rainwater supply directly under the PV modules
can be offset after some time, especially if the field is sloped, so that excess water in the
upper parts of the cultivation area is automatically distributed to other areas.

The parabolic trajectory of rainwater droplets flowing from PV modules to the ground
in APV systems as a function of the spacing between PV modules, the height of the modules
above the ground, the geometric dimensions of the modules and their angle of inclination,
as well as the distribution of droplet sizes, can be calculated using the AVrain model
presented in Ref. [78].

In Refs. [60,79], attention was drawn to the possibility of using water to clean photo-
voltaic panels in order to avoid a decrease in energy yield as a result of dust deposition
during dry periods.

3.6. Photovoltaic Module Technology for APV Systems

In principle, all types of photovoltaic module can be used in agrophotovoltaic systems.
Those using silicon solar cells account for around 95% of the global photovoltaic market.

However, transparent photovoltaic modules allow more solar radiation to reach the
crops below. In most PV modules currently in use, the area between the cells accounts
for around 5% of the total module area. Increasing the spacing between the cells and
eliminating the aluminium frame of the module allows for further increases in radiation
transmission while maintaining the protective functions for the crops. Increasing the
spacing between cells can also mitigate the effect of shading. Double-sided photovoltaic
modules can also use light falling on the rear surface of the cells to generate extra electricity.
Depending on the level of radiation recorded on the rear surface, this can increase electricity
yield by up to 25% [80]. Figure 9 shows double-sided photovoltaic modules being used in
an APV system.

 
 

Figure 9. Use of double-sided photovoltaic modules. Source: own elaboration based on [81].
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Agrivoltaic systems usually have greater distances between rows and taller supports.
This means that the irradiance recorded on the underside of the module may be higher
than in conventional ground-mounted photovoltaic systems. For this reason, and due
to the significant drop in bPV module prices, bifacial modules are preferred for use in
APV systems. Glass-glass bifacial PV modules are more durable and resistant, which is
important for farm safety. A key parameter of bifacial panels is the bifaciality factor.

The second group comprises thin-film PV modules (CIS, CdTe, a-Si/µ-Si), which can be
installed on flexible, cylindrical structures (greenhouse roofs or other farm buildings). Their
limited weight compared to silicon-based modules allows for a reduction in the amount
of material needed to construct the supporting structure. However, the photovoltaic
conversion efficiency of thin-film modules is generally lower, meaning a larger surface area
is required to generate a comparable amount of electricity.

Modern solutions offer the possibility of using organic cells in APV systems, with an
interesting solution being the use of concentrated photovoltaics (CPV) in APV systems.
This allows radiation from a wide solid angle of space to be focused, e.g., towards the rear
of a double-sided module. Currently, however, such solutions are rare in APV systems.
One example is the Swiss company Insight, which provides such solutions.

In order to select the appropriate (optimal) type of PV modules for agrophotovoltaic
applications, an analysis should be carried out in terms of the following:

- Type of crop (deciduous, berries, vegetables, root crops, fruit trees, herbs, cereals,
pasture, etc.);

- Required transparency (20–40% for deciduous plants, 15–35% for berries);
- Installation priority (maximization of energy yield, radiation transparency, or crop

yield for a given type of crop);
- Planned crop mechanization (row spacing, pole height, etc.);
- Local climate.

The best types of PV modules for APV applications are as follows:

- Semi-transparent PV modules: increased spacing between PV cells ensures an opti-
mal amount of sunlight reaching the plants, reducing heat stress and ensuring even
distribution of shade;

- Bifacial PV modules: the ability to utilize radiation reflected from the ground/plants
and additional electricity generation;

- Glass-glass modules: high resistance to moisture (compared to modules with a back
film, which has lower resistance to moisture, ammonia, and agricultural chemicals),
temperature stability, usability;

- Modules with increased PV cell spacing (spaced-cell): possibility of adjusting trans-
parency to a specific type of crop in order to ensure precise shading.

The best solution is to combine double-sided semi-transparent glass-glass modules,
as they combine all the best features in a single module (high mechanical resistance, tem-
perature and humidity stability, additional electricity generation using radiation reflected
from the substrate by the rear part of the PV cells). For this reason, monocrystalline silicon
cells are the best type of cells to use. Thin-film cells (made of amorphous silicon, CIGS)
may be used less frequently due to their lower efficiency, larger surface area required to
provide the required system power, and lower energy yields. For agro PV solutions, it is
not recommended to use modules with a back sheet (due to their shorter service life, poorer
resistance to agricultural conditions, lack of transparency, and large and irregular shading
of crops), which may lead to a decrease in crop yields. Table 1 summarizes selected features
of PV modules dedicated to certain types of crops [8,82–85].
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Table 1. List of PV module types for selected crop types [8,82–85].

Cultivation/
Application Best Module Type Transparency/Feature Structure Height

(min) Spacing/Comments Expected Impact
on Yield

Lettuce, arugula,
spinach, leafy
vegetables

Spaced-cell or
semi-transparent,
glass-glass

20–40% light
transmittance

2.0–2.5 m (possibly
lower)

Rows every 3–6 m,
even light
distribution

No decline, often
improvement in
quality

Berries
(strawberries,
blueberries,
raspberries)

Semi-transparent
(spaced-cell),
glass-glass, bifacial

15–35%, moisture
resistant

2.5–4.0 m
(machines can be
used)

Rows with
passageway,
protective cover
systems

Yield stabilization,
quality
improvement in
drought conditions

Grapevine Glass-glass,
bifacial

Acceptable low
transparency,
possibility of using
full modules
between rows of
plants

3.5–5.0 m

Row planting,
orientation
consistent with the
vineyard

Usually no decline,
better drought
resistance

Herbs
Semi-transparent
(spaced-cell),
thin-film

20–40% 2.0–3.0 m
Denser planting
under panels, light
control

No decrease

Potatoes and root
vegetables

Semi-transparent
(spaced-cell),
bifaccial above
rows

15–30% 2.5–3.5 m

Larger gaps
between panels to
avoid restricting
photosynthesis

Typically, no
significant losses,
improved water
efficiency

Fruit trees,
orchards

On tall racks,
bifaccial,
semi-transparent

10–30%
permeability

4.0–5.5 m
(depending on
tree species)

Long journeys,
individual projects

Potential benefits
in hot climates,
risks in cooler
climates

Pastures Bifacial, glass-glass

Lack of required
transparency,
additional benefit
from reflection

3.0–4.5 m Large crossings,
durable structures No decrease

Light-loving crops
(corn, sunflower)

Arrangement of
panels between
rows (classic
modules with large
gaps between
rows)

Lack of required
transparency, use
only between rows
of crops

3.0–5.0 (depending
on the system)

Large spacing to
minimize plant
shading

Risk of reduced
yield if the panels
are located above
the plants and
shade them

3.7. Type of Crops Grown

In recent years, research into the selection of suitable plant species and the determi-
nation of their cultivation conditions on agrivoltaic farms has gained momentum. Based
on current knowledge, all types of crops are suitable for cultivation in an APV system,
although the effects in terms of yield size and quality may vary depending on the growing
conditions obtained, including the availability and homogeneity of solar radiation.

Crops with high shade tolerance, such as leafy vegetable species (e.g., lettuce), forage
species (a mixture of grasses and clover), various species of pome and stone fruits, berries
and apples (see Figure 10), and other specialised crops (e.g., wild garlic, asparagus, hops)
seem particularly suitable.
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Figure 10. Agri-photovoltaic power plant installed above apple trees in Kressbronn, Germany. Source:
own elaboration based on [81].

Specialised crops may also be favoured in integrated agrophotovoltaic systems. This
is due to the fact that such crops often require more specific protective measures. An
agrophotovoltaic structure can provide direct protection against environmental influences
such as rain, hail and wind. The supports can also be used to integrate additional protective
elements, such as hail nets and plastic tunnels, facilitating the cultivation of specialised
crops. An example is the cultivation of demanding berry bushes. In addition, replacing
traditional plastic tunnels with PV module-based screens reduces the need for regular
replacement and disposal of plastic damaged during normal use, which can be an avoidable
cost for farmers.

In viticulture, increased solar radiation and temperature changes have a negative
impact on the size and quality of the crop for some types of vines. Increased solar radiation
increases the sugar content of grapes, which in turn increases the alcohol content of wine
and may impair its quality [86]. For this reason, the partial shade generated by the APV
system can have a positive effect on growth while preventing premature ripening.

A positive synergy effect can also be expected in hop production. The support elements
of the APV system can be used as attachment points for nets to which guides for the hops to
climb can be attached. The entire structure also needs to be anchored at the edges to ensure
stability, which can also be achieved using existing support posts. It has been shown that
limiting the available sunlight to between 60 and 70% is sufficient for many apple varieties
to obtain an optimal yield [87].

3.8. Sun-Tracking Systems

The literature emphasises that the key factors influencing the efficiency of PV installa-
tions include the height of the panels, the spacing between rows, and the tilt angles and
orientation of the modules. It is crucial to ensure that these parameters are correct in order
to balance the two objectives of maximising energy production and maintaining or improv-
ing crop yields [88]. In this context, solutions that enable the dynamic control of modules
position are gaining importance as a means of optimising both functions more effectively.

The paper [89] presents an advanced methodology for optimising the position of
photovoltaic modules in an agrophotovoltaic system within a single-axis tracking agropho-
tovoltaic system, located in an apple orchard in south-western Germany. The authors point
out that dynamic tilt angle control can maintain a balance between energy yield and the
availability of photosynthetically active radiation (PAR) for plants. Simulations carried
out using the proprietary APyV tool showed that adjusting the panel position control
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allows 91% of the target plant irradiation level to be achieved with only a 20% reduction in
electricity production. This confirms the potential of tracking systems to balance energy
and agronomic efficiency.

In article [90], the authors presented an interesting concept for controlling the position
of modules in agrophotovoltaic systems using a single-axis tracking system. This research
was conducted for maize cultivation based on actual meteorological data and a solar
radiation model. They proposed a strategy called CT-AT (critical-time anti-tracking),
whereby the modules are positioned to minimise shading of the crops during periods that
are critical for plant growth., The modules then operate in standard sun tracking mode for
the rest of the time. This solution enabled approximately 87% of annual energy production
to be maintained compared to a classic tracking system, while ensuring almost full light
availability for plants.

In article [91], the authors presented a comprehensive review of the literature on
agrophotovoltaic systems, analysing the technical, environmental, economic and social
aspects of their implementation in the context of energy transition and sustainable develop-
ment. Particular attention was paid to the diversity of technologies used in the systems,
from simple fixed installations to single- and dual-axis tracking systems, as well as solutions
featuring bifacial and semi-transparent panels that some of the light spectrum required
by plants to pass through. The article also discusses innovative developments, such as
integrating artificial intelligence into tracker control, using concentrated solar power (CSP)
technology, and developing organic and photoelectrochromic PV modules that enable
dynamic light transmission control. The authors emphasise that the using tracking systems
in agrophotovoltaic systems can significantly increases energy yield—by up to 25–30%
compared to fixed structures—and enable better control of light distribution on the crop
surface. They point out that single-axis trackers offer an optimal compromise between
investment costs and control flexibility, while dual-axis systems, although more efficient,
are characterised by higher technical complexity and maintenance costs. The authors also
highlight that dynamic panel positioning enables the level of shading to be adjusted accord-
ing to the needs of the plants and weather conditions, thereby contributing to improved
yields and stable energy production.

The literature on the subject describes a number of modern agrophotovoltaic installa-
tions with tracking systems, which currently set the standard for research into optimising
the use of agricultural and energy space. An example is the Sun’Agri systems in France,
which use single-axis solar tracking systems (Figure 11) with automatic control of the angle
of inclination of the modules depending on the level of sunlight under the panels and the
developmental stages of the plants. These installations enable dynamic shade management,
resulting in improved microclimatic conditions and more consistent yields in the southern
France [92].

In Japan, a team from the University of Tokyo conducted research on agrivoltaics in
rice fields in Miyada-mura (Nagano Prefecture). They used dual-axis trackers that allow the
angle of inclination of the panels to be adjusted daily and seasonally (10–30◦) [94]. The sys-
tem, consisting of 352 PV modules, enabled the level of shading to be adjusted according to
the growth stages of the rice, reducing light stress on the plants while maintaining high crop
quality. After the first year of operation, the installation achieved a yield of 961 kWh/kW,
comparable to European AgroPV systems. The authors pointed out that dynamic control
of the panel position enables the effective combination of energy production with rice
cultivation. Further improvements, such as the use of AI or semi-transparent panels, can
increase the system’s efficiency even further.
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Figure 11. Sun’ Angri tracking agrophotovoltaic system in France. Source: own elaboration based on [93].

In the United States, an example of tracking systems being used in agri-photovoltaics
can be seen at the Iowa State University–Alliant Energy Solar Farm project in Iowa. This
installation uses single-axis trackers to automatically adjust the angle of the panels to the
position of the sun, which increases energy yield while maintaining adequate sunlight
for crops. Studies have shown that this solution improves the system’s energy efficiency
without significantly reducing yields [95,96].

In Belgium, a team from KU Leuven compared two AgroPV systems, one with a fixed
structure and one with single-axis trackers, at a test site in Grembergen. The tracking
installation produced 35% more energy and had a lower LCOE (0.077 €/kWh compared to
0.10 €/kWh for the fixed system). During the dry season of 2022, the tracker also achieved
a 47% increase in total efficiency (energy and yield), confirming that dynamic control of the
modules’ position improves the system’s energy and agricultural efficiency [97].

In Israel, Agri-Light Energy Systems launched a pilot agrophotovoltaic system with
dual-axis tracking over a vineyard in Ramat Negev. The 1000 m2 installation with 100 PV
modules (540 W) moves on tracks, allowing precise shade control depending on plant
needs and weather conditions. Using sensors and control algorithms, the system balances
energy production with optimal sunlight exposure for the vines, reducing overheating,
evaporation and crop losses. The project exemplifies the effective use of dual-axis trackers
in desert conditions [98].

The analysis of factors affecting the efficiency of APV systems to date has shown that
the optimization of these systems requires a constant balancing of energy and agricultural
objectives. Parameters such as module height and spacing, degree of shading, as well as the
use of advanced tracking systems and the selection of PV module technology (e.g., bifacial,
semi-transparent, or spaced cells) simultaneously affect electricity generation and microcli-
matic conditions critical for crops. For example, tracking systems can increase electricity
production by 25–30% compared to fixed structures, while offering dynamic control over
shading. In turn, deliberately increasing the transparency of modules by spacing the cells
(e.g., 20–40% for leafy vegetables and herbs) or raising them (e.g., to 2.0–2.5 m), although
it may lead to a reduction in power density, is necessary to maintain satisfactory yields
(LER > 1) and to enable agricultural machinery to operate. Such optimization requires
constant assessment of trade-offs, including the investment and maintenance (O&M) costs
of dynamic systems, in exchange for income stabilization and crop protection against ex-
treme weather conditions. Table 2 quantifies these key trade-offs, synthesizing measurable
indicators and critical thresholds that are essential for designing effective APV systems.
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Table 2. Quantification of technical and agronomic trade-offs in APV.

Indicator/Technical
Parameter Impact on Energy Impact on Crops Key Trade-Off/

Quantitative Limits

Degree of crop shading Loss of energy gained
(dependent on Rshade).

Crop losses tolerated up
to 25%.

A maximum reduction in
available radiation of approx.
30% (in Central Europe) may
be justified if crop losses are

acceptable.

Tracking systems
Increase in energy production
by 25–30% compared to fixed

systems.

Enables dynamic shade
control (e.g., CT-AT) to protect
crops during critical growth

periods.

Higher investment and
maintenance (O&M) costs

compared to fixed structures.

Height of the PV installation Increase in investment and
maintenance (O&M) costs.

Minimum 2.1 m required for
safe machine operation. For
grapevines: 2–3 m. For trees:

4.0–5.5 m.

Balancing construction costs
with the possibility of using
large agricultural machinery.

Bifacial PV modules
Additional energy generation

of up to 25% from reflected
radiation.

Better use of
reflected/diffused light,

especially with larger row
spacing.

Higher costs of modules
compared to standard ones.

Water conservation No direct impact on PV
production.

Reduction of water
evaporation from soil by

14–29% (in dry conditions,
e.g., California).

An agronomic benefit that
minimizes drought risk and

stabilizes crops.

Land Equivalence Ratio (LER) LER for energy
(Yeildy(dual)/Yeildy(mono)).

LER for crops
(Yieldy(dual)/Yieldy(mono)).

APV is more effective than
monoculture/mono-PV when

LER > 1.

Minimum required crop Indirect impact (affects
agricultural profitability).

It must achieve at least
two-thirds (66%) of the

reference yield (DIN SPEC
91434, Germany) or 80%

(Japan).

Legal/certification
requirement for maintaining
the agricultural function of

land.

LCOE (APV vs.
ground-mounted PV)

Profitability indicator: APV is
more profitable than small

rooftop systems.

The profit from organic
farming can make the system
profitable despite lower crops.

Depends on scale, location
and subsidies.

Source: own study based on a review of the literature.

4. Legal Aspects of PV Installations in Agriculture
The European Union pays particular attention to the implementation of the EU’s

climate and energy policy framework. Increased the use of energy from renewable sources
is also of fundamental importance. According to a report by the European Commission’s
Joint Research Centre (JRC), covering just 1% of utilised agricultural area (UAA) in the
EU with agrivoltaic technology could generate up to ~944 GW of installed direct current
(DC) power [99]. For the first time, the EU’s agricultural strategy (A Vision for Agriculture
and Food) explicitly recognises for the role of photovoltaics as a complementary tool
for agriculture, including for improving energy security, decarbonisation and providing
additional income for farmers [100]. At the same time, the solar industry (e.g., Solar
Power Europe) is pressing the European Commission to accelerate the adoption of a legal
framework for agrivoltaics in the context of the Common Agricultural Policy (CAP) and the
agricultural land status [101]. At the EU level, there is not yet a legal framework exclusively
dedicated to agrivoltaics; these technologies are currently subject to the general legal
framework for renewable energy, agriculture, spatial planning, land use and environmental
protection. As a result, many Member States are developing national regulations to adapt
agrivoltaics to their legal systems.
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Another factor contributing to the growing interest in Agri-PV is the European Com-
mission’s assumptions, contained within the “Fit for 55” package, which forecast the
installed capacity of renewable energy sources in Poland will reach 44 GW by 2030.

Agrophotovoltaic installations allow agricultural production and energy generation to
take place simultaneously. Typically, photovoltaic installations on agricultural land do not
change its intended use, meaning they can remain in production. Taking into account the
literal interpretation, the problem in many countries, such as Germany, is the lack of legal
regulations, including, in particular, a definition of what agri-photovoltaics is and how it
should be implemented. The problem arises, in particular, when entrepreneurs intend to
install such devices for the purpose of generating electricity for sale.

In Germany, however, it has become standard practice to designate areas for Agro-
PV investments as “special areas–agrivoltaics” in the local plan. In addition, Agro-PV
installations may be classified as privileged projects under building law, which could
accelerate the development of this technology. The German Renewable Energy Sources Act
(EEG 2021) promotes climate protection by encouraging investment in renewable energy.
Since its introduction in 2000, the Act has set out a number of objectives for sustainable
energy development. For example, 65% of German electricity must come from renewable
sources by 2030, and all electricity generated or consumed must be greenhouse gas neutral
by 2050 [102]. Although the DIN SPEC 91434 standard has been developed as a technical
specification for agrivoltaics, in Germany does not yet have clearly defined regulations
in all areas (building, energy and agricultural law). However, it is sometimes used as a
reference in national law [103].

According to the definition proposed by the French Environment and Energy Manage-
ment Agency (ADEME), a photovoltaic installation can be classified as agrophotovoltaic
when its photovoltaic modules are located on the same plot of land as agricultural pro-
duction, impacting it directly, for example by improving agronomic potential, adapting
to climate change, protecting against hazards, or improving animal welfare. The decree
of April 2024 introduces limits, e.g., a maximum coverage of 40% of the area with panels,
maintenance of more than 90% of yields relative to the reference area, maintenance of farm
income (excluding PV income), and no more than a 10% loss of arable land [104]. Installa-
tion of ordinary PV (not meeting agrivoltaic conditions) on agricultural land has essentially
been banned—agricultural land can only be used for PV in the form of agrivoltaics [31].

In Italy, agrivoltaic installations cannot be treated in the same way as conventional
photovoltaic farms, meaning there is a distinction in legal practice [105].

In January 2025, the Czech Republic introduced a new law that defines agrivoltaics,
specifying two types of system (horizontal at a height of 2.1 m above the ground; vertical
with rows at least 6 m apart) and stipulates that the land must remain in the agricultural
land register. This allows the agricultural land status and subsidies to be maintained [106].
This change permits installations without the need to alter land use or development plans
for eligible agrivoltaic projects. A maximum of 10% of a farm’s area can be covered by a PV
installation [107].

In July 2023, Croatia adopted provisions in the Spatial Planning Act that define
agrivoltaic installations and their areas of application. The aim is to speed up the approval
of such investments [108].

In Poland, according to the EAGER Joint Study report for Poland, there are currently no
legal provisions dedicated to regulating agrivoltaics in a consistent manner [109]. Instead,
agrivoltaic investments are considered under existing legislation: the Construction Law,
the RES Act, agricultural law (agricultural land protection, records), spatial planning
and development regulations, and taxes. This means that each investment requires an
individual analysis and often depends on how the authorities interpret the authorities [110].
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In Poland, for example, the construction of photovoltaic power plants is permitted on
agricultural land in accordance with the local spatial development plan [111]. A decision on
building conditions is not required for the installation of photovoltaic equipment if it does
not change the land use or the use of the building. This is the case when an agricultural
producer generates energy for the needs of a given property and the equipment does
not interfere with the cultivation of agricultural land. Work related to photovoltaics
with an installed capacity of no more than 50 kW can be carried out without a building
permit, regardless of whether the equipment is installed on a farm building or is a free-
standing structure on the ground. Equipment with an installed capacity of more than
50 kW can be installed after obtaining a building permit. However, ground-mounted
installations are often subject to spatial planning and building permits (depending on the
design and height). This results in significant differences between municipalities [110]. The
installation of APV may require a change of use or recognition as an agricultural activity;
this affects subsidies, taxes and the possibility of implementation [112]. It is unclear
whether the installation of panels (especially ground-mounted ones) excludes the right to
area subsidies; ministries have announced work on regulating this issue, but no mature
solutions (uniform interpretations) have been developed so far [113]. Economic issues (e.g.,
classification of activities, depreciation, taxation of energy revenues) are not yet specifically
adapted to agrivoltaics; a tax analysis for a specific model is required [112]. Analyses
and reports (national expert opinions and reports by law firms/lawyers/investors) are
ongoing, indicating the need to establish a legal framework adapted to the specific nature
of agrivoltaics [114].

Outside the European Union, the topic is global, but regulations vary greatly and are
often still being developed.

In the US, the U.S. Department of Energy (DOE) describes agrivoltaics (“solar and
agriculture co-location”) as the possibility of sharing land between agricultural production
and PV installations [115]. There is no universal, federal regulation specific to agrivoltaics
yet, and much depends on state and local regulations. Planning, land use and zoning issues
are a major challenge, and local regulations may limit the development of solar installations
on agricultural land [116].

Japan has one of the earliest agrivoltaic practices. In 2021, new guidelines for agri-
voltaics were issued: requirements that the installation must coexist with cultivation or
breeding, the share of agriculture must remain significant (90%), and agrivoltaic projects
cannot exceed a height of 9 metres due to building regulations. Projects using trackers or
installations installed in barns and horticultural greenhouses were excluded from these
guidelines. The case of Japan shows that agrivoltaics can be a tool integrated with agri-
culture, but clear regulations and enforcement are necessary—installations that do not
meet the conditions may lose support. In 2024, feed-in tariffs (FIT) were suspended for
342 agrivoltaic installations that violated agricultural land use regulations or did not obtain
the required permits [117,118].

Australia still lacks specific regulations for agrivoltaics—while there is general
law, there is no dedicated framework. In July 2025, the Agrivoltaics Handbook was
published—a guide for landowners in Australia on integrating PV with agriculture [119].
Australia is an example of a region where the technology and interest exist, but clear legal
guidelines are lacking, so projects are often experimental and local.

Based on the experience of countries that have already introduced similar regulations
(e.g., France, the Czech Republic, Japan), it is worth specifying in the regulations the defini-
tion of agrivoltaics, limits on panel coverage, requirements for maintaining agricultural
function (e.g., minimum yields, spacing, heights), simplified planning procedures, and
rules for combining CAP (Common Agricultural Policy) subsidies with PV activities. Expert
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reports also recommend clear tax solutions and adjustments to grid connection rules. In
non-EU countries, agrivoltaics is often seen as part of a strategy to combine food and energy
production, as highlighted in analyses and reports [120]. The most common challenges
are the definition of agrivoltaics, land classification, support/subsidy systems, spatial
planning, and the conflict between agricultural and food production and PV installations.
In many places, energy and agricultural laws were not originally designed for agrivoltaics,
hence new frameworks or adaptations are necessary. Table 3 compares the legal status of
agrivoltaics in selected countries outside the EU.

Despite the growing number of legal initiatives across Europe, Asia and North Amer-
ica, the practical deployment of agrivoltaic systems is influenced not only by regulatory
frameworks but also by a series of region-specific operational, economic and infra-structural
challenges. In many EU Member States, including Poland, Germany, Italy and the Czech
Republic, the initial hurdle lies in the classification of agricultural land and the ne-cessity to
demonstrate that the land’s primary agricultural function remains intact. This often requires
additional documentation, periodic yield verification or local administrative approval, re-
sulting in prolonged project timelines. Another challenge is the lack of standardisation of
APV system typologies: national laws differ with regard to permissible panel coverage,
minimum yields, mounting heights and spacing. This complicates the transferability of
best practices between regions.

From a technical perspective, the deployment of APVs is limited by agronomic un-
certainties, such as crop-specific responses to shading and altered microclimate conditions
(e.g., soil moisture, temperature and evapotranspiration), as well as the need to maintain
year-round access for agricultural machinery. These challenges are particularly relevant in
Central and Eastern Europe, where field sizes, types of machinery and agronomic condi-
tions differ substantially from those in Southern Europe or Asia. In regions with strong
solar resources but fragile ecosystems, such as the Mediterranean countries, Australia and
the western US, additional concerns relate to soil erosion, water stress and biodiversity
impacts. These require adaptations to mounting structures or crop selection.

Another group of challenges is constituted by infrastructure and energy-system limi-
tations. Rural grids in Poland, Italy, the US Midwest and parts of Japan have insufficient
hosting capacity, resulting in high grid connection fees and the need for network upgrades.
These factors significantly increase development costs. In densely populated countries such
as Germany, the Netherlands and Japan, conflicts arise in spatial planning, particularly
where APV projects compete with food production, landscape protection regulations or eco-
logical corridors. The cost of installing APV is consistently higher than that of conventional
ground-mounted PV. Depending on the region, elevated structures, stronger foundations,
anti-corrosion materials, wider spacing and dual-use design lead to CAPEX premiums.
In addition, maintenance costs increase due to the need for vegetation management, crop
monitoring, seasonal adaptation of panel orientation (in dynamic systems) and coordina-
tion between farmers and PV operators. In regions with fragmented land ownership, such
as Italy, Poland and India, negotiating long-term land-lease contracts increases transaction
costs. Energy market conditions also strongly influence APV economics. In countries
with low electricity prices (e.g., France under regulated tariffs or markets with saturated
PV capacity), the payback period is longer. In contrast, regions offering feed-in tariffs or
dual-use bonuses (Japan, South Korea and certain US states) demonstrate significantly
higher investment viability.
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Table 3. Legal frameworks for agrivoltaics around the world (outside the EU) [104,115–131].

Country Legal Status (2025) Key Regulations/Guidelines Public Support System Key Barriers/Challenges

USA No uniform federal
law; state regulations

• Agrivoltaics Research &
Demonstration Act
(2023)—research and pilot
projects
• DOE guidelines (FARMS
Programme)

• DOE research grants
• Locally—tax breaks,
state grants
(e.g., Massachusetts
SMART Programme)

• Inconsistent state and
local regulations
• Complex zoning
procedures
• Lack of dual-use
land classification

Japan Regulated and actively
developed

• MAFF (Ministry of
Agriculture) guidelines
from 2021
• Requirement to maintain
agricultural function and
production

• FIT tariffs for PV
(subject to compliance
with agriculture)
• Local programmes
for rural areas

• Strict conditions
regarding land use
• Penalties for
violations—loss of
FIT support
• Difficulties in
monitoring crops
under panels

China
Formal recognition of
agrivoltaics as a form
of renewable energy

• Renewable Energy Act
(amendments 2020–2023)
• “PV + Agriculture”
guidelines as part of the
five-year programme

• State subsidies for PV
on agricultural land
• Preferential loans

• Uneven level of local
implementation
• Concerns about project
greenwashing
• Need for control of
compliance with
agricultural use

India Partially regulated at
state level

• PM-KUSUM programme
(2019–)—promotes PV in
agriculture, including
agrivoltaics
• Local state regulations (e.g.,
Gujarat, Rajasthan)

• Subsidies of up to
60% of investment costs
• Guaranteed energy
off-take

• No uniform national
law
• Problems with grid
connections
• Financial difficulties of
small farmers

Australia
In the development
phase; no specific
regulations

• Agrivoltaics
Handbook [119]
• General planning law

• Regional
programmes (e.g.,
Clean Energy Finance
Corporation)
• Research grants

• No legal definition of
agrivoltaics
• Land use conflicts
• State-dependent
planning procedures

Switzerland
Framework being
developed; pilot and
test projects

• SFOE and FOAG (Federal
Offices) guidelines—2024
• Cantonal regulations on
land protection

• Investment support
from federal
programmes
• Research grants

• Complex land
regulations
• Lack of systemic
recognition of
agrivoltaics in
agricultural subsidies

Canada In the pilot phase, no
national regulations

• Recommendations from
Natural Resources
Canada [129]
• Provincial programmes:
Alberta, Ontario

• Grants and tax credits
under the Clean Energy
Investment Tax Credit

• Provincial regulations
are inconsistent
• No formal definition of
agrivoltaics

UK
Implementation
underway; in
consultation phase

• DEFRA & BEIS—2024
consultations: Solar &
Farming Integration Policy

• Support for PV under
Contracts for
Difference (CfD)
• R&D grants

• No agrivoltaics status
in spatial planning
• Uncertainty in access to
agricultural subsidies

Brazil
Dynamic development,
legislation in
preparation

• Draft law on agrivoltaics
(2024)
• ANEEL and EMBRAPA
guidelines

• Loans and grants for
farmers from Banco do
Brasil
• Energia Renovável no
Campo programme

• Lack of uniform land
classification rules
• Grid and financial
barriers

Republic of
Korea

Strong government
support, operational
framework

• MAFRA and KEA (Korea
Energy Agency) guidelines
• Panel area limits (≤30%
ground coverage)

• Subsidies, FIT, and
low-interest loans

• High certification costs
• Need for periodic yield
verification
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The policy environment plays a decisive role in determining the scalability of APV.
France and Japan, for example, have introduced explicit national definitions, panel-
coverage limits and yield-maintenance thresholds, thus enabling clear permitting rules
and targeted subsidy schemes. The Czech Republic has established two standardised APV
typologies (horizontal and vertical), which simplify compliance and access to agricultural
subsidies. Conversely, Poland, the United States and Australia still lack uniform national
definitions and systemic recognition of agrivoltaics in agricultural support schemes, re-
sulting in uncertainty regarding subsidies, taxation and land use. In several countries,
including Germany and the US, inconsistent local interpretations of zoning rules remain
a key barrier despite supportive national renewable energy policies. Furthermore, few
regions currently offer dedicated APV support mechanisms, and the integration of APV
into the Common Agricultural Policy (CAP) or analogous national support systems is still
in its infancy.

Overall, the regional landscape of APV deployment shows that the effectiveness of
agrivoltaic projects depends on legal adaptation, technical feasibility, grid infrastructure
readiness, economic incentives and agricultural policy instruments being aligned. Coun-
tries that have implemented clear definitions, unified permitting pathways, and integrated
agricultural–energy support systems, such as France, Japan, and the Czech Republic, are
progressing more rapidly than those that rely on general PV or agricultural regulations.
These regulatory frameworks are measurable and constitute external optimization criteria
for APV projects. Understanding them is crucial for quantifying the efficiency of the system.
These thresholds include, among others, limits on surface loss under structures (e.g., 10% or
15% according to DIN SPEC 91434), minimum installation height requirements (e.g., 2.1 m
in the Czech Republic), and most importantly, minimum acceptable yield (e.g., 66% in
Germany or 80% in Japan). Table 4 provides a quantitative synthesis of these regulatory,
economic and performance thresholds that must be considered in the design of an APV
system to achieve an optimal balance between energy production and agricultural produc-
tion, and to ensure compliance with regulatory requirements—economic and performance
thresholds that must be taken into account in the design of an APV system in order to
achieve an optimal balance between energy production and agricultural production, and to
ensure compliance with legal requirements and market standards (such as LER > 1—land
use efficiency ratio).

Figure 12 shows a world map with a colour-coded overview of countries showing the
level of legal regulation in the field of APV.

 

Figure 12. Regulatory status of agrivoltaics worldwide in 2025. Source: own elaboration based
on [99–105,115–131].
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Table 4. Quantitative indicators and regulatory limits in APV systems.

Quantitative/Regulatory
Indicator Critical Value/Limit Context (Standard/Country) Significance for the APV Project

Minimum required crop

≥66% of the reference crop Germany (DIN SPEC
91434:2021-05)

Certification requirement: Essential
for maintaining the original

agricultural function; below this
value, the system may not be

classified as APV.

≥80% of the reference crop Japan

Condition for maintaining support:
Failure to meet this condition

(annual reporting requirement)
entails a high investment risk

(necessity to remove the
installation) or loss of FIT subsidies.

Maximum panel coverage
area

≤10% (category 1—on
poles)

Germany (DIN SPEC
91434:2021-05)

It limits the loss of agricultural land
designated for support structures,

which is crucial for maintaining the
status of agricultural land.

≤15% (category
2—terrestrial)

Germany (DIN SPEC
91434:2021-05)

Alternative coverage limit for
another type of installation.

40% of the land area France It sets strict building limits in order
to protect agronomic potential.

Minimum distance between
rows

≥6 m (for vertical
systems) Czech Republic

Required to maintain agricultural
land status, ensuring the possibility

of cultivation and passage of
machinery (in vertical systems).

Minimum installation height

≥2.1 m (for horizontal
systems) Czech Republic

Required to maintain agricultural
land status and ensure access for

agricultural machinery.

≤9 m Japan
Construction restrictions for APV
installations (excluding tracking

systems and greenhouses).

Required LER index LER > 1 General economic criterion
Total land use efficiency assessment

indicator; APV profitability
condition.

Increase in the economic value
of the farm Up to 30% Economic research (USA) Potential income increase as a result

of diversification (energy + crops).

Source: own study based on a review of the literature.

5. Mathematical Modelling in Agrivoltaics
5.1. Solar Radiation Distribution Model

The concept of crop modelling dates back to the 1960s and is constantly being devel-
oped. Plant growth modelling has become a key area of research, especially in agriculture,
environmental sciences and forestry. It is worth noting that most scientific papers discuss
the implementation of existing PV panel projects or are limited to shade-tolerant crops,
which represent only a small subset of commercial crops. This simplifies the difficult and
complex issue of the coexistence of solar photovoltaic cells and agricultural crops.

Due to the existence of a light saturation point, understood as the maximum number
of photons absorbed by a given plant species (additional photons do not increase the rate
of photosynthesis), there is a growing understanding of the effective use of available solar
radiation energy. One way to assess the shade tolerance of different crop species is to
categorise crops according to their light saturation point. Once this point is reached, the
intensity of photosynthesis is limited mainly by CO2 assimilation. Crop damage may also
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occur. The effect is shown in Figure 13. The lower the point at which the plant reaches light
saturation, the more suitable the crop is for use in APV systems.

 

Figure 13. Light saturation curves for light-loving and shade-loving plants. Source: own elaboration
based on [132].

Crop modelling in agriculture uses quantitative measurements of ecophysiological
processes to predict plant growth and development based on environmental conditions
and measurable crop-related input data [132].

Crop growth models are mathematical equations representing the reactions occurring
within a plant and the interactions between the plant and its environment [133]. Mathemat-
ical modelling of plant growth allows for the verification of theories regarding plant growth
and development, which would otherwise take a long time to test in field conditions [134].

The models simulate the response of a crop in terms of growth or yield to environmen-
tal parameters, management parameters (planting date, planting density, crop diversity,
fertilisation and irrigation), water, climate (rainfall, air temperature, wind speed, photope-
riod) and soil (drainage class, pH, organic matter content and sand/silt/clay content) that
interact during the growing season. The models also include physiological parameters such
as leaf area index (LAI), total above-ground biomass, plant height and number of stands.

According to [134], plant growth can be estimated mainly and exclusively on the basis
of available solar radiation, as it has the greatest impact on the photosynthesis process of
each crop. Compared to other mathematical models, this is a significant simplification of
the phenomenon of plant growth. Yield estimates for crops such as sesame, mung beans,
red beans, soybeans and maize can be made on the basis of the following relationship [30]:

Yyield,k = 0.3356 + 1.0304[λk I(1 − Rshade)] + 0.0139[λk I(1 − Rshade)]
2 (1)

where

Rshade—shading coefficient introduced by the APV system,
I(1 − Rshade)—amount of solar radiation reaching crop type k; λ—effect of solar radiation
on the yield of crop type k.

Extraterrestrial global solar radiation (I0, MJ/m2) can be calculated based on the
solar constant, the next day of the year (n), latitude, solar declination (δd) and solar hour
angles [135]:

I0 =
12 × 3600

π
GSC

[
1 + 0.033cos

(
360n
365

)]
×

(
cos ϕcos δ(sin w2 − sin w1) +

π(w2 − w1)

180
sin ϕsin δ

)
(2)
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Solar declination (δ) and atmospheric transparency KT are [135]:

δ = 23.45◦sin
(

360◦ × 284 + n
365

)
(3)

KT =
I
I0

(4)

Atmospheric transparency is the ratio of solar radiation energy (I) in a given area to
extra-terrestrial radiation I0. Radiation I depends on atmospheric conditions, so its value is
lower than the value of radiation I0.

In Ref. [30], a simplified polynomial analytical physical model calibrated based on
actual data is presented for forecasting the amount of electricity generated in the APV
system and crop production for the climatic conditions of South Korea. The model was
described by a correlation coefficient R of 80.17% and 96.36% for the estimation of electricity
production and crop production, respectively.

All available tools for modelling plant growth have significant limitations in the form
of the lack of a single universal model and a set of model parameters that have been
identified for all regions and crops worldwide. There is also limited accuracy in estimating
plant responses to possible micronutrient stress and a limited amount of validation data
available to improve models for different crops [136]. The required parameterisation of the
model prior to simulation is difficult because some parameters may require a significant
number of measurements. The further accuracy of the model depends on the period of
parameter recording, e.g., the provision of daily total precipitation or hourly or wind
speed measurements.

Two types of simulation models are commonly used, i.e., process-based models (PBMs)
and data-driven regression models (e.g., Richards function) [137]. Process-based models
simulate plant growth and development based on basic physiological mechanisms. Data-
driven models use the relationship between variables without referring to any underlying
biological or physical structure that may exist between the variables. Other sources distin-
guish between models in terms of dynamic crop simulation models, phenological models,
stochastic models, and simulation models based on physics and physiology [138,139].

The paper [133] additionally presents the high utility of non-parametric dynamic plant
growth models, which can be used to analyse complex relationships between plant growth
and development using several modelling strategies. These include sigmoidal models,
light GBM and XGBoost models. These models appear to be highly effective for modelling,
for example, maize growth.

Parameters relevant to plant growth, particularly in advanced and complex plant
growth models (some of which are found in simplified models), include light capture,
evapotranspiration, soil mechanical impedance, water movement, soil oxygen content,
nitrogen transformation, and pests [140].

A commonly used simplified equation for estimating evaporation in most mathemati-
cal models is the Penman equation [141,142], which requires input data in the form of solar
radiation, wind speed, temperature, air humidity, and soil and crop albedo.

The oxygen content in the soil is calculated for the soil profile using apparent diffusion
coefficients and the root-soil oxygen consumption rate as functions of the calculated soil
water content, temperature, and root density. The usefulness and quality of the model are
demonstrated by the Mean Absolute Error (MAE), Mean Bias Error (MBE) and Root Mean
Square Error (RMSE) values, which take into account the relationships between the values
predicted by the model and those observed.

In summary, modeling solar radiation distribution is a key element in agrophotovoltaic
design, as it enables quantitative assessment of the impact of PV modules on the light
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balance of plants and their physiological responses. Parameters such as radiation intensity,
shading coefficient (Rshade), atmospheric transparency (KT), and geometric changes in I0

determine the availability of photon energy, which—according to photosynthesis models
and light saturation curves—directly determines the rate of CO2 assimilation and biomass
development.

The integration of plant growth models with radiation models allows for the prediction
of changes in LAI (Leaf Area Index), above-ground biomass, and yields as a function of
variable shading generated by APV. This makes it possible to parametrically adjust the
geometry of the APV installation (height, spacing, angle of inclination, panel density) and
select plant species with appropriate light saturation points. These models also enable
simultaneous estimation of energy yield and crop yield, which allows for optimization of
the energy-agricultural productivity trade-off. Despite limitations related to the lack of
universal parameters and high species variability, radiation modeling significantly increases
the precision of APV design in diverse agroclimatic conditions.

Light modeling therefore makes it possible to increase APV efficiency in local
conditions—from atmospheric and soil parameters to crop management practices. Despite
the limitations of the models (lack of universal parameters, high species diversity, need
for large data sets), the use of simulation tools significantly increases the precision of
planning and reduces the risk of erroneous design decisions, which would be costly or
time-consuming to verify in field conditions. The schematic synergy between radiation,
APV, and agricultural crop planning is shown in Figure 14.

Figure 14. Synergy diagram of the Sun, APV, and agricultural crops.

5.2. Microclimate and Crop Growth Model
5.2.1. Exponential-Linear Model

This type of analysis requires the measurement of plant biomass and assimilation
area (leaf area) as well as methods for calculating certain parameters describing growth.
Parameters commonly used in agricultural research include Leaf Area, Leaf Area Index
(LAI), Leaf Area Ratio (LAR), Leaf Weight Ratio (LWR), Specific Leaf Area (SLA), Specific
Leaf Weight (SLW), Absolute Growth Rate (AGR), Net Assimilation Rate (NAR), Relative
Growth Rate (RGR), Crop Growth Rate (CGR), Total Dry Matter Production (TDMP),
Translocation Percentage (TP), Light Extinction Coefficient, Light Transmission Ratio (LTR),
Dry Matter Efficiency (DME), Unit Area Efficiency (UAE), Harvest Index (HI). These
parameters are necessary to develop a mathematical model of plant growth as a function of
many parameters [143].

The Leaf Area parameter is the photosynthetic area produced by a single plant in a
given time interval. The amount of light captured depends on the leaf area of the crop,
which is why capture is described using the Leaf Area Index parameter.
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The Leaf Area Index (LAI) is expressed as [144]:

LAI =
Total lea f area o f a plant

Ground area occupied by the plant
(5)

The Leaf Area Ratio (LAR) parameter expresses the ratio of leaf blade area to total
plant biomass or reflects the size of the leaf area formed per unit of biomass. It is expressed
as [145]:

LAR =
Lea f area per plant

Plant dry weight
(6)

The Leaf Weight Ratio (LWR) parameter is expressed as the ratio of dry leaf mass to
dry mass of the whole plant [145]:

LWR =
Lea f dry weight
Plant dry weight

(7)

The Leaf Area Duration (LAD) parameter integrates the LAI parameter and time [145]:

LAD =
L1 + L2

2
× (t2 − t1) (8)

where L1 = LAI at the first stage, L2 = LAI at the second stage, (t2 − t1) = time interval
in days.

Specific Leaf Area (SLA) is a measure of the leaf area of a plant relative to the dry mass
of the leaves [145]:

SLA =
Lea f area

Lea f weight
(9)

If the SLA parameter value is high, the photosynthetic area will be high.
The Specific Leaf Weight (SLW) parameter is a measure of leaf mass per unit leaf

area [145]:

SLW =
Lea f weight

Lea f area
(10)

The Absolute Growth Rate (AGR) parameter gives the absolute values of biomass
between two time intervals [145]:

AGR =
h2 − h1

t2 − t1
(11)

where h1 and h2—plant height at times t1 and t2, respectively.
The Net Assimilation Rate (NAR) parameter is defined as the increase in dry mass per

unit leaf area or per unit dry leaf mass per unit time [145]:

NAR =
W2 − W1

t2 − t1
× ln L2 − ln L1

L2 − L1
(12)

where W1 and W2—dry mass of the whole plant at time t1 and t2, respectively, L1 and
L2—leaf weight or leaf area at t1 and t2, respectively, t1 − t2 is the time interval in
individual days.

The Relative Growth Rate (RGR) parameter expresses the increase in the total dry
mass of plants in the time interval in relation to the initial mass [146]:

RGR =
ln W2 − ln W1

t2 − t1
(13)

where W1 and W2 denote the dry mass of the whole plant at time t1 and t2, respectively.
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The Crop Growth Rate (CGR) parameter explains the dry mass accumulated per unit
area per unit of time [146]:

CGR =
W2 − W1

ρ(t2 − t1)
(14)

where ρ is the land area on which W1 and W2 are determined.
CGR is closely related to the plant’s capture of solar radiation.
The light extinction coefficient is expressed by the formula [146]:

K =
ln I

I0

LAI
(15)

where: I—light captured in the lower part of the canopy, I0—light captured at the top of
the crop canopy.

The part of the total incident solar radiation captured by the leaves can be described
by Beer’s function [146]:

f = 1 − e−KL (16)

where: L—leaf area index, K—light extinction coefficient, which depends on the spec-
tral properties of the leaves and their orientation in relation to the spatial distribution
of sunlight.

In practice, f rarely exceeds 0.95 due to the death of heavily shaded leaves located
under the plant canopy. Horizontal leaves are described by a K parameter equal to 1; in
practice, K ranges from about 0.3 to 0.9.

The increase in total dry biomass can be expressed as [147]:

dW
dt

=

(
eKL0 − 1

)
e
∫ t

0 Kp1sCmdt

1 + (eKL0 − 1)e
∫ t

0 Kp1sCmdt
(17)

where: L0—initial value of the leaf area index before plant development/growth, p1—increase
in dry plant mass attributed to new leaves, s—specific leaf area, Cm—maximum value of
plant mass increase over time if all incident radiation were absorbed by the plant.

To make the transition from leaf area growth analysis to total plant biomass growth,
the ratio p1 s is used.

The relationship can be simplified by assuming that the parameters Cm and p1 s are
constant. Then the Leaf Area Ratio and the total plant biomass growth remain constant
throughout the growth phase, and the above relationship takes the form [148]:

C =
dW
dt

= Cm

(
eKL0 − 1

)
eRmt

1 + (eKL0 − 1)eRmt (18)

The ratio C/Cm is denoted as f. Finally, the total plant biomass can be described as [148]:

W =
Cm

Rm
ln
(

1 +
f0

1 − f0
eRmt

)
(19)

The graph of this function over time is shown in Figure 15.
When W is extrapolated, the intersection with the time axis is described by the relationship:

tb =
−ln

(
f0

1− f0

)
Rm

(20)
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Figure 15. Variability of plant biomass as a function of time. Source: own elaboration based on [148].

The time parameter tb, which determines the position of the curve on the time axis, is
called the lost time [149].

The initial fraction of radiation intercepted by the initial leaf area index (LAI0) [149]:

f0 = 1 − ekLAI0 (21)

Substituting the form f 0/(1 − f 0) from this relationship into relationship (23), we obtain:

W = Cm
Rm

ln(1 + eRm(t−tb))

Rm = Kp1sCm
(22)

where Rm—maximum relative growth ratio, Cm—maximum value of parameter C that would
be achieved if all incident solar radiation was intercepted by the plant (i.e., f equals 1).

The form of the equation above is referred to as the exponential plant growth equation.
This form can be successfully used to model the growth of, for example, cereals, but also
other plants. The exponential plant growth equation implies that plant growth can be
divided into two phases. In the first phase of exponential growth, the growth rate increases
from a low value, after the plant emerges from the seed, to the maximum growth rate Cm,
reached shortly after time t2 [149].

In the second linear phase of growth, this maximum growth rate is maintained,
provided that the environment remains constant.

The description of the third phase, in which C decreases as a result of plant ageing,
requires the exponential growth equation to be extended to another form.

The exponential-linear plant growth model (expolinear growth model) as a function
of time has three parameters: maximum relative growth rate (rm) in the exponential phase,
maximum growth rate in the linear phase, and lost time (tb) to account for the apparent
time lost during the growth of the plant inflorescence before all radiation is captured.

Parameter W is the total dry mass of shoots per unit of ground area [150]:

W =
Cm

Rm
ln
(

1 + eRm(t−tb)
)

(23)

The parameter Cm can be treated, as a first approximation, as proportional to the
incident PAR with the inflorescence closed.
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The coefficient of dependence between incident PAR (MJ/m2/day) and parameter
Cm (g/m2 * d) can be defined as the light use efficiency (LUE, g/MJ) [150]:

W =
LUE
rm,i

ln
(

1 + erm,i(Ii−ib)
)

(24)

where: rm,i—relative increase in incident PAR during the exponential growth phase,
LUE—light use efficiency in the linear growth phase with closed inflorescence, ib—lost
incident PAR, Ii—accumulated daily incident PAR calculated from the day of planting to
the day of harvest.

Lost incident PAR:

tb =
−ln

(
f0

1− f0

)
rm,i

(25)

Formula can be written as [151]:

W =
LUE
rm,i

ln
(

1 +
f0

1 − f0
erm,i Ii

)
(26)

In the initial phase of the analysis, the accumulated incident PAR is assumed to be
zero, assuming no growth on the day of planting. Therefore, the initial total dry weight of
shoots (W0) [152]:

W0 =
LUE
rm,i

ln
(

1 +
f0

1 − f0

)
(27)

Therefore [152]:

W =
LUE
rm,i

ln
[

1 +
(

e
W0rm,i

LUE − 1
)

erm,i Ii

]
(28)

As shown in [153], the exponential-linear growth equation, as a function of time or
incident PAR, effectively describes, in addition to cereals, the periodically measured total
dry biomass of plant shoots in the form of multiflower chrysanthemums. This is a plant
that is intensively cultivated on an industrial scale.

The works [154,155] confirmed the possibility of applying the exponential-linear model
also to describe the dry mass of cabbage, onion and beetroot.

In summary, this model is an advanced tool for the quantitative description of plant
growth based on morphological and physiological parameters related to biomass accumu-
lation and radiation capture. It requires precise measurement of indicators such as LAI,
LAR, SLA, NAR, RGR, and CGR, which reflect leaf development dynamics, assimilation
efficiency, and the ability of plants to convert PAR radiation into dry matter. Modelling
light transmission in the canopy (K, LTR) and the contribution of leaves to radiation capture
is also of key importance here.

The core of the model is the relationship between crop growth and effective radiation
uptake (f ), defined by LAI and the extinction coefficient, which allows dry matter accu-
mulation to be linked to PAR distribution. The model distinguishes two phases: an initial
exponential phase, in which RGR increases with the increase in assimilation area, and a
linear phase, in which the growth rate reaches its maximum (Cm) with full utilization of
available PAR. The “lost time” parameter (tb) reflects the shift in the growth curve resulting
from initially low radiation capture at low LAI.

These relationships enable the description of biomass growth both as a function of time
and cumulative PAR, with light use efficiency (LUE) becoming a key parameter. The model
has been empirically validated for a wide range of species (cereals, vegetables, ornamental
plants), making it a universal tool for forecasting crop growth dynamics and analysing
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the impact of light conditions—including shading generated by APV systems—on final
plant production.

5.2.2. Logistic Growth Curve

The logistic growth curve is an S-shaped (sigmoidal) curve that can be used to model
functions that initially grow gradually, then faster in the middle period, and finally slowly,
stabilising at a maximum value after a certain time [156].

The logistic curve model can take the form [157,158]:

y1 =
a1

1 + eb1+c1x (29)

where y1—volume, a1—asymptote (maximum volume that can be achieved), b1—displacement
on the x-axis, c1—growth parameter (describing how quickly the variable y1 approached
the asymptote).

The logistic curve model can also take the form [159]:

y2 =
a2

1 + eb2+c2x (30)

where y2—side area, a2—asymptote (maximum side area that can be achieved), b2—
displacement on the x-axis, c2—growth parameter (describing how quickly the variable y2

approached the asymptote).
The described model can simulate both the volume and surface area of plants under

photovoltaic panels. The model parameters allow for forecasting growth rates and max-
imum crop yields, supporting optimal panel layout planning and crop management in
agrophotovoltaics. The model naturally reflects limited biological growth (e.g., resource,
light, or space constraints). It allows the final height (y1) or leaf area/leaf area index (y2) of
crops to be predicted. This is important for designing the height of panel installation so
that plants do not touch the structure ensuring adequate clearance, and determining the
maximum planting density in the APV system.

5.2.3. Gompertz Model

The Gompertz model is a sigmoidal model that is often used for growth data, including
plant growth. The model function is described by the relationship [160,161]:

y1 = a1e−b1·e−c1x
(31)

where y1—variable volume, x—time, a1—asymptote obtained by performing the limit of
the function when the volume tends to infinity (the largest volume that can be achieved),
b2—displacement on the x-axis, c1—growth rate.

Scientific papers contain references to the application of the Gompertz model in
biology and ecology [162], including, for example, in the description of the growth of
fungal colonies [163].

Knowing the expected height and biomass of crops at a specific time is crucial for
selecting the height and placement of panels—to avoid excessive shading or damage
to crops by the structure—and assessing the impact of microclimatic conditions (partial
shading) on crop productivity. The model helps in planning the harvest date or optimizing
the irrigation/fertilization schedule based on the predicted growth rate. It can be used as a
forecasting tool to understand and quantify crop growth in APV systems, which is essential
for maximizing both energy production and agricultural yields.
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5.2.4. GENECROP Growth Model

The https://www.apsnet.org (accessed on 18 December 2025) [164] (RI-RUE) paradigm
has strong links to crop loss modelling and provides solutions to the problem of crop growth
within a set of biophysical constraints. RI is the radiation intercepted by the crop canopy
and can be expressed using Beer’s law [165]:

RIt = RADt

(
1 − e−k·LAIt

)
(32)

The RAD parameter refers to global solar radiation (MJ/m2/day) reaching the upper
plane located directly above the analysed plant. This means that not all solar radiation
energy contributes to the growth of a given plant. The k parameter is the extinction
coefficient, while LAI is the leaf area index, understood as the leaf area per unit of ground
area. The k parameter depends on the direction of incident radiation and the current
orientation of the leaves. The average values for plants with upright and horizontal wings
are typically around 0.6 and 0.8, respectively [166]. The radiation captured by a plant
increases with the increase in the LAI parameter, but the rate (increase) decreases with the
increase in the LAI parameter (Figure 16). For a given LAI value, the radiation captured
is greater in the case of surfaces formed by horizontal plant leaves than in the case of
upright leaves.

 

Figure 16. Relationships between captured solar radiation and the LAI parameter. Source: own
elaboration based on [167].

In general, two main stages of plant development can be distinguished: the vegetative
stage and the reproductive stage. Plant growth depends on the amount of radiation that
the upper part of the plant is able to intercept at each stage of its growth (over time, plants
intercept very little, then quite a lot, and then less and less radiation, as the leaves are
successively very young, fully developed and then ageing). The captured radiation is
converted into carbohydrates through photosynthesis. The distribution of assimilates to
different organs depends directly on the stage of crop development. The accumulated
carbohydrates are distributed among the various developing organs of the plant, such as
leaves, roots, stems and storage organs (suitable for harvesting). The distribution depends
on the stage of crop development. Young plants allocate most of the carbohydrates obtained
through photosynthesis to the development of roots and leaves; later to stems and leaves,
and at the end of the crop cycle to storage organs (suitable for harvesting) [168].

Monteith [169] presented a linear relationship between the accumulated biomass of
crops and the amount of RI. He introduced the concept of radiation use efficiency (RUE),
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which can be empirically estimated as the slope value from the linear regression of ac-
cumulated biomass against accumulated RI. RUE refers to the conversion of radiation
energy into biomass (RUE represents the amount of dry biomass (DBM) produced per unit
of radiation energy captured by the plant). The RUE value for crops grown under unre-
stricted radiation conditions is approximately1.4 gMJ−1 or approximately 2.8–3.2 gMJ−1 of
photosynthetically active radiation (PAR).

The accumulated dry biomass DBMt in the time interval [0, t] can be written as [169–171]:

DBMt =
∫ t

0
RIt·RUEtdt (33)

The time step of the GENECROP model is one day, and the modelled system is
1 m2 of crop. The processes determining plant growth are embedded in the model in
three components: crop development dynamics, plant biomass accumulation, and shoot
number growth.

The main processes occurring in the crop cycle are photosynthesis, biomass distribu-
tion in growing plants, leaf ageing, and yield growth. Most of these processes are driven
by crop development. Plant development depends mainly on temperature, and the degree
of their development, denoted as DVS, can be calculated as [172–175]:

DVSt =
STEMPt

TFLOW
i f STEMPt < TFLOW (34)

DVSt = 1 +
[
(STEMPt − TFLOW)

(TMAT − TFLOW)

]
i f STEMPt ≥ TFLOW (35)

where STEMPt—sum of temperatures above the crop-specific threshold temperature
(TBASE), TBASE—temperature below which the plant does not develop, TFLOW—sum of
temperatures required to reach the flowering stage of the plant, TMAT—sum of tempera-
tures required to reach the maturity stage of the plant.

The relationship between the sum of temperatures and the stage of development is
shown in Figure 17.

 

Figure 17. Relationship between the sum of temperatures and the stage of development. Source: own
elaboration based on [174,175].

Photosynthesis is an important process for plants and enables the production of
assimilates for their growth using radiation energy. The amount of light is an important
element of plant cultivation, which links the rate of photosynthesis and morphological
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processes of plants with their growth and development [176]. A reduction in light resources
may be directly responsible for slower growth and development of crops in the shade.

Many other conditions also affect yields, such as temperature, CO2 concentration, soil
nutrients and water, and cultivation methods.

Studies [177–179] have shown a reduction in maize and potato yields under shading
conditions when this condition was applied during the plant growth phases. This conclu-
sion is also confirmed in [180], which describes a 38.2% reduction in potato tuber yield
in APV crops compared to conventional potato tuber yield. Homma et al. [42] reported
that a 20% reduction in solar radiation led to a 20% reduction in rice yields. It should be
noted that for some plant species, providing the correct amount of light in the key early
stages of growth can ensure a proper and satisfactory yield, despite subsequent different
(more intense) shading by PV modules. This means that the presence of shading can
affect the plant development process differently when it occurs at different stages of its
development [27].

The study [29] determined how to optimise the growth and yield of rice, potatoes,
sesame and soybeans when grown in different APV systems in South Korea (potatoes in
Cheongju, sesame in Gaesan, soybeans in Paju and Youngkwang, rice in Seungju in nd
Boseong and in Naju), taking into account the recorded solar radiation, the level of shading
(the degree of shading varied from 25% to 32%), the temperature value, as well as the
photosynthetic efficiency at different stages of growth and different installation heights
(from 4.0 to 4.5 m). The potato yield was similar in the APV system and in the control
fields. In contrast, the yields of sesame, soybean and rice grown in APV systems were 19%,
18–20% and 13–30% lower than in the control fields, respectively.

The growth rate (RG) based on the photosynthesis process can be calculated syntheti-
cally [181]:

RGt = RUEt·RADt

(
1 − e−k·LAIt

)
(36)

where RAD—daily global solar radiation, RUE—radiation use efficiency (amount of assimi-
lates produced per unit of radiation intercepted by the upper part of the plant), k—light
extinction coefficient.

The LAI parameter can be calculated from dry leaf biomass (LEAFB) [182,183]:

LAIt = SLAt·LEAFBt (37)

where SLA—specific leaf area expressed, for example, as leaf area per unit dry leaf biomass
(it is a function of the stage of development of a given plant; young leaves have a higher
SLA value than older leaves, and the parameter decreases with the plant’s development).

Radiation use efficiency (RUE) represents the total efficiency of a plant to convert
plant biomass based on captured radiation. RUE varies depending on the species of crop
analysed, its stage of development and the plant’s supply of nutrients and water. RUE varies
depending on photosynthetic efficiency, which depends on leaf N concentration, water
availability, and the proportion of different types of organic compounds synthesised during
photosynthesis (e.g., lipids require much more energy for synthesis than carbohydrates,
proteins are in an intermediate position, and the proportion of synthesised compounds
depends on the plant’s developmental stage).

The amount of assimilates available for plant growth (POOL) accumulates daily
according to the growth rate of RG [184]:

POOLt+∆t = POOLt + (RGt·∆t) (38)
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The assimilates accumulated daily are distributed to different plant organs. Most
crops develop four main types of organs, such as leaves, stems, roots and storage organs
(e.g., grains, tubers).

The dry biomass increment of crop organs can be calculated as follows [182,183,185]:

LEAFBt+∆t = LEAFBt + (PARTLt·∆t) (39)

STEMBt+∆t = STEMBt + (PARTSt·∆t) (40)

ROORBt+∆t = ROOTBt + (PARTRt·∆t) (41)

STORBt+∆t = STORBt + (PARTSOt·∆t) (42)

where PARTL, PARTS, PARTR, PARTSO are daily assimilate fluxes towards leaves, stems,
roots and storage organs, respectively.

These flows depend on partitioning coefficients, which in turn depend on the stage of
development of a given plant [184,186]:

PARTLt = POOLt·CPLt·(1 − CPRt) (43)

PARTSt = POOLt·CPSt·(1 − CPRt) (44)

PARTRt = POOLt·CPRt (45)

PARTSOt = POOLt·CPSOt·(1 − CPRt) (46)

where CPLt, CPSt, CPRt and CPSOt—coefficients of partitioning of assimilates to leaves,
stems, roots and storage organs, respectively, at the stage of development on day/period t.

The parameters CPL, CPS, CPSO represent the distribution coefficients for above-
ground biomass. CPR is the distribution coefficient towards roots, relative to total
plant biomass.

The assimilates produced by photosynthesis are therefore distributed towards the
plant organs and the equation [186–188]:

POOLt+∆t = POOLt + (RGt·∆t) (47)

becomes:

POOLt+∆t = POOLt + [(RGt − PARTLt − PARTSt − PARTRt − PARTSOt)·∆t] (48)

The distribution of assimilates towards roots, stems and leaves occurs until flowering.
From this stage onwards, assimilates are distributed towards storage organs.

The dynamics of tillering (the formation of plant shoots, the plant branches into many
equal shoots) can be modelled (Figure 18), taking into account the first vegetative shoots
that reproduce in the tillering phase (shoot emission). It is assumed that the rate of tillering
is proportional to the rate of leaf and stem growth [173]:

RTILt = (PARTLt + PARTSt)·STW (49)

where RTIL—tillering rate, PARTL—leaf growth rate, PARTS—stem growth rate, STW—dry
biomass of one new shoot.
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Figure 18. Typical dynamics of the distribution of assimilates to individual organs in the case of
cereals. Source: own elaboration based on [189].

The longer a plant remains in the growth phase, the more leaves and side branches it
will produce.

A plant with a larger number of developed leaves will grow faster thanks to better
utilisation of the light absorbed by the leaves. The initial stage always proceeds slowly
until the point at which the leaves are sufficiently developed to supply the tissues of the
newly formed plant structures.

In the tillering phase, the growth of leaves and stems gradually contributes less to the
formation of new shoots and more to leaf production, leaf expansion and stem elongation.

This is reflected in the introduction of the coefficient (1 − (VTIL/MAXTIL)) into the
equation above, where VTIL and MAXTIL denote the number of vegetative shoots and the
maximum number of shoots, respectively.

When the plant reaches the maximum tillering phase, assimilates are no longer allo-
cated to tillering. This is reflected in the term DVE, which is dependent on the stage of
development. The equation above therefore takes the form [190]:

RTILt = (PARTLt + PARTSt)·STW·
(

1 − VTILt

MAXTIL

)
·DVEt (50)

The vegetative development of plants is closely related to their growth, when, as they
increase in size, meristematic cells differentiate into permanent tissue cells. These cells build
the aforementioned vegetative elements, i.e., roots, stems and leaves. After reaching the
peak of vegetative development, the plant develops generatively, producing elements used
for reproduction. When a plant is in the vegetative stage, even under the most favourable
environmental conditions, it does not form generative organs, i.e., flowers [191].

The transition from the vegetative to the generative phase (the phase of producing
organs for reproduction) occurs at the most favourable time from the point of view of plant
reproduction, ensuring the production of the maximum number of flowers and then seeds.
As a result of sexual reproduction, flowers produce fruits consisting of a pericarp and seeds.
This is a complex physiological process dependent on many internal and external factors,
among which photoperiod and temperature play a key role.

The reactions of plants to the duration of light and dark periods during the day
are called photoperiodism (the period of light exposure on plants is called the photope-
riod) [191].

The primary site of photoperiodic stimulus reception is the leaves. They contain a
pigment called phytochrome (blue-green). The light stimulus acting on the plant causes the
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formation of a flowering inducer, which moves to the growing tip of the shoot. This causes
the plant to produce flowers.

There are short-day plants (SDP), long-day plants (LDP) and neutral plants (DNP).
The most important difference between short-day and long-day plants is their sensitivity
to the duration of uninterrupted darkness. Short-day plants flower when this period is
sufficiently long.

Generative development includes flowering and fruiting, which is why flowers, seeds
and fruits are produced during this process. Flowering is influenced by external factors
(temperature, length of day and night). Spring plants (maize) are not affected by tempera-
ture (these are mainly annual plants).

The transition from the vegetative phase to the reproductive phase corresponds to the
maturity of vegetative shoots, which become reproductive. This is reflected in the RMAT
maturity index (dependent on the stage of development of a given plant) [190]:

RMATt = RRMAT·VTILt (51)

where RRMAT—relative shoot maturity index, VTIL—number of vegetative shoots, REP-
TIL—number of reproductive shoots.

The dynamics of changes over time for vegetative shoots and reproductive shoots are
described by the equations [190]:

VTILt+∆t = VTILt + (RTILt − RMORTVt − RMATt)·∆t (52)

REPTILt+∆t = REPTILt + (RMATt − RMORTRt)·∆t (53)

where:
RMORTVt = RRMORTt·VTILt (54)

RMORTRt = RRMORTt·REPTILt (55)

where REPTIL—number of reproductive shoots, RRMORTt—relative mortality rate of plant
shoots and depends on the stage of development.

In practice, DVS modelling allows you to determine at which point in the plant’s life
cycle shading has the greatest negative impact on the final yield. It also allows you to
simulate different scenarios (installation height, degree of shading) in order to maximize
both energy (PV) and crop (yield) profits. Plants with lower k (upright leaves): these are
often preferred in APV systems because their vertical structure distributes light better
throughout the canopy. This means that the lower leaves (which receive light passing
between the panels) are more photo synthetically active, which can mitigate the negative
effects of shading.

Plants with higher k (horizontal leaves): quickly form a dense upper “canopy.” In the
APV system, the upper layer of leaves can capture all available light, leaving the lower part
of the crop in complete shade, resulting in lower productivity.

The higher the LAI value (denser canopy), the more important leaf orientation (k)
becomes in optimizing light capture.

Mathematical modelling provides a key basis for quantitatively assessing the impact
of photovoltaic modules on light balance and biomass production, which is essential for the
rational design of APV systems. Although these models vary in complexity, from simple
growth curves to advanced biophysical simulations such as GENECROP, their common
goal is to enable the simultaneous estimation of energy efficiency and agricultural yields.
Effective APV design requires a precise estimation of how the technical parameters of the
installation (e.g., geometry, degree of shading) affect key agronomic indicators such as light
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use efficiency (LUE) and shading ratio (Rshade), as well as the final economic profitability,
measured for example by the Levelized Cost of Electricity (LCOE) or Land Equivalence
Ratio (LER). This modelling allows us to go beyond intuitive assumptions and enables
the parameterization of trade-offs between energy production and food production under
different agro-climatic conditions. Table 5 summarizes the main models and quantitative
indicators, indicating their functions in the context of APV system optimization.

Table 5. Synthesis of quantitative models in APV.

Model Measured Quantitative
Parameter Function in APV Optimization Key Required Inputs

Radiation Distribution
Model

Shading coefficient (Rshade),
Incident radiation (I(1 − Rshade)),

Light intensity (PAR).

It enables quantitative assessment
of the impact of APV geometry

(height, spacing) on the light
balance of plants. It serves as a
basis for LUE calculations and

yield forecasting.

Distribution of solar radiation
(I0), Atmospheric

transparency (KT), Geometric
parameters of PV installations.

Biomass Growth
Models (Exp-Linear,
Logistic, Gompertz)

Relative Growth Rate (RGR),
Crop Growth Rate (CGR), Leaf
Area Index (LAI), Maximum

Biomass (Cm, a1).

Forecasting final yield and
biomass depending on available
PAR. Helps determine maximum
planting density and minimum

panel height.

LAI, LUE (light use efficiency),
Cumulative PAR, Time (t) or

time lost (tb).

GENECROP model

Radiation Use Efficiency (RUE),
Degree of Vegetative

Development (DVS), Assimilation
Allocation (PARTL, PARTSO).

It enables simulation in terms of
time, at which stage of

development (DVS) shading has
the greatest negative impact on

the final yield. It combines
climatic parameters (temperature)

with plant physiology.

Temperature, extinction
coefficient (k), RUE, daily

solar radiation (RAD).

LCOE (Levelised Cost
of Electricity) Standardized energy cost.

Quantifies the profitability of APV.
Allows comparison of APV with
conventional ground-mounted

and rooftop PV systems.

Investment costs (It),
Operating costs (Kt), Annual

energy production (St).

LER (Land
Equivalence Ratio) Land use efficiency.

Land efficiency ratio. Values of
LER > 1 indicate that dual use is

more efficient than the sum of
production on separate plots.

Agricultural yield in APV vs.
monoculture, Energy yield in

APV vs. mono-PV.

Source: own study based on a review of the literature.

5.3. Modelling Economic Aspects

The cost of an APV system can be a variable parameter depending on factors such as
installed capacity, type of agricultural activity, geographical location and the photovoltaic
module technology used. However, this cost will be higher than that of a conventional
ground-mounted photovoltaic installation [75]. It seems that high-power APV installa-
tions should be used for large-area agricultural crops in order to achieve practical cost-
effectiveness of the investment, while smaller installation capacities may be preferred for
horticulture and greenhouse crops.

Factors favourable for the economic implementation of agrivoltaics [28,75,192]:

• Good connection to the grid in terms of proximity and connection capacity;
• Cultivation of permanent and protection-requiring row crops;
• Low level of machinery use;
• Possibility of low foundation of support structures for PV modules above crops that

accept limited height;
• Cultivation area of more than 1 ha;
• High and flexible level of energy consumption in the facility (cooling, drying, processing);
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• The investor’s readiness to carry out the investment.

The basis for the economic assessment of the investment’s effectiveness is an economic
calculation that takes into account the investment outlay and operating costs in relation to
the effects achieved as a result of the project’s implementation [28,75].

The methods of economic efficiency assessment used in the cost-benefit analysis can
be divided into [192]:

• Simple, limiting the time horizon of the calculation to one year;
• Advanced (discounted), covering the entire construction period and the assumed

operating period of a given investment project.

Discount methods are of particular importance among these methods.
In the case of investments for which it is possible to estimate their costs, but it is

impossible, difficult or unjustified to evaluate their effects (benefits), the assessment of
such projects can be carried out on the basis of a cost-effectiveness analysis (CAE). In
general terms, this analysis is a method for identifying the cheapest option for achieving a
specific goal.

One approach to cost-effectiveness analysis is the dynamic generation cost (DGC)
indicator. It compares the discounted expenditure and discounted effects (results) of a
project, thus indicating the discounted cost of obtaining a unit of result. The indicator’s
structure includes not only the expenditure incurred in connection with the implementation
of the investment, but also its operating costs resulting from the functioning of the project
throughout its entire life cycle. This indicator can be used to evaluate alternative projects
that aim to achieve the same objective [193]:

DGC = PR =
∑n

t=0
It+Kt
(1+r)t

∑n
t=0

Vt
(1+r)t

(56)

where: PR—price per physical unit of investment result, Vt—measure of result expressed
in physical units obtained in individual years.

The cost assessment indicator that can be used to compare the competitiveness of
different electricity generation systems is the liveliest cost of electricity (LCOE). It aims to
ensure comparisons between different technologies with different project sizes, lifespans,
capital costs, returns, risks and opportunities. This indicator is calculated as the ratio of the
total cost of construction and operation of the installation over its entire lifetime to the total
amount of energy generated during its operation [193]:

LCOE =
∑n

t=0
It+Kt
(1+r)t

∑n
t=0

St
(1+r)t

(57)

where: St—annual electricity production [kWh/year].
The study [75] found that the costs of electricity production in agriculture for the

assumed period of 20 years may amount to 8.15 euro cents/kWh and are about 50% higher
than for medium-sized ground-mounted photovoltaic systems and more cost-effective
than small average-sized rooftop systems. In the case of permanent grassland, the costs of
electricity generation amount to 6.03 euro cents, which is only slightly higher than in the
case of ground-mounted photovoltaic systems. However, the study did not distinguish
between APV systems for large-scale applications in arable farming and horticulture. The
effect of scale may, however, have an impact on the presented LCOE value. The impact
of the level of self-consumption of the energy produced by the farm was also not taken
into account.
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Figure 19 shows the estimated average electricity costs (LCOE) for ground-mounted
PV systems and APV systems.

 

Figure 19. Estimation of average electricity production costs. Source: own elaboration based
on [46,47,76].

In 2016, Maximillian Trommsdorff, in collaboration with the Institute for Economic
Research, University of Freiburg, conducted a comprehensive economic analysis of APV
systems in terms of land use efficiency, potential profits and costs in his paper [194]. It was
found that APV power plants will be profitable, especially with the right support system
from local governments, and that the use of APV systems increases land use efficiency and
thus social welfare.

The results obtained by Dinseh and Pearce [61] show a 30% increase in the economic
value of farms if owners decide to use agrivoltaics. The economic effects achieved through
agrivoltaics depend largely on how much energy can be obtained while maintaining the
required production quality.

Interesting information on electricity production for the farm’s own needs is presented
in [195], which presents calculations showing that electricity production using photovoltaic
installations for the needs of farms in the Mazowieckie Province (Poland) is highly efficient
in both microeconomic and macroeconomic terms. Efficiency in both accounts depends
on the energy demand of the farm. As energy demand increases, so do investment costs,
operating costs and the benefits of using photovoltaic installations.

Schindele et al. [9] concluded that, due to the higher prices obtained by producers
for organic products, crop production in mach APV can be considered more profitable
if managed organically, despite the generally lower yields of most crops in this mode
compared to conventional crops. In this way, even a reduction in yield due to the presence
of shading structures may become acceptable, as the income per unit of cultivated area can
be increased (lower yield but higher price per yield for organic crops).

The intended benefit of introducing APV systems is the combined production of
renewable energy and agricultural products on the same land. The Land Equivalence Ratio
(LER) has been introduced to assess this benefit. The method of estimating land use in
integrated agricultural and electricity production systems is derived from the intercropping
method used in the agricultural sector to increase land productivity and total farm income.
The LER is a function of the area of the PV system and the total area needed to meet the
agricultural and electricity production needs of the system.
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As presented in Ref. [3], Equations (58) and (59) are used to calculate LER. Equation
(59) additionally takes into account ground losses caused by the area occupied by the
photovoltaic module mounting structure:

LER =
Yeildx(dual)
Yeildx(mono)

+
Yeildy(dual)
Yeildy(mono)

(58)

LER =
Yeildx(dual)
Yeildx(mono)

+
Yeildy(dual)
Yeildy(mono)

− 8.3% (59)

where x—cultivated crop, y—electricity.
The implementation of agrophotovoltaic (APV) systems is more complex and costly

than conventional ground-mounted PV installations but offers significant economic benefits
when certain conditions are met. The cost of APV installations is higher than that of
standard ground-mounted PV installations due to the need for taller and more complex
support structures. To achieve practical cost-effectiveness, it is recommended to use high-
power installations on large agricultural crops. Smaller installations may be preferred
in horticulture and greenhouses. The LCOE for APV is higher than for average ground-
mounted installations, but it is often more cost-effective than small rooftop installations.
LER values > 1 indicate that the combined yield (crop + energy) is better than the sum
of the yields achieved on separate farmland and PV, increasing the economic value of
the farm by up to 30%.Although the costs of investing in APV are higher, the systems
become profitable, especially when combined with subsidies, large scales of operation, and
organic or high-value crops, which can accept potentially lower yields in exchange for a
higher unit price. Investing in APV is most profitable if the following conditions are met:
proximity and high connection capacity to the electricity grid, cultivation of permanent or
row crops requiring protection, low use of heavy agricultural machinery, the possibility
of low foundation construction for crops that accept limited height, high and flexible
own energy consumption on the farm (e.g., cooling, drying, processing), which increases
microeconomic benefits, and a cultivation area exceeding 1 ha.

6. Conclusions and Future Research Directions
Agrophotovoltaic systems allow crop production and solar energy generation to

coexist sustainably, improving land use efficiency and climate resilience in rural areas. The
results suggest that the productivity of crops and the output of power can be balanced
through the optimal design of photovoltaic installations, especially for shade-tolerant crops.
To realise the full potential of agrophotovoltaics, further research and a legal framework
are required to standardise system design, land classification and economic incentives.

The study proves that agrophotovoltaic (APV) technology is a viable and effective
method of sustainable using of agricultural space, as it allows for agricultural production
and electricity generation from solar radiation to be conducted simultaneously. In an era
of growing demand for food and energy, with limited land resources, APV solutions can
significantly contribute to improving food and energy security.

The authors demonstrate that the placement, height and inclination angle of photo-
voltaic modules can be optimised to maintain high crop productivity while generating
electricity. Research confirms that these systems have a beneficial effect on the microclimate
of crops: they lower soil temperature and reduce water evaporation, improving the water
balance of plants and potentially leading to more stable yields in drought conditions.

It has been shown that crops with high shade tolerance, such as lettuce, clover, vines,
apple trees and hops, are the most effective. In these cases, APV installations not only do
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not reduce yields, but often improve their quality by protecting against excessive sunlight
and extreme weather conditions (wind, hail, heavy rainfall).

From a technical point of view, the authors point out that the development of APV
systems requires further optimisation of PV module types (silicon, thin-film, bifacial and
semi-transparent) and support structures adapted to crop mechanisation and livestock
movement is required for the development of APV systems. It is also important to de-
velop standards for measuring “dual use” efficiency, combining energy (kWh/ha) and
agricultural (yield, quality, soil moisture) indicators.

From an economic perspective, the authors note that investing in agrophotovoltaics
can significantly improve the profitability of farms by providing additional, stable income
from energy production. However, widespread implementation requires the creation of a
clear and consistent legal framework regarding land status, access to agricultural subsidies,
and planning and environmental procedures.

The authors also reviewed the most important methods used to model phenomena
related to agrophotovoltaics. They described the factors that influence APV investment
costs, such as installation capacity, crop type and location, and presented methods for
assessing economic efficiency, including DGC and LCOE indicators. They presented
research results confirming the profitability of agrivoltaics, particularly when supported by
the government and involving a high level of energy self-consumption. The land equivalent
ratio (LER), was introduced as a means of assessing the total efficiency of land use for
crops and energy production. In addition, the authors presented the topic of crop yield
modelling using various mathematical approaches to describe plant growth. Classic models
were described, such as the exponential-linear model, the logistic growth curve and the
Gompertz model, which differ in the way they map biomass growth dynamics. They also
highlighted the GENECROP model, which integrates genetic and environmental data to
enable more accurate yield forecasting. Using these models enables the analysis of the
impact of environmental factors and crop management on crop production efficiency.

Agrophotovoltaics, which combines electricity generation with farming and land
cultivation, offers many benefits without negatively impacting crop production. Thanks
to the use of appropriately high support structures (e.g., 4–5 m above ground level), it
is possible to grow tall plants (e.g., cereals) and use specialized agricultural machinery
(e.g., tractors, combine harvesters). On the other hand, the use of translucent PV panels or
panels with modified PV cell spacing limits the flow of sunlight to plants, which also has a
positive effect on the development of certain species of vegetables and fruits. Shading the
ground also reduces water evaporation from the soil and protects crops from hail, drought,
and heat. It also reduces plant diseases (burning of tomato, cucumber, and cabbage
leaves) and fruit mold (especially soft fruits in the ripening stage, such as raspberries and
blueberries). Using the same agricultural land for the construction of a PV installation
can reduce taxes for the farm (in some countries, combined PV crops are subject to lower
agricultural taxes instead of business taxes, e.g., Germany, France).

The main advantages of APV systems include the following:

- Dual use of land (for agricultural and energy purposes);
- Protection of plants against excessive sunlight, intense UV radiation, burns, hail, heavy rain;
- Protection of plants and fruits against diseases (e.g., mold);
- Better water management (slower evaporation, lower water consumption for irrigation);
- More stable crop yields (especially during droughts and high temperatures), and

some crops (such as raspberries, blueberries, grapes, lettuce, herbs) can even produce
higher yields;

- Additional income for the investor/farm (additional electricity for own use or resale)
and the possibility of obtaining additional forms of support (subsidies, tax relief);
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- Reduction of farm losses (e.g., by avoiding crop damage from frost, hail, rain), lower
agricultural crop insurance rates;

- Reduction of the temperature of PV cells placed above plants, which cool them by
evaporating, thus increasing energy yield;

- Increasing the farm’s resilience to climate change (APV is treated as a tool for adapta-
tion to climate change).

The disadvantages of APV systems include:

- Higher investment costs compared to traditional PV systems (higher and more me-
chanically resistant structures, more difficult and time-consuming installation, lower
installed power per unit area due to increased spacing between PV cells and the need
to ensure sufficient light reaching the plants);

- Complex legal procedures (in many countries, there are no regulations for APV
systems, the need to pay two taxes: agricultural and business, the need to obtain
environmental decisions as for PV farms);

- Difficult mechanization of crops (restrictions on the height/type of agricultural ma-
chinery, changes in irrigation and spraying methods, reconfiguration of crop settings);

- Inability to use APV systems for all types of crops (reduced yields of light-loving
plants such as corn or wheat);

- More difficult APV system design, focused on a specific type of crop and inability to
change the type of crop over the years (specific plant species require a specific amount
of sunlight, shade, angle of inclination, etc.);

- Difficult access and servicing of APV installations (due to ongoing crop cultivation).

In summary, agrophotovoltaics has the potential to be a key tool in the energy transi-
tion of rural areas and in adapting agriculture to climate change. Further research should
focus on the following areas: developing and refining mathematical models describing the
energy and yield balance depending on the geometry of the PV installation, long-term as-
sessment of the impact of APV on soil, biodiversity and water management, economic and
legal analysis of APV implementation in national conditions, development of a certification
and standardisation system for APV projects in the EU and selected parts of the world.

In recent years, there has been a significant acceleration in the development of agropho-
tovoltaics. The global market for this technology is estimated to be worth approximately
USD 5 billion by2025, with a forecast annual grow rate (CAGR) of around 14% until
2030 [196]. Research projects are showing increasing interest in new types of modules
(e.g., bifacial, semi-transparent and spectrally selective) and dynamic solutions (e.g., track-
ing systems) that allow for better adaptation to light conditions for crops [197]. Meanwhile,
in larger countries (e.g., China), “PV + agriculture/forestry” models are becoming increas-
ingly important as part of decarbonisation, environmental protection and the efficient use
of agricultural land strategies [198]. The literature proposes development schedules (for
periods of 1–5, 5–10 years and over 10 years) are proposed in the literature, indicating key
directions: from pilot projects and IoT/AI integration in the short term, to integration with
other RES and optimisation in the medium term, and establishing agrivoltaics as a global
standard, developing international regulations and life cycle assessment systems in the
long term.

In the coming years, agrophotovoltaics will be increasingly integrated with digital
technologies such as IoT systems, plant growth models based on environmental data, and
algorithms that optimize light and energy balance. Advances in translucent, bifacial, and
spectrally selective modules will enable more precise adjustment of light conditions to
the requirements of individual crops. At the same time, the growing importance of life
cycle assessments and certification standards will promote the harmonization of design
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and regulatory requirements at the international level. As a result, APV has the potential to
become the reference technology for sustainable agricultural land use within a decade.
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energia/energia-sloneczna/agrofotowoltaika-wyklucza-doplaty-do-hektara-mrirw-wyjasnia%2C174.html (accessed on 17
June 2025).

114. Report launch: Implementation of Agrivoltaic Projects in Poland. Available online: https://bbs-legal.pl/en/blog/report-launch-
implementation-of-agrivoltaic-projects-in-poland,Kancelaria Brysiewicz Bokina i Wspólnicy (accessed on 18 July 2025).

115. Agrivoltaics: Solar and Agriculture Co-Location. Available online: https://www.energy.gov/eere/solar/agrivoltaics-solar-and-
agriculture-co-location (accessed on 24 October 2025).

116. Owusu-Obeng, P.Y.; Mills, S.B.; Craig, M.T. Implications of Zoning Ordinances for Rural Utility-Scale Solar Deployment and
Power System Decarbonization in the Great Lakes Region. arXiv 2024, arXiv:2401.16626. [CrossRef]

117. Japan Releases New Guidelines for Agrivoltaics as Installations Hit 200 MW. Available online: https://www.pv-
magazine.com/2021/12/13/japan-releases-new-guidelines-for-agrivoltaics-as-installations-hit-200-mw (accessed on 10
October 2025).

118. Japan Suspends Incentives for 342 Agrivoltaic Facilities. Available online: https://www.pv-magazine.com/2024/08/27/japan-
suspends-incentives-for-342-agrivoltaic-facilities (accessed on 10 October 2025).

119. Agrivoltaics Handbook. Available online: https://www.energyco.nsw.gov.au/agrivoltaics-handbook (accessed on 16 July 2025).
120. Proctor, K.W.; Murthy, G.S.; Higgins, C.W. Agrivoltaics align with green new deal goals while supporting investment in the

US’rural economy. Sustainability 2021, 13, 137. [CrossRef]
121. Foundational Agrivoltaic Research for Megawatt Scale (FARMS) Funding Program. Available online: https://www.energy.gov/

eere/solar/foundational-agrivoltaic-research-megawatt-scale-farms-funding-program (accessed on 10 October 2025).
122. S.1778—Agrivoltaics Research and Demonstration Act of 2023. Available online: https://www.congress.gov/bill/118th-

congress/senate-bill/1778/text (accessed on 10 October 2025).
123. Fall 2024: Farming the Land, Farming the Sea. Available online: https://www.americanbar.org/groups/environment_energy_

resources/resources/natural-resources-environment/2024-fall/ (accessed on 24 October 2025).
124. The Socio-Technical Dynamics of Agrivoltaics in Japan. Volume 2. 2023. Available online: https://www.tib-

op.org/ojs/index.php/agripv/article/view/990 (accessed on 8 October 2025).
125. Agrivoltaics in India. Available online: https://beta.cstep.in/staaidev/assets/manual/APV.pdf (accessed on 25 October 2025).
126. Taylor, M.; McDonnell, N.; Davies, P.; Trück, S. Scaling agrivoltaics: Planning, legal, and market pathways to readiness. Sustain.

Sci. 2025, 20, 1499–1517. [CrossRef]
127. Anderegg, D.; Jäger, M.; Strebel, S.; Rohrer, J. Potenzialabschätzungen für Agri-PV in der Schweizer Landwirtschaft; ZHAW

Zürcher Hochschule für Angewandte Wissenschaften, IUNR Institut für Umwelt und Natürliche Ressourcen: Wädenswil,
Switzerland, 2024.

128. Agrivoltaics for Arboriculture. Available online: https://www.pv-magazine.com/2025/09/25/agrivoltaics-for-arboriculture/
(accessed on 25 September 2025).

129. Clean Energy Canada. 2024 Annual Report. Available online: https://cleanenergycanada.org/wp-content/uploads/2025/02/
CEC-AnnualReport-2024-V4.pdf (accessed on 25 October 2025).

130. CMS Expert Guide to Agrivoltaics and Floating Photovoltaics in The United Kingdom. Available online:
https://cms.law/en/int/expert-guides/cms-expert-guide-to-agrivoltaics-and-floating-photovoltaics/united-kingdom (accessed
on 28 April 2025).

131. PV Agrivoltaics Could Revitalize Brazilian Crops. Available online: https://www.pv-magazine.com/2024/08/24/pv-
agrivoltaics-could-revitalize-brazilian-crops/ (accessed on 10 October 2025).

132. Solar Panels Plus Farming? Agrivoltaics Explained. Available online: https://undecidedmf.com/solar-panels-plus-farming-
agrivoltaics-explained/ (accessed on 10 October 2025).

https://doi.org/10.3390/en19010102

https://www.pv-magazine.com/2023/07/28/croatia-adopts-legal-framework-for-agrivoltaics
https://www.pv-magazine.com/2023/07/28/croatia-adopts-legal-framework-for-agrivoltaics
https://www.interregeurope.eu/sites/default/files/2025-02/EAGER_Joint%20Study_Annex%206_PL.pdf
https://www.interregeurope.eu/sites/default/files/2025-02/EAGER_Joint%20Study_Annex%206_PL.pdf
https://cms.law/en/int/expert-guides/cms-expert-guide-to-agrivoltaics-and-floating-photovoltaics/poland
https://cms.law/en/int/expert-guides/cms-expert-guide-to-agrivoltaics-and-floating-photovoltaics/poland
http://bazekon.icm.edu.pl/bazekon/element/bwmeta1.element.ekon-element-000171651296
http://bazekon.icm.edu.pl/bazekon/element/bwmeta1.element.ekon-element-000171651296
https://www.cliffordchance.com/content/dam/cliffordchance/briefings/2023/11/agripv-in-poland-9-modern-solar-powered-agriculture.pdf
https://www.cliffordchance.com/content/dam/cliffordchance/briefings/2023/11/agripv-in-poland-9-modern-solar-powered-agriculture.pdf
https://www.agropolska.pl/zielona-energia/energia-sloneczna/agrofotowoltaika-wyklucza-doplaty-do-hektara-mrirw-wyjasnia,174.html
https://www.agropolska.pl/zielona-energia/energia-sloneczna/agrofotowoltaika-wyklucza-doplaty-do-hektara-mrirw-wyjasnia,174.html
https://bbs-legal.pl/en/blog/report-launch-implementation-of-agrivoltaic-projects-in-poland,Kancelaria%20Brysiewicz%20Bokina%20i%20Wsp%C3%B3lnicy
https://bbs-legal.pl/en/blog/report-launch-implementation-of-agrivoltaic-projects-in-poland,Kancelaria%20Brysiewicz%20Bokina%20i%20Wsp%C3%B3lnicy
https://www.energy.gov/eere/solar/agrivoltaics-solar-and-agriculture-co-location
https://www.energy.gov/eere/solar/agrivoltaics-solar-and-agriculture-co-location
https://doi.org/10.1029/2025EF006198
https://www.pv-magazine.com/2021/12/13/japan-releases-new-guidelines-for-agrivoltaics-as-installations-hit-200-mw
https://www.pv-magazine.com/2021/12/13/japan-releases-new-guidelines-for-agrivoltaics-as-installations-hit-200-mw
https://www.pv-magazine.com/2024/08/27/japan-suspends-incentives-for-342-agrivoltaic-facilities
https://www.pv-magazine.com/2024/08/27/japan-suspends-incentives-for-342-agrivoltaic-facilities
https://www.energyco.nsw.gov.au/agrivoltaics-handbook
https://doi.org/10.3390/su13010137
https://www.energy.gov/eere/solar/foundational-agrivoltaic-research-megawatt-scale-farms-funding-program
https://www.energy.gov/eere/solar/foundational-agrivoltaic-research-megawatt-scale-farms-funding-program
https://www.congress.gov/bill/118th-congress/senate-bill/1778/text
https://www.congress.gov/bill/118th-congress/senate-bill/1778/text
https://www.americanbar.org/groups/environment_energy_resources/resources/natural-resources-environment/2024-fall/
https://www.americanbar.org/groups/environment_energy_resources/resources/natural-resources-environment/2024-fall/
https://www.tib-op.org/ojs/index.php/agripv/article/view/990
https://www.tib-op.org/ojs/index.php/agripv/article/view/990
https://beta.cstep.in/staaidev/assets/manual/APV.pdf
https://doi.org/10.1007/s11625-025-01668-w
https://www.pv-magazine.com/2025/09/25/agrivoltaics-for-arboriculture/
https://cleanenergycanada.org/wp-content/uploads/2025/02/CEC-AnnualReport-2024-V4.pdf
https://cleanenergycanada.org/wp-content/uploads/2025/02/CEC-AnnualReport-2024-V4.pdf
https://cms.law/en/int/expert-guides/cms-expert-guide-to-agrivoltaics-and-floating-photovoltaics/united-kingdom
https://www.pv-magazine.com/2024/08/24/pv-agrivoltaics-could-revitalize-brazilian-crops/
https://www.pv-magazine.com/2024/08/24/pv-agrivoltaics-could-revitalize-brazilian-crops/
https://undecidedmf.com/solar-panels-plus-farming-agrivoltaics-explained/
https://undecidedmf.com/solar-panels-plus-farming-agrivoltaics-explained/
https://doi.org/10.3390/en19010102


Energies 2026, 19, 102 56 of 58

133. Gachoki, P.; Muraya, M.; Njoroge, G. Modelling plant growth based on Gompertz, logistic curve, extreme gradient boosting and
light gradient boosting models using high-dimensional image-derived maize (Zea mays L.) phenomic data. Am. J. Appl. Math.
Stat. 2022, 10, 52–64. [CrossRef]

134. Jang, S.T.; Chang, S.J. Exploration of a light shelf system for multi-layered vegetable cultivation. KIEAE J. 2013, 13, 61–66.
135. Yang, X.; Ji, Y.; Wang, X.; Niu, M.; Long, S.; Xie, J.; Sun, Y. Simplified Method for Predicting Hourly Global Solar Radiation Using

Extraterrestrial Radiation and Limited Weather Forecast Parameters. Energies 2023, 16, 3215. [CrossRef]
136. El Mghouchi, Y.; El Bouardi, A.; Choulli, Z.; Ajzoul, T. Models for obtaining the daily direct, diffuse and global solar radiations.

Renew. Sustain. Energy Rev. 2016, 56, 87–99. [CrossRef]
137. Crop Modeling Definition, Use Cases and Advantages. Available online: https://www.agmatix.com/blog/the-benefits-of-crop-

modeling/ (accessed on 28 October 2025).
138. Zhang, N.; Zhou, X.; Kang, M.; Hu, B.-G.; Heuvelink, E.; Marcelis, L.F.M. Machine learning versus crop growth models: An ally,

not a rival. AoB Plants 2023, 15, plac061. [CrossRef]
139. Brunton, B.W.; Beyeler, M. Data-driven models in human neuroscience and neuroimaging. Curr. Opin. Neurobiol. 2019, 58, 21–29.

[CrossRef] [PubMed]
140. Banerjee, K.; Dutta, S.; Das, S.; Sadhukhan, R. Crop simulation models as decision tools to enhance agricultural system productivity

and sustainability—A critical review. Technol. Agron. 2025, 5, e002. [CrossRef]
141. Gowda, P.T.; Satyareddi, S.A.; Manjunath, S.B. Crop Growth Modeling: A Review. Res. Rev. J. Agric. Allied Sci. 2013, 2.
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