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Abstract

The expansion of renewable energies aims at meeting the global energy demand while replacing fossil fuels. However, it requires
large areas of land. At the same time, food security is threatened by the impacts of climate change and a growing world
population. This has led to increasing competition for limited land resources. In this context, the combination of photovoltaics
and plant production — often referred to as agrophotovoltaic (APV) or agrivoltaic systems — has been suggested as an
opportunity for the synergistic combination of renewable energy and food production. Although this technology has already
been applied in various commercial projects, its practicability and impact on crop production have hardly been investigated. In
this review, we give a short summary of the current state of the art and prospective opportunities for the application of APV
systems. In addition, we discuss microclimatic alterations and the resulting impacts of APV on crop production. Our main
findings are that (1) crop cultivation underneath APV can lead to declining crop yields as solar radiation is expected to be
reduced by about one third underneath the panels. However, microclimatic heterogeneities and their impact on crop yields are
missing reference and thus, remain uncertain. (2) Through combined energy and crop production, APV can increase land
productivity by up to 70%. (3) Given the impacts of climate change and conditions in arid climates, potential benefits are likely
for crop production through additional shading and observed improvements of water productivity. (4) In addition, APVenhances
the economic value of farming and can contribute to decentralized, off-grid electrification in developing and rural areas, thus
further improving agricultural productivity. As such, APV can be a valuable technical approach for more sustainable agriculture,
helping to meet current and prospective needs of energy and food production and simultaneously sparing land resources.
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1 Introduction

The development of renewable energy sources as a means of
meeting the global energy demand and simultaneously replac-
ing fossil fuels as one of the key drivers of climate change has
become one of the major societal challenges of our time. In
this context, photovoltaic (PV) systems offer great potential
and are considered even more efficient in capturing sunlight
energy than photosynthesis (Blankenship et al. 2011). This,
and the fact that the installation of these systems on open areas
is the lowest cost option (Fraunhofer ISE 2015), has also led to
PV systems being established on agricultural land. However,
this can result in a land-use conflict between energy and food
production, and can be of major concern especially in regions
with limited land area or a dense population. The extensive
installation of large-scale ground-mounted PV facilities has
led to dwindling societal acceptance in some regions and in-
creasing concerns about the loss of arable land for more prof-
itable PVenergy production (Nonhebel 2005). In view of this
conflict, the development of agrophotovoltaic (APV) systems
can be seen as a way of combining PVand food production on
the same land area (Fig. 1). The concept of APV was intro-
duced by Goetzberger and Zastrow (1982) more than three
decades ago. Recently, several commercial APV plants and
small-scale research facilities have been established around
the world (Obergfell et al. 2017). As demonstrated by several
studies, APV can increase land productivity (Dupraz et al.
2011a; Elamri et al. 2018; Valle et al. 2017). It thus offers
great potential as a resource-efficient, co-productive renew-
able energy system in regions with dense populations or lim-
ited land area, such as mountainous regions and islands
(Dinesh and Pearce 2016). However, its highest potential is
anticipated in semi-arid and arid regions, where various syn-
ergistic side effects can be expected (Marrou et al. 2013a; Ravi
et al. 2016). Here, crop cultivation often suffers from the

adverse effects of high solar radiation and concomitant water
losses. Water use efficiency has been shown to increase un-
derneath the panels in PV installations (Hassanpour Adeh
et al. 2018), and similar results have been observed in APV
systems (Elamri et al. 2018; Marrou et al. 2013a). These find-
ings are becoming even more relevant, as water demand for
irrigation is expected to increase in prospective future climatic
conditions (Elamri et al. 2018; Hannah et al. 2013). In addition
to improved water productivity, crops cultivated in arid cli-
mates may also directly benefit from the reduction in solar
radiation through the PV panels (Harinarayana and Vasavi
2014). Besides its impacts on crop production, the implemen-
tation of APVenhances the profitability of farming by gener-
ating additional income through energy production (Dinesh
and Pearce 2016; Malu et al. 2017) and further may improve
rural, off-grid electrification as part of decentralized energy
systems (Burney et al. 2010; Harinarayana and Vasavi 2014;
Malu et al. 2017; Silva Herran and Nakata 2012). Therefore,
APV can be an important component of future renewable
energy production systems, while simultaneously ensuring
food production and the economic viability of agriculture
(Dinesh and Pearce 2016). However, regarding the land-use
conflict, the actual value of APVas combined food and energy
production system requires a clear demarcation from primarily
energy producing PV systems bymaintaining a sufficient crop
productivity. First field experiments addressing the utilization
of this technology and its impact on crop cultivation have
shown that the land use efficiency of combined PV and
food-crop systems can be improved compared to separate pro-
duction (Dupraz et al. 2011a; Marrou et al. 2013c). Electrical
yield and economic profit can be enhanced by increasing the
PV module density, which simultaneously reduces crop-
available radiation (Dupraz et al. 2011a). This emphasizes
the importance of finding an appropriate relation between
food and energy production. The impact of APV on crop

Fig. 1 Potatoes growing
underneath an APV facility. The
facility was set up within the
project APV RESOLA and is
located at Heggelbach,
administrative district of
Sigmaringen, Germany. Its
implementation in agricultural
production is currently
investigated (source: University
of Hohenheim)
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development and performance is inevitable, but has so far
only been scientifically investigated for a small number of
crop species, such as lettuce, cucumber and durum wheat
(see e.g. Marrou et al. 2013c). This shows the necessity for
further research. This review paper summarizes existing liter-
ature on APV systems and gives a general overview of the
APV technology with present-day application examples, re-
cent developments and prospective application areas. First
reports on experiences with crop production in APV systems
are analysed with the aim of assessing current knowledge on
APV and the effects of shading on crop production. In addi-
tion, we discuss various technical and agronomic aspects of
APV systems, focusing in particular on their impact on micro-
climate and crop production to evaluate their applicability in
agricultural food production.

2 Agrophotovoltaic systems: application
and current status

2.1 The concept of APV

The concept of agrophotovoltaics (APV) was initially pro-
posed in the year 1982 by Goetzberger and Zastrow as a
means of modifying solar power plants to enable additional
crop production on the same area. Their idea was to raise the
solar collectors to 2 m above the ground and increase the
spacing between them to avoid excessive shading of the crops.
They assumed that these systems would only require one third
of the incoming radiation and that further technical improve-
ments could increase their suitability for application in crop
production. It took about three decades until this concept,
referred to as agrophotovoltaic, agroPV, agrivoltaic or solar
sharing, was implemented in various projects and pilot plants
worldwide. Calculations have shown that the application of
this technical approach can increase farms’ incomes by over
30%, if yield losses through shading effects are minimized by
the selection of suitable crops (Dinesh and Pearce 2016).
Dupraz et al. (2011a) applied the Land Equivalent Ratio
(LER), a method of evaluating the productivity of an
intercropping system in comparison to a single-crop cultiva-
tion system (Mead and Willey 1980), to determine the advan-
tages of a dual-use APV system over a single-crop and PV
production. Their simulations revealed that overall land pro-
ductivity can be increased by up to 70% in APV systems. In a
recent modelling study addressing biogas maize production,
Amaducci et al. (2018) showed that renewable-energy land
productivity can be even doubled by APV compared to the
separate production of maize and energy with ground-
mounted PV modules. In 2010, Dupraz et al. (2011a) set up
an APV test facility to validate their assumptions. In order to
find a well-balanced combination of food and energy produc-
tion, they tested two different densities of PV modules. While

PV yield increased with panel density (Dupraz et al. 2011a),
the optimum conditions for simultaneous crop production
were found under less dense PV modules (Marrou et al.
2013c). The solar panels were raised to 4-m clearance height
to allow common agricultural machinery to pass underneath.
A number of studies on crop cultivation between ground-
mounted PV rows designate such systems as agrivoltaic
(Hassanpour Adeh et al. 2018; Santra et al. 2017). However,
in this review, we make a clear distinction between ground-
mounted PV systems and our definition of APV, where the PV
facility is lifted off the ground and further adapted to meet the
requirements of sufficient crop production underneath.

The technical features of APV systems are steadily being
refined and vary between regions and companies. Some APV
projects already use mobile PV modules that enable solar
tracking. These maximize photovoltaic yield and at the same
time improve light availability allowing sufficient crop growth
(Valle et al. 2017). This approach has recently been investi-
gated by Valle et al. (2017) with 1-axis orientable PV systems
and different tracking settings. They showed that the perfor-
mance of both energy and crop production can indeed be
further increased by the application of dynamic PV modules.
In the regular solar-tracking mode, the modules automatically
adjusted to the solar altitude, optimizing electricity generation
and also increasing solar radiation at plant level compared to
fixed PVmodules (Valle et al. 2017). To increase the radiation
transmitted to the crop and thus further improve its
productivity, Valle et al. (2017) also tested a controlled track-
ing mode incorporating diurnal changes in solar radiation. In
the morning and late afternoon hours, the position of the pho-
tovoltaic panels was altered to reduce crop shading, whereas at
solar noon, shading was increased to reduce evapotranspira-
tion and adverse effects of high temperature and excessive
radiation on plant growth. As a result, crop biomass increased
under controlled tracking, but electricity production declined
compared to the regular solar-tracking mode (Valle et al.
2017). Solar tracking technology has already been implement-
ed in various commercial APV facilities (Table 1; see also in
Section 2.2) and recently also been investigated in PV green-
houses (Li et al. 2018). However, the extent of radiation avail-
able underneath the APVarray is affected more by panel den-
sity than by panel mobility (Amaducci et al. 2018). In addition
to improving light-use efficiency for both PV and crop pro-
duction, mobile PV panels can also be used to improve rainfall
distribution underneath APV systems (Elamri et al. 2017; see
also in Section 2.3.1). The incorporation of the APV concept
has recently also been considered in cropping systems such as
viticulture and in intensive fruit production, where the utiliza-
tion of supporting structures is already common practice and
synergistic effects may exist (Sun’Agri 2018). A study model-
ling the APV potential of Indian grape farms revealed that the
annual income of these farms could be multiplied compared to
conventional farms without APV, while still maintaining
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grape yields (Malu et al. 2017). Extrapolating to nationwide
scale (i.e. taking the entire Indian grape cultivation area of
about 34,000 ha into consideration), Malu et al. (2017) calcu-
lated an APV output of 16,000 GWh, enough to meet the
energy demand of more than 15 million people.

The most promising potential of APV systems can be ex-
pected in arid regions where various synergistic effects may
occur. Crop production may benefit from increased water sav-
ings by reduction in evapotranspiration and adverse effects of
excessive radiation, while economic viability is increased and
rural electrification is made possible (Majumdar and Pasqualetti
2018; Ravi et al. 2016). As Amaducci et al. (2018) have shown,
reduced soil evaporation under APV may also diminish yield
losses in dry years and improve yield stability.

2.2 Existing projects and technologies

Several commercial and research APV facilities have been re-
alized in the last few years (Fig. 2; Table 1). From 2004 on-
wards, a number of small-scale APV plants have been built in
Japan (Movellan 2013). These systems, referred to as ‘solar
sharing’, consist of PV panels mounted on poles with a 3-m
ground clearance. They combine solar energy production with
the cultivation of various local food crops such as peanuts,

yams, eggplants, cucumbers, tomatoes, taros and cabbages. A
few APV projects have also been implemented in Europe in
recent years. In addition to several research facilities in France
and Germany, three commercial APV projects, patented as
‘Agrovoltaico’, have been realized in North Italy. The installed
systems have capacities of up to 1500 kWp using mounted
solar modules (4–5 m height) with solar-tracking technology
(Casarin 2012; Rem Tec 2017a). Another APV field in
Abruzzo uses 67 stand-alone solar trackers with various crops
such as tomatoes, watermelons and wheat grown underneath
and generates a total output of 800 kWp (Corditec 2017).

The first pilot APV research facility in the South of France
was divided into two subsystems with different PV panel den-
sities to investigate the effect on solar distribution and energy
yield (Dupraz et al. 2011a). In a follow-up study, Marrou et al.
(2013a) performed a field trial with four lettuce varieties to
confirm simulated results. They investigated the impact of
APV systems on growth, morphology, yield and
microclimatic conditions. To test its applicability in crop
rotations, further species including cucumber, French bean
and durum wheat were cultivated. In their experiments, the
authors used an APV system with fixed mounted solar
panels. Marrou et al. (2013a) suggested that further improve-
ments in crop and PV performance might be achieved using

Table 1 Overview of existing APV facilities with technical specifications and crops cultivated underneath. The numbers in the first column correspond
to those in Fig. 2

No. Location Country Electricity yield
[kWh a−1]

Capacity
[kWp]

Solar
tracking

Cultivated crops Source

Commercial facilities

1 Monticelli D’Ongina Italy 4,842,000 3230 Yes Winter wheat, maize Praderio and Perego (2017);
Rem Tec (2017a)

2 Castelvetro Italy 1,890,000 1294 Yes Winter wheat, maize Praderio and Perego (2017);
Rem Tec (2017a)

3 Virgilio Italy 3,325,000 2150 Yes Winter wheat, maize Praderio and Perego (2017);
Rem Tec (2017a)

4 Abruzzo Italy Unknown 800 Yes Pasture, tomato,
watermelon, wheat

Corditec (2017)

5 Anhui province China 887,000 544 Yes Unknown Rem Tec (2017a)
(Rem Tec 2017b)

6 Zhejiang province China 40,000,000 30,000 Yes Rice Tonking New Energy (2018)

Research facilities

7 Arizona USA Unknown Unknown No Cabbage, chard, kale,
tomato, onion

Tricoles (2017)

8 Montpellier France Unknown Unknown Partly Cucumber, durum wheat,
French bean, lettuce

Marrou et al. (2013b);
Valle et al. (2017)

9 Heggelbach Germany 244,401 194 No Winter wheat, clover grass,
celeriac, potato

Authors’ project

10 Santiago de Chile Chile 21.437 Unknown No Various cabbage varieties
(broccoli, cauliflower, kale),
potato, pumpkin

Fraunhofer Chile Research (2017b);
Fraunhofer Chile Research (2017c)

11 Chiba Prefecture Japan 35,000 Unknown No Cabbage, cucumber,
eggplant, peanut,
tomato, taro, yam

Movellan (2013)
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solar-tracking technology. As described above, this approach
has been adopted in another study that addresses the use of
solar trackers and the potential benefits for energy and crop
production compared to systems with stationary PV panels
(Valle et al. 2017). All commercial plants listed in Table 1
are equipped with solar-tracking systems, but only one research
facility has a partly tracking system. In Germany, the
Fraunhofer Institute for Solar Energy Systems (Fraunhofer
ISE) is at the forefront of APV research. In 2016, the
Fraunhofer ISE constructed an APV research plant in South
Germany, which is described in more detail in the next section.
In cooperation with their Chilean subsidiary Fraunhofer Center
for Solar Energy Technologies (Fraunhofer CSET), three fur-
ther pilot plants have been realized near Santiago de Chile to
investigate the implementation of APV and its impact on field
crops in different climate zones (Fraunhofer Chile Research
2017a; Fraunhofer 2017). In the USA, a small-scale APV re-
search plant has recently been installed in Arizona as part of the

Biosphere 2 research facility (The University of Arizona 2018;
Table 1) and it is planned to set up further testing sites in rural
Arizona and northern Mexico (Kinney et al. 2016; Pallone
2017). In addition to the potential benefits of APV for crop
cultivation through alterations in microclimate, the researchers
are focusing on how the crop canopy might provide a cooling
effect on PV modules in arid regions. While in Europe and
America mainly small-scale research and a few medium-scale
commercial APV facilities have so far been established, China
is already implementing this technology on a large scale
(Huawei FusionSolar 2017; Rem Tec 2017a; Tonking New
Energy 2018). APV plants with capacities up to 700 MWp
and various technical add-ons, such as irrigation systems and
dual-axis tracking, have recently been set up in several regions
(Huawei FusionSolar 2017; Tonking New Energy 2018).
Various agricultural crops including rice and forage grasses
are cultivated. According to the executing company, this tech-
nology enables the temperature to be lowered and an
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(source: 
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Monticelli D‘Ongina, Italy
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Fig. 2 Overview of APV projects and facilities with location. The colour
gradient indicates the long-term average of daily/yearly sum of global
horizontal radiation [kwh/m2]. The numbers indicate the location of the

described facilities (Global horizontal irradiation map © 2018 The World
Bank, Solar resource data: solargis.com, used under CC BY 3.0 IGO,
modified from original)
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appropriate microclimate for crop cultivation to be created un-
derneath the panels by reducing irradiation by about 30%
(Tonking New Energy 2018). This could be advantageous in
hot regions like Southern China. The currently most powerful
APV facility with a capacity of 700MWp has recently been put
into operation in Ningixia (Huawei FusionSolar 2017).

Although the APV technology is increasingly being ap-
plied all over the world, there is very little accompanying
scientific research to examine its impacts on agronomic pa-
rameters, such as crop performance and crop yields. In addi-
tion to regions with land limitation, arid areas with a high solar
radiation are considered the most promising locations for the
application of the APV technology in terms of electricity out-
put and synergistic effects on crop cultivation. However, so
far, only the Biosphere 2 research facility and the Fraunhofer
pilot plants in Chile are located in such regions (Fraunhofer
Chile Research 2017b; The University of Arizona 2018).
APV plants in Southern Europe and South China give first
indications for the potential of APV systems in dry climates.
To determine their full potential, however, further investiga-
tions are necessary, with results being made accessible
through publications.

The project APV-RESOLA (AGROPHOTOVOLTAICS
Resource-Efficient Land Use) was launched in 2015 under
the German Federal Ministry for Education and Research
(BMBF) funding schemes. Preliminary simulations were per-
formed by the Fraunhofer ISE during patent development for
the technical optimization of APV systems (patent EP
2811819 B1). An APV research plant was then installed on-
farm in 2016 near Lake Constance in south Germany. This
region was chosen because of its low share (6%) of
renewable-based electricity generation in gross electricity
consumption (Energieagentur Ravensburg gGmbH 2012) in
comparison to the national average of 17% in 2010 (BMWi
2016). In addition, the promotion of renewable energies in
touristic regions like the Lake Constance area is facing a lack
of acceptance as wind turbines and PV plants are considered
detrimental to landscape scenery. This APV research plant is
used to examine the impacts of the technology with regard to
various aspects including renewable energy production, eco-
nomic feasibility, crop production, social acceptance and tech-
nological design. It has a total size of 0.3 ha and a capacity of
194 kWp. The solar panels are mounted on stilts with a verti-
cal clearance of 5 m. The facility has a number of specific
features to enable uniform light distribution for the simulta-
neous optimization of PV and photosynthetic yield, (Beck
et al. 2012; Fraunhofer ISE patent EP 2811819 B1). The fixed
PV panels are oriented in a south-west direction with a tilt
angle of 20° and a row spacing of 6.3 m. The plant-available
photosynthetically active radiation (PAR) below is predicted
to reach values of about 60% of total PAR above the array
with variations between winter and summer (Obergfell et al.
2017). Bifacial PV modules are used to further enhance PV

energy yield. These are able to utilize light from both sides and
thus also intercept reflected radiation. The system was set up
on an arable field of a commercial farm managed according to
biodynamic principles in order to investigate its practical suit-
ability for farm machinery and impact on crop rotation. The
main motive for the farmers to join the project was to become
energy self-sufficient or even produce excess energy for the
neighbouring village. Four crops (celeriac, potato, winter
wheat and clover grass) were chosen to represent a typical
organic crop rotation. These were cultivated both underneath
the APV facility and on an adjacent reference site without PV
modules. The impacts of APV on the environment and agri-
culture are investigated based on a number of microclimatic
and agronomic parameters including crop performance, crop
yield and crop quality of the harvested products as well as the
impact on biodiversity. Microclimate monitoring is performed
by 32 stations allocated to the different cultures and treat-
ments. They record PAR, soil moisture, soil temperature, hu-
midity and air temperature in half-hour intervals, thus provid-
ing a high temporal resolution. Observations from the first
crop year are discussed in the next section. Data on yield
and quality of harvested products cannot be presented until
after the second crop year. Additional accompanying research
is being performed by the Fraunhofer ISE and the Institute for
Technology Assessment and Systems Analysis (ITAS) to as-
sess the electrical and economic performance of the APV sys-
tem and also its social acceptance.

2.3 Agronomic aspects

This section discusses the impacts of APV technology on
agriculture. Its utilization will most likely not only affect farm-
ing in terms of crop cultivation, but also agricultural practice.
For this reason, we distinguish between its impact on technical
aspects and operating procedures in field management, as well
as the effects of APVon microclimate conditions and its con-
sequences for crop cultivation. The usage of crop models to
evaluate the effects of environmental impacts on crop produc-
tion is currently also investigated for its application in APV
research and thus, will also be discussed within this section.

2.3.1 Field management implications

The application of APV systems imposes several require-
ments on crop production and its technical management.
First of all, the mounting structure of APV arrays needs to
be adjusted to the requirements of the agricultural machinery
used. As alreadymentioned, the PV panels have to be raised to
an adjusted overhead clearance to permit conventional agri-
cultural machines to pass. For cereal cropping with its large
combined harvesters in particular, a clearance of at least 4–5m
is required. To prevent the loss of utilizable land, the distance
between the pillars needs to be suitable for planting distances
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and working widths of the machinery. Our APV field trial
showed that driving machinery underneath the APV facility
and the arrangement of driving lanes require some experience
and the driver’s increased attention to prevent damage to the
facility. In addition, the working width needs to be adjusted to
the distance between the stilts. Given the fast development of
autonomous driving and precision-farming applications, we
expect these restrictions to be of minor importance for future
large-scale arable farming. However, a certain loss of produc-
tion areas between the stilts that are difficult to reach by agri-
cultural machinery is inevitable and should be considered
when predicting impacts on agricultural yields. As stated by
Praderio and Perego (2017), at least 2% of the land will be
occupied by the pillars of the mounting structure. Their an-
chorage can be accomplished in several ways. In the APV
facility at Heggelbach, a special anchoring system (Obergfell
et al. 2017; Spinnanker GmbH) was used to avoid the con-
struction of concrete foundations in order to protect the soil
and facilitate the complete removal of the construction.

Various constructionmodifications should be anticipated to
minimize alterations in microclimatic conditions (discussed in
next section). The application of PV panels can lead to in-
creased water runoffs, causing an unbalanced water distribu-
tion with distinct moist patches under the lower panel edge
and sheltered areas directly under the panel (Elamri et al.
2017). During heavy rainfall, strong runoffs from the PVmod-
ules can lead to soil erosion (Elamri et al. 2017) and the for-
mation of gullies. The latter was also observed in our own
APV trial. However, the problem only occurred in early de-
velopment stages of wheat, potato and root celery i.e. when
the soil was either not covered or barely covered by the crops.
In a recent study dealing with the effects of solar panels on
unirrigated pasture, Hassanpour Adeh et al. (2018) found
higher amounts of soil moisture retained underneath the
panels of a ground-mounted PV system. The heterogeneity
of rain distribution in APV systems was recently described
by Elamri et al. (2017). Their results reveal that technical
features need to be considered to improve rain distribution
or for the collection of run-offs from the panels. Their study
used PV panels with adjustable tilt angles and found rain
distribution to be most heterogeneous with flat panels (0° tilt
angle) and least heterogeneous with panels in an either directly
facing the wind or in the opposite direction. A strategy using a
time-variable tilt angle depending on wind direction was
found to be most effective at achieving a virtually uniform
rainfall distribution (Elamri et al. 2017). In a model (see also
Section 2.4), Elamri et al. (2017) also found the angle of
incidence of rainfall to be a key variable in the determination
of rainfall distribution heterogeneity. If the APV facility is
implemented on a hillside, one approach for both, the utiliza-
tion of the inaccessible area between the stilts and the mitiga-
tion of the soil erosion mentioned above, can be the planting
of hedges or of perennial biomass crops in between the stilts.

Several technical and mechanical adjustments can be made
to minimize the reduction in solar radiation by the PV panels
and the resulting disadvantages for crop cultivation. The den-
sity of the PV arrays needs to be lower than for conventional
ground-mounted PV facilities in order to maintain acceptable
agricultural yields. A row distance of about 3 m is assumed to
be adequate to allow sufficient quantities of light to reach the
crop canopy while still achieving satisfactory energy yields.
As part of a patent development (Fraunhofer ISE patent EP
2811819 B1), Beck et al. (2012) observed in their simulation
that directing the PV arrays towards southwest or southeast
was most suitable to achieve uniform light conditions under
the panels. This also resulted in a predicted reduction in elec-
tricity yield of 5% compared to conventional south-oriented
arrays. The optimum module tilt angle depends on the geo-
graphical location; in Central Europe it is around 20–25°
(Beck et al. 2012; Dupraz et al. 2011a; Obergfell et al.
2017). It should be noted that a small inclination angle can
lead to increased dust depositions as these are not washed off
by the rain so easily. The same applies to snow covering in
regions with regular snowfall. Dupraz et al. (2011a) have also
suggested modifying the panel tilt during certain periods of
the year that correspond to light-sensitive stages of crop de-
velopment. For example, during emergence and pre-anthesis,
wheat has been shown to be very sensitive to shading in terms
of grain yield (Fischer 1985). Mobile PV modules allow sun
tracking to be automatically controlled to accommodate both
the specific needs of crops as well as diurnal and seasonal
variations in light intensity (Valle et al. 2017).

Further technical innovations to current technology include
semi-transparent (Cossu et al. 2016; Park et al. 2010),
wavelength-selective (Loik et al. 2017) and bifacial PV mod-
ules (Schmid and Reise 2015). Li et al. (2018) recently com-
bined some of these technical innovations in a greenhouse
study using bifacial semi-transparent PV-modules with an ad-
justable tilt angle instead of conventional blinds. Depending on
the solar irradiance level, the PV modules can be either tilted
parallel to the greenhouse ceiling to generate electricity and
shade the cultivated crops, or vertical to maximize crop
intercepted radiation when solar irradiance level is low (Li
et al. 2018). One concern is the decline in electrical perfor-
mance through dust deposition on the panel surface as a conse-
quence of agricultural management e.g. tillage and harvesting
(Dinesh and Pearce, 2016). Notably in regions with low precip-
itation or extended dry periods (e.g. monsoon climates), the
occasional cleaning of the module surface should be considered
to avoid declining electricity yields through dust deposition
(Dinesh and Pearce 2016). As suggested by Ravi et al.
(2016), this could be managed by integrating irrigation systems
and PV cleaning to avoid additional water consumption
(Fig. 3). Another preliminary result observed in the APV trial
in Heggelbach, is the slight delay in development of crops
grown under APV, which has also been observed in other
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studies dealing with the impacts of APV and shade on crop
production (Elamri et al. 2018; Rotundo et al. 1998). This is
probably due to altered microclimatic conditions and also has
an influence on field management as well as the marketing
strategy of some crops (Elamri et al. 2018; Rotundo et al. 1998).

2.3.2 Microclimatic alterations and their impact on crop

cultivation

In addition to the field management aspects mentioned above,
one of the most important issues for agricultural practice un-
derneath an APV array is the alteration of microclimate con-
ditions and the resulting consequences for crop cultivation.
While the reduction in solar radiation underneath the APV
canopy is expected to be the most apparent change, several
other microclimate factors may also be altered. One microcli-
mate factor that is directly influenced by solar radiation is air
temperature. Marrou et al. (2013c) did not find any significant
changes in daily mean temperatures and thermal time between
an APV trial and an unshaded control plot at the French loca-
tion of Montpellier. On a few days with low wind speed or
high solar radiation, the temperatures underneath the panel
tended to be higher (Marrou et al. 2013b). However, other
studies found that soil temperature (Ehret et al. 2015) and
maximum air temperature (Pang et al. 2017) decreased under
shaded compared to full-sun conditions. This inconsistency
may be due to the direct effects of the solar panels on air
temperature observed in studies with ground-mounted solar
parks (Barron-Gafford et al. 2016; Hassanpour Adeh et al.
2018) and the heterogeneous shading conditions underneath
APV facilities. In contrast, Armstrong et al. (2016) found
mean air temperature under PV panels to be unaffected, with
diurnal variation in air temperature under the panels being
lower due to higher minimum temperatures and lower maxi-
mum temperatures. Nevertheless, these results should not be

directly transferred to APV systems where the PVmodules are
high above the crop canopy. However, potential impacts of air
and canopy temperature changes through shading on crop
cultivation need to be considered, particularly in regions with
high solar irradiation. Excessive heat may have negative ef-
fects on crop yields, as has been shown for example for pota-
toes, where marketable tuber yields decreased (Kim et al.
2017). Temperature and radiation — described by the
photothermal quotient — are in general two of the most im-
portant determinants of cereal grain yields (Fischer 1985). In
addition, temperature can affect nutritional quality, for exam-
ple fatty acid composition of oilseed rape (Gauthier et al.
2017; Izquierdo et al. 2009) and starch content of potatoes
(Krauss and Marschner 1984). While air temperatures tended
to be higher, soil temperatures decreased underneath APV,
whereas crop temperatures of durum wheat, lettuce and cu-
cumber cultivated under APV decreased during the day-time
and increased during the night-time (Marrou et al. 2013b).

As described in the preceding paragraph, the use of a solar
panel canopy inevitably leads to an altered water distribution
underneath (Dupraz et al. 2011a; Elamri et al. 2017;
Hassanpour Adeh et al. 2018). After heavy rainfall, direct
water runoffs onto the soil surface can increase the risk of soil
erosion, while in more sheltered parts, unevenly distributed
rainfall can lead to diminished water availability (Elamri
et al. 2017). Beside these drawbacks, this sheltering by the
PV panels could also help reduce the infestation of fungal
diseases after persistent rainfall. The severity of anthracnose,
one of the major post-harvest diseases in mangos grown in
humid regions that often occurs after rainy seasons (Arauz
2000), has been found to decrease under a plastic roofing
(Jutamanee et al. 2013). Comparable results have been ob-
served by Du et al. (2015), who also found the severity of
several fungal diseases to be reduced in sheltered grapevines
in rainy regions of China. However, it should be noted, that in

Fig. 3 Integration of PV module
surface cleaning with irrigation
system. Its application is also
conceivable in APV systems.
Run-off water of the PV module
cleaning system can be collected
or directly used to irrigate crops
cultivated underneath (source:
Ravi et al. (2016))
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these studies completely sheltered crop stands are compared
with non-sheltered crop stands. As only about one third of the
total area is covered in APV systems (depending on configu-
ration, size and density of installed modules), it remains
doubtful whether the sheltering will have significant effects
on disease infestation of the cultivated crops. In addition to the
potential problems concerning water distribution, water bal-
ance in general may change under an APV system. Marrou
et al. (2013a) reported that evapotranspiration is reduced un-
der PV arrays due to both diminished evaporation and
transpiration as a consequence of the light reduction.
However, they found that the effect depended on the crop
species cultivated, as evaporation is driven by crop cover
rate. Under APV, the crop cover rate increased for lettuce,
for example, but decreased for cucumber. Marrou et al.
(2013a) concluded that APV systems can improve water use
efficiency (WUE) and help prevent water losses under dry
climates, if suitable crop species are chosen. This is in accor-
dance with findings for citrus grown under shading nets,
where WUE increased with lower solar irradiation (Medina
et al. 2002). In simulations based on data from a 40-year
period, Amaducci et al. (2018) found that cultivating maize
under APV in non-irrigated conditions reduced soil evapora-
tion and also increased average yield. The highest yield vari-
ation was obtained under full-sun conditions. Thus, they con-
cluded that APV may lead to yield stabilization, mitigating
yield losses in dry years (Amaducci et al. 2018).

2.3.3 Effect of shading on yield and quality

The extent of the reduction in solar radiation under an APV
canopy very much depends on the seasonal solar altitude, the
position underneath the array and the technical implementation
of the facility. The latter includes orientation, tilt angle and size of
the panels aswell as the distance between them (Beck et al. 2012;
Dupraz et al. 2011a). Due to the arrangement of the PVmodules,
shading underneath the facility is not uniform and varies during
the day depending on solar altitude. In studies with APV systems
adapted for crop production, for example through a reduced
module density, crop-available radiation was predicted to reach
values ranging between 60 and 85% of that in open-field condi-
tions (Dupraz et al. 2011a; Majumdar and Pasqualetti 2018;
Obergfell et al. 2017; Praderio and Perego 2017). This effect will
be less distinct in smaller APV facilities due to border effects,
especially when the sun is low and can reach the ground from the
sides. In a field experiment where different lettuce varieties were
cultivated under anAPV facility,Marrou et al. (2013c) found that
with reduced PV module density with a panel row distance of
3.2 m, up to 73% of incoming radiation was available at plant
level. On average, the lettuce yields were 81–99% of the full-sun
control yields, with two varieties even exceeding the control
values. In simulations performed with climate data from the last
37 years (1975–2012), Praderio and Perego (2017) found that

average yields of maize and wheat grown under APV would
only be reduced by about 0.5–1.5%. However, it remains doubt-
ful whether such yields can be achieved in practice. In amodified
crop model adapted to the shading conditions underneath APV,
Homma et al. (2016) found a 20% reduction in solar radiation led
to a 20% reduction in rice yields. They concluded that sufficient
light availability during early growth periods is an important
yield factor.

Apart from the studies mentioned above, there is very little
information on the effects of APVon crop production. Hence,
information on the issue can only be taken from studies with
comparable conditions, such as agroforestry experiments or
studies with artificial shade. A brief summary of the existing
literature addressing the impact of shading on plant develop-
ment and yield is shown in Table 2. For reasons of comparabil-
ity, only field experiments with artificial shade (mostly created
by shading cloths or nets) were considered. As in most of these
studies shade was provided by netting over the entire study
area, the achieved uniform shading conditions are not the same
as the dynamic shading patterns underneath an APV facility.
Hence, the results of these studies should be treated with cau-
tion and cannot be directly transferred to APV systems. In most
of the studies, different shading intensities were applied. In
order to distinguish between intensities, we use the terms “mod-
erate shading” (up to 50% reduction compared to full sunlight)
and “severe shading” (more than 50% reduction compared to
full sunlight) in the following text. These terms are only used to
divide the shading intensities applied into two categories and
are not intended as an assessment of the impact on crop pro-
duction. For example, moderate shading conditions can poten-
tially lead to severe results with regard to crop yield and quality
as shown for potatoes (Sale 1973). As crop-available radiation
under APV is reduced by about 15–40%, these light conditions
correspond to moderate shading (Amaducci et al. 2018; Dupraz
et al. 2011a; Marrou et al. 2013b).

There is a strong correlation between grain yield and irra-
diance in cereals such as wheat (Artru et al. 2017; Dufour et al.
2013; Jedel and Hunt 1990; Li et al. 2012; Mu et al. 2010),
rice (Islam andMorison 1992) andmaize (Jia et al. 2011; Reed
et al. 1988). The extent of yield reduction depends on the
shading intensity, time period, and at which stage of crop
development the shading is applied. For example, in rice, the
yield reduction can reach up to 73% under severe shading
conditions with a reduction of incoming radiation up to 77%
(Islam and Morison, 1992). In previous experiments with
wheat, Fischer (1985) showed that this decrease in yield is
due to both, a reduced number of grains per spike and spikes
per unit area and also varies with the crop phenological stage
at which shading is applied. While the wheat crops were most
sensitive to shading in the period 30 days prior to flowering,
treatments ending 45 days before anthesis did not show any
significant effects. These results are in agreement with find-
ings in rice, where a slight shift in light intensity during the
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vegetative stage did not have any effects on yields (Islam and
Morison 1992). In contrast, Li et al. (2012) found that grain
yields of two wheat cultivars increased under mild shading
conditions when applied from jointing to maturity (8% reduc-
tion of full sunlight). In maize, the extent of yield reductions
was also linked to the growth stage at which shading was
applied. Reed et al. (1988) found grain yield to be reduced
by 12% when shading (50% reduction of incoming radiation)
was applied during the vegetative stage. When applied during
flowering or grain filling, yields were reduced by 20% and
19%, respectively (Reed et al. 1988). Mbewe and Hunter
(1986) found similar results, with grain yield reductions in
maize being most affected during the reproductive stage.
Interestingly, while grain yields were reduced by 52% under
shading (65% reduction of incoming radiation), stover yield
was almost unaffected by shading during the reproductive
stage (Mbewe and Hunter 1986).

In potatoes, tuber number and tuber yield were generally
decreased by shading (Kuruppuarachchi 1990; Midmore et al.
1988; Sale 1973), but in regions with a high solar irradiation,
yields were increased when shading was applied either during
early plant development (Kuruppuarachchi 1990) or around
noon (Midmore et al. 1988). This effect was explained by an
enhanced plant survival rate through shading. However, de-
pending on the climate, potential effects of the PV canopy on
microclimate e.g. observed changes in evapotranspiration,
need to be taken into account when interpreting data
(Marrou et al. 2013a). This applies, for example, to the find-
ings of Marrou et al. (2013c), which resulted from experi-
ments carried out under a dry Mediterranean climate. In toma-
toes, fruit yield increased under moderate shading conditions
(25–36% reduction of full sunlight) in semi-arid conditions
with high light intensities (Baharuddin et al. 2014; El-
Gizawy et al. 1993; Nangare et al. 2015). Plant height also
increased under these conditions. However, a higher degree of
shading (50–75% of full sunlight) had adverse effects and led
to decreased fruit yields. Similar results were found for sweet
peppers grown in the Negev desert where moderate shade
(12–26% reduction of full sunlight) led to increased yields
and plant heights (Rylski and Spigelman 1986).

Moreover, the impact of shading on yields seems to depend
on the plant component harvested. For lettuce, harvestable
yield of some varieties was found to be hardly affected by
shading, whereas for other varieties the yield exceeded that
of plants grown under full-sun conditions (Marrou et al.
2013c). Marrou et al. (2013c) concluded that this was linked
to different mechanisms of how the varieties adapted to shad-
ed conditions. Shade-tolerant varieties showed a number of
adaption strategies including an increased total leaf area, an
altered leaf orientation, and a modified morphology with lon-
ger, wider, thinner but lower number of leaves. In wheat, the
maximum leaf area index was found to be unaffected by shad-
ing (Artru et al. 2017; Dufour et al. 2013), while the straw

biomass of some varieties increased (Artru et al. 2017). For
certain temperate grassland species, pot experiments with
shading cloths showed that, depending on the variety, consis-
tent or even higher yields can be achieved under moderate
shade conditions (Pang et al. 2017; Semchenko et al. 2012).
These findings were confirmed in the first year of our own
APV experiments, where shading to the extent of about one
third of PAR led to an increased vegetative plant biomass in
wheat and celeriac, but barely affected total yields of clover
grass. In maize, Mbewe and Hunter (1986) found stover yield
to be almost unaffected depending on the growth stage at
which shading was applied. Hence, the effect of shading on
vegetative plant components should also be considered; po-
tential benefits may be derived by selecting appropriate crop
species and varieties. In particular, forage crops and leaf veg-
etables such as cabbage and lettuce may benefit from dimin-
ished solar irradiation by increasing leaf area and thus total
plant biomass.

In addition to yield factors, shading influences the quality
of the harvestable products. In wheat, shading correlated with
increasing grain protein content (Artru et al. 2017; Dufour
et al. 2013; Li et al. 2012); in maize kernels, both fat and
protein content increased (Jia et al. 2011). One study also
addressed the impact of shading on the baking quality of
two different wheat cultivars (Li et al. 2012): The glutenin
content, wet gluten content, falling number and sedimentation
value were all increased under moderate shading conditions,
whereas mild shading (8% reduction of full sunlight) led to
opposite results. These findings were explained by a dilution
effect due to changes in grain weight, which was decreased by
moderate and increased by mild shading (Li et al. 2012). In oil
crops, oil quality was found to be modified through an altered
fatty acid composition in response to changes in intercepted
solar radiation (Gauthier et al. 2017; Izquierdo et al. 2009).
The oleic acid content of maize, rape, soy and sunflower de-
creased with decreasing light intensity, whereas the content of
polyunsaturated fatty acids such as linoleic and linolenic acid
increased (Izquierdo et al. 2009). This result was recently
confirmed by Gauthier et al. (2017) who also found the
linolenic acid concentration of different oilseed rape geno-
types to be negatively correlated with solar radiation.
However, the effect of solar radiation was the reverse during
the first 100–300 degree days after the beginning of flowering.
Apart from the oil composition, shading was also associated
with a reduced oil concentration (Gauthier et al. 2017). In
purple- and red-fleshed potatoes, the content of anthocyanins
and phenolics increased with higher light intensity (Reyes
et al. 2004). This is in accordance with findings in tomatoes,
where the content of various secondary plant metabolites,
such as carotenoids (McCollum 1954), ascorbic acid
(Hamnner et al. 1945) and phenolics (Dumas et al. 2003;
Wilkens et al. 1996), increased with light intensity. For other
quality-relevant factors of tomatoes, the results given in the
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literature are quite diverse. For example, El-Gizawy et al.
(1993) found an increasing percentage of titratable acid and
a decreasing content of both ascorbic acid and total soluble
solids (TSS) with increasing shade, whereas Nangare et al.
(2015) found no significant changes in acidity, TSS and ascor-
bic acid content. The occurrence of sunscald in tomatoes (El-
Gizawy et al. 1993) and sweet peppers (Rylski and Spigelman
1986) grown in Egypt and Israel (Negev desert), respectively,
was found to be reduced under shaded compared to full-sun
conditions, showing that shading most notably acts as protec-
tion from excessive solar radiation and high temperatures in
the studied regions. For fruit trees such as kiwi and mango,
moderate shade has been found to increase fruit quality
(Jutamanee et al. 2013; Wang et al. 2007) and partly even
yields (Allan and Carlson 2003). These findings have been
associated with enhanced protection against adverse climatic
conditions such as high temperatures and excessive rainfall.

As described above, altered microclimate conditions in an
APV cultivation system may trigger several effects on crop
yield and quality of the harvestable products. However, there
are no data available for a large number of crop species.
Moreover, as the results mainly stem from netting and agro-
forestry experiments, there are limits to their transferability to
APV systems. This emphasizes the need for distinct investi-
gations for crop cultivation under APV. Nevertheless, the most
prevalent change affecting plant cultivation will be the restrict-
ed light availability, which will most likely lead to yield losses
in the majority of cultivated crops. The extent of the losses
will very much depend on the local climatic conditions, par-
ticularly solar radiation, and the technical implementation of
the APV system. Especially in arid regions, where the nega-
tive effects of high solar irradiance and excessive water losses
predominate, additional shading may be advantageous and
lead to yield stability (Amaducci et al. 2018). As shading
patterns and microclimatic conditions under APV differ be-
tween the seasons, the impact on crop production will also
depend on whether the crops are cultivated in spring or sum-
mer (Dupraz et al. 2011b; Marrou et al. 2013c). It can be
assumed that, in species that are well adapted to shade or
respond with an enhanced vegetative biomass production,
yields can be maintained or even increased. This could be
the case for forage crops, herbaceous plants and leaf vegeta-
bles such as cabbage and lettuce. For some species, it may be
possible to alleviate the predicted yield losses through shading
by deferring the harvest and thus extending the vegetation
period. This has recently been confirmed by Elamri et al.
(2018), who found a slight delay in development of lettuce
grown under APV. Comparable results have been found for
blueberries and blackberries grown under shading nets, where
shading led to extended harvest periods, and thus also poten-
tial benefits in terms of marketing, as higher market prices can
be achieved (Lobos et al. 2013; Rotundo et al. 1998). Several
medicinal and spice crops such as cardamom and pepper,

which are traditionally grown in forests and thus well adapted
to shade, are currently being investigated for cultivation in
agroforestry systems. These could also be considered for cul-
tivation in APV systems (Rao et al. 2004; Reyes et al. 2009;
Singh et al. 1989). Coffee, one of the most important tropical
cash crops worldwide, has been shown to benefit from the
additional shade provided by cultivation in agroforestry sys-
tems (Jezeer et al. 2018; Soto-Pinto et al. 2000). Similar re-
sults have been found for speciality crops like blackberry and
blueberry, which naturally occur in habitats with moderate
light conditions (Lobos et al. 2013; Makus 2010; Retamales
et al. 2008; Rotundo et al. 1998). While blackberry yields
increased from 9 up to 34% (Makus 2010; Rotundo et al.
1998), the results for blueberries are less distinct and seem
to depend on climatic conditions and the period shading is
applied (Lobos et al. 2013; Retamales et al. 2008). Even
though the results from the various shading studies provide
first insights into the shade tolerance of different crop species,
they lack transferability due to the heterogeneity of climatic
conditions and experimental set-up. In this context, crop
models can be a more universal approach; they allow influenc-
ing variables to be varied without the time and effort required
for extensive field experiments.

2.4 Modelling approaches in APV research

As outlined in the previous sections, the impact of APV on
agronomic aspects is a quite complex topic and is influenced
by many different factors. PV technology is steadily being
refined, offering various options for the configuration of
APV facilities adjusted to crop production. While the electri-
cal performance of PV systems can nowadays be more or less
easily calculated using existing software and models (Lalwani
et al. 2010), the impacts on crop cultivation are more complex
and thus, difficult to estimate. As seen in Section 2.3.3 and the
corresponding Table 2, a number of studies have already ad-
dressed the topic of the impact of shading on crop cultivation.
However, these studies were performed in different regions of
the world and most were characterized by specific local cli-
matic conditions. In this context, different solar radiation
levels, temperatures, water availability etc. may also have af-
fected the observed effects of shading. In addition, the manner
in which the shading was applied also differs between the
studies. While some apply uniform shading for the whole
cropping period (e.g. Chen et al. 2017; Nangare et al. 2015),
others use scattered shade limited to specific stages of crop
development (e.g. Artru et al. 2017; Islam andMorison 1992).
Therefore, the results of the cited studies are quite difficult to
compare and even more in regard to the dynamic shading
patterns in APV systems.

One approach to addressing the complexity and dynamism
of APV systems is the development of crop models. This has
already been initiated and further developed by a number of
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researchers (Dinesh and Pearce 2016; Dupraz et al. 2011a;
Elamri et al. 2018; Elamri et al. 2017; Marrou et al. 2013a;
Marrou et al. 2013c; Valle et al. 2017). The first modelling
approach was introduced by Dupraz et al. (2011a). It consists
of two different types of models to capture the complexity of
APV. The so-called STICS model (Brisson et al. 2002) was
used to simulate the impact of environmental variables on
crop development, allowing the incorporation of crop specific
parameters and the interaction of the crops with abiotic factors
like microclimate, soil and farming practice (Dinesh and
Pearce 2016; Flénet et al. 2004). A second model was used
to predict light availability and distribution underneath an
APV array. As shown by Dupraz et al. (2011a), crop model-
ling can be a useful tool for the simulation of crop perfor-
mance under APV and, when combined with PV modelling
and the LER approach, also allows the land productivity of the
APV systems to be evaluated. However, they also revealed
potential limits to the STICS model in the simulation of crop
development under dense shading conditions (Dupraz et al.
2011a). The modelling approach has since been further devel-
oped by Marrou et al. (2013a, 2013b, 2013c), who adapted
various models to the microclimatic dynamics underneath an
APV system based on data obtained from their APV field trial.
They implemented a comprehensive microclimatic monitor-
ing system to measure incident radiation, air temperature, hu-
midity, soil temperature and soil moisture at hourly intervals,
thus achieving a high temporal resolution (Marrou et al.
2013a; Marrou et al. 2013b; Marrou et al. 2013c). In addition,
wind speed, precipitation and crop specific parameters, such
as stomatal conductance, crop cover rate and crop temperature
were measured (Marrou et al. 2013b). They showed that the
correlation of field data and their radiation model can be im-
proved by increased spatial and temporal resolution of the
measurements (Marrou et al. 2013c). To better understand
the driving forces of water balance underneath APV, Marrou
et al. (2013a) developed a theoretical model that identifies and
calculates its components. Although rain distribution was ob-
served to be quite heterogeneous under APV in these studies,
rainwater inputs in the models were assumed to be similar to
the unsheltered treatment (Marrou et al. 2013a). This was
recently taken up by Elamri et al. (2017), who used data ob-
tained from a field experiment addressing the rain distribution
underneath an APV facility to design a rain distribution mod-
el. This enabled them to identify the key determinants of rain
distribution caused by the PV panels and obtain a higher res-
olution of spatial heterogeneities in water supply underneath
an APV system (Elamri et al. 2017; see also Section 2.3.1). In
a follow-up study, Elamri et al. (2018) complemented this
model with previous modelling approaches (Marrou et al.
2013a, 2013b, 2013c; Valle et al. 2017) giving a more com-
plexmodel that incorporates a number of aspects including the
impact of rain distribution, water and land use efficiency, as
well the optimization of shading strategy (Elamri et al. 2018).

They concluded that the model produced satisfactory results
with some room for improvement in the temporal resolution
and incorporation of soil surface conditions to assess soil
water distribution. Elamri et al. (2018) consider their model
a useful tool for the dimensioning of APV systems as well as
the optimisation of irrigation and panel adjustment, but for
further evaluation of its universal applicability a sensitivity
analysis is necessary (Elamri et al. 2018).

In recent years, the modelling approach in APV research
has been developed and refined by several studies. It enables
the simulation of the impacts of APV for specific local
climatic conditions and the technical implementation. To
improve the validity of simulated results, further field
experiments are required to obtain sufficient data on
microclimatic heterogeneities. First steps in this direction
have already been made by Marrou et al. (2013c) and
Elamri et al. (2017) who already have acquired data on several
microclimatic factors. For a more precise spatial and temporal
resolution, further variables e.g. soil surface status (Elamri
et al. 2018), need to be incorporated and predicted values
validated from field experiments with comprehensive micro-
climate monitoring. In this context, measurements should also
be taken transverse to the solar panels of the APV facility, as
already implemented by Elamri et al. (2017), to gather data on
rain distribution. Although the microclimatic modelling of
APV systems is already quite sophisticated, the modelling of
crop performance is still insufficient. Most studies published
so far only discuss the shade adaptive responses of lettuce
during its vegetative phase (Elamri et al. 2018). There is a lack
of information on more complex crops (Valle et al. 2017) and
their light requirements during various stages of development,
and this is neither addressed in modelling approaches nor
validated under field conditions (Dinesh and Pearce 2016;
Marrou et al. 2013a, 2013b, 2013c). For a better understand-
ing of crop specific morphological traits and their response to
altered light conditions during different stages of develop-
ment, further field experiments with various crop species are
necessary to obtain additional data on crop performance,
which then can be used to improve validity of the cropmodels.
Ultimately, this information needs to be gathered in overarch-
ing models that simulate both energy and crop performance as
well as microclimatic impacts, taking into consideration the
local climatic conditions, selected crops and technical imple-
mentation of the APV facility.

3 Outlook and future application
opportunities

APV systems are still at an early stage of development and
there is plenty of scope for technical improvements and further
fields of application. As already described in Section 2.3.1,
there have recently been several innovations in PV
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technology. Valle et al. (2017) have shown that dynamic PV
modules with controlled tracking can optimize the availability
of incident radiation on the plant canopy, allowing more effi-
cient crop production and increasing both electricity and bio-
mass yield. The application of wavelength-selective PV mod-
ules in horticulture is currently being investigated with the aim
of further adjusting PV systems to the specific requirements of
crops in co-productive systems (Loik et al. 2017). Electricity
yield may also be increased by upgrading APV plants with
wind turbines to combine wind and solar energy production
(Rem Tec 2017b).

In addition to technical optimizations, there are various
implementation opportunities for APV, depending on the local
climatic conditions and the scale of the facility. For example,
the power generated could be used to optimize the farm’s
existing operation flows e.g. processing of harvested products
or energy-consuming processes such as cooling and ventila-
tion (Mekhilef et al. 2013). Another possibility is the electri-
fication of farm machinery or vehicles in general. The self-
consumption of electricity could be further increased by stor-
age facility upgrades. In developing countries and other re-
gions with only a rudimentary electrical grid, APV could act
as a decentralized energy source for the electrification of rural
areas (Malu et al. 2017; Silva Herran and Nakata 2012). This
was also taken up by Harinarayana and Vasavi (2014), who
see great potential for APV to meet future renewable energy
targets in India, both improving rural off-grid energy produc-
tion and saving on high expenditure for the expansion of the
electricity grid. At farm level, the power could be utilized
directly for irrigation and water-pumping systems or stored
by pumping water into a reservoir to be used later for irrigation
purposes (Burney et al. 2010; Mekhilef et al. 2013), thus help-
ing to improve food security and water supply. Campana et al.
(2016, 2017) recently investigated the potential of photovol-
taic water-pumping systems for forage production in China.
They concluded that these pumping systems provide great
potential for the improvement of grassland productivity, while
mitigating adverse effects of climate change and grassland
desertification. In addition, the positive knock-on effects on
CO2 emission reduction and sequestration are conceivable,
when diesel-driven water-pumping systems are replaced
(Campana et al. 2016, 2017). APV could also provide a useful
contribution to the holistic agricultural approaches of organic
farms or large-scale projects such as Sekem (Sekem 2017) and
the Sahara Forest Project (Sahara Forest Project 2017), both of
which strive to re-cultivate desert areas through agricultural
production using innovative and sustainable technologies. As
these projects are located in arid regions (Egypt and Jordan,
respectively) potential synergistic effects of the APV panels
on crop production can be expected through the mitigation of
evaporation and excessive solar radiation (Marrou et al.
2013a; Ravi et al. 2016). This approach is also being pursued
and practically implemented in large-scale projects in China

(Tonking New Energy 2018). Thus, APV could be an ap-
proach for sustainable desert agriculture. The described effects
on crop production may also counteract the severe climatic
conditions related to climate change, such as drought and heat.
In the EU and other industrial countries, the development of
renewable energies currently forms one of the key compo-
nents of a sustainable climate and energy policy.
Sustainability goals, combined with the limited agricultural
land area in these countries, have led to an ethical conflict
about land use for food or bioenergy production. This could
be alleviated by the implementation of APV.

Another opportunity would be to exploit synergistic effects
in cultivation systems that already use supporting structures,
such as hop growing, horticulture (shade net houses and
greenhouses), viticulture and intensive fruit production. The
implementation of PV greenhouses is one focus of current
research (Cossu et al. 2014; Kadowaki et al. 2012; Ureña-
Sánchez et al. 2011) and has already been realized in several
projects worldwide (Akuo Energy 2018; Reden Solar 2018;
Tenergie 2018). Even though yields of horticultural crops,
such as tomatoes and green onions, decrease, the economic
benefits of these co-productive systems probably outweigh
potential yield losses (Cossu et al. 2014; Kadowaki et al.
2012). As concluded in Section 2.3.3, the effects of shading
will differ between crop species and local climatic conditions.
The use of anti-hail nets is quite common in wine and fruit
cultivation (Gandorfer et al. 2016; Kiprijanovski et al. 2016)
and nettings are also applied as protection from other climate
impacts such as excessive radiation, high temperatures (Ilić
and Fallik 2017) and frost (Teitel et al. 1996). In these sys-
tems, synergistic effects can be achieved by the direct protec-
tion from adverse climatic effects through the PV panels them-
selves or by using the same supporting structures for both
panels and netting. The impact of climate change on wine
quality has recently been investigated, with canopy structures
being one of the suggested solutions for protection against
intense irradiation (van Leeuwen and Darriet 2016). This ap-
proach is already being pursued by the French company
Sun’Agri (2018), one of the project partners in the French
APV projects. They expect the application of APV in inten-
sive fruit production and viticulture to lead to water savings,
protect fruit against sunscald, and maintain or even increase
yields by reducing losses due to weather extremes (frost, hail,
strong wind). This aspect could become even more relevant in
future in major wine-producing regions, as the area suitable
for viticulture is predicted to decrease dramatically by 2050
due to the effects of climate change (Hannah et al. 2013).
Another positive aspect in this context is that scaffolding is
already accepted in these cultivation systems. A recent model-
ling study assigned these considerations to grape farming in
India to ascertain its potential for APV (Malu et al. 2017).
Malu et al. (2017) concluded that the annual income of grape
farms using APV could be increased about 15 times through
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the additional energy production, while maintaining grape
yields. However, it first needs to be proven that such predicted
agricultural yields can really be achieved in practice.

The implementation of APV technology is likely to meet
some obstacles. The introduction of new technologies is al-
ways accompanied by a certain amount of public controversy
and this should also not be underestimated in the case of APV
systems. In Germany, the uncontrolled expansion of ground-
mounted PVarrays has led to a diminishing acceptance within
the population followed by legal restrictions concerning the
construction of PV facilities. In addition, the installation of
ground-mounted PV plants leads to the irreversible conver-
sion of arable into surfaced land and consequently a loss of
area payments granted by the EU Common Agricultural
Policy (European Commission 2003). In this context, legal
regulations for the construction of APV facilities need to be
clarified to provide a clear distinction between ground-
mounted PV arrays and APV arrays. For APV, a certain min-
imum agricultural yield needs to be achieved in order to en-
sure sufficient crop production and avoid competition with
energy production. Any kind of “pseudo agriculture” needs
to be avoided, particularly with regard to agricultural subsi-
dies. In our practical APV project, the farmers stated that they
could tolerate crop yield reductions up to 20%. However, as
subjective perceptions and opinions will differ, limits for tol-
erable yield reductions have to be defined. Although there is a
clear call within society for the development of renewable
energies, there is often a lack of social acceptance at local
level, particularly when a loss of visual landscape quality,
damage to cultural landscapes or consequences for the envi-
ronment are feared (Poti et al. 2012; Zoellner et al. 2008).
Even though APV avoids the loss of arable land and
the resulting conflicts between food and energy produc-
tion, a change of landscape scenery cannot be denied
and will inevitably lead to societal debates, especially
in the case of large-scale plants, as seen in China
(Huawei FusionSolar 2017). However, in contrast to
ground-mounted PV facilities, APV will not be accom-
panied by a loss of wildlife as fencing is not necessary
and would indeed be obstructive for agricultural practice
(Turney and Fthenakis 2011). In cultivation systems
with scaffolding structures, an extension by APV will
probably be less controversial, as the presence of sup-
ports is already established. Another approach to im-
proving social acceptance could be the selective embed-
ding into the existing scenery, paying attention to local
circumstances (Scognamiglio 2016). This can be
achieved in several ways including specific designs,
the usage of organic materials or dyeing of the PV cells
(Scognamiglio 2016). As Zoellner et al. (2008) conclud-
ed from case studies in Germany, the acceptance of
renewable energies can be improved by involving the
general public in decision-making processes.

4 Conclusion

The application of APV systems offers a number of opportu-
nities, which differ depending on regional and climatic condi-
tions. The real added value of the APV technology is that it
enables the simultaneous production of food and energy, pro-
viding undeniable economic benefits for farmers, with addi-
tional potential synergistic effects. This is of particular interest
in densely populated industrial countries, where the expansion
of renewable energies is becoming increasingly important, but
productive farmlands need to be preserved. APV will inevita-
bly lead to altered microclimatic conditions, notably a reduced
solar radiation and resulting changes in water balance. As
radiation is one of the most important factors affecting crop
performance, a decline in agricultural yields is the most likely
consequence of cultivation underneath an APV array.
However, due to microclimatic heterogeneities under APV,
results from shading experiments are only transferable to a
limited extent. In dry years, microclimatic alterations under
APV can contribute to yield stabilization, compensating for
seasonal climatic and crop yield fluctuations. This may be-
come even more important in the future with the anticipated
change in climatic conditions. Furthermore, benefits are pos-
sible for shade-adapted crops and in hot, arid climates where
enhanced water savings and protection against adverse effects
of high temperatures and excessive radiation are of advantage.
As only very few studies address the impact of this technology
on crop yields and quality, further investigations incorporating
different climatic conditions, crop species and varieties are
indispensable for the evaluation of its applicability in prospec-
tive agricultural systems. Such investigations should also con-
sider synergies with current innovations in PV technology
and agriculture, as well as the inclusion of APV into
different cultivation systems and processing cascades.
In this context, modelling can be an efficient approach
to process the results from field experiments into uni-
versal models, which then can be adapted to specific
climatic conditions and technical implementations of
APV systems, thus finding appropriate solutions for re-
spective locations. However, APV can be an important
component of future agricultural systems, addressing
some of the major current and prospective societal and
environmental challenges, such as climate change, glob-
al energy demand, food security and land use.
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