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Abstract

Agrivoltaics (APV) is the dual use of land by combining agricultural crop production and photovoltaic (PV) systems.
In this work, we have analyzed three different APV configurations: static with optimal tilt, vertically-mounted bifacial,
and single-axis horizontal tracking. A model is developed to calculate the shadowing losses on the PV panels along with
the reduced solar irradiation reaching the area under them for different PV capacity densities. First, we investigate the
trade-offs using a location in Denmark as a case study and second, we extrapolate the analysis to the rest of Europe. We
find that the vertical and single-axis tracking produce more uniform irradiance on the ground, and a capacity density
of around 30 W/m2 is suitable for APV systems. Based on our model and a 100 m-resolution land cover database,
we calculate the potential for APV in every NUTS-2 region within the European Union (EU). The potential for APV
is enormous as the electricity generated by APV systems could produce 28 times the current electricity demand in
Europe. Overall, the potential capacity for APV in Europe is 51 TW, which would result in an electricity yield of 71500
TWh/year.

1. Introduction

Solar photovoltaics (PV) has shown a fast deployment
in the last decade and its cumulative global capacity at-
tained 942 GW in 2021 [1], see Fig. 1(a). From a global
perspective, land used by solar PV should not represent a
problem. For instance, the current global electricity con-
sumption could be supplied by solar PV covering only 0.3%
of the land area of the world [2]. However, local compe-
tition for land uses can be problematic and the concen-
trated deployment of solar PV plants can trigger social
acceptance issues. At the same time, the preservation of
agricultural land, sustainable increase in crop yield, and
adaptation to climate change are the most relevant chal-
lenges for global agriculture. [3, 4]. In some cases, the
combination with solar PV systems can be a strategy to
address those challenges and can provide mutual benefits
for the PV systems and the crops. Today, about 9.6% of
the world’s land is used for agriculture. Combining with
PV systems part of that land will untap a large poten-
tial for sustainable generation of electricity, as depicted in
Fig. 1(b). Additionally, this sustainable food-energy co-
operation could also add biological reservoirs and help in
preserving the terrestrial ecosystems and biodiversity [5].

APV is defined as the simultaneous use of land for agri-
culture and PV systems [7–9]. Synergies can enable both
the crops and the PV modules to benefit from this inte-
gration. In dry climates, the shadow cast by PV modules
could reduce the irrigation needs by up to 20% due to an
altered micro-climate below them [10, 11]. In addition,
solar panels could also be used to collect rainwater, which
can then be used for irrigation especially for dry lands [12],

although this depends on the mounting structure. Another
possible benefit for crops is that they could be protected
from weather influences like heavy rainfall, hail, or wind
by the PV modules themselves or by foil tunnels, which
could use the mounting structure of the modules. A po-
tential benefit for the PV system would be an increased
performance ratio due to improved convective cooling [8].

This work aims to investigate the potential of APV in-
stallations across Europe. For this purpose, three different
configurations for PV systems are investigated under dif-
ferent spacing between the rows and various heights. As
expected, the amount of electricity generated is highest for
the horizontal single-axis tracking setup, as compared to
the optimal tilt installation and the vertical bifacial setup.
The losses due to PV modules self-shadowing depend on
the configuration and the capacity density.

Additionally, the impact of the PV installation on the
field is also investigated to determine the potential for agri-
cultural use. The irradiance distribution on the ground
shows relatively even irradiance distribution for vertical
bifacial and single axis-tracking setup. The tilted setup
causes a distinct pattern of stripes with substantial shad-
owing.

These analyses are extended to determine the potential
for APV along with the eligible area in European countries.
Lastly, the electricity yield over the year is determined for
APV configurations by considering the specific land types
and a capacity density of 30 W/m2.

Overall, this paper is divided into various sections. An
introduction has been provided in Section 1 that leads to
the investigated APV configurations, which are presented
in Section 2. Section 3 describes the mathematical mod-
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(a)

(b)

Figure 1: (a) Global solar photovoltaic (PV) installed capacity over
the years [1] (b) current land covered by agriculture vs maximum
land that would be required by solar PV to supply world electricity
demand today [6].

eling and Section 4 consists of results and discussion. Fi-
nally, the conclusion of the work is drawn in Section 5.

2. Investigated Agrivoltaic Configurations

Three APV configurations are investigated in this work
across Europe: optimal tilted, vertical bifacial, and hori-
zontal single-axis tracking. A detailed description of their
structure and distinguishing features is presented below.

2.1. Optimal tilted PV system

A south-facing monofacial fixed-tilt PV system is con-
sidered in this configuration. The optimal tilt angle of the
system, varies depending on the latitude in order to max-
imize the annual electricity generation, according to [13].
A schematic of the optimal tilted installation, which will
be referred to as tilted configuration in the following, is
shown in Fig. 2(a).

2.2. Horizontal single-axis tracking PV system

The tilt angle of monofacial PV panels, which are mounted
on a north-south axis varies continuously throughout the

(a)

(b)

(c)

Figure 2: Solar PV configurations analyzed in this work: (a) static
with optimal tilt, (b) single-axis horizontal tracking, and (c) vertical
mounted bifacial. The parameters inter-row spacing s and height h
are shown in the figure.

day in this configuration. The PV panels face east in
the morning, are horizontal at noon, and face west in the
evening. A schematic of the horizontal single-axis tracking
setup for different times of the day is shown in Fig. 2(b)
This configuration is henceforth referred to as single-axis
tracking.

2.3. Vertical bifacial PV system

In a vertical bifacial setup, PV modules are placed ver-
tically on a north-south line. Therefore, one side of the
PV modules faces east while the other side faces west. A
schematic of this vertical bifacial setup is shown in Fig.
2(c) and this configuration is referred to as vertical bifa-
cial. A bifaciality factor equal to 0.8 is assumed.

3. Methods/Experimental Procedures

The three setups are investigated on a reference field
with a size of 100m x 100m when analyzing their electricity
output and on a 50m x 50m field to determine shadowing
effects on the underlying ground. These field sizes were
chosen to minimize errors due to border effects, while at
the same time keeping the computational effort reason-
able. The solar PV rows are installed at a fixed distance
above the ground, which is 2m for the tilted setup while
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1m for the axis-tracking and vertical bifacial setup. This
is because the tilted setup needs a higher elevation for
harvesting. In all cases, the distance above the ground is
measured between the ground and the lowest point of the
solar panel. The distance from the ground does not influ-
ence electricity production, as the shadows cast from one
row of solar panels onto another are not affected. Con-
versely, the shadow distribution on the ground is affected
by this parameter. Two other variables whose impact on
the system is investigated in conjunction with the three dif-
ferent installation types are the spacing between the rows
s and the height h of the PV modules, as depicted in Fig.
2.

In our analysis, the height can take a value of 1, 2, or
3m (in practice this can be achieved by stacking several PV
panels). The inter-row spacing can take a value of 3, 4.5,
6, 7.5, 9, and 12m. These two parameters enable to study
the differences between dense and sparse installations.

3.1. Modelling solar PV generation

To compare different configurations, it is assumed that
all setups use solar panels with similar electrical proper-
ties, both the monofacial and vertical bifacial panels. The
reference solar panel is the N-type bifacial high-efficiency
mono silicon double glass panel produced by Jolywood,
which has a bifaciality factor of 80% [14]. Each of the
panels contains 72 individual series-connected solar cells,
which are divided into 3 equal blocks with bypass diodes.

3.1.1. Solar irradiance reaching the solar PV panels

The global G(0) irradiance is composed of direct B(0),
diffuse D(0), and albedo R(0) irradiance, which are ob-
tained from PVGIS [13]. The direct irradiance B(β, α)
can be calculated by using Eq 1.

B(β, α) =
B(0)max(0, cosθs)

sinγs
(1)

here β is tilt angle, α is the angle of orientation of the
PV module, γs is solar altitude, and θs is the angle of
incidence, which is defined as the angle between the surface
normal and the vector of the radiation coming directly
from the sun [6].

The diffuse irradiance D is assumed to be composed
of two parts, diffuse circumsolar irradiance Dcirc and dif-
fuse isotropic irradiance Diso, Eq (2) [6]. This approach
uses the anisotropic model by Hay and Davies [15]. The
anisotropy index k1 is determined, as the ratio of the hori-
zontal direct irradiance on the ground B(0) and at the top
of the atmosphere B0(0) according to Eq (3).

D = Dcirc +Diso (2)

k1 =
B(0)

B0(0)
(3)

To calculate the diffuse circumsolar Dcirc and diffuse
isotopic irradiance Diso, Eqs (4) and (5) are used, respec-
tively. Here D(0) is the horizontal diffuse irradiance on
the ground and khori is the horizon brightening effect[16]
given in Eq (6).

Dcirc(β, α) = k1.
D(0)max(0, cosθs)

sinγs
(4)

Diso(β, α) = khori(1− k1)D(0)
1 + cosβ

2
(5)

khori = 1 +
√

1− Fsin3(
γs
2

) (6)

here F is the diffuse fraction of the global irradiance.
Lastly, the albedo irradiance R(β, α) can be calculated

as

R(β, α) = ρG(0)
1− cosβ

2
(7)

where ρ is the reflectivity of the ground [6].
It is assumed that only the direct and diffuse circumso-

lar components are blocked by objects and therefore create
shadows since they have a clearly defined directional vec-
tor. In contrast to that, the diffuse isotropic and reflected
irradiance reaching the investigated surfaces are not im-
pacted by shadows.

The global irradiance on the surface of the PV module
is

G(β, α) = B(β, α) +D(β, α) +R(β, α) (8)

3.1.2. Solar electricity production

One of the main aspects used to compare the different
setups is the power output, which can be calculated using
Eq 9.

P = PSTC .η.ηsys
(B +Dcirc)(1− FES)(1−AL) +Diso +R

GSTC
(9)

Here ηsys corresponds to the overall system losses, while
the combined effects due to cell temperature and low ir-
radiance are represented by η. The losses impacting the
direct irradiance B and the diffuse circumsolar irradiance
Dcirc are shadow losses and losses due to the reflection of
light at the enterence of the PV module. These are incor-
porated using the shading factor FES and the angular loss
factor AL. It is assumed that the diffuse isotropic Diso and
albedo irradiance R are not affected by those two factors.

The power losses due to shadowing are included by us-
ing the model from [17], which is considering the shadowed
area of the PV panels along with the circuit structure.
This is necessary since any type of shadowing will result
in a reduction in electricity output for the entire panel.
Using this model, the effective shading factor FES of a
solar panel in Eq 9 is calculated according to Eq 10.

(1− FES) = (1− FGS)(1− NSB

NTB + 1
) (10)
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here FGS is defined as the geometric shading factor, which
is the fraction of the total area being shaded. NTB and
NSB are the number of total and shaded blocks, respec-
tively. A block is defined as a string of series-connected
solar cells protected by a bypass diode. The PV panels in
our model have NTB=3. Moreover, the solar panels are
assumed to be in landscape orientation to minimize the
shadow losses.

Angular losses in Eq 9 are modelled using Eq 11.

AL(θs) = 1− [
1− exp(−cosθsαr

)

1− exp(−1αr
)

] (11)

here θs is the angle of incident irradiance and αr the angu-
lar losses coefficient. This coefficient depends on the solar
cell type and the amount of soiling present on the panel’s
surface. Throughout this study, a factor of αr = 0.17 is
used according to [18]. The chosen αr value corresponds
to a typical value for a silicon solar cell without soiling and
losses due to soiling are included in the system losses ηsys.

Ambient temperature Tamb and wind speed are ob-
tained from PVGIS. Tamb is converted to cell temperature
Tcell by using Eq 12.

Tcell = Tamb + (
G(β, α)

U0 + U1.Wmod
) (12)

here Tamb is the ambient temperature and G(β, α) is the
incident irradiance on the panel. The coefficients U0 and
U1 depend on the type of solar panel. As we are using a
glass crystalline silicon solar panel, these values are U0 =
26.92 W/m2K and U1 = 6.24 W/m3sK. Moreover, Wmod

is the wind speed at the solar PV panel and it can be
calculated by using Eq 13.

Wmod = (
hmod
h10

)2.W10 (13)

where Wmod and W10 are the wind speed at the PV panel
and at a height of 10 meters, respectively. Similarly, hmod
and h10 are the height of the solar panel and 10 meters.
For this, the height is chosen to be the center of the panel.

Tcell and W10 are obtained from PVGIS [13]. Further-
more, knowing the cell temperature and incident irradi-
ance, the panel efficiency relative to the one at standard
test conditions (STC) conditions η can be modeled as fol-
lows according to [19].

η(G′, T ′) = 1 + k1ln(G′) + k2(ln(G′))2 + k3T
′

+ k4T
′ln(G′) + k5T

′(ln(G′))2 + k6T
′2 (14)

where

G′ =
G

GSTC

T ′ = Tcell − TSTC
here G′ is the normalized irradiance, T ′ is the temperature
difference, and TSTC is the cell temperature at standard
test conditions (STC). The coefficients k1 − k6 depend on
the PV panel type. Here, we have assumed crystalline-
silicon PV panel and the values are taken from [19].

Figure 3: A simplified model for the crop growth potential as a func-
tion of the photosynthetically active radiation (PAR) for 3 stylized
crops with different saturation thresholds named as low, medium,
and high radiation demand plants.

3.2. Modelling shadowing on the ground and impact on
crops

Crops use solar radiation to carry out photosynthesis,
but this only happens during some periods of the year and
only uses part of the solar spectrum. The latter is quanti-
fied by photosynthetically active radiation (PAR), which
comprises light of wavelengths between 400 and 700 nm.
PAR is usually expressed as the number of photons re-
ceived by a surface during a specific amount of time and its
units are µmol/m2s· The standard solar spectrum AM1.5G
contains 430 W/m2 between 400 and 700 nm. Considering
a conversion factor of 4.56 µmol/Ws, AM1.5G is equiva-
lent to 1960 µmol/m2s.

In principle, it is possible to shadow the crops with-
out affecting their yield or even improve it if the shadows
contribute to avoiding excessive radiation and high tem-
perature. In reality, the impact of shadowing on crops
is very dependent on the site and specific crop. Plants
are dynamic organisms whose growth can be limited by
available radiation but also by the ratio of direct to dif-
fuse illumination, water and nutrients availability, ambient
temperature, humidity, and the size of the leaves grown in
previous periods, among other things. Hence, it is difficult
to provide a general rule and every crop and location needs
to be carefully examined to design an APV system.

Here, we have a simplified approach in which we as-
sume three categories for crops, those requiring low, medium,
and high radiation. We assume that the crops’ growth po-
tential is not affected if PAR is above a certain threshold,
whose value depends on the type of crop and is shown
in Fig. 3. Then, using the irradiation patterns on the
ground (presented later in Fig. 5), we calculated for every
APV configuration the percentage of the land that could
be cultivated without any impact on the crops (because
the irradiance remains above the crop threshold).

3.3. Performance indicators

The performance of the different APV configurations
is evaluated on the basis of the following indicators:

• Capacity density (W/m2): It is the average capacity
on a reference ground square meter and is calculated
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by dividing the total installed peak power C by the
field area Af .

Capacity density =
C

Af
(15)

• Electricity yield (kWh/m2): It is calculated by divid-
ing the hourly electricity production E(h) integrated
over a whole year by the installed capacity Af .

Electricity yield =
ΣhE(h)

Af
(16)

• Price-weighted electricity yield (kWh/m2): It is de-
fined as the annual sum of the electricity production
every hour E(h) weighted by the spot market elec-
tricity price p(h). The result is divided by the field
area Af .

Price-weighted electricity yield (kWh/m2) =

ΣhE(h). p(h)
<p(h)>

Af

(17)

where <p(h)> is the average electricity price.

• Shadow losses (%): It is defined as the losses in the
system due to shadowing and it is calculated by find-
ing the difference between electricity generation with
and without shadow effects and then dividing it by
the electricity output without shadowing.

• Specific yield (kWh/kW): It is electricity yield per
installed capacity, which can be calculated by divid-
ing the hourly electricity production E(h) integrated
over a whole year by the installed capacity C.

Specific yield =
ΣhE(h)

C
(18)

The results are presented in coming sections by considering
these performance indicators.

3.4. Land availability estimation

To assess the potential of APV systems in Europe, the
land feasibility and maximum possible electricity genera-
tion are investigated. For this purpose, the suitable avail-
able area for APV is determined by performing a land
eligibility analysis by using Atlite [20]. The selected land
types from the Corine Land Cover database [21] that are
considered suitable for the APV system are given in Table
1. The selection criteria exclude different types of pro-
tected areas, where building projects are prohibited. This
includes protected habitats for birds and other wildlife,
landscapes and also parks, and natural monuments. For
all areas contained in the exclusion criterion, a minimal
distance of 100 m is chosen.

4. Results and Discussion

4.1. System evaluation for a Northern location with low
irradiance values

For various PV configurations, the specific yield in-
cluding shadow losses is shown in Fig. 4(a) for Foulum,
Denmark (latitude: 56.49◦, longitude: 9.57◦ ). We have
defined a reference setup with s= 6m and h= 2m. As ex-
pected, the axis-tracking installation has the highest spe-
cific yield, followed by the tilted configuration and at last
the vertical bifacial setup. Here, the tilted setup has a
nearly constant specific yield until a capacity density of
around 70 W/m2, while the other two setups show a de-
crease at a lower capacity density. For the lowest capacity
density considered (15 W/m2) shadow losses are negligible
for the three configurations.

Comparing the different heights of one setup type at a
specific spacing, it can be seen that the setups with a larger
height (displayed with dashed and dotted lines) generate
more electricity, as the amount of installed solar PV capac-
ity per square meter of ground is larger. When considering
the spacing, the greater the distance between the rows, the
lower the number of panels installed in one squared meter
of land and thus the lower the amount of electricity gen-
erated. However, there is no linear relationship between
electricity generation and spacing due to the effect of shad-
ows.

Lets us look now at the temporal generation patterns of
the different configurations. The average daily electricity
yield for each month is analyzed in Fig. 4(b). As expected
for every setup, the electricity production in summer is
greater than in winter, due to seasonality. Additionally, it
can be seen that in the winter months the tilted system
produces more energy than the other two systems, while
in the summer months the axis-tracking setup produces
the highest amount of energy.

The daily profile generation from the three configu-
rations is remarkably different, as shown in Fig 4(c). In
Denmark, due to the price variation of electricity through-
out the day, there is a dip in the electricity price during
midday, as depicted in Fig. 4(c). The vertical bifacial
generation profile matches better the electricity price pro-
file. This means that although the single-axis tracking has
higher electricity yield, the vertical bifacial shows higher
price-weighted electricity yield. This is also true for all
spacing and height pairings in Foulum but might be dif-
ferent in other locations.

Let us turn now to the analysis of the irradiance reach-
ing the ground. The heat maps in Fig. 5 show the irradi-
ance distribution on the ground for all three setup types
using the reference installation mentioned above. The pix-
els are colored according to the percentage of total irradi-
ance reaching the field in a grayscale where white is used
for the parts of the field that do not experience shadowing.

The irradiance distribution in July in the case of the
tilted setup in Foulum is shown in Fig. 5(a). It is vis-
ible that some areas of the field experience significantly
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Table 1: Land types considered valid for APV systems in the Corine Land Cover database (100 m space resolution is used)[21].

Considered land types in agricultures areas Selected areas
Arable land Non-irrigated arable land, Permanently irrigated land,

and Rice fields
Permanent crops Fruit trees and berry plantations
Pastures Pastures, Heterogeneous agricultural areas, Annual crops

associated with permanent crops, and Complex cultivation patterns

(a)

(b)

(c)

Figure 4: (a) Specific yield (kWh/kW) as a function of the capacity
density for the three configurations under analysis assumed to be
installed in Foulum, Denmark (latitude: 56.49◦, longitude: 9.57◦).
The inter-row distance and height are defined in Fig. 2, (b) average
daily electricity yield for each month for the reference configuration
(height= 2 m, spacing= 6 m), and (c) comparison between the elec-
tricity generation in Foulum and the electricity price at market DK1
for year 2015 throughout a day for the reference configuration. The
bars shows the price-weighted electricity yield calculated with Eq 17.

more shading than others. Each of the south-facing rows
of PV panels casts a strip of shadow on the ground be-
hind and under it. Here only about 56% of incident radi-
ation reaches the ground. This uneven and very distinct
irradiance distribution could cause irregularities in plant
growth.

The vertical bifacial configuration, whose irradiance
distribution is plotted in Fig. 5(b) depicts that the shad-
ows and the irradiance reaching the ground are evenly dis-
tributed over the field. While there are sill strips with
a lower incident irradiance along the entire length of the
field, the minimal irradiance reaches 77.6% of available ir-
radiance (i.e., without shadowing).

Furthermore, the single axis-tracking configuration re-
sults in a fairly even irradiance distribution over the field
(see Fig. 5(c)). The strips with the highest amount of
shadow are still illuminated by 78% of available irradi-
ance. The general shadow distribution is very similar to
the vertical bifacial setup but the location is shifted. For
this setup, the shaded area is underneath the row of solar
panels, while the area in between the panels experiences
the highest irradiance. This is more convenient because
the area beneath the solar panel structure is more difficult
to be accessed by agricultural machinery.

The three setups have a similar average normalized
irradiance between 82% and 86%, which shows that the
mean value does not provide sufficient information about
the differences in irradiance patterns. Therefore, it is not
possible to conclude plant growth potential from it. In
continuation, the graphs in Fig. 5(d) clearly show the
differences between the setups. The tilted setup has the
biggest span with values between 57% and 100% of avail-
able irradiance. In contrast to that, the range of the verti-
cal bifacial and axis-tracking setup is narrower, spanning
from 78% to 94%.

If we combine now the estimation of irradiance reaching
the ground and crop sensitivity (see Fig. 3). Fig. 6 shows
the fraction of the field with sufficient irradiance for the
crops, as a function of the electricity yield. Hence, it can
be seen as a decision map where either the crop produc-
tion (left upper corner) or the electricity production (right
lower corner) can be maximized, or a trade-off between
both can also be selected. For crops with a low or mid-
radiation threshold, high electricity yields can be achieved
while maintaining more than 80% of the land suitable for
crops. For high-radiation-demand crops, high electricity
yields (obtained by high capacity density for the PV pan-
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(a) (b) (c)

(d)

Figure 5: Integration of ground shadowing throughout July for the reference location (Foulum, latitude: 56.49◦, longitude: 9.57◦) for: (a)
static with optimal tilt, (b) vertical mounting, (c) single-axis horizontal tracking, and (d) line graph showing the normalized irradiance for
all three configurations in July (reference setup: height= 2m, spacing= 6m).

els) cause a significant drop in the land suitable for crops.
The single axis-tracking enables a higher combination of
electricity yield and land availability for crops, but at the
expense of higher costs.

We set up a target of maintaining at least 80% of the
land suitable for crops. In this case, for the high-radiation-
demand crops, the annual electricity yield for the tilt and
bifacial vertical configurations is similar and limited to 30
kWh/m2 (see Fig. 6). This corresponds to a capacity
density of around 30 W/m2 and this is the reference value
that we will use the estimate the potential for APV in
different European regions in coming sections.

4.2. Extension of the analysis to Europe
As expected, the amount of electricity produced annu-

ally by every PV installation, that is, the specific yield,
increases for all three configurations as the latitude de-
creases. The specific yield for the axis-tracking setup is
the highest in every location, followed by the tilted setup
and lastly the vertical bifacial setup.

The order of three different setups is the same, regard-
less of the location. In addition to this, it is also investi-
gated whether the relative difference between setups is also
independent of the location. To investigate this, the spe-
cific yield for the different setups is normalized using as a
reference the tilted installations in the respective location,
as depicted in Fig. 7.

In that figure, the locations are arranged by decreas-
ing latitude from left to right. The differences are more
notable as latitude decreases. In other words, the gain
in electricity yield by tracking is less important in North-
ern European countries and so are the losses in electricity
yield of vertical bifacial compared to the tilt configuration.
There are some countries for which the values deviate from
this pattern, which is due to local weather influences.

Figure 8 extends Fig. 4 to other countries in Europe.
The latitude slightly modifies the daily generation profile
for the three different configurations. More notably, the
daily evolution of spot market electricity prices is differ-
ent in every country since they are mainly dictated by
the demand pattern and renewable penetration. Overall,
the tracking configuration always attains the highest elec-
tricity yield. However, the tilted or the bifacial vertical
configuration achieves the highest price-weighted electric-
ity yield (Eq 17), depending on the specific country, as
shown in Fig. 9.

4.3. Eligibility area and potential for APV for different
European regions

To assess the potential of APV in Europe for every
NUTS-2 region, the feasibility and the extent to which it
is possible to generate electricity are investigated in this
section. To determine, which areas within a country are
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Figure 6: Percentage of land useful for crops plotted as a function
of the annual electricity yield (kWh/m2) for the three configura-
tion described in Fig. 2 for Foulum. Field percentage eligible for
(a) low/radiation, (b) medium/radiation, and (c) high/radiation de-
mand crops.

Figure 7: Normalized specific yield at the different locations (nor-
malized by tilted setup).

suitable for the use of APV, a land eligibility analysis is
performed.

There are various land types, e.g., artificial surfaces,
agricultural areas, forest and semi-natural areas, wetlands,
and water bodies. The agricultural areas that are most
suitable for APVs include arable land, permanent crops,
and pastures (see Table 1). In these selected areas, the
eligible area for APVs in the central Denmark region, i.e.,
Midtjylland is around 64%, and the total eligible area is
8341 km2, which is shown in Fig. 10. Assuming a capacity
density of 30 W/m2, obtained in Section 4.1, and specific
yield of 850 kWh/kW corresponding to vertical bifacial in
Foulum, the potential electricity generation from APV in-
stallations in Midtjylland represents 215 TWh/year. Ad-

Figure 8: Electricity generation and electricity price throughout the
day for the locations: (a) Belgium, (b) Poland, (c) France, and (d)
Serbia.

Figure 9: Price-weighted electricity yield for Belgium, Poland,
France, and Serbia.

ditionally, the potential estimation for every NUT-2 re-
gions in Europe is provided in Zenodo: 7267022.

Similarly, the land eligibility analysis for APV is ex-
tended to Europe considering the NUT-2 regions, and the
eligible regions for APVs in Europe are shown in Fig. 11,
which represent 16.2% and the total eligible area is 1.7 mil-
lion km2. The eligible area is quite unevenly distributed
across Europe. For the majority of the investigated coun-
tries in Europe, the share of eligible land is between 12%
and 29%. Few countries have an even lower percentage
with 1% to 9%. Several countries have higher percentage
of available land, and these countries are Hungary with
58.6%, Denmark with 53.9%, and Ireland with 63.9% of
eligible APV area. Land area currently used for fruit trees
can be of particular interest for static tilt APV installa-
tions because they can protect the trees from heavy rain-
fall or hail. The available land in Europe for fruit trees
corresponds to approximately 29000 km2.

Furthermore, the capacity potential (in GW) in the
NUTS-2 regions for APV is found by considering the land
types indicated in Table 1 and a capacity density of 30
W/m2. The result in Fig. 12 shows that the southern
and eastern parts of Europe are more suitable for APV
systems, which agrees with the results in [22].

The potential energy production (in TWh/year) for the
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Figure 10: Suitable eligible land for APV installations in Midtjylland
(Denmark). The eligible area (8341km2) represents 64% of the total
area of Midtjylland.

NUTS-2 regions in the EU for different APV systems is
shown in Fig. 13 for optimal tilt, vertical bifacial, and
horizontal single-axis tracking PV systems. The energy
production over the year is found by using irradiance data
from PVGIS [13] corresponding to the central coordinates
of every NUTS-2 region. The enormous potential of APV
electricity generation is note worthy. The vertical bifacial
APV systems can produce up to 71,500 TWh per year in
the EU, which is 28 times higher than the current elec-
tricity demand. In some countries like Denmark, energy
production can reach up to 26 times the current produc-
tion.

5. Conclusion

This work investigates different types of agrivoltaic (APV)
configurations in Foulum, Denmark along with other loca-
tions in Europe based on NUTS-2 regions. Two different
characteristics are used to study the feasibility of APV
systems, i.e., the potential of PV systems, and their influ-
ence on the underlying farmland. During the study, three
different APVs setups are considered, i.e., optimal tilted,
horizontal single-axis tracking, and vertical bifacial.

In this work, a model was developed, which simulates
the shadows on solar panels and the ground. The model
allows the accurate analysis of the reduced production out-
put due to shadow losses for each simulated hour, rather

Figure 11: Suitable eligible land for APV installation in the NUTS-2
regions. The eligible area represents 16.2% area of EU or 1.7 million
km2.

Figure 12: Maximum capacity potential for APV systems estimated
for every NUTS-2 region based on the land availability in Fig. 11
and assuming a capacity density of 30W/m2 for the selected area in
Table 1.

than just assuming a general loss factor. This is an im-
portant factor when comparing and analyzing the three

9



Figure 13: Annual energy production for different NUT-2 regions
by considering a capacity density of 30W/m2 and agricultural land
types defined in Table 1: (a) optimal tilted, (b) vertical bifacial, and
(c) horizontal single-axis tracking.

different APVs setups mentioned above.
As expected, the axis-tracking setup produces a higher

electricity yield, but when taking into account the daily
generation patterns of the different configurations, the ver-
tical bifacial produces a higher price-weighted electricity
yield.

A capacity density of around 30 W/m2 is used to es-
timate the potential for APV in different NUT-2 regions
in Europe because it helped in achieving high electricity
yields along with maintaining the target of keeping more
than 80% of the land suitable for crops.

Furthermore, the eligible areas for APVs in Europe are
determined using the Corine Land Cover database, and
applying constraints like distance to forests, settlements,
and roads, while ensuring that the area is on land that
already is used for agriculture. This analysis shows that
the eligible area is distributed quite unevenly across Eu-
rope, with some countries (e.g., Norway) having as little
as 1% of their total area suitable for APVs, while in others
this percentage is as high as 53% (e.g., Denmark). Over-
all, APV has great potential with a potential capacity of
51 TW in Europe and can produce up to 71500 TWh per
year, which is 28 times high than the current electricty
demand in Europe.

6. Acknowledgements

The authors would like to express their acknowledg-
ment to Ann-Sophie Reimer and Lars Rodrigo Wagner for
their master’s thesis at our research group which produced
several of the results in this paper. We would also like to
thank Uffe Jørgensen, Johannes Wilhelmus Maria Pullens,
Carl-Otto Ottosen, and Gabriele Torma for fruitful discus-
sions around this paper. The authors are fully or partially
funded by the HyPErFarm (Hydrogen and Photovoltaic
Electrification on Farm) project, which is supported by
the EU2020 under grant number 101000828. The respon-
sibility for the contents lies solely with the authors.

References

[1] Winter, N. Renewables 2022 global status report united states
of america factsheet (2022).

[2] Victoria, M. et al. Solar photovoltaics is ready to power a sus-
tainable future. Joule 5, 1041–1056 (2021).

[3] Rehbein, J. A. et al. Renewable energy development threat-
ens many globally important biodiversity areas. Global change
biology 26, 3040–3051 (2020).

[4] Alam, H., Alam, M. A. & Butt, N. Z. Techno economic mod-
eling for agrivoltaics: Can agrivoltaics be more profitable than
ground mounted pv? arXiv preprint arXiv:2206.05964 (2022).

[5] Horowitz, K., Ramasamy, V., Macknick, J. E. & Margo-
lis, R. Capital Costs for Dual-Use Photovoltaic Installa-
tions: 2020 Benchmark for Ground- Mounted PV Systems
with Pollinator-Friendly Vegetation, Grazing, and Crops. Tech.
Rep., National Renewable Energy Laboratory. NREL/TP-
6A20-77811., Golden, CO (2020). URL https://www.nrel.gov/

docs/fy21osti/77811.pdf.

[6] Victoria, M. & Andresen, G. B. Using validated reanal-
ysis data to investigate the impact of the PV system

10

https://www.nrel.gov/docs/fy21osti/77811.pdf.
https://www.nrel.gov/docs/fy21osti/77811.pdf.


configurations at high penetration levels in European coun-
tries. Progress in Photovoltaics: Research and Applica-
tions 27, 576–592 (2019). URL https://onlinelibrary.

wiley.com/doi/abs/10.1002/pip.3126. eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/pip.3126.

[7] Andrew, A. C., Higgins, C. W., Smallman, M. A., Graham, M.
& Ates, S. Herbage yield, lamb growth and foraging behavior
in agrivoltaic production system. Frontiers in Sustainable Food
Systems 5, 659175 (2021).

[8] Trommsdorff, M. et al. Agrivoltaics: opportunities for agricul-
ture and the energy transition-a guideline for germany. Tech.
Rep., Tech. rep., Fraunhofer ISE (2020).

[9] Al Mamun, M. A., Dargusch, P., Wadley, D., Zulkarnain, N. A.
& Aziz, A. A. A review of research on agrivoltaic systems.
Renewable and Sustainable Energy Reviews 161, 112351 (2022).

[10] Elamri, Y., Cheviron, B., Lopez, J.-M., Dejean, C. & Belaud, G.
Water budget and crop modelling for agrivoltaic systems: Ap-
plication to irrigated lettuces. Agricultural water management
208, 440–453 (2018).

[11] Adeh, E. H., Good, S. P., Calaf, M. & Higgins, C. W. So-
lar PV Power Potential is Greatest Over Croplands. Scientific
Reports 9 (2019). URL https://www.nature.com/articles/

s41598-019-47803-3.
[12] Barron-Gafford, G. A. et al. Agrivoltaics provide mutual ben-

efits across the food–energy–water nexus in drylands. Nature
Sustainability 2, 848–855 (2019). URL https://www.nature.

com/articles/s41893-019-0364-5. Number: 9 Publisher: Na-
ture Publishing Group.

[13] JRC photovoltaic geographical information system (PVGIS)
- european commission. https://re.jrc.ec.europa.eu/pvg_

tools/en/. Accessed: 2022-07-30.
[14] N-type bifacial high efficiency mono silicon double glass

module. http://www.jolywood.cn/upload/202004/28/

202004281445071455.pdf. Accessed: 2022-08-16.
[15] Hay, J. E. & McKAY, D. C. Estimating solar irradiance on

inclined surfaces: a review and assessment of methodologies.
International Journal of Solar Energy 3, 203–240 (1985).

[16] Reindl, D., Beckman, W. & Duffie, J. Evaluation of hourly
tilted surface radiation models. Solar energy 45, 9–17 (1990).
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