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Abstract 

Crops lands could eventually be menaced by rapid increase in photovoltaic solar plants (PVSP) installed capacity. 
PVSP need large space for its operation what competes with the agricultural use of land. The so-called agrivoltaic 
systems can alleviate this problem with the combination of both activities, food and energy production. 

Several scientific works confirm the benefits that a combined system of photovoltaic panels and crop provide. For 
the crops, decreased evapotranspiration and increased water use efficiency are claimed. 

In the Technical School for Agriculture Engineering, Food and Biosystems (ETSIAAB), of Universidad Politécnica 
de Madrid (UPM), there are 16.5 ha devoted to research whereform 6.7 ha are experimental crops. The annual 
electricity consumption of the Experimental facilities is very high (1100 MWh/year). An agrivoltaic system is proposed 
to reduce electricity bill and the carbon footprint. 

A simulation was conducted on a trellised vineyard to determine shading fraction under different geometries of PV 
module configuration and row spacing. The installation of 50 kWp of photovoltaic power panels would produce 83.90 
MWh/year. This will supply 6.18% of the current electricity demand. 

The annual saving would be 16,780 €, since the price of energy is 0.20 €/kWh after taxes. With a cost for the 
installation of 80,000 €, the payback time would be between 5 and 6 years. 
Keywords: Photovoltaics, Agrivoltaic, Carbon Footprint, Energy efficiency. 
 

1. Introduction 
Solar photovoltaic (PV) energy is positioned to play a major role in the electricity generation Mix of Mediterranean 

countries. However, substantial increase in ground-mounted PV installed capacity could lead to competition with the 
agricultural use of land. A way to avert the peril is the so-called solar-sharing, agrophotovoltaic or agrivoltaic (AV). AV 
systems are a way of combining PV and food production on the same land area (Weselek et al., 2019). 

It is demonstrated that agrivoltaic systems are beneficial to plants cultivated under photovoltaic panels (PVP) so 
much as to themselves. According to Marrou, Dufour et al. (2013), crops increase their yield under the shade of 
photovoltaic panels, since evapotranspiration is reduced by 10-30% when available sunlight is 50-70%. Therefore, 
agrivoltaic systems could be suitable for dry regions or drought periods because of the fact that water demand is 
reduced (Marrou et al., 2013; Adeh et al., 2018). Moreover, PVP offer protection against solar radiation avoiding 
sunburn, against frost and hail. PVP efficiency is lower because of high temperatures. However, in agrivoltaic systems, 
ambient temperature is diminished thanks to the location of the crop, so electric production is not reduced (Barron-
Gafford et al., 2019). Dupraz et al. (2011) supported that the productivity of fields in these systems increases in a 60% - 
70%. 

In addition, AV systems can be a solution face to weather conditions that crops hold due to climate change. In a 
vineyard, high temperatures accelerate ripening. It produces a disequilibrium in grape composition, such as sugar 
increase giving rise to high alcohol levels (van Leeuwen y Darriet, 2016). Also, excessive radiation harms vine, 
sometimes grapevines become sunburned.  

There are companies that have reported on the installation of vineyard AV systems, using semi-transparent bifacial 
PV modules. Being semi-transparent, these PV modules decrease the ratio of crop shading, and being bifacial, they 
harness albedo radiation, thereby featuring increased yield compared to mono-facial counterpart. Further, their PV 
modules are not fix-tilt, but single-axis mechanical mobile, which enables controlling tilt angle according to the 
phenological state of the crop. Ultimately, their PV modules are claimed to be corrosion-resistant, which is of 
paramount importance for vineyard-AV systems, given the chemical pesticides used to protect the grapevine. 

The design proposed in this work uses monofacial opaque PV modules. To achieve tolerable shading, they are 
installed at a height of 5-m (measured at centerline) over the ground. This height value allows for mechanized 
harvesting with standard grapevine harvesters. For the sake of comparison with other works, shading calculations are 
extended to a hypothetical 7-m height. 

A major objective of the present study was to compare the degree of shading of eight combinations, namely, 
landscape and portrait PV module layout with skipping of one or two grapevine crop-rows, and for PV module height of 
5-m or 7-m, on the understorey trellised vineyard. 

232



 July 4–8, 2021, Évora, Portugal 
 

 
2. Materials and Methods  

The agricultural plot that served as a reference for the study is a trellised vineyard located in the experimental fields 
of UPM-ETSIAAB in Ciudad Universitaria (Madrid, Spain). The geographical latitude and longitude of the site are, 
respectively, 40.443077 °N and 3.738562 °W. The aerial photograph of the grapevine orchard is included in Fig. 1. 
From the total crop rows shown in the satellite image, only the 13 southern gravepine rows are examined, which 
correspond to a denser orchard i.e. closer distance between the crop lines (as shown in Fig. 1 the northern crop rows 
spacing is greater). 

 

 
Figure 1. Trellised vineyard in Ciudad Universitaria (Madrid, Spain). Distance interval between crop rows or alley 

width is wa = 2 m. 
The crop rows are not exactly aligned with the East-West direction, but they make an angle of 4.3°. Notwithstanding 

and for the sake of universality, the analysis we have considered as if the foregoing angle was zero, i.e. vine canopy 
‘walls/racks’ facing due-South.  

To perform the shading analysis, we used the software SAM version 2020.11.29 [NREL]; in particular the software 
feature of 3D shade calculator. The PV module used for the simulations is a crystalline Silicon 340 Wp opaque 
monofacial module, with dimensions of 1.7 m × 1 m. 

The trellised vineyard height reaches 1.5 m from the ground. Since the bottom leaves start at 0.3 m over the ground, 
the grapevine canopy height is of 1.2 m. These values were introduced in the 3D shade calculator. 

Fig. 2 shows a perspective of the vertical trellised vineyard crop rows and the 30° tilted PV module rows, at 5-m 
center-height over the ground. Only skip factor (fs) of 1 and 2 were studied. A hypothetical design with fs = 0, i.e. PV 
module row over every crop line was disregarded, as it would cast too much shadow. 

From a pure agronomical point of view, the landscape PV module geometrical layout would be preferable, as less 
crop shading is envisaged compared to portrait configuration. Nevertheless, the latter is preferable to maximize the 
installed power in the given crop line length of 44 m. Thus, while roughly 44 modules could be installed in portrait, 
only approximately 26 would fit with the landscape layout. 
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Figure 2. Factorial design combining PV module geometrical layout (landscape; portrait) and crop row skip factor of PV module 

rows (fs = 1; fs = 2), for a 5-m centerline height PV module rows. 
 

Average annual electric consumption in experimental fields of ETSIAAB is 1100 MWh year-1. It makes difficult to 
cover the whole consumption but a relevant part of it, reaching with this proposal 6 to 7%. Because of the fact that it is 
a high consumption, it has been decided to supply only a part with photovoltaic solar energy. 
Rated power inverted (PN) is 50 kW, therefore the photovoltaic system provide 6.18% of electricity to experimental 
fields. 

The chosen inverter and photovoltaic panel characteristics are on the next tables. 
 

Table 1. Inverter datasheet. 

Inverter datasheet 
Input  
Max. PV power 75,000 Wp 
Max. DC voltage, Voc max 1,000 V 
MPP voltage range, Vmin inv – Vmax inv 500 - 800 V 
Min. DC voltage / start voltage 150 V / 188 V 
Max. current / per MPP tracker  120 A / 20 A 
Max. short-circuit current per MPP tracker / per string  30 A / 30 A 
No. of MPP trackers / No. of PV strings per MPP tracker  6 / 2 
Output  
AC nominal power (230 V, 50 Hz), PN 50,000 W 
Nominal AC voltage range  230 V/ 400 V 
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Table 2. Photovoltaic panel datasheet. 

Photovoltaic panel datasheet 

Maximum power, Pmax 340 W 

Open-circuit voltage, Voc 41.1 V 

Voltage at point of maximum power, Vmpp 34.5 V 

Short-circuit current, Isc 10.53 A 

Current at point of maximum power, Impp 9.86 A 

Temperature coefficient-open-circuit current, α 0.03 %/K 

Temperature coefficient-open-circuit voltage, β -0.27 %/K 

Operating temperature -40ºC a 90ºC 

Cell type Monocrystalline 

No. of cells 60 

Module efficiency 19.8% 

 
The agrivoltaic system design has been developed helped by PVSyst software. Taking into account inverter, panels 

and consumption data, as well as HSP (between 1600 – 1700 HSP annual), latitude and climatology in the location 
where photovoltaic panels would be placed, it would be necessaries 153 panels to supply 6.18% of electric demand. 
Thus, peak power of PV generator would be 52 kWp. 

 max .GP P no panels= ⋅  (1) 
where PG is peak power of PV generator, W, y Pmax is maximum power of panel, W.  

Inverter has six MPP trackers, where two strings could be connected in each one. It is established that a single string 
of 17 panels will be connected only in three of them, the rest of entries will have two strings of 17 panels each one.   

To sizing of inverter, there are some parameters to verify that inverter is appropriate for photovoltaic generator 
characteristics: 

1. Input MPP voltage range.  
- Minimum voltage of inverter (Vmin inv) have to be lower than voltage at point of maximum power of PV 

generator at 70ºC (Vmpp G (70ºC)). Using eq. (2), Vmpp G (70ºC) is 515.24 V against 500 V of Vmin inv. 

 (70º ) ( ) ( 25)mppG C mppM s mppGV V xN x Tβ= + −  (2) 

where Vmpp M is the voltage at point of maximum power of module, V, Ns is the no. of panels connected in series, βmpp G 
is the temperature coefficient at point of maximum power of PV generator, V/ºC and T is the temperature, ºC. The value 
of T is 70ºC. 

- Maximum voltage of inverter (Vmax inv) ought to be bigger than voltage at point maximum power of PV 
generator at -10ºC (Vmpp G (-10ºC)). Using eq. (3), Vmpp G (-10ºC) is 641.92 V against 800 V of Vmax inv. 

  ( 10º ) ( ) ( 25)mppG C mppM s mppGV V xN x Tβ− = + −  (3) 

where the value of T in this equation is -10ºC. 
2. Maximum open-circuit voltage (Voc max) have to be more than open-circuit voltage of PV generator at -10ºC (Voc 

G (-10ºC)). With eq. (4) Voc G (-10ºC) it results 764.73 V that is less than Voc max (1000 V). 

 ( 10º ) ( ) ( 25)ocG C ocM s ocGV V xN x Tβ− = + −  (4) 

where Voc M is the open-circuit voltage of module, V, βoc G is the temperature coefficient-open-circuit voltage of PV 
generator, V/ºC, and T is -10ºC. 

3. Maximum inverter current (Imax inv) have to be bigger than short-circuit current of PV generator at 70ºC (Isc G 

(70ºC)).  
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 (70º ) ( ) ( 25)scG C scM p scGI I xN x Tα= + −  (5) 

where Isc M is the short-circuit current of module, V, Np is the no. of panels connected in parallel, αoc G is the temperature 
coefficient-open-circuit current of PV generator, V/ºC, and T is 70ºC. 

Using eq. (5), Isc G (70ºC) is 10.67 A in case of Np = 1 (connected to three entries of inverter) and 21.34 A in case 
of Np = 2 (connected to rest three entries of inverter). In both, Isc G (70ºC) is fewer than Imax inv (30 A). 

 
3. Results 

Table 3 is a compilation of canopy mean shaded fraction (SF) for each combination of PV module layout 
(landscape, portrait) and PV module row interval (irm), for 5-m PV module height. Analogously, Table 4 compiles the 
results obtained for 7-m PV module height. irm can be 4 m if the number of crop rows skipped is of 1, or 6 m if the 
number of crop rows skipped is of 2.  

Overall, the highest SF (47.9%) is for portrait layout combined with small irm and low PV-module row height. Fig. 3 
and Fig. 4 show interval distribution of shade fraction for 5-m PV module height in the case of landscape-fs2-24.9% 
(Table 1) and portrait-fs1-47.9%, respectively. 

Table 3. Trellised vineyard canopy mean shaded fractions (%), for 5-m high PV module rows. Skipping 1 crop row (fs 
=1) implies a PV module row interval (imr) of 4 m, while fs= 2 corresponds to imr = 6 m. 

PV module configuration Crop lines skip factor (fs) 
1 2 

Landscape 34.2 24.9 
Portrait 47.9 33.7 

 

Table 4. Trellised vineyard canopy mean shaded fractions (%), for 7-m high PV module rows. Skipping 1 crop row  (fs 
=1) implies a PV module row interval (imr) of 4 m, while fs= 2 corresponds to imr = 6 m. 

PV module configuration Crop lines skip factor (fs) 
1 2 

Landscape 31.1 24 
Portrait 42.1 30.7 

 

 
Figure 3. Shaded fraction (SF) for landscape configuration with skipping of two crop rows (fs =2) and 5-m high PV modules. 
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Figure 4. Shaded fraction (SF) for portrait configuration with skipping of one crop row (fs =1) and 5-m high PV modules. 

 
Independent of high and configuration of photovoltaic panels, agrivoltaic system will be able to produce an 

approximate quantity of 83.90 MWh year-1 of power, according to PVSyst software. It means around 1,600 kWh kWp-1 
per year. The rest of required electricity would be provided with electricity grid, about 1016.10 MWh year-1. The yield 
ratio (YR) of system is 85.43%. 

Table 5 shows values of solar energy produced and grid energy required during months and per year. 

Table 5. Incident global radiation (GlobInc), solar energy (E_Solar) and grid energy (EFrGrid) calculate by PVSyst 
software. 

 GlobInc (kWh/m2) E_Solar (MWh) EFrGrid (MWh) 
January 104.5 5.000 88.42 

February 114.5 5.325 79.06 
March 170.3 7.777 85.65 
April 175.2 7.889 82.52 
May 191.6 8.441 84.98 
June 206.8 8.854 81.56 
July 223.3 9.387 84.04 

August 216.6 9.168 84.26 
September 176.1 7.704 82.71 

October 128.1 5.809 87.62 
November 104.9 4.931 85.48 
December 75.8 3.614 89.81 

Year 1887.9 83.900 1016.10 
The cost of the photovoltaic installation is 80,000 € approximately, because vineyards are in land before installation. 
The annual saving obtained thanks to 83.90 MWh year-1 production would be 16,780 €, since the price of energy is 

0.20 € kWh-1 after taxes.  
 

4. Discussion 
Matching ‘crossings’ of Table 3 and Table 4 show that SF is always lower for 7-m height compared to 5-m height 

(e.g. 31.1% vs. 34.2% for the combination of landscape and fs = 1). This would play in favor of adoption of 7-m height. 
However, the 2 m height differential entails an important disbursement. Previous studies have determined that the 
supporting structure is a major cost component of AV systems. 

Overall, a SF of 40% is considered as the higher limit of acceptable AV system design (e.g., the Massachusetts 
commonwealth SMART program). The rationale behind this is that although AV shed protects the crop from excessive 
radiation and the yield losses thereof (Oliveira et al. 2014), excessive shading can decrease grape berries desirable 
content of phytochemicals like anthocyanins (Koyama & Goto-Yamamoto, 2008). 
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5. Conclusions 
Among the eight shading generation combinations analyzed, the one that carries the lesser shading fraction is 

landscape geometrical layout of PV modules spaced 6-m (skip of two grapevine rows), for 7-m PV module center-
height. 

Based on the slight difference with the corresponding value for 5-m height (24.9%), the latter would be 
recommended for cost-effectiveness. In this case, is not enough 13 southern grapevine rows (Fig. 1), so it would need 
necessary first northern crop row to install 153 panels. 

The payback time would be between 5 and 6 years approximately. 
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