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Abstract. Climate change and population growth put a strain on energy and food resources,
prompting a shift to renewable energy. The EU is aiming for 40 per cent renewable energy by
2030 and photovoltaic solar systems are expected as the primary source of electricity by 2035.
However, the expansion of photovoltaics generates conflicts over land use, especially in
agriculture. Agrivoltaic (AV) systems, which integrate photovoltaic panels with agricultural
practices, offer a promising solution by providing crops with partial shade, thus potentially
mitigating excessive sunlight and reducing water stress. This study evaluates the effects of an
AV system on a 70 ha pasture in Ravenna, Italy, examining changes in pasture composition
and productivity. In order to identify variations along the shadow gradient, four sampling areas
were chosen along the transect perpendicular to the panel row, where plant species were
identified and crop biomass sampled throughout the growing season in 2023. The results
revealed a dominant presence of Grasses, with percentages of Leguminous ranging from 20
to 40% in less shaded areas, and other species present mainly in shaded areas, particularly
in the back edge of the panel. Biomass yield showed considerable variation along the transect,
with higher yields near the panels and lower below the central panels. The biomass peaks
highlight the role of shading, sunlight and water drainage in production. These results
emphasize the critical influence of shading in AV systems, providing insights for optimizing
pasture management and crop selection to increase productivity under different light
conditions.
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1. Introduction

Climate change and population growth are creating significant pressures on energy and food
supply while the EU has stipulated that 40 percent of energy consumption must come from
renewable resources by 2030 to mitigate greenhouse gas emissions. Advances in photo-
voltaic (PV) technology and lower production costs are key to this transition. The International
Energy Agency (IEA) predicts that solar PV will become the main source of electricity
generation by 2035, with a capacity of 16% of global electricity production [1]. This rapid
expansion leads to land-use conflicts, emphasizing the need to consider the impact of photo-
voltaic installations on arable land.
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To address these challenges, an innovative concept has been proposed: Agrivoltaic (AV),
a system that combines food and photovoltaic energy production on the same land. This
system involves installing photovoltaic panels over crops, providing partial shading that can
protect crops from excessive sunlight and reduce evapotranspiration during periods of water
and heat stress [2] [3].

In this context, Italy is moving towards sustainable growth to meet EU targets with AV
systems playing a crucial role. Over the next decade, the number of AV systems in ltaly is
expected to increase, supported also by PNRR funding [4].

Studies on AV systems have examined several crops, including lettuce, potatoes, maize,
winter wheat, rice, raspberries, cherry tomatoes and chillies. The results indicate a nonlinear
relationship between crop yields and reductions in solar radiation for all crop types. Most crops
can tolerate up to a 15% reduction in solar radiation, exhibiting a yield decline that is less than
proportional [5][6][7]. Herbaceous species, such as fescue and alfalfa, seem promising for
growing under AV systems as they suffer water stress during summer and shading could
improve their growth during these periods [8][9][10]. However, further research is needed to
understand how micro-environments under solar panels interact with management strategies
and influence botanical composition and forage production [11].

This study presents a one-year investigation of the impact of an agrivoltaic system on a
pasture ecosystem in Italy, with the objective of quantifying the adaptive responses of pasture
composition and productivity in different areas of an agrivoltaic field.

2. Materials and Methods

The study was conducted in 2023 at a large agrivoltaic (AV) system in Ravenna, Italy, at
Sant'Alberto (44°30'36.69" N, 12°9'18.72" E), where fixed photovoltaic panels are installed on
a 70 ha permanent grassland. The grassland was sown in 2018, both between and beneath
the panels, maintaining a 50 cm distance on both the right and left sides of the poles supporting
the panels, and consists of a mixture of Festuca arundinacea, Dactylis glomerata, Trifolium
repens, and Medicago sativa.The panels are 3 m long, have an inclination of 35 degrees with
respect to the horizontal plane and are oriented along east-west direction. The side closest to
the ground is mounted at a height of 1.30m, while the far side at 3 meters. The space between
the poles supporting the structure is 8 meters, resulting in a Ground Coverage Ratio (GCR) of
38%. The experimental setup consisted of 3 randomized blocks with 3 replicas each,
characterized by 4 selected areas along the transect perpendicular to the panel rows: G1, G2,
G3, and G4 (Fig.1).

The sampling started in November 2022 and the last date was April 9, 2024 (sampling
dates are specified in Fig. 1 and 2).

To investigate the impact of the AV system on grassland growth, species identification
was conducted in each area, determining the percentage of Grasses, Leguminous, and Other
species (GLA categories). Furthermore, to assess the influence on grassland productivity,
systematic mowing was performed within designated 0.5 m x 0.5 m square plots for each area.
The samples were dried at 65°C for 48 hours to calculate the percentage of dry matter and
subsequently weighed.

This setup allowed for a detailed analysis of the effects of AV shading on both species
composition and biomass yield of the grassland, providing insights into the interactions
between AV systems and underlying vegetation.
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Figure 1. a) Location of the site in Emilia-Romagna, Italy. b) Experimental Field, Experimental Blocks
in red. C) Spatial representation of sampling Areas. G1: the uncovered interspace adjacent to each
panel; G2: front edge of each panel; G3: beneath the center of each panel;, G4: back edge of each

panel.

2. Results

In Fig. 2, a distinct pattern is evident where Grasses (G) have a predominant presence in most
of the samples analyzed. Leguminosae (L), on the other hand, show variable percentages
ranging between 20% and 40%. The other species (O) show a significant presence in some
samples, particularly in the back edge of each panel, G4 group.

In the sample collected on 23 May 2023, the G3 group shows a very high predominance
of Grasses, amounting to 90%. In the sample of 11 October 2023, group G1 shows a high
proportion of other species, at 40%.
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Figure 2. Evolution of the average GLO % detected in the sampling plots during the experiment.
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In summary, in the sunniest areas, specifically G1 and G2, legumes tend to dominate over
grasses and other species, particularly during the warmest periods. Conversely, in shadier
areas, legumes are less prevalent. In G3, grasses and legumes consistently constitute a
minority compared to other species. However, in G4, grasses exhibit an ability to adapt to
conditions of very low direct radiation.

Fig.3 clearly illustrates how the biomass yield varies significantly over time and between
the different distance groups. The most obvious peaks are observed on 23 May 2023, with
group G1 and G2 showing significantly higher yields, and on 5 July 2023 with a peak for G2.
Other increases are observed in the mowing periods, such as 31 July 2023 and 9 April 2024.
However, in general, yields tend to be low, with only a few significant increases on certain
dates and groups. The influence of the shading gradients of the AV panels is evident: the areas
adjacent to the panels (G1 and G2) show a stronger seasonal trend and higher yields overall,
influenced only by partial shading in the morning (G1). In 2023, the total biomass yield on five
sampling dates was about 8.5 T DM/ha in the open locations (G1 and G2) and 4.8 T DM/ha
under the panels (G3 and G4). This translates into a relative biomass yield of 78%, taking the
yield of G2 as the reference point. The areas under the panels (G3 and G4) maintain more
stable but generally lower yields, further suggesting the critical role of sunlight exposure and
rainwater drainage in biomass production in these environments.
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Figure 3. Barplots depicting the production of dry weight biomass (g/m2) in sampling plots during the
experiment. The red icon indicates the harvest date.

4. Conclusion

This study demonstrates how the botanical composition and productivity of permanent
grassland within Agrivoltaic (AV) systems with fixed photovoltaic panels are significantly
influenced by shading conditions. Grasses were found to be the dominant species across most
samples, while Leguminous and other species varied in presence depending on the shading
gradient and temporal factors. Biomass yields showed notable variation, with higher yields
observed in areas adjacent to the panels (G1 and G2) and lower, more consistent yields under
the center (G3) and rear edge (G4) of the panels. The data suggest that optimizing shading
management, such as increasing panel spacing or using adjustable tracking systems, could
mitigate the negative effects of shading and potentially improve grassland productivity. These
findings offer preliminary insights that can help farmers explore species-specific strategies and
adaptive grassland management practices to mitigate the challenges of shading and optimize
the benefits of AV systems. The results of this study can be used as input into crop simulation
models for future AV plant designs. Future agrivoltaic systems should explore strategies aimed
at improving radiation management and water storage, supported by further research
measuring key environmental factors such as light availability, soil moisture, and water
dynamics.
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