
Academic Editors: Yang Liu,

Hong Zhang, Haipeng Lan and Silvio

José Gumiere

Received: 10 December 2024

Revised: 29 January 2025

Accepted: 30 January 2025

Published: 3 February 2025

Citation: Magarelli, A.; Mazzeo, A.;

Ferrara, G. Exploring the Grape

Agrivoltaic System: Climate

Modulation and Vine Benefits in the

Puglia Region, Southeastern Italy.

Horticulturae 2025, 11, 160.

https://doi.org/10.3390/

horticulturae11020160

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Exploring the Grape Agrivoltaic System: Climate Modulation
and Vine Benefits in the Puglia Region, Southeastern Italy
Andrea Magarelli , Andrea Mazzeo and Giuseppe Ferrara *

Department of Soil, Plant and Food Sciences, University of Bari Aldo Moro, Via G. Amendola 165/A,
70126 Bari, Italy; andrea.magarelli@uniba.it (A.M.); andrea.mazzeo@uniba.it (A.M.)
* Correspondence: giuseppe.ferrara@uniba.it; Tel.: +39-0805442979

Abstract: Climate change poses significant challenges to agriculture, a sector with a long-
standing tradition in the Mediterranean basin. The region faces altered rainfall patterns,
extreme temperatures, aridification, loss of biodiversity, and changes in crop yield and
quality. These impacts, combined with intensive farming practices, threaten long-term
agricultural sustainability. This study investigates agrivoltaics (AVs), a dual-use technology
that integrates solar energy production (photovoltaic panels) with agriculture, as a potential
solution to enhance resilience and adaptation of crops. Research at an AV system in Puglia
(Southeastern Italy), combined with grapevine (Vitis vinifera L.), assessed soil moisture,
temperature, and microclimate conditions together with vine yield and fruitfulness. Results
showed that shading from photovoltaic panels increased soil moisture and moderated soil
temperature, thus benefiting crops. Vines beneath the panels yielded more grapes (+277%)
than in the full sun, confirmed by even the better bud fruitfulness of the shaded canes.
While panels had minimal impact on air temperature, they reduced wind speed and vapor
pressure deficit, creating a better microenvironment for vines. Spectral analysis revealed an
increase in UV and blue light under the panels, potentially affecting photosynthesis. The AV
system also produced substantial electricity, more than 90% compared to a ground-mounted
system, demonstrating its dual-use application. The higher land equivalent ratio (LER)
achieved by the AV system (3.54) confirmed that such systems can be advantageous in areas
with a Mediterranean climate, allowing crop and energy production on the same land.

Keywords: grapevine; microclimate; spectral composition; energy; bud fruitfulness; yield

1. Introduction
In the context of prolonged and intensified climate change, human activity has emerg-

ing challenges to cope with in the present and near future. In regions with an ancient
agricultural tradition such as the Mediterranean Basin, the risk of permanent modifica-
tions overcomes resilience and adaptation mechanisms without collective and coordinated
environmental policies [1,2]. Even agriculture is becoming a highly vulnerable sector,
threatening the supply of either food or a number of ecosystem services [3,4]. The clear
changes in the quantity and seasonality of rainfall distribution and the higher frequency of
extreme temperatures are affecting soil water reserves [5] and, consequently, many human
activities. Current and future consequences also involve aridification, loss of biodiversity,
and modifications in the composition of fruit [6–8]. These effects, coupled with intensive
farming practices, lead to overexploitation of aquifers and thus long-term environmental
unsustainability of crop production and other human activities [9].

In the most adverse climate change scenario, recent projections for southwestern and
eastern rims of the Mediterranean region suggest that 48% of areas will experience extensive
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repercussions [10]. Typical Mediterranean horticultural crops such as grape, olive, citrus,
tomato, and wheat are expected to face a significant worsening of drought and heatwaves,
alongside with a declining climatic suitability for the cultivation of many varieties.

Grapevine production, in particular, is expected to suffer water scarcity despite its
inner capacity to adapt to both reduced water availability and recurrent droughts [11]. The
importance of grapes in the production of table grapes, wine, and raisins is well known;
globally, over 7 million hectares of land was devoted to grape cultivation in 2023, with a
production of almost 75 million tonnes [12]. In total, 40% of the global vineyard area is
located in the Mediterranean region, where winegrapes are often cultivated in vulnerable
and less fertile areas [12]. Negative climatic effects on such areas will strongly affect the
global viticultural market, since wines produced in the Mediterranean basin (Italy, France,
Spain, etc.) are exported worldwide [13].

To increase the resilience of these important crop systems in order to adapt to climate
change conditions, agroforestry and agrivoltaics (AVs) can increase (or even maintain) yield
while also advancing multiple sustainable development goals [14,15]. In particular, AV
combines solar photovoltaic (PV) panels in agricultural land with different crops.

Furthermore, these two shared-land cropping systems can improve the land use effi-
ciency of soil, as demonstrated by the land equivalent ratio (LER). LER is a key indicator
used to compare the productivity/efficiency of intercropping systems against monocrop-
ping systems. It is calculated by summing the relative yields of each crop in an intercropping
system compared to their yields in monoculture. An LER greater than 1 indicates that
intercropping is more efficient, as it requires less land to produce the same total yield as
monoculture. For instance, an agroforestry system with olive trees applied to Mediter-
ranean cropland demonstrated a higher LER, reflecting its ability to use resources like water,
light, and nutrients more efficiently [16]. This system not only boosted economic resilience—
resulting in up to 50% higher income—but also delivered more agro-environmental benefits
compared to traditional olive monocropping [16]. On the other hand, the LER values for
yield in AV systems of different herbaceous crops (lettuce, cabbage, tomato, maize, etc.)
can range from 0.85 to 2.97, whereas the LER for biomass ranges from 1.23 to 2.02 [17]. LER
can exceed 2 under arid and semi-arid environments for some crops, suggesting that it may
be extremely efficient to produce both electricity and food/non-food crops on the same
land unit even more than agroforestry in marginal and difficult areas [18,19]. In addition,
AV systems contribute largely to reducing carbon emissions—with 0.891 metric tonnes of
CO2-equivalent emissions saved for each megawatt-hour of solar electricity—with min-
imal impacts on crop production (up to 25%) at low shadow depths [20,21]. However,
the suitability of AV systems in a particular agricultural region needs to consider several
key parameters (i.e., annual available radiation, AV configuration, crop type, landscape
experience, etc.) in the context of both the climate and the rural traditions of the area.
Overall, models and simulation-based solutions focus on environmental features such as
irradiance estimation and microclimatic fluid model independently from their impact on
crop performance [19,22–24]. Recently, efforts were made to introduce a drought index
that addressed information concerning temperature, potential evapotranspiration, and
precipitation for a more comprehensive understanding of crop yield dynamics [25]. A
recent study reported a model to evaluate the possible integration of olive groves in AV
systems, with simulation of solar irradiance and the different components involved [26].
However, the lack of field data could limit the knowledge of the behavior of these AV
systems in various agricultural areas.

In tropical and subtropical environments, AV effectively affects microclimate condi-
tions, photosynthesis, growth, and yield [27–29]. PV panels placed in the dry–hot valley
of southwest China with the cultivation of peanuts and ryegrass had positive effects on
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soil moisture, organic carbon, total nitrogen, phosphorus and potassium content, microbial
biomass, and urease activity, with differences between row and inter-row locations [30].
Differently, no or very limited differences were reported for microclimate and soil parame-
ters under a PV plant in Malaysia, but this latter study was conducted with no crops under
the panels placed above the soil [31].

In the South of France, Juillion et al. [32] reported that tracking PV panels positively
affected microclimatic conditions by reducing temperature (3.8 ◦C) and increasing humidity
by 14% in an apple orchard with an average shading condition of 50–55%. These changes in
the microclimate reduced the irrigation requirement between 6 and 31%, as well as alternate
bearing, but also the photosynthetic capacity, with negative effects on the flowering and
yield of apple trees. In contrast to studies on AV in temperate regions of Europe and the
USA, which reported that high panel densities generally reduced the yields of most crops
to different extents [32–34], Randle-Boggis [28] reported that a relatively moderate panel
density of 50% in semi-arid regions can lead to significant yield improvements. Investiga-
tions on AV systems in hot and dry climatic conditions reported positive effects on both
microclimate (lower air and soil temperature, reduced wind speed and evapotranspiration,
etc.) and yield components [35–37]. However, very limited information is reported in the
literature on grapes cultivated beneath PV panels in hot and dry climates [20,33,34]. More-
over, to our knowledge, the different shading conditions on canopies of grapes trellised
with vertically positioned shoots (i.e., cordon, guyot, etc.) have never been investigated.

Considering the studies conducted on AV, the current study aimed to measure the
effects of a fixed AV system on the microclimate created by the PV panels in a vineyard in
the Mediterranean area, characterized by hot and dry summer climatic conditions. This
work seeks to quantify changes in air and soil conditions, as well as spectral quality at
the vine level, by considering the shoot positioning of the vine in full and partial shade
beneath the panels. Differently from previous studies, apart from different light conditions
on the same vine, indicators such as the LER and the light interception efficiency (LIE) were
also calculated to better analyze the effects of the AV system on the vines with vertical
shoot positioning. This study also examines yield and bud fruitfulness, with the latter
aspect aiming to evaluate the possible carry-over effect of the shade on vine physiology
and productivity.

2. Materials and Methods
2.1. Experimental Site Description

The AV system investigated in this study is in the countryside of Laterza (Taranto
province) at the Svolta Company solar farm, Puglia region, Italy (40.6819◦ N, 16.7643◦ E).
In Figure 1, there is an overview of the AV system with the control plot (full sun). The
vines of the ‘Primitivo’ variety are cultivated in rainfed conditions either below the panels
or in full sun, with the PV array aligned in a north–south orientation. The vine spacing
is enough to allow machinery operations for all the viticultural practices. The clearance
space between the top of the canopy (tied to the second wire) and the lowest edge of
the module is less than a half-meter. The solar panel width was 1.07 m, covering 43% of
the ground surface when calculated as a projection against the horizontal plane position.
Looking at the investigation area overall, a total area of 5400 m2 is considered. Since the
technology is under patent registration, more details will be available once registered with
a Supplementary Material on vine spacing and structures.
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Figure 1. View of the agrivoltaic vineyard, with the AV treatment above and full-sun exposure below.

2.2. The Environment Monitoring

According to the spatial variation in light environment caused by PV panels, shade
intensity had a large span both on the ground and on the canopy of the vines. Due to
this high heterogeneity throughout the day, environmental measuring points under and
between panels were assessed as low shading (LS ~95% of transmitted radiation) and high
shading (HS ~5% of transmitted radiation) treatments, respectively; the control treatment
was reported as full-sun (FS ~100% of transmitted radiation) treatment. Hence, weather
sensors were placed inside the AV system and were arranged at a 1.5 m distance from each
other along the middle line of the inter-row space, while the external one was placed 20 m
away from the AV area within the same panel row as in FS conditions. A thermohygrometer
(TH Sense 2.0 model) and an anemometer (DW-7911, Davis Instruments) were installed
2.20 m above-ground at canopy level to measure ambient temperature, relative humidity,
wind direction, and velocity. The vapor pressure deficit (VPD) was calculated through air
temperature and humidity recordings.

A combined soil temperature–moisture sensor based on the FDR principle (PS-005-JB
model) was installed at a depth of 0.25 m, in the middle of the rows, to measure both
volumetric water content and soil temperature. Measuring points were set directly below
the HS area, in the central position of the LS area, and outside this area in the FS treatment.
The values were logged at 1 h intervals at 2 separate microclimate stations, the first assigned
to the AV area and the other one to the FS treatment. All the sensors mentioned above were
provided by Netsens Group (Florence, Italy). The sensors used are summarized in Table 1.

Table 1. Specifications of the sensors used in the vineyard.

Sensor Parameter Specification Range

TH Sense 2.0 model Air temperature Range −25 to +85 ◦C
TH Sense 2.0 model Relative humidity Range 0 to 100%RH

DW-7911 Wind speed Range 1 to 322 km/h
PS-005-JB Soil temperature

Soil moisture
Range −20 ◦C to +50 ◦C

PS-005-JB Range 0% to field
saturation
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A UPRtek spectrophotometer (Handheld PAR Meter PG200N) was used for spec-
trum analysis in the ultraviolet (PFD-UV: 350–400), blue (PFD-B: 400–500), red (PFD-R:
500–600); and far-red (PFD-FR: 700–800 nm) waveband regions. Measurements were taken
at 9:00–18:00 during the 2023 growing season to represent different solar elevation angles
and radiation levels on the canopy. The measurements were conducted on both sides of
the vine (LS and HS). The device’s head was positioned approximately 20 cm above the
upper wire at canopy level, pointing south and parallel to the ground, thereby exposing
the quantum sensor vertically to the sky. Measurements were collected three times per
treatment, resulting in a total of 18 measurements under AV (9 for HS +9 for LS) and 9
measurements under FS conditions for each sampling day in the season. Data collection
and monitoring were conducted during the 2023 growing season on the following dates:
24 June, 7 July, 21 July, 4 August, and 12 September.

2.3. Vine Parameters

Vines from all treatments were harvested when grapes reached the technological
threshold for winemaking. The yield (kg/vine) and the cluster number were determined
at harvest as an average of 9 vines per treatment by using a portable scale. Harvest was
accomplished on 20 September in 2023. From vine data, the yield was expressed as t/ha to
better compare the two systems.

At the end of the growing season, during winter dormancy, bud fruitfulness was also
assessed. A few days before winter pruning, from 9 vines of each treatment, a single cane
with at least 10 nodes was selected and sampled, resulting in 9 canes for LS and 9 for the
HS position; 1 cane per vine was also collected for the grapevines in FS. Canes were stored
in black plastic bags at 4–6 ◦C until dissection at room temperature in the lab. The canes
were cut to ten nodes but excluding the basal crown buds. Bud dissection and fruitfulness
evaluation with a stereomicroscope (Nikon SMZ800) were performed according to the
methodology reported by Ferrara and Mazzeo [38].

2.4. Electricity Production

Electricity production data at the AV facility were provided by Svolta Company. The
thin-film modules are double-junction amorphous silicon (a-Si). Each inverter is loaded
identically with panels arranged in stripes.

2.5. Light Interception Efficiency and Land Equivalent Ratio

The light interception efficiency of the canopy (LIEc) was calculated by using the PPFD
values with the following equation:

LIEc =
PPFDtop − PPFDbottom

PPFDtop
(1)

The land equivalent ratio (LER) represents the land required for a single crop to
achieve the same yield as the corresponding intercropping system on the same area, which
is also used to quantify the land productivity between photovoltaic power generation and
crop cultivation (Equation (2)). LER > 1 in AV systems indicates a higher land use efficiency
than planting crops or PV power alone on the same land [39].

LER =
YcropAV

YcropControl

+
YenergyAV

YenergyControl

(2)

2.6. Statistical Analysis

For statistical analysis, the Kruskal—Wallis and Dunn tests (at α = 0.05, 0.01, 0.001, and
0.0001) were applied to multiple-comparison distributions of microenvironment parameters
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between measuring points and the control. Statistical tests were performed and relevant
charts were created with R ver. 4.4.1 [40].

3. Results and Discussion
3.1. Soil Moisture and Temperature

The presence of PV panels spatially altered the soil moisture distribution. As shown
in Figure 2, this heterogeneity was detected for all the treatments, as can be observed by
the color under each relative curve. The FS area had the lowest median soil moisture
content (5.5%) compared to positions in the two AV treatments (LS and HS). As a semi-
arid environment, the soil’s moisture levels in full sun were typically low during the
growing season due to the high rate of solar irradiance and, thus, massive evaporative
losses. In our case, the amount of radiation transmitted varied greatly, as did soil moisture,
which ranged from 3.6% (LS area) to 16% (HS area), with the latter values on shaded soil
being significantly higher than the control value. Similar variations in soil water content
(seasonally and daily) have been reported within AV systems in different geographical
locations [31,41,42]. Recently, improvement effects on soil quality parameters have been
reported to be higher in the inter-row soil than in the under-panel soil [30], but in this study,
we detected values at different positions in the row (HS and LS) and for the same vine.
However, the root systems of the vine may have been adapted to this different soil water
distribution (HS and LS) to optimize water absorption and distribution within the canopy.
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The influence of PV panels was less pronounced for the soil temperature profile
compared to the soil moisture. Distribution curves are wide and multimodal for all the
treatments, although less prominent in the FS. However, the pattern of variation was in-
consistent among treatments. HS treatment showed lower variability compared to those
characterized by different degrees of radiation transmitted on the ground. As expected,
the FS treatment was expressed by the highest median value of soil temperature (Figure 2).
Comparison between treatments suggested that the reduction in soil temperature variation
under the HS treatment was mainly related to solar radiation intercepted by the panels, as re-
cently reported in other studies [42,43]. Furthermore, chemical and physical characteristics
of the soil and the presence of cover crops instead of bare soil could affect these differences
in soil temperature distribution [43,44]. Moreover, the presence of panels with vegetation
growing beneath them may preserve the soil’s ability to store nutrients, sequester carbon,
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and host organisms by providing protection against erosion and the excessive increase in
soil temperature due to climate change, even favoring biodiversity [45].

This could also explain the slight positive correlation observed between air tem-
perature and soil temperature for the LS area, partially accounting for the daily peak
values recorded.

3.2. Microclimate

The general microclimate pattern seemed to confirm the trend of soil temperature.
The daily mean and maximum air temperatures do not show statistical differences among
treatments. For both the AV treatments and the control, the corresponding values of the
coefficient of variation were 0.17, 0.17, and 0.16 for LS, HS, and FS, respectively. However,
the median daily mean temperature was approximately 1 ◦C lower in the LS and HS
treatments compared to the FS treatment. With the same extent of difference, the daily
maximum air temperature was lower only in the HS treatment compared to the other two
treatments. In climatic conditions occurring in the Puglia region during the summer season,
such reductions in temperature during the day can play an important role in plant growth
and productivity. Radiation reduction influences soil temperature, evapotranspiration,
and soil water balance, with more favorable conditions for crops that adapt to the new
light conditions in different ways (i.e., increasing leaf area, re-arrangement of the light
harvesting area) thus allowing for better productivity of the crop, as reported in this study
and in others [17,42,46,47].

In the case of air humidity (RH), the results indicated significant differences in the
maximum and mean values during the day [48]. LS experienced the highest maximum
values and narrowest variation (0.05) compared to other treatments. This result could be
explained either by the differential thermal retention between shaded zones or the more
stable stratification effect because of the windbreak effect of the panels, thus limiting air
moisture reduction in the LS site. The modifications of wind patterns in mean and max
values further support this statement (Figure 3). Studies generally report a reduction in
RH beneath the panels, often occurring in greenhouses covered with photovoltaic panels
where there is no windbreak effect [49].

Moreover, the reduced air turbulence below the open structure possibly led to changes
in microclimatic signals perceived by the vines. At crop level, vapor pressure deficit (VPD)
has a strong influence on vine transpiration, but no significant effect of shading was noticed
between the FS and HS treatments as reported in the literature [47]. However, inconsistency
has been detected for the LS treatment since the VPD was found to be lower than 0.24 kPa
and more variable (1.05) compared to both HS and FS areas. It is interesting to note that
another study of AV systems under a semi-arid environment reported higher RH and an
associated low VPD pattern [50]. Unfortunately, none of these studies reported multiple
monitoring positions for this parameter, thus requiring further insights.

On a daily basis, the presence of narrow pitch discontinuity (panel spacing) assumed
significant implications on heat transfer and thus wind speed profile (over the upper and
lower surface) [51]. This aspect requires particular attention to explain the VPD differences
recorded and the consequent plant growth responses. For the reasons exposed above,
the study suggested that wind penetration through the AV system studied was the main
driver of air circulation above and under the PV panels [52]. The ground conditions and
panel height play important roles in AV system cooling [52]. VPD and RH, in turn, are
directly affected by wind speed (and direction) and jointly regulate atmospheric water
demand (Figure 3). This may be beneficial for the collocation of PV panels on crops to better
face climate change with increasing high temperatures and drier conditions occurring for
cultivation [50].
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3.3. Spectral Implications

Investigating the spectral composition is of relevance and importance for the correct
estimation of the percentage of wavelength absorbance by green canopies such as grapevine.
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In this study, we measured radiation in the full spectrum of the photon flux density range
(PFD ~350–800 nm) to explore changes beyond the wider range of plant action spectra that
are typically used for photosynthetic activity.

As shown in Figure 4, the different spectrum values measured at each point were
plotted against the relative transmittance level. Starting from the bottom of the chart,
the fraction with the lower percentage was represented by UV radiation. The PFD-UV
percentage tended to increase between 1.8% and 8% under the PV panels and recorded
the highest coefficient of variation (0.3) among all spectrum wavebands. The negative
value of the logarithmic curve and R2 = 0.69 further confirmed the fitted model against
transmittance values. The percentage values of PFD-B showed less variation (0.1) compared
to the previous one; it increased from 17–19% (FS) up to 27% recorded beneath the panels.
Furthermore, there was no relation with transmittance.
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(ultraviolet: PFD-UV; blue: PFD-B; green: PFD-G; red: PFD-R; far red: PFD-FR) and the fraction of
transmitted radiation under the PV panels and FS treatment.

Moving to PFD-G and PFD-R percentages, a reverse pattern occurred. Furthermore,
the decrease under the PV panels was much more related to transmittance, especially for
PFD-R (R2 = 0.94). The percentage of PFD-FR, instead, increased exponentially under the
PV panels, with large variation between the maximum and minimum values of 63% and
23%, respectively. In this case, the fitted model was unrelated to transmittance within the
shaded area, and compounding effects may be involved.

In the investigated AV system, radiation transmitted through panels considerably
changed its spectral composition.

A recent study on the qualitative assessment of spectral composition under panels
reported altered radiation spectra, with increased in V and B and reductions in R and FR
wavelengths [53]. Diffuse radiation represented almost the total amount in the inner air
space of the AV, and it was particularly enriched in short-wavelength radiation due to the
Rayleigh scattering effect [54]. It could be hypothesized that the resulting net radiation
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balance upon and below the PV panels was generally altered, as recently reported in a
study in the Gobi desert in China [55].

Based on a complex interplay between the geometry, material, and color properties
of a panel’s rear cover, a regulatory effect of temperature could be assumed to be present
at the surface level of the modules. This event was supported by several studies which
recognized longwave infrared re-emission through opaque modules derived from surface
temperature and emissivity characteristics of the PV panels [44,56]. In fact, in a model
study, the longwave energy at ground level beneath the solar panels was much higher
than the longwave energy in the control area [56]. The complex interactions between
radiation composition, light intensity, temperature, and humidity play a pivotal role in
plant water balance and carbon assimilation. Such aspects are of primary importance
for driving growth and photomorphogenesis in plants [57–59]. Therefore, long exposure
to altered light with lower R and G fractions, as observed in this study, may exert some
significant implications on crops that should be carefully considered for further research
and applications in vineyards.

3.4. Light Interception Efficiency, Bud Fruitfulness, and Productivity of Grapevines

Light interception is an important aspect, together with the spectral quality of light. In
grapevines, moderate shading effectively induced a series of vegetative and morphological
responses and adaptations at the expense of berries [60]. Among all factors, light use
efficiency (LUE) plays an essential role in the evaluation of light-harvesting mechanisms.
In our study, the LIE decreased due to the shading created by the PV panels (Table 2).
However, an increase in LUE was hypothesized for this reduction, enabling the high crop
load observed in the AV treatment (Figure 5), since yields could increase either by reduced
photoinhibition (in shade) or increased plant WUE, or even a combination of both, and with
a more efficient use of the more limited light (LUE). The increase in LUE was confirmed
by AV studies across diverse species through the regulation of their morphology and
photosynthetic parameters; Bupleurum chinense experienced increased height and electron
transfer flux and up-regulated photosystem I protein (PsaA), whereas Medicago sativa
reduced its leaf mass per unit area and dark respiration, increased its chlorophyll content,
and down-regulated photosystem II protein (PsbD), and kiwifruit, a climbing species
like grapevine, increased the distribution ratio of electron transport quantum in the PSII
reaction center and reduced the quantum ratio for heat dissipation [61,62]. Despite these
findings, discrepancies in yield responses have been reported, and this variability seems to
depend not only on crop suitability/differences (i.e., C3 and C4 plants), but also on multiple
factors such as system design, shading duration, and site location [27,28,63]. Experiments
on potted vines of cv. Syrah revealed that total shading constrains berry formation and
development, primarily due to reduced photosynthetic capacity, which negatively impacts
fertility over time due to carry-over effects, likely because of limited carbon assimilation [64].
Higher berry growth and sugar loading were maintained when shading was combined
with water deficit; panels over the vines can allow cooler conditions for ripening but at
the expense of berry size and the sugar amount in berries [64]. In the current study, the
shading strategy imposed by fixed PV panels exposed half of the canopy to low light
throughout the daytime. This did not appear to limit yield in the vineyard, which was
higher than in the FS treatment (Figure 5), differently from another study conducted in
Northern Italy (cooler climate) using the same AV configuration but a different winegrape
variety, where a ≈20% reduction in yield compared to the control was observed [34]. The
data clearly suggest that shading intensity and duration should be adapted to evaporative
and soil water conditions without altering production in the long term but even improving
it in hot and dry areas [64]. Modifications in radiation patterns could have significant
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implications on photomorphogenesis, as previously detailed. However, this aspect remains
under-investigated and could offer significant benefits for land productivity, as evidenced
by the high LER value observed in this study.

Table 2. Changes in the efficiency of the interception of light (LIE) and land equivalent ratio (LER)
caused by the AV system.

Treatment LIE LER

Shade 0.48 3.54
Full Sun 0.94 -
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Figure 5. Yield (t/ha), at the vineyard scale, considering all vines for each treatment (n = 9 for AV
plot and n = 9 for FS plot) harvested in 2023. Percentages indicate yield in the AV plot compared to
the FS plot (****: p ≤ 0.0001).

Berry fruitfulness seemed not to be affected by the shade of the panels, and in the LS
and, to a less extent, HS areas, its values were even higher with respect to the FS (Figure 6).
What we noticed in this study was a carry-over effect on bud fruitfulness, but with positive
effects on grape yield, as also observed at harvest (Figure 5). Better environmental and
nutritional conditions kept higher bud fruitfulness in shaded canes up to the distal nodes,
with greater differences with respect to basal nodes. This is the first report on the long-term
study of the effects of shade from photovoltaic panels on the bud fruitfulness of grapevine,
since carry-over effects have been considered for other aspects such as ripening but in a
different climate [64].
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3.5. Electricity Generation

The energy production of the AV system was recorded over the course of 2023
(Figure 7). The system achieved an electrical generation of ~53 kWh/m2/year. Monthly
energy performance aligned with the irradiance profile except for May, in which the elec-
tricity production suffered a slight reduction (~6%) due to exceptionally cloudy conditions
occurring in the area. Monthly production during the summer months (June, July, Au-
gust) was two times higher than during the winter (December, January, February). The
summer/winter amplitude was less strongly affected with respect to a recent study con-
ducted in Belgium [65]. Latitude incidence and sunlight availability probably made a major
contribution to this different result. Moreover, the latter represents a limiting factor for
fruit tree/grape growth at higher latitudes, yet providing high contributions to energy
load accumulation during summer months. At our experimental site and in similar condi-
tions, a good trade-off between energy production and crop suitability and yield may be
easily achievable.

In addition, the opaque conventional modules adopted in this study performed well
while ensuring only 9% of power conversion efficiency. Current electrical properties of PV
panels can reach up to 20% of power conversion efficiency using silicon semi-transparent
modules and spectral beam splitting technologies in addition to providing relatively good
light transmittance [66–68]. Despite their potential, only preliminary data on crop perfor-
mance under these configurations are available. Among practical AV implementations,
overhead systems with monoaxial trackers combined with grape as a crop can ideally
produce approximately specific energy yields of 700 kWh/kWp per hectare [69]. In this
case, the lower density of the panels compared to our study was a critical feature that lim-
ited maximum power generation. Conversely, interspace PV solutions have demonstrated
an optimal trade-off, achieving specific energy yields exceeding 1000 kWh/kWp when
combined with arable crops under smart-tracking configurations [70].
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Semi-transparent PV technologies applied to orchards/vineyards offer the advantage
of a more homogeneous light distribution, maintaining acceptable fruit yield losses, even
in temperate and cool climates, while providing reliable PV capacity [65,71]. As reported
for a pear orchard in Belgium, the specific energy yield was equal to 956 kWh/kWp [65],
comparable with our results of 950 kWh/kWp with different crop and climate conditions.
Geophysical, location, technical, meteorological, and environmental factors should be con-
sidered for geographical and agricultural site suitability to obtain such high-performance
results. At a regional scale, the Puglia region can reach a maximum capacity potential
of 761 GW, covering 12% of suitable areas, as supported by AV potential indicators [72].
This high profitability of AV implementation could be extended to all agricultural areas in
Southern Europe, as well as other similar climatic areas, where an accelerated transition for
key crops is expected in the coming years [73]. Our results, together with other field studies
conducted worldwide, suggest that AV systems can achieve both energy and agricultural
benefits by adopting conventional and advanced AV technologies in an integrated and
site-specific manner in many rural areas of the world; finally, marginal, abandoned lands
could be restored for agriculture for the production of different crops together with green
energy production.

4. Conclusions
Soil and air microclimate evaluation confirmed the close relationship between the

site and the grape AV system configuration. Changes in wind pattern altered site-specific
air-current regimes and evoked substantial changes in microclimates, mainly occurring
over short distances, with both air humidity and vapor pressure deficit.

On the other hand, the physicochemical properties of the soil seemed to be the main
drivers regulating soil thermodynamic fluxes under modified radiation regimes. Near-
surface soil temperatures increased considerably along with the amount of radiation in-
tercepted by soil, as observed under FS conditions. In contrast, soil moisture dynamics
were influenced by shading, which efficiently counteracted water transfer between the soil
and atmosphere. These elements of the energy balance highlighted the potential of AV
implementation in semi-arid areas as a promising solution to address climate challenges
and enact sustainable agriculture to reduce land loss. In such areas, the yield of crops such
as grape can be definitively improved and sustainable in many rural areas.
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In conclusion, the proposed technology introduces a reliable and innovative approach
to land use transition in typical Mediterranean agricultural areas, as demonstrated by
the higher LER values. Specific policies and strategies could effectively rely on these
low-technology input solutions to accelerate the widespread adoption of AVs, ultimately
supporting rural communities, fostering economic opportunities, and promoting sustain-
able land development on a regional scale.

5. Patents
The AV technology reported in this article part of a request for a patent.
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