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Abstract: The effects of the co-location of energy production from a photovoltaic (PV) plant and
aromatic crops (thyme, oregano, and Greek mountain tea) in a hot and dry environment have been
investigated in Enel Green Power PV plant located in Kourtesi (Greece). The study was aimed at
evaluating the influence of the PV plant on microclimate, on soil temperature and water potential, and
on the crops’ growth in a testing area (the corridors between two modules rows) compared to a full
sunlight control area. The net radiation and of the wind speed recorded in the testing area showed a
44% and 38% reduction respectively, compared to the control area, while air temperature and relative
humidity did not show any difference. Among crop/soil monitored parameters, cumulative reference
evapotranspiration (ET0) and the average soil temperature were found 29% and 8% lower in the
testing area, conversely the soil water potential (SWP) was 34% higher compared to control area.
No significant differences in the plant growth have been detected between testing and control areas,
except for oregano whose weight was higher in testing area. The results suggest that in hot and dry
climatic conditions, the reduction of climatic stress could compensate the decrease of photosynthesis
due to the shading effect of the PV modules, thus not damaging crops’ growth.

Keywords: agrivoltaic; thyme; oregano; Greek mountain tea; dry climate; evapotranspiration;
water saving

1. Introduction

Transition to renewable energy (RE) aimed at decarbonization for mitigating climate
changes is now planned at international level [1,2]: RE capacity was 2800 GW in 2021,
which represented 80% of all the new electricity capacity [3].

Although fully aligned with sustainable development principles [4], numerous re-
searchers point out the potential conflict between renewable energy production and food
crop cultivation for land use, which may deviate from core sustainability tenets [5,6].
Among the different technologies for RE, the higher increase in the last years was due to
solar energy, whose land use is estimated in 1.5–2.0 million ha at global level [3,7].

In this framework, ground-mounted (standard) photovoltaic power plants (PVs)
integrated with agricultural activities, here presented, have been proposed as a mutual
beneficial solution that could match the needs of both energy and food production [8],
enabling a more sustainable development of the photovoltaics.

Indeed, despite the recent diffusion of the new APVs (agro—photovoltaic plants)
designs aimed at reducing the shading and the consequent impact on crop photosynthesis
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and growth, with PV structures above 4 m high [9,10], many standard PV plants (i.e.,
fixed configuration) are still worldwide operative. In Italy, as an example, in 2022 the 34%
of PV were fixed type, covering around 16,000 ha [11]. In US, standard fixed PVs have
been estimated to be 44% of total solar energy plants in 2012 [12]. Therefore, there is a
wide interest to also integrate such PV plants with agricultural activities, and one of the
prevailing perspectives is considered the co-location of energy and food production, such
as cultivating crops in the corridors between the PV modules’ rows [13].

The crops’ selection is a key-factor for the success of an agrivoltaic system, by selecting
shade tolerant crops and considering specific tailored solutions for each location, based
on environmental, morphological, social and economic aspects. In particular, scarce water
resources are a constraint for crop development in hot and dry areas [14]. This issue can be
overcome with an APV system, in which a specific microclimate is generated. The reduction
of the net solar radiation is the main impacted parameter, but also soil temperature, air
temperature and humidity and wind speed are affected by variations [15,16], with effects
on the water use efficiency and, subsequently, on water savings [17].

In a review of the state of the art on the effects on microclimate in APV systems [15],
have reported that there are few agrivoltaic cases studies related to ground-mounted PV
plants and, specifically, that there are only few data related to APV systems in arid climates.

Hassanpour et al. [18] have reported that ground-mounted PVs plants with a fixed
structure 2.2 m high have reduced evapotranspiration in drylands or in areas with severe
water stress. This reduction in water loss can alleviate drought conditions and enhance soil
moisture, promoting plant growth and increasing biomass yield. Yue and colleagues [19]
observed that in desert regions, both fixed PV structures standing 3 m high, and monoaxial
tracker PV systems have led to warmer soil temperatures during winter and cooler temper-
atures in other seasons. They also noted an overall rise in soil moisture by an average of
11–15% compared to conditions with full sunlight exposure, suggesting that these effects
could improve plant-soil agro-ecosystem in arid areas.

Therefore, in a perspective of climate changes and increased water shortage in many
world areas, reducing water consumption thanks to the shading effect of PVs, could be
crucial. Particularly in areas with arid climates and in drylands this could significantly
contribute to improve yield stability and crop resilience to climate change [20].

The research reported in this study was addressed at measuring the impacts of a
standard PV plant with fixed structure on the microclimate created between the PV modules’
rows in a Mediterranean area, characterized by hot and dry climatic conditions through
the coexistence of PV modules and aromatic crops typical of the area. The crops have
been grown in a testing and in a control area. This test is included within the massive
experimental Agrivoltaic program launched by Enel Green Power in January 2021 and
made up of nine demonstration tests in Europe (i.e., two in Greece, five in Spain, two
in Italy) and one in Australia, aimed at investigating the coexistence of agro-zoological
solutions in large standard PV plants with a holistic approach.

2. Materials and Methods
2.1. Site Features

The study case has been a photovoltaic (PV) plant of Enel Green Power [21] located in
Kourtesi, in the western part of Peloponnesus in Greece (Municipality of Kyllini, Prefecture
of Elis, 37.974358 N, 21.362540 E, 10 m a.s.l.).

The plant is characterized by a fixed layout, with PV modules 2.2 m high, 30◦ tilted
toward south, with corridors between PV modules rows 3.5 m spaced, in which sheep
grazing for vegetation management is already a well assessed and win-win solution of
integration with PV plant (Figure 1).
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Figure 1. Sheep grazing in Kourtesi PV plant (2021).

The area has a Mediterranean climate with mild winters and hot and dry summers.
Minimum temperatures are observed in January and February, but values never drop below
10◦ C on monthly average. The maximum temperatures are reached in July and August,
about 26◦ C on monthly average. The mean long-term rainfall recorded in the area is about
is 770 mm/year and is mainly distributed in autumn-winter period.

The relative humidity in the coldest periods doesn’t exceed 80% and decreases in
the spring-summer period, thanks to the winds that intensify during this period, blowing
mainly from the North to the South.

With the aim at collecting some preliminary data about crops’ responses to the micro-
climatic conditions between the panel rows, testing area (TA) has been located in corridors
between two PV modules rows in Kourtesi PV plant. The data collected in TA have been
then compared with the ones collected in a control area (CA), located in an organic commer-
cial farm of the surroundings, that has been in charge of all the soil preparation activities,
crops’ transplant and management in both the sites.

The soils (0–30 cm) of the two areas are both sandy-loam, with similar chemical
features excepted for the higher N and P content in the soil of CA, maybe due to the
fertilization usually made in the past years, as part of the usual management of the crops
in the commercial farm, that is focused on the production (Table 1).

Table 1. Physical-chemical features of the soil in CA and TA.

Site pH
1:2.5

E.C.
1:5

Organic
Carbon N C/N P2O5

Assim.
K2O

Exchang. Clay Silt Sand Texture

µS/cm (%) % ppm ppm % % %

CA 7.05 117.0 0.94 0.12 7.9 75.0 158 19.0 14.5 66.5 sandy loam
TA 6.82 83.9 0.89 0.09 10.4 23.4 182 14.5 8.5 77.0 sandy loam

2.2. Crops Selection

Thyme (Thymus vulgaris L.), oregano (Origanum vulgare L.) and Greek mountain tea
(Sideritis raeseri Boiss. & Heldr.) have been selected for the experimentation, through an
analysis of the most relevant and typical crops of Kourtesi area (Figure 2).
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Figure 2. Aromatic plants cultivated in Kourtesi Photovoltaic plant.

The plants for the PV plant have been provided by the same commercial organic farm
in which the CA has been located, thus the same genotypes have been compared. Transplant
(0.40 × 0.40 m) has been carried out in November 2021 both in control and testing area.
All the cultivation techniques have been made by the same personnel belonging to the
commercial farm in both the sites. As regards weeds control, a Mater-Bi® mulching film,
certified as completely biodegradable in soil according to standard EN17033, provided
by Novamont S.p.A, has been adopted as a sustainable agricultural practice, both in the
testing and in the control area, with the aim to reduce weed growth.

A drip irrigation system, with a flow rate of 17 m3/h, has been installed in both
the areas. Three emergency waterings with 128.5 mm have been carried out on 9 July,
2 August and 3 September 2022, per a total of 385.5 mm of water supply. Fertigation has
been performed on 25 May 2022, with 115 kg ha−1 of a ternary fertilizer (20% N, 20% P2O5
and 20% K2O).

During the plant growth, non-destructive measurements of plant height and the
percentage of the vegetation cover have been made on ten randomly selected plants in the
two areas. The vegetation cover has been measured by taking a photo from 1.5 m above of
each sampling point and image elaboration has been made with ImageJ software (Figure 3).
Images elaboration have included image scaling, sampling area measurement (cm2), and
vegetated area identification (through color analysis) and measurement (cm2). Sampling
area has been about 1000 cm2. The vegetation cover percentage has been then calculated as
the ratio between vegetated area and the sampling area multiplied by 100.

Agronomy 2024, 14, x FOR PEER REVIEW 4 of 12 
 

 

The plants for the PV plant have been provided by the same commercial organic farm 
in which the CA has been located, thus the same genotypes have been compared. 
Transplant (0.40 × 0.40 m) has been carried out in November 2021 both in control and 
testing area. All the cultivation techniques have been made by the same personnel 
belonging to the commercial farm in both the sites. As regards weeds control, a Mater-Bi® 
mulching film, certified as completely biodegradable in soil according to standard 
EN17033, provided by Novamont S.p.A, has been adopted as a sustainable agricultural 
practice, both in the testing and in the control area, with the aim to reduce weed growth. 

 
Figure 2. Aromatic plants cultivated in Kourtesi Photovoltaic plant. 

A drip irrigation system, with a flow rate of 17 m3/h, has been installed in both the 
areas. Three emergency waterings with 128.5 mm have been carried out on 9 July , August 
2 and 3 September 2022, per a total of 385.5 mm of water supply. Fertigation has been 
performed on 25 May 2022, with 115 kg ha−1 of a ternary fertilizer (20% N, 20% P2O5 and 
20% K2O). 

During the plant growth, non-destructive measurements of plant height and the 
percentage of the vegetation cover have been made on ten randomly selected plants in the 
two areas. The vegetation cover has been measured by taking a photo from 1.5 m above 
of each sampling point and image elaboration has been made with ImageJ software 
(Figure 3). Images elaboration have included image scaling, sampling area measurement 
(cm2), and vegetated area identification (through color analysis) and measurement (cm2). 
Sampling area has been about 1000 cm2. The vegetation cover percentage has been then 
calculated as the ratio between vegetated area and the sampling area multiplied by 100. 

 
Figure 3. Measurement of vegetation cover. Figure 3. Measurement of vegetation cover.



Agronomy 2024, 14, 466 5 of 11

On 6–8 June 2023 harvesting data have been collected in the two areas, by cutting and
weighing ten randomly selected plants in each site at the height of 10 cm from the soil.

2.3. Microclimatic and Soil Data

Microclimatic data have been collected by using two weather stations (Vantage Pro2TM

by DAVIS Instruments Hayward, CA, USA) placed at 1.50 m above soil. One station was
located in the control area, while the other was situated in the test area, centrally placed
between the rows of panels.

Five albedometers (PCTRA068, MTX S.r.l., Campogalliano (MO), Italy), used for
measuring both the albedo (the ratio between upward radiation and downward radiation)
and the net radiation (the difference between upward and downward radiation), have been
placed at 2.00 m above the ground, but exclusively in the control area. The average data of
the albedometers have been then used for the further analyses.

They were not placed in the testing area to avoid skewed measurements due to the
partial shading from the 2.2-m-high PV modules. Therefore, the net radiation at crop
level has been estimated in the testing area by using the model proposed by Pulido-
Mancebo et al. [22] in a similar Mediterranean area, by using the following parameters of
PV geometry: width of collectors (a = 3.31), average height of supports of the collectors
(h = 1.35 m), angle of inclination of the collectors (α = 30◦), distance between collectors
(d = 5.16), width of the lane not covered by the modules (c = 3.50 m), distance of referring
point from the end of the lane (x = 1.75 m).

All these data (estimated net radiation and measured data) have been used for calculat-
ing reference evapotranspiration (ET0) by using the Penman-Monteith equation suggested
by FAO drainage and irrigation paper n.56 [23], since all the other methods in Mediter-
ranean areas have led to under- or over-estimation [24].

Soil temperature and soil water potential have been measured by sensors placed at 30
and 60 cm of depth (DS6470, Davis Instruments, Hayward, CA, USA and WATERMARK
200SS, The Irrometer Company, INC., Riverside, CA, USA, respectively) both in control
and in testing area (at the centre of corridors between panel rows). Soil water potential
(SWP) represents the negative pressure (water suction) that is necessary for roots uptake. In
other words, the more negative the values, the drier the soil is, and the roots must use more
energy for uptake soil water. The average data related to 0–60 cm soil layer are reported in
the next sections of this study.

2.4. Statistical Analysis

The significance of differences between the average values of the crop’s variables have
been tested using the t test at p = 0.05. Prior to apply the t test, the variances have been
checked for homogeneity using the F test. Where the hypotesis of homogeneity of variances
were rejected, the Whelch appoach fot t test were adopted.

3. Results
3.1. Microclimatic Conditions

From the data obtained with the model used for estimating the net radiation in the
testing area [22], the average value resulted 44% lower than in the control area, with
differences in winter months (−60% in February) higher than in the summer ones (−19%).
The average net radiation of the whole sampling period was 15 MJ/m2 d in the control area
and 9.0 MJ/m2 in the testing area (Figure 4).

Regarding the other microclimatic parameters (Table 2), no appreciable difference has
been recorded for air temperature and relative humidity, while a 38% reduction of the wind
speed has been measured in the testing area, with respect to the control area on the average
of the monitoring period.
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Table 2. Microclimatic parameters measured in control and testing area. Average values of the period
7 July 2022–6 July 2023.

Tmax Tmin Tmean RHmax RHmin WS
◦C ◦C ◦C % % m/s

CA 24.47 12.13 18.07 90.03 47.16 4.28
TA 24.68 12.32 18.05 89.88 51.73 2.63
TA: CA
ratio 1.01 1.02 1.00 1.00 1.10 0.62

Note: T: Air temperature, RH: relative humidity; WS: wind speed.

All these data have been used for calculating ET0 [23]. From the analysis of the data
(Figure 5) during the 2022–2023 season, the total ET0 has been 1.622 mm per year in control
area and 1.149 mm in the testing area. Therefore, the reduction of the wind speed and of the
net radiation in the testing area caused a 29% decrease of ET0, corresponding to 474 mm.
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3.2. Soil Data

During the whole measuring period (Table 3), average soil temperature has been 8%
lower in testing area, compared to the control area. The average value for the soil water
potential in the investigated period has been 34% higher in the testing area, compared
to the one of the control area, suggesting a lower water deficit and thus confirming the
microclimatic data, which have shown lower reference evapotranspiration in the testing
area due to lower net radiation and wind speed.

Table 3. Average of daily data of soil parameters (7 July 2022–6 July 2023).

Soil Water Potential
(KPa)

Soil Temperature
(◦C)

Average Average Minimum Maximum

CA −38.1 19.4 6.9 33.7
TA −25.1 17.7 6.4 31.7
TA: CA ratio 0.66 0.91 0.93 0.94

The soil temperature and the soil water potential in control and testing area are
reported in Figures 6 and 7, respectively. The main differences have been concentrated
during the spring-summer months, while in winter the differences have been more limited.

Agronomy 2024, 14, x FOR PEER REVIEW 9 of 15 
 

 

TA: CA ratio 0.66 0.91 0.93 0.94 

The soil temperature and the soil water potential in control and testing area are reported in Figures 6 and 7, 
respectively. The main differences have been concentrated during the spring-summer months, while in winter the 
differences have been more limited. 

It is evident that the decrease of SWP after irrigation during summer months has been more severe in the control 
area than in the testing area. 

 

Figure 6. Soil temperature during the monitoring period (7 July 2022–6July 2023). 

 

Figure 7. Soil water potential during the monitoring period (7 July 2022–6 July 2023). 

–300 

–200 

–100 

0

1/7/22 20/8/22 9/10/22 28/11/22 17/1/23 8/3/23 27/4/23 16/6/23 5/8/23

Soil Water Potential

Control area Testing area

(K
Pa

)

Figure 6. Soil temperature during the monitoring period (7 July 2022–6July 2023).

It is evident that the decrease of SWP after irrigation during summer months has been
more severe in the control area than in the testing area.

3.3. Plant Measurements

The data collected in control and in testing area during the harvest made in June
2023 (Table 4), have shown no differences in terms of plant height and vegetation cover.
Plant fresh weight (g/plant) has been higher in testing area (+6% for thyme, +32% for
oregano and +47% for Greek mountain tea), even if the differences with the control area
have been significant only for oregano (p ≤ 0.05), due to the high variability of the data.
Standard deviation has been very high for Greek mountain tea at both the sites, maybe
for the extreme climatic conditions (i.e., thermal and drought stress), that have altered the
growth of this species, native of mountain environments.
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Table 4. Data of plant growth at harvest (June 2023).

CA TA
Average St.dev. Average St.dev. p (t)

Thyme
Height (cm) 33.7 4.1 36.6 5.1 0.18

Vegetation cover (%) 90.5 1.1 89.4 0.7 0.02
Fresh weight (g/plant) 235.6 32.3 249.0 81.7 0.64

Oregano
Height (cm) 50.6 6.8 55.4 9.4 0.21

Vegetation cover (%) 81.1 2.6 77.5 8.2 0.20
Fresh weight (g/plant) 215.0 32.8 283.3 70.1 0.01

Greek mountain tea
Height with flower (cm) 37.9 5.7 36.0 7.7 0.54

Vegetation cover (%) 83.6 1.7 74.6 2.6 0.00
Fresh weight (g/plant) 62.5 32.8 91.7 40.7 0.09

Note: average values, standard deviation and p-value of test t (n = 10).

4. Discussion

Throughout the monitoring period (7 July 2022–6 July 2023), the average shading in the
testing area, where rows of PV modules are spaced 3.5 m apart and the PV structure stands
2.2 m tall, resulted in a 44% reduction in net radiation in the cultivated zones (namely,
the corridors between the PV modules) compared to the levels recorded in the control
area. These effects have been consistent with findings reported by Marrou et al. [16] who
observed a 30% of net radiation decrease with PV structures 4 m high and rows 3.2 m
apart. Similarly, Edouard et al. [25] reported a net radiation reduction of 29–44% with PV
structures 4.5 m tall and rows 12 m apart.

In Kourtesi PV plant, the wind speed has been 38% lower in the testing area, com-
pared to the one measured in the control area on the average, with very similar values
to the ones measured by Hassanpour et al. [18] in a PV plant with fixed panels 1.1–2.2 m
high. Wind speed reduction, coupled with the net radiation reduction, allowed to reduce
evapotranspiration by 29% and to increase soil water potential by 34%. These findings
corroborate the results of Hassanpour et al. [18] who reported that in a PV located in areas
with a severe water stress (Corvallis, Oregon, U.S.), with a design similar to the Kourtesi
plant, tended to enhanced biomass in semiarid pastures. This improvement was attributed
to increased soil moisture due to a 30% decrease of ET0, as a consequence of a reduction
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in net radiation and wind speed. The increase of water availability in PV plants has also
been reported by [26] with fixed PV structure 3.3 m above soil surface and with bi-axial PV
structure 4.5 m high [25].

These studies highlighted that PV modules can led to a reduction of net radiation and
wind speed potentially mitigating drought stress in crops and conserving water. However,
the effects on crop yield reported in literature, are variable. In the case presented in this
paper, no significant difference in the yield of aromatic plants typical of Mediterranean
areas has been noticed between testing and control area.

Regarding ground-mounted PV layouts, Hernández et al. [27] reported that, in a
semi-arid climate, the intermittent shade and microclimate generated in the corridor zone
between panel rows could contribute to minimizing the impact of the stress caused by
high solar radiation and high temperature, improving the growth of the aloe (14% and 29%
increase of plant height and leaf area compared to the control area), thereby enhancing
productivity per unit of cropped area.

In areas with severe water stress, shading due to fixed PV ground-mounted structures
(2.2 m high), reduced evapotranspiration and increased soil moisture levels, thus reducing
drought stress, and improving productivity up to 90% in semi-arid pastures [18], but
the response of other crops varied among the genotypes. A clear picture of the higher
variability in crop response to PV layouts with height ranging from 1.9–5.0 m, can be
obtained taking in account the most recent studies involving vegetables and fruit crops as
well as forage crops.

The increased shading on the crops due to 4 m high PV structure has reduced the total
dry matter accumulation of cucumber to 42–79% of values recorded in full sun [16].

Edouard et al. [25] in a PV plant with 4.5 m high biaxial solar structure, arranged in
rows 12 m spaced, have reported an effect of PV modules on alfalfa yield ranging from
−21% to +40% as compared to control area in open air; Marrou et al., [16,28] with 4 m
high PV modules reported variable effects on yield among different lettuce genotypes,
ranging from −39% to +7%; Barron-Gafford et al. [26] in drylands (Arizona) have reported
that fixed PV structure 3.3 m high could prevent the depression of photosynthesis due
to heat and light stress, but the effects on crop yield varied among the species; Ferrara
et al. [29] in a PV plant with a fixed structure, used as a pergola, with height from 1.9 to
2.6 m have reported the reduction of soil temperature and ET0, and the consequent increase
of soil water potential in particular at more negative values at the end of the growing
season, without significant effects on grape yield under hot and dry conditions in Italy.
Weselek et al. [30] have reported, regarding the hottest and the driest years, yield increases
of 2.7% for winter wheat and of 11% for potatoes under bifacial photovoltaic modules with
a row distance of 6.3 m and a clearance height of 5 m.

5. Conclusions

(a) The reduction of the net radiation and of the wind speed due to PV modules de-
creases water consumption due to evapotranspiration, thus increasing soil water availability
for crops and enabling water savings.

(b) In hot and dry climatic conditions, the reduction of the climatic stress could
compensate the decrease of photosynthesis due to the shading effect of PV modules, thus
not damaging crop’s yield.

(c) It is possible to cultivate crops in the rows between PV modules also in the case of
fixed PV layouts; the development of tailored solutions for each specific location, based on
environmental, agronomical, morphological, socio-economic aspects is crucial for deter-
mining the success of the co-location of energy and food production.

(d) In the climatic conditions of Southern Mediterranean, the integration of a PV plant
with aromatic crops has proved its worth, and thus it could represent an opportunity for
the development of new business models, creating shared value for the local communities
of western Greece. These results confirm that the choice of the genotypes must be carefully
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evaluated on the basis of their adaptability to the specific climatic conditions of the area
and to the shading effect of the specific PV plant design.
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