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Abstract: The diffusion of renewable energy requires the search for new technologies useful for
obtaining good energy and production efficiency. Even if the latter is not always easy to obtain, the
integration of photovoltaic panels on the roof of greenhouses intended for floriculture can represent
an alternative. The present paper evaluates climatic conditions inside a greenhouse, in which 20% of
its roof surface has been replaced with mobile photovoltaic (PV) panels. The PV system implemented
in this study can vary the light energy collection surface in relation to the degree of insolation. The aim
is to observe the shading effects of the PV system on the growth of several varieties of flowers (iberis,
mini-cyclamens and petunias) to ensure the use of solar energy as an income integration deriving
from floricultural production. In fact, in agronomic terms, it has ensured: (i) to be able to shade the
underlying environment in most lighting conditions; and (ii) to let through more light when it is
required for the needs of crop plants or in cloudy weather. Results have described the distribution of
solar radiation, variability of temperature and humidity and lighting in a solar year and the observed
outcomes on floristic production.
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1. Introduction

Renewable sources can be used in the agricultural field [1,2]. Among these, the most widely used are:
(i) photovoltaic panels; (ii) micro or small wind turbines to produce electricity; and (iii) solar-thermal
for the heat production [3–5]. In recent years, thanks to government grants, applied technologies have
undergone rapid evolutionary processes, leading to new efficient and economically-competitive products
usable also in the agricultural sector [6–8].

Based on these premises, the present paper examines the possibility of using solar greenhouses
with a dual purpose, such as for both energy production and floricultural products. Among the
systems of exploitation of renewable sources of energy, the photovoltaic system (PV) has been strongly
investigated over the last five years, as well as by several scientific research activities [9–11]. Building
PV greenhouses is technically feasible from a construction point of view; however, realizing solar
greenhouses able to guarantee an efficient agricultural production, in addition to electricity production,
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is far from a simple task [12,13]. Currently the application of greenhouse technology in floriculture
is rapidly expanding around the world [14]. Successful greenhouse production is derived from the
possibility of: (i) providing a favorable ground for the cultivation [15]; (ii) ensuring a controlled
microclimate; (iii) avoiding adverse weather conditions [16]; (iv) preventing pests and diseases [17];
and (v) improving the quality of the crop [18]. Greenhouse crops are one of the most intensive
activities of the agricultural sector [19] in terms of production and energy consumption and operating
costs [10,20–22]. Agronomic research, construction technology concerning PV greenhouses and the
choice of transparent roofing materials are now increasingly oriented to reduce artificial energy usage,
to contain production costs, and to reduce environmental impacts [23–28].

Since greenhouses occupy agricultural land [29], the integration of production plants of solar
energy on the greenhouse roof can be the most sustainable solution [10,30]. However, some
determinants must be considered. The factors that strongly influence the design of a solar greenhouse
for floricultural use are: (i) the shadow projection of PV panels on the ground; (ii) the amount of
photosynthetically active radiation present within the structure; and (iii) the design of protected
installations, able to ensure sufficient flexibility and to allow changes in cultivation target in relation
to changing market demands [31–35]. In fact, farmers, who have a limited area for PV systems,
are forced to use the roofs of greenhouses, causing many problems related to day-lighting, such
as loss of color and smaller size of products collected [13,30]. In those circumstances, the main
problem of the greenhouse system consists of the entity of the economic investment requested at
the beginning [1,36,37]. This commitment seems more compatible with industry rather than with
traditional agriculture. The cost of equipping a greenhouse lies between €40/m2 and €200/m2

depending on the climatic area (where the structure is built), the technological level and chosen
infrastructure, as well as the type of crop to be produced. These factors affect business models. In fact,
the depreciation cost imposes an ultra-intensive production system (with a high load of labor and
energy) and the choice of high-yield crops and with considerable added value. In a mixed system,
such as that in the present work, where a part of the investment concerns the photovoltaic chain,
the less intensive and extended production systems become available to a wider range of cultivated
species, from an economic point of view.

From this perspective, an enlargement of the cultivable species might be expected. Feasibility
studies could also concern crops not yet considered due to the lack of profitability. In a protected
environment (due to the controlled microclimate that is recreated in a greenhouse), the light is a critical
and limiting factor for most of the cultivated species, like others, such as the temperature or the relative
humidity [38]. In recent years, new opportunities in the energy market and the incentives related to
the construction of photovoltaic plants, as well as the progressive reduction of purchase costs of most
PV materials, have encouraged the implementation of PV systems mounted on greenhouses (in their
total or partial replacement) [6,33,39]. The acceleration of the market has given rise to problems of
coexistence between the electric and the agricultural production, in competition with the same source
of energy, as noted in the recent past [12,13]. The biggest problem that designers and farmers must
face is the light inside the greenhouse [37]. PV panels project shadow cones on the ground: the amount
of photosynthetically active radiation reaching the crop cannot depend only on the limiting conditions
imposed by the photovoltaic installation, but also the actual interest that that culture has for the
market and the product quality obtained [1,32,38]. Development of materials, and still more the tax
legislation for access to the forms of incentive, have induced the progressive change of PV installations
on greenhouses [37]. It has gone from structures specifically built as a function of the PV system
with mono-pitched or bi-pitched roof, 100% covered by totally opaque PV panels, up to realizations
gradually more attentive to the needs of agricultural crops. This type of planning leads to the creation
of more luminous greenhouse structures than those currently available in the market [37]. In addition,
efficient solutions for air circulation and cooling of the PV panels have been introduced, providing
“modular” solar panels with roof structures of the greenhouse [40].
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The present paper evaluates climatic conditions inside a greenhouse, in which 20% of its roof
surface has been replaced with mobile PV panels, able to diverge the light energy collection surface
according to the degree of insolation. The purpose is to detect the shading effects of PV systems on the
growth of some flowers (iberis, mini-cyclamens and petunias), guaranteeing an optimal underlying
environment in most lighting conditions and letting through more light when it is required for the
needs of crop plants (or in cloudy weather). Furthermore, it is expected that this system also delivers
an income integration to farmers.

2. Materials and Methods

2.1. Location

The greenhouse prototype is located at the Regional Institute for Floriculture in Sanremo (IRF),
Liguria region, North-East Italy (geographical references: 43◦49′3′ ′ N–7◦45′50′ ′ E with an axis of
orientation of the roof ridge of 351◦ N) (Figure 1).
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Figure 1. Location of the greenhouse model (left) and its external overview (right).

2.2. The Prototype

The greenhouse chosen for the experimental study was built in 1985. It is a glass single span
greenhouse with ridge ventilators, with the following dimensions: 9 m width; 12.44 m length; 3.53 m
height at the sides and 5.15 m ridge height. The total surface area of the roof is approximately 119 m2,
while the PV surface area is 24 m2. The area covered by PV panels (approximatively 20% of the roof
covering) was made up of a part of fixed panels (26 panels) and a part of the underlying mobile panels
(26 panels), moving on a rail system by means of an electric motor, which increase the PV absorption
surface when the sun is present.

On the greenhouse roof, an innovative PV solar system (3016 W) with movable panels has been
mounted. It consists of twenty-six PV fixed modules and twenty-six PV mobile modules mounted on
the top towards to the east. The PV modules have a power of 58 W. Twenty-six fixed glass panels were
removed and, inside the greenhouse, a rail system was set on which the movable panels have been
installed. The movement was guaranteed by a ratchet electric tire (Blinky brand, mod. 49463-02/6)
with 12 V and a power of 150 W. An inverter Abb Power One PVI 3.0 Out Tl was installed for the
network connection, having 3000 W with dual input Mppt CEI 0-21 (Figures 2 and 3).
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Figure 3. Features of the greenhouse: fixed panels (a); mobile panels (b); inverter (c); engine used for
the panels movement (d); 3D diagram of the greenhouse model, highlighting the part which will be
affected by the PV roof (e); diagram of the greenhouse prototype structure (f).

Different challenges are faced during the design of the prototype. The moving system of panels
initially encountered some difficulties during its installation and calibration, due to the inclination of
flap height and weight of the underlying panels block that would have to run on the rail. In mid-May
2016, the prototype of PV mobile panels plant was completed.

The proposed system allows to control the shading in an active way, continuing to have a
high-quality photovoltaic production (compared to a standard system with fixed shading to 50%) as:

• during sunny days, when the PV production is greater, it is possible to use the maximum shading
of 66% (which exhibits greater active area compared to the fixed one);

• on cloudy days, there is a certain loss of electrical energy (compared to a standard system with
shading 50%). However, on the other hand, there is an advantage from the viewpoint of the
greenhouse performance, with a greater light passage (33% of shading). The movement system
allows the variation from 33% to 66%, by translating the PV mobile module (only about 25 cm)
placed below the fixed one.

Regarding the light transmission of the glazing matrix of semi-transparent PV modules, when
fixed and mobile PV modules are in the overlapping status, the transparent part of the PV modules
is equipped with double glazing. Following the technical characteristics, about 30% of the light is
dissipated by double glazing.

2.3. Environmental Measures

The environmental conditions of the greenhouse during the experimental trial were assessed by
data on temperature and relative humidity (T ◦C, ru%) and lighting measurements, photosynthetically
active radiation (PAR), Radiation Total, illumination, UVA). These latter ones were performed by
means of two sets of sensors, located in the two different cultivation areas (under photovoltaic area-PV
and out of photovoltaic area-Control).

A computerized system (µAgricomp-DL-Agricontrol SnC, 17031 Albenga, Savona, Italy) was
used for the measurement and registration of temperature, relative humidity and brightness, global
solar radiation, PAR and UVA radiation (Figure 4). The photometric and radiometric probes used are
professional instruments (Delta Ohm, 35030 Caselle di Selvazzano, Padova, Italy) as follows:

• LP PHOT 03 (measuring range of 0–100,000 lux with a resolution of both 40 lux from 0 to 10,000
lux and 400 lux from 10,000 to 100,000 lux): it measures illuminance (lux), defined as the ratio
between the luminous flux (lumens), passing through a surface, and the surface area of the area
considered (m2);
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• LP RAD 03 (measuring range of 0–1 W/m2 with a resolution of 1 W/m2 from 0 to 250 W/m2 and
of 4 W/m2 from 25 to 1 W/m2): it measures the irradiance (W/m2) defined as the ratio between
the energetic flux (W), passing through a surface, and the surface area of the area considered (m2)
in the spectral region VIS-NIR (40 nm–1.050 nm);

• LP PAR (measuring range of 0–1.5-Mol/m2/sec) and PPF (Photosynthetic Photons Flux, with a
resolution of 1 PPF from 0 to 250 PPF and 6 PPF from 250 to 1500 PPF): it measures the number of
photons in the spectral region ranging from 400 nm 720 nm, arriving in a second on a surface;

• LP UVA 03 (measuring ranges from 0 to 200 W/m2 with a resolution of 1 W/m2): it measures
global irradiance in the UVB spectral region on a flat surface (W/m2). Particularly, the spectral
sensitivity of the instrument is centered at 305 nm with a bandwidth (FWHM) of 5 nm.

Data were analyzed by using the statistical software Statgraphics Centurion XVI, The Plains, Virginia.
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Figure 4. Data logging computer (a); group of sensors (b); and details of sensors (c).

To better highlight the reduction of brightness under PV condition, α variable was considered
as follow:

α = [(xc − xpv)/xc] * 100

where:
xc = brightness measurements (illuminance, irradiance and PAR) at control conditions,

xpv = brightness measurements (illuminance, irradiance and PAR) at PV conditions when α = 0
the light conditions are the same for the two treatments (control and PV), greater value of α indicated
the reduced brightness conditions achieved under PV.

2.4. Plant Materials and Agronomical Trial

Plant growth under the “model greenhouse” was followed to infer the agronomical performance
of different crops chosen as plant models. For this, plants grown directly under the PV panels were
evaluated and their growth was compared to the behavior of a similar plant grown in the same climate
greenhouse but without the PV panels. The agronomical trial start at week 29/16 (18 July 2016) and
ended 38/16 (22 September 2016), (total 9 weeks of cultivation).

Only half of the plants were under PV cover. Mini-cyclamens, iberis and petunias were chosen
based on seasonal availability, their importance for the floristic market and their adaptability to our
environmental conditions.

The seedlings were purchased by Sentier (31010 Moriago della Battaglia, Vidor, Treviso) and
arrived at our institute at the week 28/16. The following varieties were considered: Ciclamen
persicum ‘S.S. Verano®’ Dark Violet, Petunia grandiflora ‘Nana GP F1’ red and Iberis sempervirens
‘Montreaux’ white.
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As described in the prototype paragraph, before the beginning of the experiment, seedlings were
transferred to 12 cm diameter pots, filled with “Pomix 2” (Turco Silvestro S.N.C., Albenga, SV–Italy)
which is a substrate containing Irish peat, blond peat, pumice stone (3–8 mm), clay and slow release
mineral fertilizer (Figure 5). Water and nutrient supply has been guaranteed by an automatic drop-flow
irrigation system (irrigation on alternate days, 2 times a day; fertilizer ratio N:P:K equal to 1:0.5:2).
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Figure 5. Experimental stage: complete panel diagram (overlapping panels) (a); complete mobile PV
system (maximum capture of light radiation) (b); seedling on arrival in commercial plug tray (c); plants
in the greenhouse prototype (d); plants during the trial (e).

Thirty plants by species (ninety in total) were evaluated for testing; one half was placed under the PV
panels the other half was placed under normal lighting conditions. For each treatment (PV and control)
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5 plants have been considered and three replications were performed. Data were statistically analyzed
according to multifactor analysis of variance (Statistical software Statgraphics Centurion XVI).

The following parameters have been considered to evaluate the plant growth:

• plant height;
• plant diameter;
• number of flowers/plant. In the case of iberis, the number of flower buds was counted since no

blooming was scored for both treatments (PV and control).

3. Results

3.1. Data Distribution Inside the Greenhouse

To highlight the different light conditions under PV treatment, the trend of brightness from week
34 to week 37 (on week basis) was reported (Figures 6–10). Data on the PV-generated electrical energy
per greenhouse land area throughout the cultivation period refers to kWh m−2 week−1.

The significant reduction of brightness values at week 37 recorded also for control treatment could
be ascribed to a particularly cloudy period, which influenced the incoming radiation in the greenhouse;
this effect has also been confirmed with the temperature data.

As expected, the PV conditions reduced the brightness. However, a different reduction could be
scored according to the light measurements.

Under our experimental conditions PV panels on a part of the greenhouse roof and orientation
and structure of the prototype, it was possible to infer that:

• the amount of incident light per unit area is about two times higher under the control area
compared to the PV treated area;

• the total radiation (RAD) and the PAR were reduced of about 30% and 20% respectively under
PV treatment.
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3.2. Crops Production and Relation with Greenhouse Plant

No blooming was recorded for iberis over the trial period. This was true for the control and for the
seedling grown under PV. From the count of the flower-induced buds, however, no differences were
detected between control and PV treated plants. In addition, the vegetative growth was not influenced
by PV treatment (Figures 11 and 12). A similar agronomical behavior was detected for petunias,
for which a complete blooming was, vice versa, observed (Figures 13 and 14). Then, it was inferred
that the flowering lacking in iberis was rather due to the high greenhouse temperature (maximum
temperatures up to 40 ◦C and, for the trial period always between 25 and 35 ◦C) and no influence of
our prototype could be ascribed.

Mini-cyclamen growth was affected by PV system (data not shown). Indeed, under PV prototype,
an enhanced plant diameter in centimeters (cm) and a reduced flowers/plant could be observed
(Figures 15 and 16). Besides, a flowering precocity, about one/two weeks, was also detected.
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4. Discussion and Conclusions

The success of PV plants mounted in greenhouses derives from the chance to achieve a strategic
and ingenious cultivation through environmentally controlled greenhouses [41], enabling a safe and
continuous production [14,30,42]. In modern agriculture, greenhouses embody technological solutions
aimed at increasing quality and productivity of crops [18]. Specifically, the application of greenhouse
technology in the floriculture sector is recording a strong growth trend around the world [14].

Higher degree of sustainability in the agricultural sector nowadays assumes an essential role in
issues that concern animal biodiversity, renewable resources, and plant conservation [43,44]. Current
agricultural systems need to contribute to eco-compatible uses, e.g., guaranteeing long-term land-use
efficiency and ecosystem functions [45,46]. Regions that enjoy plenty of solar radiation, such as
Italy, can take advantage of solar energy to provide clean and renewable energy [47]. Excluding the
installation of PV panels on agricultural land, as happened in the past resulting in an effective land
degradation and soil sealing [48,49], PV panels applied on the roofs of greenhouses can be considered
an attractive solution [10,41,47]. In this way, greenhouses can make sure of rural multi-functionality,
given by the production of additional energy, because of the combination of PV modules on their
surface [10,18,49,50]. Conversely, the mounting of this kind of PV plants inevitably generates a shadow
inside the structure [30,37,41,51]. Therefore, it is necessary to prevent shading in order not to cause an
interruption on plant growth [18].

Given the wide availability of land covered by greenhouses in Italy, a thorough study on the
optimization of PV greenhouse systems may be useful consequently to: (i) promote a new sustainable
profile for the Italian agriculture; (ii) use clean and renewable energy; and (iii) ensure a controlled, safe,
and unceasing flower production [10,50,52–57].

The opportunity for productive recovery of existing greenhouses is complex, which provides
an interdisciplinary effort. The results obtained that brought out issues concerning the quantitative
and qualitative reduction of the production of the plant species chosen for research cultivation in the
PV greenhouse did not emerge. Considering our greenhouse model, the interesting part of the PV
greenhouse coverage and its orientation (almost perfectly N-S) allowed light to enter without being
disturbed by the presence of PV panels during the day. The analysis of the brightness data, with
reference to the parameters of illuminance (lux accidents), global radiation and PAR (Photosynthetically
Active Radiation), has provided values that were statistically higher in the sector, without being
influenced by PV panels, a greater extent for lux accidents (with two times higher values) and lesser
for global radiation (30%) and PAR (20%). These conditions have allowed plants to grow and reach
anthesis (except for the iberis, not bloomed in both thesis) without great alterations from the standpoint
of marketability of the commercial product. For cyclamen, some slight differences were recorded due
to an increase of the surface of the light capture with a greater development of its vegetative part in
the shaded area and fewer blossoms, but without affecting its commercial quality. Indeed, it is well
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known that light profoundly affects the plant life. The three most important reactions of plants to
optical radiation are: photosynthesis, phototropism, and photo-morphogenesis. Photosynthesis is one
of the most important biochemical processes which converts energy into chemical energy. In general
plant physiology, the term Photosynthetically Active Radiation (PAR) refers to the radiation in the
range of wavelengths between 400 nm and 720 nm which are useful for the photosynthesis [58,59].
The green radiations (about 550 nm) have been shown important for yielding the greatest productivity
and efficiency in greenhouse-grown plants, although differences could be scored according to the
species. In our experiment, plants grown under PV conditions were always subjected to a lower PAR
compared to the control, and the values allowed an efficient photosynthesis process making the first
three weeks of cultivation more favorable. The effect of blue light (380–520 nm) could account for
the slight phototropism and photo-morphogenesis effect above described for mini-cyclamen plants.
Extensive studies would be more appropriate to verify the effect of a more extensive coverage, within
restrictions imposed by the Ministerial Decree 5 May 2011 which limits the coverage of greenhouse
roof with PV modules to a maximum of 50% of the total area. It affirms that “greenhouses, after the
intervention, must present a relationship between the projection on the ground of the total area of
the PV modules installed on the greenhouse and the projection on the ground of the total area of
the greenhouse itself does not cover more than 50%”. This condition does not apply to greenhouses
that have achieved qualification by the entrance into force of the Decree (13 May 2011), in pursuance
of the order by TAR (Regional Administrative Court) of Latium Region n. 2890/2011 by which the
effectiveness has been suspended art. 14, paragraph 2, following the Ministerial Decree of 5 May 2011).
A solar system, such as the one proposed in our work, capable of varying light energy collection
surface in relation to the degree of sun exposure, has the agronomic benefit of being able to shade the
underlying environment in conditions of excessive brightness and to let pass lighter when it is required
for the purposes of cultivated plants (or in cloudy weather). The proposed experiment can also be
carried out in other territorial contexts, e.g., in difficult climatic conditions, since the microclimate of
greenhouses can be easily controlled. However, from the point of view of solar energy and lighting,
preliminary tests must be carried out (i) to ensure proper solar energy production especially during
the winter and (ii) to use the energy produced to heat the greenhouse [60]. The present study offers a
new experimental approach that guarantees a balance between crops in protected environments such
as greenhouses and sustainable development [61,62], with a strong focus on renewable energies e.g.,
solar energy. A commercial development of such a system would have to be considered, even if the
awareness of using solar energy as a supplement to the income from the floricultural production
continued to be present.
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