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Abstract

This study introduces a novel algorithm to estimate the cumulated global radiation inside
photovoltaic (PV) greenhouses at the desired time interval. The direct and scatter radiation were
calculated on several observations points (OPs) inside the PV greenhouse. The PV panels were
assimilated to polygons that can overlap the sun path seen from a specific OP. The algorithm was
tested in a greenhouse with 50% PV cover ratio on the roof. The results were showed as the

percentage ratio of the cumulated yearly global radiation with and without PV array on the roof
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(Ggr), and used to draw maps of the light distribution on different canopy heights (from 0.0 to 2.0
m). The maps displayed the variability of the light distribution and the most adversely affected
zones inside the PV greenhouse. The yearly Gggr increased with the canopy height on the zones
under the plastic cover (Ggr from 59% at 0.0 m to 73% at 2.0 m), and decreased under the PV cover
(Ggr from 57% at 0.0 m to 40% at 2.0 m). Most zones close to the side walls and the gable walls
were the least affected by shading on all canopy heights. The different light distribution on the
canopy heights showed that the incident solar energy on the crop changes consistently, according to
the growth stage of the plants. The algorithm can be applied to several PV greenhouse types and
may provide a decision support tool for the identification of most suitable plant species, based on

their light requirements.

1. INTRODUCTION

Renewable energy sources have increased the productivity and competitiveness of the agricultural
sector, contributing positively to its environmental sustainability. The photovoltaic (PV) energy has
been the most successful renewable source applied in European agriculture, primarily due to the
long life, reliability and broad application of the technology. These features have been considered in
the design of new crop systems, defined “agrivoltaic” systems, which integrate energy and food
production on the same land unit (Dupraz et al., 2011). The PV greenhouse achieves this goal by
integrating the PV panels on the roof. This is useful especially in locations where the land resource
is limited (Dinesh and Pearce, 2016). These structures are particularly efficient in high solar
irradiation regions, such as southern Europe (Campiotti et al., 2008). The high economic incentives
provided by some European countries for PV energy generation in the last 7 years triggered the
construction of new large PV greenhouse installations (Cossu et al., 2014; Fatnassi et al., 2015).
Most european PV greenhouses attempted to maximize the profits deriving from the public
subsidies and the electric energy sale by installing as much PV power as possible on the roof,
without considering the light requirements of the crops. These issues address current researches to
the agronomic sustainability of the PV greenhouse systems, focusing in particular on the design
optimisation, the development of new PV technologies and the selection of plant species suitable
for the solar light limitations inside PV greenhouses (Poncet et al., 2012).

The installation pattern of the PV panels on the roof affects the distribution of the solar radiation on
the greenhouse area. Yano et al. showed that the checkerboard arrangement contributed to higher
uniformity of light distribution in a gothic-arch roof greenhouse with 12.9% PV cover ratio,

compared to the straight-line pattern (Yano et al., 2010; Fatnassi et al., 2015). The taller post height
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of the greenhouse and the homogenous distribution of the PV power on the roof area allows more
solar radiation to enter from the roof and the side walls (Cossu et al., 2010). The orientation and the
shape of a greenhouse should aim to maximize the total energy input on the greenhouse area: the
orientation with one face to West (W) and the other to East (E) results in the highest amount of
energy captured in winter (EI-Maghlany et al., 2015). For elliptical shape greenhouses, the best
results are achieved by using high aspect ratios (ratio between height and width) to maximize the
solar radiation incident per square meter of cultivated land.

Some PV technologies have been developed specifically for the application on greenhouse roofs,
improving the light transmissivity of the whole system, respect to conventional panels. The
promising PV technologies already studied on PV greenhouse systems were the CIG and CIGS
semiconductors, the flexible PV and thin films, the organic PV cells and the semi-transparent PV
panels, also based on spherical micro-cells (Cossu et al., 2016; Emmott et al., 2015; Marucci et al.,
2012; Minuto et al., 2011; Yano et al., 2014). Other solutions include the use of Fresnel lenses,
which can be integrated in the south (S) oriented roof to concentrate the sunlight and produce both
electrical and thermal energy (Sonneveld et al., 2010; Chemisana et al., 2012). The possibility to
adjust the shading level caused by the PV panels has been studied in a prototype dynamic PV
greenhouse for Mediterranean areas, where the PV panels can rotate along the longitudinal axis
(Marucci and Cappuccini, 2016a). The PV panels acted as a passive cooling system able to protect
the crops from high internal temperature in summer, conciliating the energy production with the
light requirements of the crops (Marucci and Cappuccini, 2016b). Indeed, by adjusting the shading
level, more light can reach the crop, compared to a PV greenhouse with fixed panels.

The characterisation of the environmental conditions is essential to evaluate the agronomic
sustainability of the PV greenhouses. In particular, the analysis should be conducted primarily on
the available solar light and its distribution on the greenhouse area. Various studies have been
conducted to provide decisional support for new design criteria and management of PV greenhouses.
Some authors applied numerical simulations, including the Computational Fluid Dynamic (CFD) to
assess the PV greenhouse microclimate in terms of solar radiation, temperature and air flow for
specific summer and winter days (Fatnassi et al., 2015; Serrano-Arellano et al., 2015). The
evolution of temperature and humidity inside PV greenhouses have been simulated also using the
TRNSYS (Transient System Simulation Tool) software, highlighting that the winter night
temperature inside a PV greenhouse underent a sudden fall until ambient temperature, while the
summer temperature was too high for greenhouse crops (Carlini et al., 2010; Carlini et al., 2012).
TRNSYS has been applied also to evaluate the solar water heating systems for greenhouse
microclimate control, to calculate the productivity of the PV array, and to analyse the environmental
parameters inside a prototype greenhouse equipped with semi-transparent PV panels and vertical
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farm systems for urban agriculture (Attar and Farhat, 2015; Bambara and Athienitis, 2015).
Geostastistics approaches have been used to assess the variability of the thermal spatial distribution,
suggesting that the results of the crop growth models cannot be generalized for the entire
greenhouse area due to the variability of the microclimate patterns (Bocaja et al., 2009). Yano et al.
proposed an equation-based procedure to calculate the solar radiation impinging on a specific point
located inside a PV greenhouse with 12.9% cover ratio, comparing the straight-line and a
checkerboard installation pattern of the PV panels the roof (Yano et al., 2009; Yano et al., 2010).
Castellano calculated the solar radiation distribution inside a greenhouse with different PV
installation patterns and roof cover ratio on specific days, by using the software Autodesk®
Ecotect® Analysis (Castellano, 2014; Castellano et al., 2016). The variability of the shade
distribution was calculated as percentage of shading, which changed accordingly to the sun position,
the configurations of the PV panels on the roof and the zones considered inside the greenhouse.

The software packages and the methods proposed in the literature calculate the light distribution
only on a specific date and time, while the agronomic performance of the PV greenhouse should
consider the cumulated light distribution on the crop cycle basis for a reliable yield estimation. In
this paper, we propose a novel algorithm elaborated with the software Wolfram Mathematica,
which can calculate the cumulated distribution of the solar radiation inside a PV greenhouse at the
desired time interval, as a function of the shading cast by the PV array on the roof. The procedure is
based on a geometric condition assimilating the PV panels to polygons that can overlap the sun path
observed from specific observation points located inside the greenhouse. The calculation can be
reiterated for multiple points and used to draw maps of cumulated light distribution on yearly basis
and on different canopy heights. The validation was conducted on a real PV greenhouse with 50%
cover ratio. This algorithm can be applied to various PV greenhouse types with different location,

orientation, roof slope, PV cover ratio and installation patterns of the PV panels on the roof.

2. MATERIALS AND METHODS

2.1  Characteristics of the photovoltaic greenhouse

The algorithm was applied and validated on a commercial pitched-roof PV greenhouse in
Decimomannu (Sardinia, Italy; 39°19'59"N, 8°59'19"E), already used by the authors for previous
experiments concerning the measurement of the light distribution inside PV greenhouses (Cossu et
al., 2014). The area of the greenhouse was 960 m? and it was provided with two spans (50.0 m long
and 9.6 m wide each), gutter height of 2.5 m, roof slope of 22° and E-W orientation (Fig. 1). The

plastic cover and the walls were made with PVC (Ondex Bio, Renolit, France). The cladding
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materials and the PV panels were supported by a steel structure. The S oriented roof of each span
was formed by 144 multi-crystalline silicon PV modules (REC 235PE, REC Solar, USA), with
dimensions 1665x99x138 mm. As a result, 50% of the roof area was covered with PV modules.
The total PV area was 475 m? (238 m? per span), while the total active cell area was 420 m?. The
peak rated power of the PV system was 68 kWp.

The cumulated yearly light distribution was calculated on different canopy heights (0.0, 0.5, 1.0, 1.5
and 2.0 m from the ground level). Calculations were conducted on 5 sets of observation points
(OPs), each one formed by 27 OPs. Set G1 and G2 were located 1.5 m from the gable walls of the
greenhouse. Set S1, S2 and S3 were placed equidistant. This distribution was chosen according to
previous observations inside the same PV greenhouse, stating that the variability of the light
distribution on the E-W direction is not statistically significant inside E-W oriented PV greenhouses
(Cossu et al., 2014). For this reason, a lower amount of OPs is enough to quantify the distribution
on the E-W direction (5 OPs), compared to the number of OPs on the N-S direction (27 OPs). In
addition, the solar radiation incident on the zones close to the gable walls is different from what
observed on the remaining area (Castellano, 2014). As a consequence, the evaluation of the incident
light close to the gable walls is necessary to accurately describe the distribution on the whole PV

greenhouse.

2.2  Algorithm for the calculation of the light distribution inside the photovoltaic

greenhouse

2.2.1 Calculation of the incident global radiation

The position of the sun was determined using the solar elevation angle and the solar azimuth angle
in radians for the whole year, at 1 hour interval (Fig. 2). The solar elevation angle () has positive
values above the horizon (0 rad on the horizon plane) and it was calculated according to the
following equation (Markvart, 2000; Page, 2003; Yano et al., 2009):

6 = Arcsin (Sing Sind + Cos¢pCoséCosw) (rad) 1)

where ¢ is the latitude of the site in radians, w the hour angle and & the solar declination angle
(Markvart, 2000; Page, 2003):

W= %(LAT —12) (rad) (2)
§ =nZ2sin (2m £ (rad) @3)
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LAT is the local apparent time in hours and n is the number of the day in the year. LAT was

calculated using the formula (Page, 2003):

LAT = LMT + S22 4 F — ¢ (h) (4)
where LMT is the local mean time of the site, also known as "clock time". A is the longitude of the
site and Ar the longitude of the time zone of the site. The coefficient c is the correction of the
equation during the summer time. E is the equation of time, expressed by the following formula
(Markvart, 2000):

E = 2.292(0.0075 + 0.1868Cosf — 3.2077Sinf — 1.4615C0s2f — 4.089Sin2B) (rad)  (5)

where f is an angle equal to:

__2m(n-1)

B=—" (rad) (6)
The azimuth angle ¥ of the sun is (Markvart, 2000; Page 2003):

sinf sing— sind
Y = Arccos (—¢)

cosf cosp

(rad) (7)
This angle is 0 to the S direction and it is multiplied by -1 when sin¥?<0.

2.2.2 Calculation of the internal global radiation

The direct (ly) and scatter (ls) radiation on the horizontal plane were calculated according to the

following formulas and assuming clear sky conditions (Berlage, 1928; Reiter et al., 1982; Palva et
al., 2001; Tanaka et al., 2002; Kosugi et al., 2006):

1
I; =1, - psine - Sind (W m?) (8)

where |y is the solar constant (1367 W m™) and p the atmospheric transmissivity coefficient. The

scatter radiation is:
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1
__ 1pSinf(1—pSind)

2(1-1.4Log p)

(W m?) (9)

S

The greenhouse global radiation on the horizontal plane I (W m™), considered as the sum of the

direct and scatter radiation, can be expressed as:
Ig =ty + I5) (W m?) (10)

where z is the overall light transmissivity of the greenhouse (frame and cover material). I can be
considered as the incident global radiation inside the greenhouse without any PV panels installed on
the roof. Therefore, this parameter was considered to calculate the global radiation inside the PV

greenhouse as a function of the global radiation inside a conventional greenhouse.

2.2.3. Determination of the global radiation on a random OP inside the PV greenhouse

The functions used in the present algorithm were implemented in the software Wolfram
Mathematica (Wolfram, 2014). To determine the actual solar radiation on the OPs, each PV panel
on the greenhouse roof was considered as a polygon with 4 edges by using the geometric function
“Polygon” of the software. The Cartesian coordinates (x,y,z) of the 4 edges and the OP were
calculated as a function of an arbitrary point of origin located in the North (N)-E edge of the
greenhouse. The Cartesian coordinates were converted into solar coordinates, thus elevation angle
(e) and azimuth angle (%), in relation to a specific OP, by using the following expressions:

0, = Arcsin o - (rad) (11)
J(xe‘xop) +(Ye=Yop) +(2e=2op)

Y, = Arccos ye;y"p = (rad) (12)
\/(xe_xop) +(3’e‘3’op)

where Xe, Ye and ze are the Cartesian coordinates of an edge of the PV panel, while Xqp, Yop and zop are
the Cartesian coordinates of the OP considered. ¥, is equal to 0 on S and it was considered negative
when Xe—Xop<0, thus when it moved towards W.

The solar coordinates of the 4 edges of the PV panel (6.>%3*, ¥, 234

) were compared to the solar
coordinates of the sun (6, ¥) seen from the OP, by using the function “Region Member” of the
software, to verify when the solar coordinates cast on the PV panel surface area (Fig. 3). When the
solar coordinates of the sun were inside the area of the polygon, the OP was considered under the

shadow of the PV panel, thus without incident direct radiation. As a consequence, the global
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radiation on the OP (Igp) is equal to the scatter radiation (Icp = Is). On the contrary, when the sun
coordinates were outside the area of the PV panel, the OP was considered under sunlight, thus
receiving both direct and scatter radiation (Igp = I4 + Is). This procedure was applied simultaneously
for all the panels of the PV system on a single OP and then reiterated for all OPs.

The incident global radiation on the PV greenhouse area (Gggr) was calculated as the mean
percentage ratio of Igp for all n OPs and the potential global radiation inside the same greenhouse
without PV array on the roof (lg):

lwn I

Gor = n 0P=1IG_GP' 100 (%) (13)

where n was varied to calculate the Ggr for specific zones of the PV greenhouse. Both Igp and Ig
were calculated considering the overall greenhouse transmissivity z. As a consequence, Ggr IS
independent from 7 and it describes the light distribution as a function of the PV greenhouse
typology (dimensional parameters of the greenhouse and PV cover ratio), thus it assumes a general
validity also when the same PV greenhouse is assembled in different locations and with different

cladding materials.

2.2.4 Validation of the model

The model was validated by measuring the global radiation inside the real PV greenhouse on 12
days with clear sky (one per month), from May 2013 to April 2014. The measurements were
conducted using 10 pyranometers (HOBO Silicon Pyranometer Sensor w/ 3m Cable - cod. S-LIB-
MO003; Onset Computer Corporation, Bourne, USA) placed at 1.3 m height, according to the pattern
depicted in Figure 1. All data were collected with a single datalogger (HOBO Micro Station Logger
G21-002; Onset Computer Corporation, Bourne, USA) at 1 min interval and averaged every 15 min.
The external global radiation data were collected from the closest weather station located in Uta
(Sardinia, Italy; 39°17'35.1"N 8°55'55.0"E). The sky transmissivity coefficient on the single day
was estimated adjusting the calculated external global radiation to best correlate with the
corresponding external measured values.

The mean greenhouse transmissivity was calculated on each sensor position from 7:00 to 18:00 h,
as the ratio of the global radiation measured by the sensor and the external global radiation. To
mitigate the effect of the shadow cast by the metallic frame on the roof (not considered by the
present algorithm), the measurements of the sensors were corrected using the mean hourly
greenhouse transmissivity: when the measured transmissivity on the sensor was lower than the daily
mean greenhouse transmissivity, the values were adjusted by multiplying the daily mean

transmissivity for the external global radiation. The validation was conducted using the Coefficient
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of Determination (R®) between measured and calculated data. The variability of the light
distribution was studied using the Coefficient of Variation (CV), thus the ratio of the standard

deviation and the mean global radiation on the OPs.

3. RESULTS AND DISCUSSION

3.1.  Solar light distribution in the photovoltaic greenhouse

Depending on how the solar coordinates intersect the PV array coordinates, the OPs can be under
three basic conditions: direct light, partial shading or complete shading (Fig. 4). The calculated data
were compared to the 12 days measurements used for the validation, showing a mean R? of
0.87£0.10. In summer the solar elevation angle on OP F was high and the sun path moved above the
PV array, leaving the OP under direct radiation for all day (June 16™ 2013). Starting from the
solstice in June, the elevation angle decreased till the sun path intersected the PV array, causing a
partial shading (September 14™ 2013). Finally, during winter the sun path was almost completely
covered by the PV array and only the scatter light was received, determining a complete shading
(December 14™ 2013). On partial shading, the shadow usually cast on the OP during the central part
of the day. However, depending on the period of the year and the greenhouse zone, the shadow can
affect most part of the day, thus with direct radiation only in the morning or in the evening. The
pyranometers showed fluctuations due to the intermittent shadow cast by the metallic frame of the
roof, which occasionally shaded the direct radiation. For this reason, fluctuations were particularly
accentuated when no shadow was on the OP (June 16" 2013), while they were mild or absent
during partial or complete shading, since the scatter radiation was less affected by the metallic
frame. However, the actual shadow cast by the frame was not considered in the present algorithm,
which purpose is to estimate the light distribution inside PV greenhouses only as a function of the
PV array, independently from the greenhouse frames types. This assumption allows the application
of the present algorithm to a broad variety of PV greenhouse types.

According to the E-W orientation of the PV greenhouse, the shadow of the PV array moved from N
to S in the first semester of the year, and from S to N in the second semester (Fig. 5). The E-W
orientation enhances the global radiation incident in winter and decrease it in summer, when less
irradiation is required by the crops (Sethi, 2009). During winter and most part of autumn, the sun
elevation angle was low and the shadow cast mainly under the plastic cover, leaving the zones
under the PV cover with direct radiation (Fig. 5a and 5d). As the sun elevation angle increased in
springtime, the shadow gradually shifted under the PV array (Fig. 5b and 5c). This latter trend
represents also the mean N-S distribution of the solar radiation during the year. In general, the less
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affected zones were the ones under the plastic cover, especially from April to September, where the
Ger Was nearly 100%.

The yearly cumulated light distribution maps inside the PV greenhouse are shown in Figure 6. The
maps are presented at ground level (0.0 m) and at two canopy heights, for short crops (0.5 m) and
tall crops (1.5 m). The N oriented span is occasionally affected by the shadow of the PV cover of
the S oriented span. For this reason, the N span showed a Ggr averagely 6% lower than the S span
during the year. This difference decreased as the canopy height increased and it was higher in
winter (11% at 0.0 m) and not relevant in summer. The most shaded OPs under the PV cover
received less than 31% Gggr on yearly basis, with the minimum value of 17% observed ad 1.5 m.
The mean Ggg under the PV cover ranged from 40% (at 2.0 m) to 57% (at 0.0 m), while it ranged
from 59% (at 0.0 m) to 73% (at 2.0 m) under the plastic cover. Some zones close to the side walls
and the gable walls were the least affected by shading, with a yearly Ggr values over 91%,
especially at 1.5 m.

The yearly mean Ggg on the PV greenhouse area was 56%, ranging from 57 at ground level to 55%
at 1.5 m (Tab. 1). The Ggr under the plastic cover reached up to 100% in summer, indicating
limited or no shading at 1.5 and 2.0 m height. The yearly Ggr under the plastic cover increased with
the canopy height by 14% from 0.0 to 2.0 m, while it decreased by 17% under the PV cover (Ggr
from 57 at 0.0 m to 40% at 2.0 m). In fact, an opposite trend can be observed under the PV cover,
where the highest values of Ggr were found during winter at ground level (up to 77% in January
and February), which were consistently higher than the ones under the plastic cover. The Ggg under
the PV cover usually decreased in summer.

The yearly CV on the greenhouse area was averagely 56% on all canopy heights, showing that the
distribution of the global radiation on the greenhouse area was characterised by a high spatial
variability. The CV on the transversal direction (N-S) was 55% on average, due to the path of the
shadow cast by the PV array and it was 35% on the longitudinal direction (E-W). However, the CV
on the longitudinal direction of the central portion of the PV greenhouse (set S1, S2 and S3) was
only 3%, independently from the canopy height. This was due to the path of the shadow, which
moved mainly in the N-S direction, while it moved also in the E-W direction on the zones close the
gable walls (set G1 and G2), adding variability to the longitudinal distribution of the whole PV
greenhouse area. These results indicate that inside an E-W oriented PV greenhouse, the global
radiation is heterogeneously distributed only in the N-S direction, but it can be considered uniform
in the longitudinal direction for most of the greenhouse area, except the zones close to the gable

walls.
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3.2.  Implications of the cumulated light distribution on the agronomic sustainability of
photovoltaic greenhouses

The light distribution maps highlighted the effects of the shading on the greenhouse area. The
cumulated distribution data provided with the present model at yearly and monthly basis can be
considered important inputs for the crop management inside PV greenhouses. The dynamic
movement of the shadow on the PV greenhouse area suggested that the scenarios of light
distribution change consistently, according to the period of the year and the height of the canopy. In
particular, the global radiation increased with the canopy height under the plastic cover, and it
decreases under the PV cover. Therefore, the growth stage of the crop and the related canopy height
should be carefully considered when running crop models for the yield estimation inside PV
greenhouses. Only the zones under the plastic cover and close to the side walls are compatible with
the profitable cultivation of greenhouse crops, given the direct relation between illumination and
photosynthetic rate (Challa, 1989). Ornamental species or nursery could be raised on the side walls,
also using optimized upper stacks, to exploit the higher solar radiation at taller heights under the
plastic cover. This possibility was already successfully tested on nursery plants inside a E-W
oriented greenhouse, where upper and lower stacks were placed on the N oriented side wall, without
affecting the crop yield at ground level (Sethi and Dubey, 2011).

The negative effects of the shading on crop yield was already described on tomato, indicating the
importance of maximizing the light transmission of the greenhouse (Cockshull et al., 1992). The PV
cover ratio under 20% has been tested on basil, tomato and cucumber, resulting in no yield losses
but negative effects on quality parameters, such as the fruit size and color (Urefia-Sanchez et al.,
2012; Minuto et al., 2009). Therefore, this latter PV cover ratio should be considered the highest
compatible with the most common greenhouse crops. Conversely, the cultivation of welsh onion
suffered 25% vyield loss inside a greenhouse with a PV cover ratio of 13% (Kadowaki et al., 2012).
Furthermore, the insufficient solar radiation may cause a potential higher incidence of plant
pathologies and require a specific crop protection approach. The cultivation cycle should start in a
period with low shading, since heavy shading during juvenile stages may delay the development of
the crop for the whole cycle (Marrou et al., 2013). As a consequence, for a PV greenhouse with
50% cover ratio, the cultivation should be conducted under the plastic cover and the cycle should
start at the end of winter, to receive low or no shading during spring and summer.

Many greenhouses with high PV shading have been already constructed in Europe and their
agronomic sustainability is still under discussion and scientific investigation. However, the design
modification of existing PV greenhouses to achieve a higher irradiance is often not feasible under a
technical and economic point of view, due to the high costs related to the partial reconstruction,
including the modification of the PV panel installation patterns on the roof. For this reason, the
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strategies to improve the agronomic productivity of preexisting PV greenhouses should necessarily
consider the crop management and the identification of suitable crops with low light requirements.
The light distribution maps can be considered a valid decisional support tool to identify the best
species and the portions of the greenhouse area suitable for a successful cultivation. With the
present algorithm, these maps can be calculated for the most diffused PV greenhouse types.
Subsequently, crop models can use the information concerning the light distribution to estimate the

yield and development, focusing also on specific crop protection strategies.

4. CONCLUSIONS

The agronomic sustainability of the PV greenhouse is strictly connected to the available incident
global radiation and its distribution on the greenhouse area. The algorithm proposed in this paper is
able to calculate the cumulated direct and scatter radiation on the PV greenhouse area at the desired
time interval and on different canopy heights. Geometric functions assimilating the PV panels to
polygons are used to calculate the shading cast by the PV panels on designated points inside the
greenhouse. To characterize the light distribution only as a function of the PV greenhouse type, the
results have been expressed as the ratio of the cumulated global radiation inside the greenhouse
with and without PV array on the roof. The simulations were conducted on a real E-W oriented
greenhouse with a 50% PV cover ratio. Remarkable differences were observed on the ratio between
the internal global radiation and the potential greenhouse global radiation without PV panels. These
values ranged from 59 to 73% under the plastic cover and from 40 to 57% under the PV cover,
depending on the canopy height considered (from 0.0 to 2.0 m). The differences were shown
through maps of cumulated light distribution, which highlighted the greenhouse zones receiving the
highest amount of solar radiation, thus the most suitable for cultivation. This algorithm can be used
in perspective as a decisional support tool for choosing and managing crops inside PV greenhouses,
based on their light requirements. Further studies will focus on the calculation of the light
distribution maps for various existing PV greenhouse types. The structures will be compared and
studied according to the light requirements of common and not conventional greenhouse crops,
attempting to identify the most sustainable types and the best practices for crop management inside

the PV greenhouses.
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FIGURE CAPTIONS

Fig. 1. Map of the PV greenhouse and position of the sets of OPs for the calculations. The OPs in
grey and alphabet letters indicate the position of the pyranometers used for validating the model.
The x and y axis for the Cartesian coordinates of the PV panels and the OPs are also displayed.

Fig. 2. Solar elevation angle and azimuth angle of the sun, in relation to the position of the PV panel
and the observation point OP. The case 1 depicts a position of the sun in which the OP is under
direct sunlight; in case 2 the OP is under the shading of the PV panel. 6 and ¥ are the solar

elevation and the solar azimuth angles, respectively.
Fig. 3. Flow chart of the calculation and decisional process operated by the model via software.

Fig. 4. Solar coordinates of the PV array and the sun path on the OP F at 1.3 m height (a), and
related global radiation (b) during three exemplifying days with no shading (June 16, 2013 1=0.70,
R?=0.97), partial shading (September 14, 2013, 1=0.60, R?*=0.84), and complete shading (December
14, 2013, 1=0.49, R?=0.97). All days were with clear sky conditions during measurements. In figure

4b: dashed curve is the measured Ig, grey line is the measured Igp and black line is the calculated

lgp.

Fig. 5. Cumulated monthly distribution expressed as Gggr (%) on the greenhouse transversal

direction (N-S) on 1.0 m height and estimated shadow path; p=0.65, 1=0.60.

Fig. 6. Maps of the cumulated yearly light distribution on the PV greenhouse area, expressed as
Ger (%) at different canopy heights: ground level, 0.5 and 1.5 m; p=0.65, 1=0.60.

Tab. 1. Monthly cumulated global radiation at different canopy heights under the plastic cover, the
PV cover and on the whole greenhouse area. Data are expressed as Gggr (%). p=0.65, t=0.60.



Table 1. Monthly Distribution

Tab. 1. Monthly cumulated global radiation at different canopy heights under the plastic cover, the
PV cover and on the whole greenhouse area. Data are expressed as Ggg (%). p=0.65, 7=0.60.

i 0.0m 0.5m 1.0m 15m 20m
Plastic PV Greenhouse Plastic PV Greenhouse Plastic PV Greenhouse Plastic PV Greenhouse Plastic PV Greenhouse

January 38 77 56 37 74 53 37 66 50 36 58 46 41 44 44
February | 33 77 53 33 70 50 36 60 48 44 48 47 55 32 45
March 43 61 52 50 55 53 57 45 51 65 38 52 72 28 50
April 71 45 58 75 40 57 80 34 57 84 29 56 88 34 60
May 88 36 61 90 31 60 92 31 61 95 35 63 98 45 70
June 92 31 61 93 32 62 97 34 65 100 41 69 100 54 75
July 90 33 61 92 31 61 93 33 62 97 38 66 100 49 73
August 78 40 58 82 36 58 85 30 57 89 30 59 92 38 63
September | 55 57 56 61 49 55 67 42 55 73 33 53 80 30 55
October 3% 74 54 38 66 52 44 57 51 53 44 49 61 30 46
November [ 40 79 58 39 75 55 38 67 51 40 57 48 46 42 45
December [ 45 75 61 42 74 57 41 69 54 41 59 49 41 48 45
ﬁfg;:}’ 59 57 57 61 53 56 64 47 55 68 42 55 73 40 56




Figure 1. PV Greenhouse Map
Click here to download high resolution image
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Figure 2. Solar Coordinates
Click here to download high resolution image

* Zenith




Figure 3. Algorithm flow chart
Click here to download high resolution image
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Figure 4. Solar coordinates and global radiation
Click here to download high resolution image
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Figure 5. Monthly distribution
Click here to download high resolution image
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Figure 6. Yearly light distribution maps
Click here to download high resolution image
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Highlights

HIGHLIGHTS

e The cumulated global radiation inside photovoltaic (PV) greenhouses was calculated.
e An algorithm for the calculation at the desired time interval was elaborated.

e Results were used to draw maps of light distribution on different canopy heights.

e The light distribution changed consistently, according to the height of the canopy.

e The algorithm can be applied to different PV greenhouse types.




