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1. Introduction

A greenhouses horticulture has advantage over the open-field farming with its ability to control
inner climate and reduce the impact of unfavorable weather conditions on plant growth. Thus,
crop cycles and yields can be improved. However, controlling the inner climate requires
considerable amount of energy which is usually supplied by fossil fuels such as oil, coal and
natural gas. This has a hazardous environmental impact (Hassanien et al. 2016).

Recently, PV system integration on the roof of a greenhouse has been under investigation in
the literature in order to reduce the environmental impact and to provide more sustainable and
cheaper energy to a greenhouse while maintaining continuous crop production. This integration
contains some challenges. Firstly, covering roof with PVPs reduces the light availability and
correspondingly, PAR levels on the ground level. Secondly, it affects the light homogeneity
inside of a greenhouse which causes inhomogeneous plant growth. Lastly, microclimatic
parameters are affected by the shading of the PVVPs such as temperature and humidity (Cossu
et al. 2018; Cossu et al. 2014; Castellano 2014). Therefore, system parameters and their effect
on light availability, homogeneity and microclimate should be assessed studiously by
prioritizing the requirements of the plants.

The goal of this task is to achieve the final set-up for the PV greenhouse. For this purpose, the
design related parameters such as location, orientation, shape and span number of the
greenhouse as well as the the cover ratio of the PV modules and system and the pattern design
were studied, and sunlight simulations were performed. The effect of different scenarios on the
sunlight conditions inside of the PV greenhouse was anaylsed and comparisons were made in
terms of the light availability and homogeneity on the ground level of the PV greenhouse.

5/45



2. Literature review

According to studies that focused on the PV system integration on greenhouses, the key
elements of the integration can be separated into two subgroups; parameters related to the
agrivoltaic system design and greenhouse design. Figure 1 represents the schematic of the
factors for the integration.

Greenhouse design related Agrivoltaic system related

parameters

Cover ratio of the
PVPs on the roof

PV system/
technology

Shape/ span
number of the PV installation
greenhouse pattern

Figure 1:Schematic of the important parameters of the PV-Greenhouse

parameters
Orientation of the
greenhouse

Gutter height of

the greenhouse

2.1. Agrivoltaic system design related parameters

Most of the agrivoltaic system design related parameters are determined according to their
effects on shading and light availability and uniformity inside of the greenhouse. Those
elements can be separated into PV technology, cover ratio (CR), and PV system and pattern
design.

2.1.1. Photovoltaic technologies

There are many studies on different PV technologies that are tested for greenhouse purposes.
Since the sunlight is the crucial factor for the crop production, emerging semi-transparent
technologies have taken attention with their ability of tuning the transmittance of the selective
wavelengths of incoming sunlight according to the needs of plants. Although majority of the
studies for the semi-transparent photovoltaics focused on BIPV applications, their nature of
balancing the electricity generation and light transmissivity made them attractive for
greenhouse applications (Emmott et al. 2015). Thus, new semi-transparent PV greenhouse
studies have risen in the past couple of years (Wang et al. 2017). Organic photovoltaics, dye-
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sensitized cells and wavelength selective photovoltaics could be listed as these emerging semi-
transparent technologies which are suitable for the greenhouse applications.

Organic photovoltaics (OPVs) could be manipulated to absorb specific bandwidths of the solar
spectrum which makes them suitable for integrating on the greenhouse for the crops by allowing
the PAR while absorbing the remaining bandwidth for the electricity generation. Furthermore,
plastic materials such as polyethylene are widely used in the greenhouse sector and it is quite
similar to substrate materials that are used for OPVs (Emmott et al. 2015). Therefore, it is easy
to integrate light weight semi-transparent modules to the existing plastic greenhouses which are
not capable of carrying the high weight of the silicon-based PVPs (Roslan et al. 2018). Another
advantage of OPVs is that they work in diffuse light, and the energy generation productivity is
independent of the direction of the light. Therefore, it is suitable to use side walls apart from
the roof in order to increase coverage and energy generation (Allardyce et al. 2017).
Additionally, OPVs could be used as a roll-able screen due to their flexibility and the PAR
levels, which means that the light conditions could easily be improved in case of unfavorable
weather conditions or seasonal changes by simply removing the modules. They could also act
like near infrared (NIR) screens which reduce the energy requirements of the greenhouse
(Emmott et al. 2015). The main barriers for the OPVs are their stability and efficiency problems.
Currently, the lifetime range varies from hours to up to two years. It is believed that OPVs need
a 10-year lifetime to be competitive in the market (Zhang et al. 2018). Moreover, the overall
conversion efficiency needs to be improved in order the make the system economically viable
(Emmott et al. 2015).

Dye-Sensitized Solar Cell (DSSC) is an electrochemical device which uses light-absorbing dye
molecules to convert sunlight into electricity. Dye color varies and defines the light absorption
properties of the DSSC. Therefore, as the OPVs, DSSC could also be manipulated and absorb
certain solar spectrum band (Roslan et al. 2018). Furthermore, it is more aesthetic and colorful
over the conventional PV systems, which helps to increase social acceptance (Skandalos and
Karamanis 2015). One of the most important properties of DSSC is that it employed a light-
scattering layer to enhance light absorption. It scatters the direct light that is reached to the
canopy and improve the diffuse light in the greenhouse (Allardyce et al. 2017). This is an
advantage because plants use diffuse light more efficiently than direct light (Batschauer 1999).
However, more real practices and experiments are needed to understand the technology better.
There are still stability problems and the resistance of the module under real working conditions
is not as well-known as conventional systems (Roslan et al. 2018).

Wavelength-Selective Photovoltaic Systems (WSPVs) use luminescent solar cell technology
with conventional silicon-based PV. WSPVs absorb some of the blue and green wavelengths
which are not utilized by plants and transmit the remaining part of the solar spectrum. The
system utilizes the luminescent solar collector (LSC) technology (Loik et al. 2017). The
working principle of the LSC is that a portion of the incident light is absorbed by the dye,
reemitted and waveguided to the solar cell, thus, a fraction of the sunlight concentrated to a
small solar cell (Corrado et al. 2016). Loik et al. (2017) tested the system under 18 different
crops and no negative changes were observed on the photosynthesis levels, in contrast, some of
them showed better results than when compared with the crops in a conventional greenhouse.
There is also remarkable improvement on water use efficiency of the plants. Regarding the fruit
mass and number, again the experiment shows promising results. There was only one tomato
type which showed a slightly smaller fruit number but there were more positive results on the
different crops. WSPVs are stable and relatively well-know when compared to OPVs and
DSSC. However, they need efficiency improvement to compete better with standard modules.
The luminescent material properties should be understood better, and improvements on the
selectivity will strengthen their position in the market (Loik et al. 2017).
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In addition to cell level semi transparency, it is possible to arrange opaque crystalline cell
densities within the module in order to increase transparency. For example, Hassanien et al.
(2017) conducted a study for modules with reduced cell density which corresponded 47%
transmittance ratio with 8.25% conversion efficiency. The shade reduced the light intensity by
35% compare to the point under polyethylene cover without PVVPs. Nevertheless, there was no
remarkable change in production of lettuce and tomato compared the control greenhouse
without PV integration (Hassanien et al. 2017). On the other hand, Li et al. (2018) designed
and experimented a prototype of a module which consist of micro spherical silicon photovoltaic
(Si-PV) cells for the greenhouse applications. The module has 58% sunlight transmittance in
average (42% shading) under the direct sunlight. The module could rotate to optimize the
sunlight in the greenhouse by its self-generated energy. In the end, the result was surplus energy
which could be used for greenhouse appliances. Another different approach developed by
scientists from Netherlands. According to the concept, a curved roof for the greenhouse was
designed in order to concentrate the near infrared radiation (NIR) onto PVPs with the help of
the spectral selective coating while letting the PAR inside the greenhouse. Even though NIR
reflection reduced the cooling load of the greenhouse, the yearly generated electricity was
limited to 20 kWh/m?since only NIR was converted into electricity (Sonneveld et al. 2010).

In principle, the semi-transparent technologies are promising in order to maintain a balance
between energy production and plant growth. However, most of them are not ready yet to be
commercialized due to the above mentioned reasons. Therefore, in practice, mainly the opaque
crystalline silicon PVPs were used due to their well-known properties and economic viabilities.
They are available in the market and easy to procure. Furthermore, the abundance of the studies
for greenhouse integration and its effect on crops makes them more applicable. They have better
efficiency, higher stability and lifetime over semi-transparent technologies (Heinrich et al.
2020). Therefore, instead of focusing on early stage technologies, which need to be investigated
further before the practical application phase, the focus is on bifacial modules in the project
SusMedHouse. Another reason for this is to have sufficient shade levels for the hot summer
months in Ankara region. Our project partner Antalya Tarim reported that 40% artificial
shading is already applied by the greenhouse operators in the Ankara region, starting from May
to September. Moreover, according to industry scanning, it is seen that most of the
commercially available PV greenhouse systems use standard module technology. For example,
the company Gakon Horticultural Projects in Netherlands uses bifacial solar modules, Richel-
Group from France and the Sunmax Greenhouse from China uses standard opaque solar (Richel
Group 2021; Gakon Horticultural Projects 2021; Sunmax Greenhouse 2021)

2.1.2. Cover ratio

Cover ratio is defined as the ratio of PV system coverage of the greenhouse roof. There is a
consensus in the literature that the cover ratio by opaque PVPs should not exceed 20-30% in
order to not harm crop production remarkably in Mediterranean region (Emmott et al. 2015;
Marrou et al. 2013; Cossu et al. 2020). CR directly affects the light availability and shade levels
inside of the greenhouse. It was reported that every 1% increase of the CR results in averagely
0.8% decrease in the cumulative yearly solar irradiation for an east-west (E-W) oriented
greenhouse and 0.6% decrease for a N-S oriented greenhouse (Cossu et al. 2018). In a study
that was conducted in Sardinia, Italy, the effects of different cover ratios on crop production in
E-W oriented PV greenhouses were compared which can be seen in Figure 2Figure 2 (Cossu et
al. 2020)
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Figure 2: Crop yields under different PV cover ratio conditions (Cossu et al. 2020)

In Figure 2, the percentages indicate cover ratios (25% Gable roof: 25% cover ratio of the roof
and the type of the roof). X axis shows yield factor (%) that is the crop yield under PV-
greenhouse conditions compared to a conventional greenhouse. Crops were classified according
to their PAR needs (increases from top to bottom). The value M on the x-axis indicates a 75%
yield factor. The lowest point of error bars represents the yield factor directly under the PVP
and the highest point represents directly under glass roof (without PVP). As can be seen from
the Figure 2, increasing the cover ratio from 25% to 50% affected crop productivity adversely
which corresponds to approximately 20% yield difference for tomato (from 80% to 61% yield
factor) and lettuce (from 99% to 79% vyield factor). This is an important indicator since the
lettuce and tomato will also be cultivated in SusMedHouse. Cossu et al. (2020) also investigated
existing PV greenhouses with 75% and 100% CR and they found that agricultural activities
were strongly affected or abolished. Another study was conducted in Greece to investigate the
effect of glass PV greenhouse with 20% CR on pepper production. It was reported that the
production yield of the pepper was higher than the glass greenhouse without PV integration
(Kavga et al. 2019). Urefia-Sanchez et al. (2012) studied the tomato yields in a flexible PV
covered greenhouse with 9.8% CR in Spain. They found no marketable yield difference on the
tomatoes compared to conventional greenhouse.

The CR and its effect on the light levels on ground of the greenhouse was investigated within
this report for the location where the SusMedHouse greenhouse will be built.

2.1.3. Photovoltaic system and pattern design

There are two different PV systems that were applied to greenhouses in the literature, the
dynamic system and the fixed system. In the dynamic system panels are mounted on the single
axis rotational mechanical system, and the position of the panels can be adjusted. By doing that,
the sunlight requirements of the plants can be met instantly. This ensures a great flexibility for
the system and the harmful effects of shading on crops can be eliminated, especially during the
early hours of the day and in unfavorable weather conditions when the irradiation levels are low
(Moretti and Marucci 2019). Gao et al. (2019) investigated tracking methods and their effect
on irradiation levels, homogeneity and energy generation in a PV greenhouse. Compared to a
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fixed tilted system, the annual energy generation increased by 7.4% and the light homogeneity
inside the greenhouse increased up to 9.8%. It should be noted that the energy requirement of
the tracking mechanism was neglected in the study. Furthermore, Moretti and Marucci (2019)
developed a prototype tracking system which is supported by the mirrors in order to increase
energy generation when the PVPs are not in the optimal position. The layout of the system can
be seen in Figure 3. They reported that the system was very effective in adapting to outer
irradiation levels and could adjust the internal irradiation levels inside according to the
requirements of plants (Moretti and Marucci 2019).

Type Left view Top view
glass roof [ )
Saltbox roof | PV panels i=glass roof
Dynamic PV / minor&. L. SEEEeEeeEE T
’J&_&,Q_Q“ S PV panels
Gab : QI? roof -y |
able roo .V panels

(&> S o'2ss o
Dynamic PV s |2 4

— = PV panels

Figure 3: Two different dynamic system layouts, the prototype of Moretti and Marucci (2019) (top) and
Trypanagnostopoulos et al. (2017) (bottom) (Adapted from (Gao et al. 2019)

On the other hand, the fixed system is static and in the case of miscalculations or unexpected
weather conditions, it is hard to prevent harmful effects of light reduction on plant growth.
Nevertheless, in practice, the fixed system is the most preferred one due to its lower cost and
simplicity, and there are far more studies compared to the flexible systems (Gao et al. 2019). In
SusMedHouse, the aim is to integrate a fixed system. The reason for that is mainly the budget
limitations.

There are two different PV system patterns that are assessed to ensure better light availability
and uniformity inside the greenhouse: the straight line and checkerboard patterns. In the case
of the straight line pattern, the panels are mounted on a straight line and the projection of the
shade is continuously on a fixed position. In the checkerboard pattern, the arrangements of the
panels are like a checkerboard (See Figure 4b) and the projection of the shade is not fixed as it
is in the straight line pattern (Yano et al., 2010).

{ v
¢ ) | > N
i | | P ¥
T | -~ | !

{, b

Figure 4: The straight line pattern (a) and the checkerboard pattérn (b) (Cossu et al. 2018).

According to the findings in the study of Yano et al. (2010), the checkerboard pattern improves
the light homogeneity while having slightly lower cumulative irradiation over straight light
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pattern. The light homogeneity is essential, otherwise, it may increase the risk of diseases and
fruit defects, and plant growth could differ within the greenhouse (Gent 2007). Cossu et al.
(2018) also investigated these patterns for a 25% CR greenhouse and found that there is 20%
improvement on light homogeneity with the checkerboard design.

The effect of straight line and checkerboard patterns were investigated for Ankara in this report.

2.2. Greenhouse structure related parameters

2.2.1. Orientation of the greenhouse

The orientation of the greenhouse is the first important parameter that also indicates the position
of PVPs. The E-W oriented greenhouses with the installation of PVPs on a south-facing roof
would ensure the optimum conditions for energy generation. However, it increases the
heterogeneity of the light distribution and the shading rate which could harm the crops (Cossu
etal., 2018).

South North

| PR T . Aeterencepiene. _ _ _ _______S_ Ik

Ground
10000

Figure 5: Cross-section of an E-W oriented greenhouse with south facing PVPs (Castellano 2014)

Gupta et al. (2012) investigated the effect of orientation on light distribution for an initially E-
W oriented conventional greenhouse (without PV integration). They rotated (clockwise) the
single-span greenhouse (even-span roofs) 30°, 45° 60° 90° (north-south) in a virtual
environment and conducted simulations. It was concluded that there is not much difference of
orientation on solar fraction. However, it was stated that 45° rotation has slightly better
conditions for a small greenhouse and 30° for a bigger greenhouse because these angles ensure
a higher irradiation in winter and lower in summer, which is the preferred condition.

The orientation effect becomes more crucial for the multi-span and PV greenhouses. T.Kozai
and M. Kimura (1977) studied spatial light distribution for a 4-span greenhouse for the E-W
and north-south (N-S) orientations. It was found that the N-S orientation has better light
homogeneity, particularly when the elevation angle of the sun is low. For the E-W orientation
the southern span shows uniform light, however, heterogeneity increases on northern spans due
to the shade of the neighbor spans. This effect can be seen in Figure 6. Regarding the irradiation
on the ground level, it was reported that the E-W orientation receives more irradiation, and this
difference increases for higher latitudes. Moreover, it should be noted that the diffuse irradiation
was ignored in their study.
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Figure 6: The spatial distribution of transmissivities for E-W oriented (left) and N-S oriented (right) multi-
span greenhouse (T.Kozai and M. Kimura 1977).

Furthermore, the orientation directly effects to the projection of the shade for PV greenhouses.
The N-S orientation (roofs facing east-west) is recommended in order to have better light
availability and uniformity than in the E-W orientation. Even though the difference of light
availability between the E-W and N-S orientation reduces drastically by decreasing the cover
ratio (only 8% light availability difference for 25% CR and 24% difference for 50% CR), the
homogeneity difference is considerable (12% homogeneity difference for 25% CR and 21%
difference for 50% CR). However, the yearly PV energy generation for a N-S oriented
greenhouse decreases by 15% (Cossu et al. 2018). The light distribution maps of the 25% and
50% CR PV greenhouses for different orientations can be seen in Figure 7.
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Figure 7: Light distribution maps for different orientations and CR (percentages shows the irradiation
levels with respect to conventional greenhouse).
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The effect of orientation for the SusMedHouse project was investigated in this report in order
to find better trade-off between the energy generation, and the light availability and
homogeneity inside of the greenhouse.

2.2.2. Shape and gutter height of the greenhouse

The design of the greenhouse is another crucial parameter in improving the light distribution
and the availability under PVVPs. Total solar radiation that is reached in the greenhouse depends
on the shape of the greenhouse. A study was conducted to investigate five different shapes of a
greenhouse (even-span, uneven-span, vinery, modified arch and quonset shapes) to determine
the received irradiation. The sketches of different shapes are shown in Figure 8. It has been
found that an uneven-span greenhouse (with a wider south roof) receives more solar radiation
compared to the other shapes during all months of the year (Sethi 2009).

w
(a) Even-span

(c) Vinery (d) Modified arch

(e) Quonset

Figure 8: Sketches of different greenhouse shapes (Sethi 2009).

The gutter height of a greenhouse is also a determinant factor for the PV integration. Higher
gutter height means more side wall area which can transmit the light without any blockage.
Therefore, particularly in the winter months where the elevation angle of the sun is low, more
light transmits through the side walls and more irradiation can be received. According to the
study, each one meter of additional gutter height improves the light availability by 3.8% for a
PV integrated greenhouse (Cossu et al. 2018). Especially, when considering the principle called
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“1% rule” that estimates every 1% additional light inside the greenhouse would lead to a 1%
additional crop production, the light gain from the gutter height is significant (Cossu et al.
2020). Cossu et al. (2018) also investigated gutter height differences in their study. According
to the study, there is a 60% CR uneven-span greenhouse (venlo type) with 4.5m gutter height
and 50% CR on even-span greenhouse (gable roof) with 2.5m gutter height. Although there is
a 10% cover ratio difference, availability and uniformity of the light was comparable between
the two types.

The demo greenhouse of SusMedHouse has fixed 4.5 m gutter height. That refers high sunlight
contiribution from the side walls according to literature. Therefore, the different gutter heights
were not analysed in this report.
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3. Methodology

All the light simulations were conducted with the Radiance ray-tracing software tool. Radiance
is an open-source, professional light simulation tool that enables visualizing light in virtual
environments. The novelty of the software comes from its interreflection calculation algorithm
that uses the backward ray tracing method. It enables accurate and valid lighting and daylight
simulations. It has been validated several times and widely used in the lighting research
community for decades. The method offers great flexibility to its users in terms of material
property assignment, geometry design and scene creation (Larson and Shakespeare 2003). The
PV greenhouse models were developed in the bifacial_radiance Python package. The bifacial
module, sky, geometry, material, and scene parameters were defined. The irradiation sensors
were located 0.5 m above ground in order to measure light availability and homogeneity in the
greenhouse. The results of the simulation are gathered in Watts per square meter (W/m?) for
each sensor point according to the weather data and corresponding direct and diffuse light of
the hour of the day (time index) for given location.

3.1. Model

3.1.1. Greenhouse

The main dimensions and materials of the demo greenhouse were already defined in the project.
In this context, the polycarbonate was selected as the side wall material and glass was selected
as the roof material. In the greenhouse sector, the polycarbonate is widely used due to its low
cost, good insulation, and high light transmissivity properties. However, it still has slightly
lower light transmissivity than glass, therefore, in order to benefit from the high light
transmissivity and to have better suitability with glass-glass bifacial modules, glass material
was chosen for the roofs (Zhou et al. 2006). The fixed dimensions of the greenhouse can be
found in Table 1.

Table 1: Dimensions of the greenhouse

Length 50m Roof height 25m

Width 9.6 m Gutter height 4.6m

In addition to fixed dimensions, the even-span and uneven-span (wider south roof) shape
greenhouses were investigated in this study. The unevenness of the roof was not ensured by
changing the roof height but rather the slopes of the roof with respect to horizontal plane. The
even-span roof slopes are 27.5°, the same for both sides. For the uneven- span roof, wider south
roof slope is 22.5° and the other one is 34°.

In the beginning, the 3D models of the greenhouse were drawn in SketchUp program. A
function was developed in Python to translate the 3D greenhouse geometries into a format that
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can be imported into and used in Radiance objects and/or scenes. Radiance then reads all the
geometry and material definitions into a text format. By using this method, the side walls and
roofs of the greenhouse were defined as Radiance definition of the building. Furthermore, the
front and back triangles of the roof were defined as polygons. These methods are detailed in the
reference Larson and Shakespeare (2003). The structural components of the greenhouse such
as pillars were neglected in the model to decrease computational time.

In project SusMedHouse, the agrivoltaic section will be only one span with the dimensions
mentioned above. However, in total, there will be three more spans where different systems and
cultivation methods will be tested. In order to assess the effect of shading of PV panels (PVPs)
on the other spans and the light distribution in a multi-span greenhouse, three more spans (same
dimensions) were added next to the PV greenhouse and spans were separated by a
polycarbonate wall from one another. The only structural difference between PV greenhouse
and other sections in this model is the roof material which is polycarbonate for the other spans.
The drawn 3D model of the multi-span greenhouse can be seen in Figure 9.

Figure 9: 3D model of multi-span greenhouse

The glass material properties already exist in the Radiance material library; therefore, it was
just assigned to the roofs. The polycarbonate material does not exist in the library; therefore, a
function was written in Python to insert the custom material properties in the material library.
The polycarbonate material is defined as translucent plastic material according to Radiance
material definition. These partially transmissive material models permit customized specular
and diffuse transmission properties. This necessitates the use of walls with a thickness of zero
but enables effective optical properties to be implemented in a robust manner. Optical properties
for the basis of the material model were derived from laboratory characterization of a wall
sample by the Coating Team of Fraunhofer ISE. The defined properties of polycarbonate can
be seen in Table 2.

Table 2: Polycarbonate material properties

Property Value
Red 0.9192
Green 0.9192
Blue 0.9192
Diffuse reflection 0.05
Specular reflection 0.1
Absorption 0
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Diffuse transmissivity 0.1
Specular transmissivity 0.75
Roughness 0

More information can be found in the reference Larson and Shakespeare (2003) regarding the
assumptions and calculations of the Radiance for the light transmission, absorption and
reflectance. The Polycarbonate sample which was sent by the partners and the Radiance
material can be seen in Figure 10.

Figure 10: The polycarbonate sample (left) and the custom material of Radiance (right).

3.1.2. Photovoltaic modules and layout

One advantage of bifacial_radiance is that it has built-in functions to create and customize the
PV cells, modules, and the system layout such as vertical clearance, pitch (distance between the
PV rows), tilt angle and azimuth of the PVPs etc. It is simple to create scenes with selected
number of rows, distance between the modules in one row, etc. Bifacial_radiance automatically
combines the scene files and converts them to the Radiance format for the simulations. Even
though electrical yields were not assessed in this study by using bifacial_radiance, it is also
possible to set the albedo value of the ground in order to calculate the back-side gain of the
bifacial modules.

A custom bifacial module was created with built-in function and its parameters are shown in
Table 3.

Table 3: Custom module parameters

Cell dimensions 150 x 150 mm Number of cells (length x | 60 (10 x 6)
width)
Gap between cells 10 mm Length x width 1590 X 950 mm

One of the reasons for choosing bifacial glass-glass modules was to utilize the reflected light
from the ground. Additionally, they are more transparent when it is compared to mono-facial
modules since cells are between two glass panes and there is a small gap between the cells.

After creating the module, the location of the modules was defined according to the modeled
greenhouse type, installation pattern and the CR. For 30%, 37%, 44% CR, the number of
modules that was installed on the roof are 96, 120, 141 respectively. For the E-W orientation,
only the south facing side of the roof was used for PV integration and for the rotations.
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However, for the separate N-S orientation simulations, east side and both sides (east and west)
were used and the panels were equally distributed on both sides in order to improve the
homogeneity. Both installation patterns (straight line and checkerboard) and the different

greenhouse shape (even-span and uneven-span) comparisons were made under same CR
conditions (30%). Main specifications of simulated models are illustrated in Table 4.

Table 4: The simulated greenhouse models and their views

Type CR / Number of Initial View
panels orientation
Single-span 30% / 96 E-W
greenhouse
/ (0.56 m distance
Checkerboard between
/ modules in one
Even-span roof row)
Single-span 30% / 96 E-W S
=
greenhouse (0.56 m distance §
/ between E\g
Checkerboard | modules in one =
Uneve/n-span o) §§
roof :j
Single-span 30% / 96 E-W
greenhouse (0.1 m distance
/ between
Straight- line modules in one
/ row)
Even-span roof
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Single-span 44% /141 E-W
greenhouse (0.1 m distance
/ between
Straight-line - 4iles in one
/ row)
Even-span roof
Single-span 37% /120 N-S
greenhouse
/ (1.57 m distance
Checkerboard between
/ modules in one
Even-span roof row)
Multi-span! 30% / 96 E-W
greenhouse
/ (0.56 m distance
Checkerboard between
/ modules in one
Even-span roof row)

After having the first results, multiple meetings were conducted with ARTECS to discuss and
decide the last design of the PV greenhouse. It was an option to separate the agrivoltaic section
from the other sections in order to do not affect other experimental zones by the shade of the
PVPs. Therefore, single-span simulations and multi-span simulations were conducted and
analyzed separately. Upon the request of ARTECS after the first simulation results, additional
N-S oriented multi-span greenhouse simulations were conducted. In new simulations, the roofs
of the 3 sections other than agrivoltaic section were modified as gothic style. For the agrivoltaic

1 Only one span is used for PV integration
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section, different span numbers (1-span, 2-span, and 3-span) of the roof were compared in terms

of light availability and distribution (See Table 5: Simulated 1-, 2-, 3- span roofs for the
agrivoltaic sections and their views)

Table 5: Simulated 1-, 2-, 3- span roofs for the agrivoltaic sections and their views

Type CR / Number of Initial View
panels orientation

Multi-span
greenhouse
/
1-span roof
agrivoltaic
section

/
Checkerboard

37% /120 N-S

Multi-span
greenhouse

/
2-span roof
agrivoltaic
section N |
/ ‘ !
Checkerboard

37%1/120 N-S

oy
AR RRRRTRNRALY
PO ;
PO

Multi-span
greenhouse
/
3-span roof
agrivoltaic
section

/
Checkerboard

37%1/120 N-S
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3.2. Meteorological data and sensor grid

Bifacial_radiance has a built-in function which pulls typical meteorological year (TMY) data
of the given latitude and longitude. The function finds the closest existing TMY file of the
coordinates and downloads it to directory. TMY consists of three columns which are Direct
Normal Irradiance (DNI) and Daily Horizontal Irradiance (DHI) and hours of the year as index
(8760 rows in total). To calculate the irradiation, the program takes DNI and DHI values of the
corresponding index and calculates the position of the sun, hence, the hourly shading behaviors
were taken into consideration. In this study the location of the greenhouse was chosen as the
project location (Ankara, Turkey), and the TMY data (between the years 1983-1991) was
collected with a built-in function in bifacial_radiance.

Virtual irradiance sensors are the main elements to measure the irradiation in virtual
environment. The sensor grids were designed differently for single-span and multi-span cases.
Sensor were located 0.5 m above ground. In total, there are 154 sensors for a single-span and
112 sensors for a multi-span greenhouse. Additionally, few more sensors were located to
outside of the greenhouse area in order to measure outside irradiation levels and to calculate the
shading levels accordingly. The area of the multi-span greenhouse is four times bigger than for
the single-span, therefore, the sensor number for the multi-span greenhouse was reduced in
order to increase computational time (12 hours simulation time with a reduced sensor number).
Nevertheless, the main aim for the multi-span case is to determine the effect of the shade on the
other spans and to investigate the direction of the shade with different orientations, hence, a
reduced sensor number was sufficient to make that analysis. The schematic of the sensor points
depicted in Figure 11.
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Figure 11: Sensor locations for the single-span (top) and the multi-span (down) greenhouses.

3.3. Rotation

The rotations were done by not rotating the geometry but rotating the sky. At first step, initially
E-W oriented greenhouse was rotated in between 0° (E-W) to 45° with 15° intervals in
clockwise and counter-clockwise directions. However, no advantage was observed for the
clockwise rotation over counterclockwise. Therefore, at second step, range is expanded to 0°
(E-W)-90° (N-S) in counter-clockwise direction with 15° intervals. The 30% CR checkerboard
pattern and 44% CR straight line pattern were simulated for that range. For multi-span
greenhouse, however, the orientation changes were made with 30°intervals from 0° (E-W) to
90° (N-S) only in counter-clockwise directions.

3.4. Average day approach
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In the beginning, the aim was to simulate the whole year in order to analyze light availability
and homogeneity on the ground level. However, the duration of single span greenhouse
simulations for only 12 days was 7-8 hours due to the big size of the greenhouse (500m?) and
complexity of the light simulations. Therefore, it was necessary to reduce the computational
time and simplify the model to meet the time limitations. Firstly, average irradiation values
were calculated for each month from the TMY data. Secondly, the days that were closest to the
average irradiation of their months were defined. Finally, the time indexes (daylight hours) of
the days identified. At the end, 12 days (one from each month) were selected and computational
time was reduced drastically. The selected days are 12" of January, 1% of February, 21% of
March, 1% of April, 10" of May, 9" of June, 2" of July, 22" of August, 4™ of September, 24"
of October, 20" of November and 7™ of December.

3.5. Data analysis

Data analysis of the results was conducted in Python with the help of the Pandas and Numpy
libraries (McKinney 2010; Harris et al. 2020). The graphs and heatmaps were generated with
Matplotlib and Seaborn libraries (Hunter 2007).

Firstly, a data frame was created where the indexes are the location of sensors on the width axis
of the greenhouse and the columns are the location of sensors on the length axis. The results
were transferred into created data frame with irradiation values (W/m?) of each sensor in a
corresponding time index. In order to identify the time indexes of the data frames, the time
index of each data frame was inserted into the file name. By doing that, a unique data frame
was generated for each time index.

Secondly, the PAR values were calculated by using a constant 2.016 in micromoles per Watt-
second (umol/W.s) , which assumes 45% of the sunlight is in the PAR region and the
conversion factor of 4.48 pumol/W.s (Faust and Logan 2018). Thereafter, the Daily Light
Integral (DLI) were calculated in unit of mol/m?d according to PAR values and the number of
time indexes (sunshine duration of the day) within the day

PAR =1 X 2.016 (umol .m™2.s71) €))

Where:

I = Irradiance (W/m?)

DLI = PAR X SD x 3600 (mol .m™2.d™1) 2)

Where:

SD = Sunshine duration of the day (h)

The DLI is an important indicator because it shows how much the plants are exposed to sunlight
during the day. Hence, the DLI tables were created to analyze the light suitability of the scenario
for the crops. Every crop has different requirements for the DLI. The DLI requirements for the
sufficient growth of lettuce, tomato and pepper were derived from the literature (Cossu et al.
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2020) as well as the project partners. The DLI requirements of sample crops can be seen in
Table 6

Table 6 : DLI requirements of sample crops

Plant Sufficient/good DLI requirement
(mol . m~%2.d™1)

Lettuce 12-20

Pepper 12-30

Tomato 25-30

According to these requirements the values in DLI tables were colored in order to make the
tables readable and to define the locations where the requirements are not met. The colors for
the range of values, the corresponding crop types and explanation can be seen in Table 7

Table 7: DLI ranges and corresponding colors

Interval (mol . m=2.d"1) | Color Explanation

DLI <12 _ Not sufficient

12<DLI<20 Light Salmon Sufficient for lettuce

20<DLI<30 Yellow Sufficient for pepper, tomato

30<DLI Green Optimal for tomato and
pepper

Thirdly, the daily cumulative irradiation of each sensor point was calculated by summing all
the values for the day. The light distribution maps were generated in order to analyze the
shading projection. Additionally, the mean of the daily cumulative irradiation values for all the
sensors was calculated and the daily cumulative irradiation bar charts were generated in order
to assess the light availability inside of the greenhouse.

Lastly, the variability of light distribution on the ground level was calculated using the
coefficient of variation (CV) which was also used in a study of Cossu et al. (2018). The unit of
the CV is a percentage and it shows the variability of the values with respect to the mean,
determined as the ratio of the standard deviation and the average of the values.

o
CV == (%) (3)
u
Where:
o = Standard deviation
U = Mean
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3.6. Energy generation simulations

The primary goal of the work is to analyze the light availability and homogeneity inside the
greenhouse to maintain suitable light conditions for the plants. Besides that energy yields of the
PV system were simulated with the Photovoltaic Geographical Information System (PVGIS)
online tool (Energy, DG Joint Research Centre / 2016). The enery outputs then taken into
account and each model was compared. The power of a PVP was selected 280W. Thus,
according to the modeled PV system and its orientation, tilt angle, installed power and location,
a yearly energy generation table was generated.

According to created models, 30% CR, 37% CR and 44% CR have 26.8 kWp, 33.6 kWp and
39.4 kWp installed power respectively. The simulations were made starting from south to east
orientations with 15° intervals which represent rotations of simulated PV greenhouses with 30%
and 44% CRs. The 37% CR PV greenhouse was only N-S oriented, therefore, half of the
installed PV power was considered as east oriented and the other half is west oriented. The tilt
angle of the modules selected as roof angle.

4. The light and energy simulation results for different scenarios

The result section is divided into two parts. The first part concentrates on the single-span
simulation results and corresponding comparisons in order to evaluate PV installation pattern,
shape and orientation effects on light availability and homogeneity. The second part focuses on
the multi-span greenhouse simulations.

Before presenting the light simulation results on ground level of the greenhouse, the following
table shows the yearly PV energy generation of the different scenarios.

Table 8: Yearly energy generations of different orientations and CR

CR (installed | 0° (S)  15° 30° 45° 60° 75° 90° (E)  Unit
power) /
Orientation

30% 38,058 | 37,939 37,417 36,576 35,368 33,943 32,301 kWh.y‘1
(26,88 KWp)
379%2 - - - - - - 39957 | kWh.y!
(33,6 KWp)
44% 55808 | 55723 | 54956 | 53,722 | 51947 | 49,855 | 47,442 | kWh.yl
(39,48 kKWp)

According to Table 7, there is 15% yield reduction for the east orientation of PVVPs compared
to south. Reductions for different orientations with respect to south orientation are 0.3%, 1.6%,
3.9%, 7%, 11% and 15% for 15°, 30°, 45°, 60°, 75° and 90° rotations respectively. The
decrement in energy yields becomes remarkable particularly after 45° rotation.

2 Since it is only a N-S oriented greenhouse, it is considered as half of the installed power is facing west and the
other half east.
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4.1. Single-span simulations

4.1.1. Comparison of straight line and checkerboard patterns

In order to assess the effect of a PV installation pattern on light availability and homogeneity
on ground level, the E-W oriented and similar greenhouses (same shape and size) with 30% CR
but different installation patterns were compared. The yearly energy generation of the both

patterns are the same. The daily cumulative irradiations and the CV values can be seen in Figure
12.

Daily Cumulative Irradiation 50 Daily Coefficient of Variation (CV)
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Figure 12: The daily cumulative irradiation and the daily CV bar charts for different PV installation
patterns.

In terms of light availability, the straight line pattern receives only 2% more yearly irradiation.
However, the CV is also higher from April to September (except May). The most noticeable
differences were observed in April, August and September which were 39%, 21% and 38%
respectively. From November to March, the light is quite uniform for both greenhouses. The
reason for that is the low elevation angle of the sun during winter months. The shade of the
PVPs projects outside of the greenhouse and the sunlight mainly penetrates from the sidewalls.
Additionally, the average yearly CV was calculated, and it showed that the checkerboard pattern
has a 10% lower value than the straight line pattern. The yearly average light distribution maps
can be seen in Figure 13, where the x-axis and y-axis represent the sensor locations on length
and width directions respectively.
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Figure 13: Yearly average light distribution maps of the checkerboard (top) and straight line (bottom)
patterns

The light distribution maps also show that the checkerboard pattern redistributed the shading
on the ground, improving the light levels of the most penalized zones of the straight line pattern.
The improved irradiation close to the side walls is explicit in the light distribution maps.

4.1.2. Comparison of even-span and uneven-span roof

The south roof area was widened by reducing the south roof slope of an even-span greenhouse
to acquire an uneven-span. As a result, the south roof areas for the uneven-span roof and even-
span roof are 322.58 m? and 270.60 m? respectively. The same number of panels (96) were
installed on the roof with the checkerboard patterns. The results of the simulations are depicted
in Figure 14.
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Figure 14:The daily cumulative irradiation and the daily CV bar charts for different greenhouse shapes.
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Even though uneven-span shape has slightly lower irradiation for most of the days, there is no
significant difference between different shapes in terms of light availability. Nonetheless, light
is more uniformly distributed for the even-span shape. As a result, the even-span shape roof has
11% lower yearly average CV than the uneven-span shape.

4.1.3. The effect of orientation

Initially E-W oriented, even-span greenhouse with 30% CR and checkerboard pattern was
rotated in counter-clockwise direction with 15° intervals and the graphs were generated
accordingly. The yearly PV energy generations of each orientation can be seen in Table 8.
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mm 0° (E-W)
6000 m 15°
mm 30°
. 45°
5000 o 60°
T . 75°
E 4000 90° (N-S)
=
=
S 3000
©
pe]
©
£ 2000
1000 ‘ ||
39“\1 & o‘q’ P‘P‘ 3O P P 9@5‘ o@ \1'7'0

Days
Figure 15: The daily cumulative irradiation bar chart for different orientations.

As can be seen in Figure 15, the light availability is in an uptrend when the orientation diverges
from the E-W to N-S. This trend does not apply to winter months because the shade mainly
projects outside of the greenhouse. Quantitatively, there is an 8% increase of the total light
availability for the N-S orientation compared to the E-W, and the most rapid improvement has
been observed between 30°-60° rotations which is 3.84% (See Figure 18).

From the CV assessment, the light homogeneity is drastically improved towards N-S
orientation. From May to September more than 100% differences occurred between the N-S
and E-W orientations. The sharpest improvements on the CV was observed between 30°-45°
on a yearly basis which can be seen in Figure 17. Moreover, the yearly average CV is reduced
by 15%, 33% and 41% for the 30°, 60° and 90° rotations compared to the E-W orientation. On
the other hand, the shade rate, which is calculated as the ratio of the internal irradiation to the
external, decreases towards the N-S orientation which is more visible for the summer months.
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On average, the shade rate is above 30% for the E-W, 15° and 30° orientations, and it is below
30% for the rest. The CV and shade rate graphs are illustrated in Figure 16.

Additionally, in order to evaluate the CR effect, the same orientation analysis was applied to
the same greenhouse but with 44% CR. It was observed that by increasing the cover ratio, the
weight of the orientation on the irradiation levels and the uniformity also increases. As can be
seen from the graph in Figure 17, the reduction in the CV is more rapid for the 44% CR. There
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Figure 16: The daily CV and average shade rate graphs for different orientations.
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IS a 61% increase of the CV for the E-W orientation between two different CRs and this
difference reduces to 33% and 25% for 60° and the N-S orientations respectively.
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Figure 17: The yearly average CV graph with respect to rotations and different CR.

The similar trend was also observed for the light availability. The decrease of the cumulative
irradiation for the 44% CR is 13% and 9% for the E-W and N-S orientations with respect to
30% CR. The comparison of the cumulative irradiation changes with respect to orientations for
both CR can be found in Figure 18.

Furthermore, the DLI tables are in line with the improvement in the irradiation levels and the
homogeneity towards the N-S orientation for both CRs. The exception here is November. In
November, the shade projects more in the greenhouse for the N-S orientation than E-W. The
reduction of insufficient areas by the rotation can be seen in DLI tables. Moreover, the
insufficient areas for the plant growth have been increased for the 44% CR remarkably. In
general, there is not sufficient DLI for winter months for each scenario that was simulated in
this study. It ranges between 4-8 mol/m?d. The DLI tables for the selected months for both CRs
as well as the daily cumulative irradiation and CV graphs of the 44% CR can be found in
Appendix B and C.
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Figure 18: Cumulative irradiation graph with respect to orientation and CRs

4.1.4. Comparison of the N-S and E-W orientations for similar energy
generation

After assessing the installation pattern, shape and orientation, a comparison between E-W and
N-S orientations with the similar yearly PV energy generation profile was conducted. In that
context, the CR of the N-S orientation was increased by 7% in order to reach the similar yearly
energy generation profile with the E-W oriented greenhouse. Thus, the N-S and E-W oriented
greenhouses have 37% and 30% CR respectively which results in an approximately 5% more
energy generation® for the N-S orientation (See Table 8).

3 Small differences occurred due to the alignment difficulties of the PVPs on the roof.
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Figure 19: The daily cumulative irradiation and the daily CV bar charts for the N-S and E-W orientations

Although the N-S orientation has a higher CR than the E-W, the yearly light availability is over
2% higher and the yearly CV is 32% lower for the N-S. This difference was also observed in
DLI tables, which are depicted in Figure 20 for the selected months. The columns and indexes
represent sensor locations and the data can be seen as the ground level of the greenhouse.
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Figure 20: the DLI tables of selected months.
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5.1 Multi-span simulations
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Figure 21: The daily cumulative irradiation and the daily CV bar charts for the multi-span greenhouse

There were no significant differences in light availability for different orientations. There is
only a 3% higher irradiation for the N-S orientation compared to E-W. As expected, the CV
reduces by diverging from the E-W orientation. There are 23%, 41% and 52% improvements
in the yearly CV for 30°, 60° and 90°. However, the primary goal of the multi-span simulations
is to assess the projection of the shade for the different orientations. This was found through the
light distribution maps. The maps show that the shade of the PVVPs projects other spans from
September to March for the E-W orientation. The shade projection on the other spans becomes
lower towards the N-S orientation and then becomes the least in the N-S orientation. In Figure
22, the light distribution maps of the two selected months (November and July) are shown. The
spans are separated from one another with a red-line and the agrivoltaic section is at the bottom
where it is labeled as “A”.
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Figure 22: The light distribution maps of multi-span greenhouse for November (top)

and July (bottom).
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In November, the shade projects the upper-span of the agrivoltaic for the E-W orientation.
However, the effect of the shade on the other span reduces with the N-S orientation. In July and
in general for the summer months, the shade projects mainly in the agrivoltaic section for all
the orientations due to high elevation angle of the sun.

There were no significant differences observed between different span number of the roof for
only the agrivoltaic section in terms of light availability and homogeneity on the ground level.
However, the shade duration on the PV panels for 3-span roof was higher than others during
early morning and late evening hours. Therefore, it is decided to choose either 1-span or 2-span
roof for the agrivoltaic section.

5. Conclusion

The assessments and inferences were done by prioritizing the light requirements of crops in
order to avoid agricultural losses, and to use as much natural light as possible. Furthermore, a
better trade-off between the PV energy yield and agronomic conditions was investigated based
on the design parameters.

The results of the checkerboard and straight line pattern indicates that the checkerboard pattern
enhances the light homogeneity on the ground level of the greenhouse by 10%. This difference
is also clear in the DLI tables (See Appendix A).

The current study did not find an advantage of the uneven-span shape over the even-span shape.
As stated in the results, the even-span shape has more light availability and homogeneity than
the uneven-span shape.

The assessment of the similar yearly energy generation profiles of the N-S and E-W orientations
shows that it is possible to improve agronomic conditions while not reducing the total energy
generation by the N-S orientation with increasing the CR. However, it increases the initial
investment cost.

By analyzing the orientation effect on a multi-span greenhouse, where only one span is used
for the PV integration, only the N-S orientation provides the minimal shade projection on the
other spans during the year. It is important since the spans will be used as discrete experimental
zones in the SusMedHouse project.

Increasing the CR by 14% for an initially 30% CR PV greenhouse, reduced the total irradiation.
In this study, a 0.9% reduction in light availabilitya was found for the E-W orientation and 0.6%
for the N-S orientation. Furthermore, even though DLI tables of the 44% CR shows
considerable improvements towards the N-S orientation for summer months, there is still a high
reduction in DLI. Therefore, high losses in agricultural yield could occur for 44% CR in Ankara.
The DLI table approach can be used as a decision-making tool for the identification of the crops
and the crop cycles that would be planted in the PV greenhouse. For example, a farmer or a
greenhouse operator could select the suitable crop species for different zones of the greenhouse
or agricultural cycles could be arranged according to the expected DLI ranges. Furthermore,
the supplementary light requierements could be calculated and optimized according to the DLI
tables. This holds a potential to eliminate or reduce the agricultural yield losses. Additionally,
it is a good indicator for the system optimization. As the next step, the validation of the methods
will be tested in the SusMedHouse project. In this study, the DLI values could not reach the
threshold for sufficient plant growth for winter months for all scenarios including a greenhouse
model without integrated PV. The range stands in between 4-8 mol/m? d. Hence, the
supplementary lightning is needed optimize the plant production in Winter.

As aresult, a N-S oriented multi-span (even-span roof) greenhouse was found as an appropriate
design with 37% CR and checkerboard pattern where both sides (east-west) of the roof utilized
for agrivoltaic section. However, the structural elements and their effect on light reduction are
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neglected in our model, therefore, an additional 5% opaque cover is expected due to greenhouse
structure which allows 32% CR for PV. There are three main reasons for choosing this design.
Firstly, it was observed that it is possible to improve agronomic conditions without reducing
the energy generation for the N-S orientation over E-W orientation by increasing the CR.
Secondly, it provides the most coherent structure because it allows the comparison among
different sections of demo greenhouse. Lastly, N-S orientation provides the lowest projection
of the shade on the other sections.
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Appendix A

A.1 The DLI tables of straight line and checkerboard pattern
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Figure A 1: The DL tables of straight line and checkerboard patterns for selected months.
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ix B

Append

CR PV greenhouse for different orientations

B.1 The DLI tables of the 30%
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The DL tables of 30% CR greenhouse for different orientations.
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Appendix C

C.1 The daily cumulative irradiation and the daily CV bar charts of the 44%
CR greenhouse for different orientations
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Figure C 1: The daily cumulative irradiation (top) and the daily CV bar charts of the 44% CR.
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C.2 The DLI tables of the 44% CR PV greenhouse for different orientations
44% CR | April August October November
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Figure C 2: The DL tables of the 44% CR PV greenhouse for different orientations
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