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Abstract: A solution to the problem of reduction of available photosynthetically active radiation
(PAR) due to the cover with conventional opaque photovoltaics (PV) of greenhouses is the use of
semitransparent PV. The question is how dense the semitransparent PV should be and how dense the
coverage should be in order not to burden plant growth. The present paper assesses the effect of the
use of semitransparent organic photovoltaics (OPV) on the greenhouse roof cover on the available
PAR inside the greenhouse. The method used is to simulate the transmission of radiation through the
cover and into the greenhouse with computational fluid dynamics (CFD) using the discrete ordinates
(DO) model. Three combinations of OPV/cover that give a normal (perpendicular) transmittance to
PAR of 30%, 45%, and 60%, defining the required PV covering, were examined. Then the radiation
transmission during eight indicative solar days was simulated. The results are given in terms of
available PAR radiation inside the greenhouse and of crop photosynthesis rate, comparing them with
the results of a polyethylene cover without OPVs and external conditions. The reduction observed
to the mean daily PAR radiation integral for the cases with normal PAR transmittance of 30%, 45%,
and 60% in relation to the bare polyethylene (PE) was 77%, 66%, and 52%, respectively while the
respective simulated reduction to the daily average photosynthesis rate was 33%, 21%, and 12%,
respectively. Finally, the yearly power production from the OPV per greenhouse length meter for
the cases with normal PAR transmittance of 30%, 45%, and 60% was 323, 242, and 158 kWh m−1 y−1,
respectively. The results of this work could be further used for the optimization of greenhouse design
for maximizing the PAR at the crop level.

Keywords: photosynthetically active radiation; computational fluid dynamics; film transparency;
covering material; solar day; photosynthesis rate

1. Introduction

The use of photovoltaics (PV) for power production needed for the operation of greenhouses
addresses the problem of land occupation for their installation, land that could be valuable for food
production [1]. One solution is to place them in the greenhouse cover itself. However, this can lead to a
decrease in available photosynthetically active radiation (PAR) at the plant level, making it difficult for
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the plants to grow, as well as altering other parameters describing the thermal and flow field developed
inside the greenhouse (e.g., temperature, pressure, velocity, etc.), which are influenced by the cover
materials transmissivity. As a solution to this problem, it is suggested to use semi-transparent PVs in
film form which do not burden the greenhouse statics and in addition allow quantities of natural light to
enter since they are not completely opaque like ordinary PV panels. However, these also limit the entry
of PAR and are expected to alter the internal microclimate by many mechanisms (smaller amounts of
available PAR, lower heat exchange through the cover, modification of the thermal and flow field, etc.).

The issue of PV integration into the greenhouse cover has been a matter of great concern to the
scientific community in recent years investigating: (a) to what extent they are able to meet greenhouse
energy needs and/or (b) to what extent they influence plant growth in the greenhouse. The majority of
the research works begin with experiments or field measurements trying to develop some analytical
models for the expansion of the measurement results.

Therefore, one issue that is being investigated is how the geometry of the greenhouse cover
affects the performance of PV. In [2], the power production of four amorphous-silicon photovoltaic
modules were measured, and an analytical model was developed. The PVs were arranged in an arch
formation at the northern end of the Gothic-arch style roof of a north–south oriented greenhouse.
The investigations in [3,4] focus on the ability to meet with the cover-integrated PV the power demand
for the internal climate control of a greenhouse with Welsh onion crops. They measure the energy
production and the solar radiation inside the greenhouse for a 12.9% PV covering and in parallel they
develop an analytical model for the prediction of solar energy at specific points inside the greenhouse
during the day. In [5], the electricity production, the greenhouse temperature, and the PAR radiation
are measured in experimental configuration with PVs causing 20% shading, and an analytical model is
developed in order to expand the conclusions. In [6], the power produced by bifacial PVs covering
37% of a greenhouse cover is investigated.

The other issue is the effect of PVs on the internal microclimate and productivity of the greenhouse.
The integration of semitransparent PV panels placed at a distance of 8 cm from the greenhouse pitched
roof, covering 20% of the roof, causes solar radiation reduction of 35%–40% and a temperature reduction
of 1–3 ◦C according to field measurements for tomato and lettuce crops [1,7]. In [8], the replacement of
the 50% of a pitched roof with multi-crystalline PV measuring the temperature and the solar radiation
inside the greenhouse is examined. With field measurements the influence of roof integrated PVs
on the evapotranspiration rate, and consequently on water management, is also approached [9].
Finally, the effect of the PV incorporation on the roof depends on the percentage of cover but also on
the cultivation with tomato and lettuce being less vulnerable than onion [1,3,5,7].

Calculating the available PAR inside a greenhouse throughout a solar day requires extensive and
difficult calculations that become even more difficult in the case of an arched greenhouse. For that reason,
the majority of the relevant research works concerns itself with either the examination of the panel
level [10] or with the examination of pitched roofs [11]; when they deal with arched roofs, they usually
adopt simplified assumptions concerning the real roof geometry [12]. In fact, these calculations can
be done with numerical methods like computational fluid dynamics (CFD) [13]. Thus, one method
of studying the effect of semi-transparent PV incorporation on a greenhouse cover is to simulate the
transport phenomena developed therein by a CFD model which allows the detailed and accurate
simulation of an arched roof geometry.

This work examines the impact of the use of semitransparent PVs incorporated in the greenhouse
cover on the inner microclimate and on the parameters that affect the growth of plants with a numerical
simulation of the microclimate. To the best of our knowledge, the estimation of PAR levels inside an
arched roof greenhouse covered with semitransparent PVs has not been carried out. Thus, a main
objective of this work is to examine three PV densities and to calculate the available PAR above the
plant level, as well as the corresponding photosynthesis rates. In addition to the three densities, the use
of a bare polyethylene covering film without any PV is also considered. The purpose is to determine
the density of PVs, and consequently the installed power, per cover unit area which allows for the
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normal growth of plants, as well as to determine the rates of reduction of growth factors resulting
from the use of PVs. For that, a computational fluid mechanics model is developed that studies the
microclimate distribution of radiation in a tunnel greenhouse examining a 2D geometry for eight
typical solar days. Finally, beyond the evaluation of the PV influence on the internal microclimate,
the power produced by PVs in an arched roof greenhouse is assessed, something that has not been
studied yet for an arched roof greenhouse.

2. Materials and Methods

The simulations of the greenhouse microclimate were made using the CFD model developed by
the authors in [13–15].

2.1. Models and Assumptions

The flow inside the greenhouse is considered 2D, unsteady, incompressible, and turbulent.
The heat and flow transport phenomena are described by the Reynolds-averaged Navier–Stokes (RANS)
equations [16,17]. The energy equation is also solved in solid regions where the general energy transport
equation is reduced to the Fourier equation. The effect of turbulence on the flow was implemented via
the high Re k-εmodel (standard) [16] with wall functions. The effect of solar incident radiation in the
roof cover, the emitted thermal radiation, and the radiation transport inside the computation domain
are simulated using the discrete ordinates (DO) model [18,19]. Plants are modelled as porous materials
through a source term addition in the momentum equations [13]. The partial differential equations are
solved with the finite volume method.

Air velocity in the left opening of the greenhouse is considered constant during the solar day
with a distribution corresponding to fully developed turbulent flow and with an average value taken
from local climatic data and considering a discharge coefficient equal to 0.6 and with 3% turbulence
intensity. The temperature at the inlet and in the atmosphere around the greenhouse is assumed to
follow a sinusoidal distribution over the day [13]. The calculation of the incident radiation on the cover
(total, beam, and diffusive) at horizontal level is first calculated for every time step, taking into account
the local climatic data. Then the normal incident radiation on each computational cell of the cover is
calculated according to the segment inclination.

2.2. Simulated Geometry

The computational domain of the simulation coincides with the cross-section of an arc type
greenhouse with the geometry presented in Figure 1, with its main axis oriented from North to South.
Thus, the simulated cross section geometry corresponds to an east–west axis. The greenhouse has a total
length of 20 m, width of 8 m, eaves height of 2.4 m, and ridge height of 4.1 m [13–15]. It is considered
to contain four double rows of tomato plants. Greenhouse ventilation is performed by means of two
side vents. Since the length of the greenhouse is big enough in relation to width, the examination of a
2D cross section is feasible. Two basic geometries were used. The first one corresponds to summer
months with the side vents fully open (opening height 0.9 m), and the second one corresponds to
winter months, with the vents partially open (opening height 0.2 m).

2.3. Boundary and Initial Conditions

The external surface of the cover is considered semi-transparent wall with mixed boundary
condition (heat exchange by radiation and convection) thermally and optically coupled with a finite
width transparent solid material, which allows radiation and heat transport according to its optical
and thermal properties. The internal surface of the cover is also considered a semi-transparent surface
thermally and optically coupled with the solid material and the internal air. Side walls are considered
opaque isothermal walls with a temperature equal to the external environment temperature. The ground
is considered an adiabatic wall. In all cases, the boundary condition of the wall corresponds to non-slip
and non-penetrate conditions. The tomato crop is considered porous material that introduces a sink
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term in the momentum equations and participates in the heat transfer. In order to take into account the
crop optical properties, the properties of the participating fluid (air) are modified. Finally, a source
term is added in the energy equation corresponding to the thermal radiation from the crop. The air is
considered to enter from the left opening where an inlet boundary condition is applied and to leave
the computational domain from the right opening where an exit boundary condition is applied with
known constant pressure equal to the atmospheric pressure.

The temperature in the boundary domain starts at a value equal to the external atmosphere at
sunrise. The initial air velocity and the initial values of turbulence parameters inside the greenhouse
are considered equal to the air entrance values.Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 19 
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2.4. Numerical Details—Grid

The semi-implicit method for pressure-linked equations (SIMPLE) algorithm [17] is used for the
pressure–velocity coupling. The convection terms of the momentum and radiation equations are
discretized using a second order upwind (SOU) scheme [20], while central differences are used for the
diffusion terms. For the convection terms of turbulence model and energy equations, the quadratic
upstream interpolation for convective kinematics (QUICK) [21] and monotonic upstream-centered
scheme for conversation laws (MUSCL) [22] are used, respectively, while for the temporal discretization,
a second order scheme is used. The convergence criterion has been set to 10−5 for the continuity,
momentum, and turbulence equations, to 10−8 for the energy equation, and to 10−6 for the radiation
equations. The radiation transport equations for the DO model are solved for four wavelength bands
λ = 0.1–0.4–0.76–1.4–1000 µm. The computational domain is discretized using 19,372 cells, while care
has been taken in order for the dimensionless wall distance y+ of the first node to take values between
30 and 40. The time step has been set to 60 s. The simulations’ executions begin from at sunrise and
finish at the sunset of every examined day, and the solution initialization is obtained by a steady-state
solution field.

2.5. Materials

2.5.1. Structure Description

The examined transparent organic photovoltaic (OPV) examined in the present work consists of
two structures. The first (structure I) contains the photovoltaic device, and the second one (structure II)
is transparent, since it does not contain the photoactive material. Thus, the semitransparent OPV
consists of stripes from the two different structures, each one having different optical properties.
When the OPV is placed on the greenhouse cover three combinations occur: (a) the greenhouse cover
(in the present work a polyethylene film of 150 µm thickness) with structure I, (b) the greenhouse cover
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with structure II, (c) bare polyethylene film without any OPV covering in order to increase the roof
transmittance. In Figure 2, a top view and a cross-section of the above combinations are presented.
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2.5.2. OPV Structure Optical Properties

The optical properties of structures I and II were calculated from the analysis of spectroscopic
ellipsometry measurements in the 190 nm to 2066 nm spectral range. Each layer sequence of the
photovoltaic multilayer stack was measured successively, and the optical constants of the materials
along with the thickness of each layer were determined by numerical fit in an optical model. The optical
properties of the overall structure were calculated by the formulation of a theoretical model which
approximates the structure architecture. The resulted values were compared by transmittance
measurements in the corresponding spectral range and reported excellent agreement. The average
values of the optical properties for both structures are presented in Tables 1 and 2, respectively. All the
optical properties correspond to normal (perpendicular) incident radiation.

Table 1. Optical properties of OPV structure I.

Spectrum ρI—Reflectance [%] τI—Transmittance [%] αI—Absorptance [%]

UV (100–400 nm) 13.2 0.6 86.2
PAR (400–700 nm) 16.4 19.4 64.2
NIR (700–1400 nm) 40.2 29.2 30.6

IR (1400–100,000 nm) 67.7 11.0 21.3

Table 2. Optical properties of OPV structure II.

Spectrum ρII—Reflectance [%] τII—Transmittance [%] αII—Absorptance [%]

UV (100–400 nm) 13.4 6.9 79.7
PAR (400–700 nm) 19.8 68.5 11.7
NIR (700–1400 nm) 38.0 51.6 10.4

IR (1400–100,000 nm) 55.6 31.5 12.9

In the present work, an OPV panel with average PAR transmittance equal to 30% for normal
incident radiation was considered. This corresponds to a combination of 78% structure I and 22%
structure II.

The optical properties of the cover—polyethylene (PE) sheet of 150 µm thickness—were measured
in a range from 300 to 2000 nm. The average values in the examined spectrum are given in Table 3.

Table 3. Optical properties of polyethylene cover.

Spectrum ρc—Reflectance [%] τc—Transmittance [%] αc—Absorptance [%]

UV (100–400 nm) 6.4 28.0 65.6
PAR (400–700 nm) 10.0 88.9 1.1
NIR (700–1400 nm) 8.8 90.6 0.7

IR (1400–100,000 nm) 7.6 88.0 4.4
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2.5.3. Calculation of Equivalent Optical Properties

The optical properties of the combinations of structure I/PE cover and structure II/PE cover are
calculated using the following relationships [23]:

τt =
τt1xτt2

1− ρt1xρt2
(1)

ρt = ρt1 +
τtxρt2xτt1

τt2
(2)

αt = 1− ρt − τt (3)

where the subscript t corresponds to the whole combination structure/cover, the subscript t1 corresponds
to the OPV structure I or II, and the subscript t2 corresponds to the polyethylene film. Thus, the optical
properties of the combinations are summarized in Tables 4 and 5.

Table 4. Optical properties for the combination of structure I/polyethylene (PE) cover.

Spectrum ρI/c—Reflectance [%] τI/c—Transmittance [%] αI/c—Absorptance [%]

UV (100–400 nm) 13.2 0.2 86.6
PAR (400–700 nm) 16.8 17.5 65.7
NIR (700–1400 nm) 41.0 27.4 31.6

IR (1400–100,000 nm) 14.5 60.1 25.4

Table 5. Optical properties for the combination of structure II/PE cover.

Spectrum ρII/c—Reflectance [%] τII/c—Transmittance [%] αII/c—Absorptance [%]

UV (100–400 nm) 13.4 1.9 84.6
PAR (400–700 nm) 24.6 62.2 13.3
NIR (700–1400 nm) 40.4 48.3 11.2

IR (1400–100,000 nm) 52.4 28.8 18.8

2.5.4. Other Materials Properties

The thermal properties of the OPV are not taken into account in the simulation of the cover, since
are not expected to modify the thermal properties of the cover. The bare cover is a polyethylene
film (PE) with density ρ = 950 kg m−3, thermal conductivity k = 0.38 W m−1 K−1, and specific heat
capacity Cp = 1900 J kg−1 K−1. The thermal and optical properties of the other materials present in the
greenhouse are summarized in Table 6.

Table 6. Thermal and optical properties of the rest greenhouse materials considered in the simulations.

Property Ground Tomato Solid Part Tomato Fluid Part
[24,25] Air

Absorption coef,
αs [1/m] *

10,000/10,000/
10,000/10,000

1.23 (for thickness
0.5 m) 3.075/3.075/7.5/7.5 0.000582/0.000582/0.0015/0.0015

Refractive index, n * 1.92/1.82/2.03/2.03 2.77 2.69/2.69/1.58/1.58 1.009
Density, ρ [kg m−3] 1300 700 Boussinesq (1.225) Boussinesq (1.225)

Thermal conductivity,
k, [W m−1 K−1] 1 0.173 0.0242 0.0242

Emissivity 0.92 0.5 0.00343 0.9
Scattering coefficient −10 0.46 1.7894 × 10−5 0.15
Specific heat capacity,

Cpef [J kg−1 K−1] 800 2130 1006 1.7894 × 10−5

The optical properties values marked with an asterisk (*) correspond to the four wavelength
spectrum ranges presented in the previous tables. The porosity of the tomato crop was 40%. Side walls
have the same thermal properties with the cover, but they are considered opaque. The optical properties



Appl. Sci. 2020, 10, 2550 7 of 17

of air inside the greenhouse have been calculated [26–29] for a mixture of air and humidity corresponding
to air temperature of 25 ◦C and relative humidity HR of 65%.

According to the Boussinesq approximation, the density is considered constant in all the solved
equations except from the buoyancy term in the momentum equation [15]. In the current simulation,
the value 1.225 [kg m−3] corresponds to the density reference value used in Boussinesq approximation.

2.6. Parametric Investigation

In the parametric investigation, eight characteristic solar days were simulated. The climatic data
for each examined day are given in Table 7. The climatic data were taken from the Hellenic National
Meteorological Service for a simulated greenhouse which is located in Central Greece (city of Agchialos).
The greenhouse is situated in Velestino with ϕ = 39◦ 23.4′ and λ = 22◦ 45′. For the days with average
external temperature less than 22 ◦C, the winter geometry was used (with the small openings), while for
the other days, the summer geometry was used.

Table 7. Climatic data parametric investigation.

Day

Monthly
Average Day
Temperature

[◦C]

Monthly
Average Air

Velocity
[m s−1]

Monthly
Average

Minimum
Temperature

[◦C]

Monthly
Average

Maximum
Temperature

[◦C]

Monthly Average
Total Solar

Radiation in
Horizontal Plane

[kWh m−2]

Monthly
Average

Diffusive
Radiation
[kWh m−2]

6 February 9.1 2.9 3.5 12.3 74.3 30.9
21 March 11.3 2.7 4.9 14.4 112.5 49.1

6 May 20.9 2.4 12.2 24 189.7 82.1
21 June 25.9 2.8 16.4 29 212.7 86.1

6 August 27.7 2.8 18.7 30.8 195.1 73.5
21 September 23.7 2.6 15.7 27.1 146.8 54.7
6 November 13.5 2.3 8.2 16.8 63.1 24.8
21 December 9.4 2.7 4.5 12.5 51.5 20.5

For each day, four simulations were performed for the three examined combinations of OPV/cover,
corresponding to normal transmittance in the PAR spectrum equal to 30%, 45%, and 60% and for the
case of the bare PE cover with PAR normal transmittance (89%). The examined OPV/cover combinations
are presented in Table 8. In the last column, the corresponding installed PV power per meter of
greenhouse is given considering the whole width of the arched roof (8.93 m).

Table 8. Examined OPV/cover combinations.

Normal PAR
Transmittance

OPV/PE Cover
[%]

Structure I/PE
Cover [%]

Structure II/PE
Cover [%]

Bare PE Cover
[%]

Installed PV
Power [W/m]

τn,PAR = 30% 96 75 21 4 278
τn,PAR = 45% 72 56 16 28 209
τn,PAR = 60% 47 37 10 53 136
τn,PAR = 89% 0 0 0 100 0

Simulation results are presented in terms of available PAR and photosynthesis rate.
The photosynthesis rate, P (in µmol (CO2) m−2 s−1) was calculated according to the following
relationship:

P =
αI + Pmax −

√
(αI + Pmax)

2
−4θαIPmax

2θ
(4)

where α, light-limited quantum efficiency (~0.5 µmol (CO2) µmol−1 (photons)); I, the incident
PAR radiation in µmol (photons) m−2 s−1 (in the PAR spectrum 1 W m−2 ~ 2 µmol m−2 s−1);
Pmax, the maximum photosynthesis rate (here considered equal to 30 µmol CO2 m−2 s−1); and θ,
the convexity (here considered equal to 0.7, dimensionless).
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3. Results and Discussion

3.1. PAR Isocontours

The PAR isocontours in the simulation domain are presented in Figure 3a–f, for the 21 June for
normal transmittance at PAR spectrum, τn,PAR = 30% for 6 different hours of the day. It should be
noted that in all the presented results the solar time is considered.
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It can be seen in Figures 3–6 that the radiation distribution changes during the different time
periods of the day and for the different case studies considered. The crop lines and their effect on the
radiation distribution inside the greenhouses are also obvious in each figure.

The levels of PAR are clearly different (higher) under the case of the bare PE film (Figure 6)
compared to the case studies of covers with integrated OPVs (Figures 3–5).

3.2. Average PAR at Plant Level

The daily evolution of the average PAR values at a horizontal level 10 cm above the crop is given
in Figure 7a–h for eight indicative days of the year. Five lines are given in each graph, corresponding
to (i) τn,PAR = 30% (green line continuous), (ii) τn,PAR = 45% (red dashed line), (iii) τn,PAR = 60%
(brown dot-dashed line), (iv) τn,PAR = 89%—bare cover (black dotted line), and (v) PAR incident to a
horizontal surface in open field (blue continuous line with blue circles).
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(iv) τn,PAR = 89%—bare cover (black dotted line), and (v) PAR incident to horizontal surface in open
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It can be seen that for the region of Thessaly in Central Greece (the region of the case studies
considered) the outside incident PAR had a maximum value of about 125 W m−2 during 21 December
(date with the lowest radiation level among the dates studied) and of about 340 W m−2 during 21 June
(date with the highest radiation level among the dates studied). The corresponding values for the case
of the greenhouse covered with a bare PE film are 100 W m−2 and 270 W m−2, respectively.

The daily PAR solar energy at plant level for the examined days and for the examined cover/PV
combinations is given in Table 9. The values given in parenthesis correspond to the daily average
greenhouse transmission to PAR.

Table 9. Daily cumulative PAR solar energy at plant level and daily average greenhouse transmission
to PAR (in parentheses) for the different OPV/PE combinations studied.

Day PAR Energy at Plant Level [MJ m−2d−1] and Greenhouse Transmission Coefficient to PAR
τn,PAR = 30% τn,PAR = 45% τn,PAR = 60% τn,PAR = 89%

6 February 0.84 (0.19) 1.25 (0.28) 2.13 (0.46) 4.48 (0.88)
21 March 1.08 (0.18) 1.64 (0.27) 2.33 (0.38) 4.92 (0.81)

6 May 1.84 (0.18) 2.66 (0.27) 3.79 (0.39) 8.25 (0.81)
21 June 2.20 (0.19) 3.28 (0.29) 4.59 (0.40) 9.38 (0.82)

6 August 2.09 (0.20) 3.09 (0.29) 4.29 (0.41) 8.64 (0.82)
21 September 1.67 (0.20) 2.45 (0.30) 3.40 (0.42) 6.79 (0.83)
6 November 0.71 (0.20) 1.05 (0.30) 1.46 (0.42) 2.96 (0.85)
21 December 0.50 (0.18) 0.82 (0.30) 1.14 (0.42) 2.34 (0.87)

The most commonly grown species in greenhouses are vegetables with medium thermal
requirements (tomato, pepper, cucumber, melon, watermelon, marrow, green bean, eggplant); the aim
is to extend the growing calendars beyond the conventional open-air cultivation season, and thus
increase profitability. Tomato cultivation requires high solar radiation levels, but there are other crops
that do not need so much sunlight for proper growth. PAR light may not be considered as a limiting
growth factor for a tomato crop at levels greater than 200 W m−2. Of course, optimal light levels
are difficult to define since the crop productivity is also related to many other parameters like air
temperature, relative humidity, and CO2 concentration [29]. Considering the above threshold for solar
radiation and taking into account the results presented in Figure 7, it can be seen that the PAR levels
inside the PE-covered greenhouse without integrated OVPs were higher than the above radiation
level for a long part of the day from April to September, while for the other months studied, the
radiation levels were lower than 200 Wm−2. In addition, in all the case studies with different OPV/PE
combinations, the PAR levels estimated are lower than 200 W m−2.

Nevertheless, since it is not only the intensity of radiation but also the duration of the lighting
period that plays a significant role, the solar radiation integral value will have to be taken into account.
Furthermore, the fraction of diffuse to total light plays a significant role, since higher diffuse ratios
result in higher radiation use efficiency. The minimum levels of the daily total solar radiation integral
requirements of the above species are estimated at around 8.5 MJ m−2 d−1 (which is equivalent to
about 4.05 MJ m−2 d−1 of PAR) [30]).

The reduction observed to the mean daily PAR radiation integral (Table 9) due to the presence of
the OPVs for the cases with normal PAR transmittance of 30%, 45%, and 60% in relation to the bare
PE was 77%, 66%, and 52%, respectively. Considering the threshold of 4 MJ m−2 d−1 and the results
presented in Table 9, it can be seen that only the case of the OPV/PE combination that results in normal
τn,PAR of 60% can satisfy this threshold for the period between May to September. The rest of the
OPV/PE combinations result in a daily PAR radiation integral lower than this threshold all year round.

Another important finding presented in Table 9 is that although the daily average greenhouse
transmission to PAR simulated for the case of the PE-covered greenhouse without integrated OVPs
(87%) was close to the normal PAR transmission value given for this case (89%). The simulated values
estimated for the other cases were significantly lower than the normal PAR transmission of each
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case. More specifically, the daily average greenhouse transmission to PAR simulated for the cases of
combinations OPV/cover that correspond to normal transmittance in the PAR spectrum equal to 30%,
45%, and 60% were 19%, 29%, and 41%, respectively. The respective difference between the normal
PAR transmission and the simulated daily average greenhouse transmission to PAR for the cases of
OPV/cover combinations with normal PAR transmittance of 30%, 45%, 60%, and 89% were 36%, 35%,
31%, and 6%, respectively. This nonlinearity is due, on the one hand, to the logarithmic relation that
links transmissivity to the extinction coefficient and to the light path length [20] and, on the other hand,
to the fact that the average equivalent transmissivity is the result of reflections within the interior of
the greenhouse. The above difference was lower during the period from September to December for
almost all the OPVs/PE combinations studied. This is in agreement with the measurements presented
by [8] who showed that the lowest difference was found in December, and it increased during the
rest of the year until reaching the maximum in June and July. In practice, the overall greenhouse
transmissivity is lower than the normal transmission value declared for the cover material due to
factors such as shading of the structural elements of the roof, dust, and the angle of incidence of the
sunrays, which is always different from the perpendicular rays used by manufacturers to test the
transmissivity of their materials [31,32]. In addition, the results presented in [8], which studied the
propagation of solar radiation in a greenhouse with south-oriented photovoltaic roofs, showed that the
solar radiation measured below the photovoltaic roof consists only of diffuse radiation.

3.3. Average Photosynthesis Rate at Plant Level

In the same way, Figure 8a–h presents the evolution of average photosynthesis rate in a line 10 cm
above the plants during the day, for eight indicative days of the year. Again, in each graph, five lines
are given corresponding to (i) τn,PAR = 30% (green line continuous), (ii) τn,PAR = 45% (red dashed line),
(iii) τn,PAR = 60% (brown dot-dashed line), (iv) τn,PAR = 89%—bare cover (black dotted line),
and (v) photosynthesis rate in open field (blue continuous line with blue circles). It should be noted that
in the current simulation the side walls are considered opaque and the radiation enters the domain
only through the arched roof.
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Figure 8. Photosynthesis rate at plant level during the solar day for 8 indicative days of the
year. (i) τn,PAR = 30% (green line continuous), (ii) τn,PAR = 45% (red dashed line), (iii) τn,PAR = 60%
(brown dot-dashed line), (iv) τn,PAR = 89%—bare cover (black dotted line), and (v) photosynthesis rate
in open field (blue continuous line with blue circles).

The daily photosynthesis rate at the plant level is given for the examined days and for the
examined cover/PV combinations is given in Table 10.

Table 10. Daily photosynthesis rate at plant level.

Day
Daily Average [in µmol m−2d−1] and Cumulative [in Parenthesis,

in 103 µmol m−2d−1] Photosynthesis Rate Values
τn,PAR = 30% τn,PAR = 45% τn,PAR = 60% τn,PAR = 89%

6 February 17.71 (580) 21.45 (713) 24.04 (851) 26.74 (962)
21 March 19.41 (717) 22.95 (870) 25.15 (977) 27.83 (1122)

6 May 23.20 (996) 25.63 (1073) 27.02 (1178) 28.64 (1358)
21 June 24.29 (1071) 26.30 (1197) 27.43 (1275) 28.80 (1373)

6 August 24.06 (1045) 26.10 (1174) 27.28 (1256) 28.70 (1363)
21 September 23.09 (877) 25.41 (990) 26.78 (1062) 28.46 (1157)
6 November 16.04 (523) 19.85 (655) 22.63 (756) 26.53 (910)
21 December 13.09 (399) 17.97 (549) 21.05 (647) 25.74 (801)

The year-round mean values of the daily average photosynthesis rate simulated for the cases
of OPV/cover combinations with normal PAR transmission of 30%, 45%, 60%, and 89% were 18.1,
21.3, 23.7, and 27.1, respectively. Based on the above findings, it could be seen that the reduction
observed in the mean daily average photosynthesis rate (Table 10) due to the presence of the OPVs for
the cases with normal PAR transmittance of 30%, 45%, and 60% in relation to the bare PE was 33%,
21%, and 12%, respectively. Similar results were also observed in the reduction of the cumulative daily
photosynthesis rate.

The results of a literature survey [33] showed that a 1% radiation reduction results in a 0.6% to
1.1% yield reduction in tomato crop, whereas interviews held with growers indicated values between
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0.7% and 1.0%. It is difficult to survey the growth and yield reduction. Shading of a crop at high
light intensities only slightly reduces photosynthesis of the upper leaves in the light saturation range.
On the other hand, shading at low light intensities may change the net photosynthesis from positive to
negative values, especially for the lower leaves. Accordingly, it could be also stated that photosynthesis
is significantly affected by shading mainly in regions or periods with low radiation levels.

Kläring and Krumbein (2013) [34] studied the response of tomato to constraining the intensity
of solar radiation. They found that although they reduced the PAR radiation by 57% and 34%,
the measured plant dry matter increment decreased only by 31% and 19%, respectively, that is, light use
efficiency increased markedly. This indicates a strong adaptation of the plant’s metabolism to cope
with the limitation in light availability such as increasing the specific leaf area and reducing respiration.

Excessive solar reduction caused by high shading rates can decrease the total and marketable
yield of tomato grown in a greenhouse [35]. In contrast, light to moderate shading does not affect total
and marketable yield [36,37] and can even improve production under warm growing conditions and
high solar radiation [35,38].

Aroca-Delgado et al. (2019) [39] found no differences in the total or cumulative marketable yield
associated with the use of shading of 9.8% by photovoltaic panels.

There are other crops that do not need so much sunlight for proper growth. Examples of this,
and their interaction with semitransparent PV solar panels on the greenhouse roofs, have been described
in [40]. In addition [41], in strawberry and raspberry cultivation, concluded that the parameters of
fruit quality (sugars, anthocyanins, phenols, organic acids, etc.) are not affected by the shading of solar
panels on the greenhouse roof. Moreover, tests with PV panels on the greenhouse roof (20%) in pepper
cultivation have been described in [42]. These authors concluded that the quality of the pepper fruit is
not affected.

3.4. Power Production

Two challenges are faced when calculating the power production from OPV panels incorporated
in an arched greenhouse. The first challenge concerns the arched section geometry since each point
of a section of the roof has a different inclination angle. Consequently, the energy production of the
entire panel surface will be determined by the cell with the worst inclination depending on the internal
inter-connection. This challenge was treated with the choice of narrow OPV panels (0.15 × 0.82 m)
arranged along the main greenhouse axis in such a way that each panel traversed only 0.15 m across
the cross-section. In this way the inclination angles of the beginning and the end differ only by 1.54◦

allowing us to consider for each panel an average inclination angle. The OPV electrical characteristics
are Voc = 6 V, Isc = 1 A, Vmp = 4.3 V, Imp = 0.9 A.

The second challenge concerns the choice of inverter due to the low Vmp and power which prevents
them to collaborate with the majority of existing inverters who have a voltage threshold in the order of
250 V or higher. This challenge was treated with the choice of a mini inverter with power threshold 3 W
and minimum MPP voltage 28 V, considering appropriate panel interconnection. This way, the yearly
power production from the OPV in the greenhouse roof per greenhouse meter was calculated for the
whole section and is presented in Table 11 for the three examined cases. For the calculation, the overall
temperature coefficient was considered 0.02%/◦C [12]. In the same table, the primary energy and CO2

saving offered by the PV are presented considering that electrical power is replaced.

Table 11. Yearly power production per greenhouse length meter.

PAR normal transmittance, τn [-] 30% 45% 60%

Power generation [kWh m−1 y−1] 323 242 158
Primary electrical energy saving [kWh m−1 y−1] 937 702 458

CO2 reduction [kg m−1 y−1] 319 239 156
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Nevertheless, the design of a PV system incorporated in an arched greenhouse in terms of its
environmental footprint depends on many factors, including the type of the crop, the greenhouse
operating strategy, and the size of the greenhouse, which affect the yearly power demand profile and
the available roof area.

4. Conclusions

The effect of three different densities of semitransparent organic photovoltaics (OPV) integrated
on the polyethylene cover located on the roof of an arched greenhouse on the PAR radiation levels
entering the greenhouse and the photosynthesis rate were studied using computational fluid dynamics
(CFD). The studied combinations of OPVs/PE cover corresponded to a normal PAR transmittance
of 30%, 45%, and 60%. The results were compared with those obtained for a greenhouse covered
with PE film (without OPVs) with a normal PAR transmittance of 89%. Considering a threshold of
4 MJ m−2 d−1 of PAR as the minimum level of the daily total solar radiation integral requirements of
several greenhouse species, it was found that only the case of the OPV/PE combination with normal
PAR transmittance of 60% could satisfy this threshold for the period between May to September. It has
to be noted that this OPV/PE combination corresponds to 47% coverage of the greenhouse roof by
semi-transparent OPVs. The rest of the OPV/PE combinations result in a daily PAR radiation integral
lower than this threshold all year round. The reduction observed in the mean daily PAR radiation
integral for the cases with normal PAR transmittance of 30%, 45%, and 60% in relation to the bare PE
was 77%, 66%, and 52%, respectively, while the respective simulated reduction to the daily average
photosynthesis rate was 33%, 21%, and 12%, respectively. Finally, the yearly power production from
the OPV per greenhouse length meter for the cases with normal PAR transmittance of 30%, 45%,
and 60% was 323, 242, and 158 kWh m−1 y−1, respectively. The results of this work could be further
used for the optimization of greenhouse design for maximizing the PAR at the crop level.
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Abbreviations

2D two-dimensional
CFD computational fluid dynamics
DO discrete ordinates
IR infra-red
MUSCL monotonic upstream-centered scheme for conversation laws
NIR near infra-red
OPV organic photovoltaic
PAR photosynthetically active radiation
PE polyethylene
PV photovoltaic
QUICK quadratic upstream interpolation for convective kinematics
RANS Reynolds-averaged Navier–Stokes
SIMPLE semi-implicit method for pressure-linked equations
SOU second-order upwind
UV ultra-violet
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