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Abstract: For decades, society has been changing towards an energy mix that enhances the use of
renewable sources and a more distributed generation of energy. The agricultural sector is included in
this trend, which is why several studies are currently being carried out focused on the use of solar
energy in greenhouses. This article aims to demonstrate the viability of a greenhouse that integrates,
as a novelty, semi-transparent amorphous silicon photovoltaic (PV) glass (a-5i), covering the entire
roof surface and the main sides of the greenhouse. The designed prototype is formed by a simple
rectangular structure 12 m long and 2.5 m wide, with a monopitch roof, oriented to the southwest,
and with a 35° inclination. The greenhouse is divided into two contiguous equal sections, each with
an area of 15 m?, and physically separated by an interior partition transparent wall. The surface
enclosure of one of the sections is made of conventional glass, and the one of the other, of PV glass.
How the presence of semitransparent PV glass influences the growth of horticultural crops has been
studied, finding that it slightly reduces the production of vegetal mass and accelerates the apical
growth mechanism of heliophilic plants. However, from a statistical point of view, this influence
is negligible, so it is concluded that the studied technology is viable for horticultural production.
The energy balance carried out indicates that the energy produced by the PV system is greater than
the energy consumed by the greenhouse, which shows that the greenhouse is completely viable and
self-sufficient for sites with the adequate solar resource.

Keywords: sustainable greenhouse; semi-transparent photovoltaic panels; amorphous silicon;
building-integrated photovoltaics; distributed generation; microgrid

1. Introduction

Currently, most of the energy used in the world comes from fossil fuels [1]. The build-
ing sector is responsible for 40% of emissions of greenhouse gases and 38% of the global
energy demand [2], mainly consumed for maintaining thermal comfort conditions [3].

The application of renewable energy technologies in buildings can effectively help
reduce the consumption of fossil fuels and thus contribute to a more sustainable global
energy model [4]. The goal of independence from fossil fuels makes most countries
encourage renewable energy generation, thus, having a more diversified energy mix.

Among renewable energy generation technologies, solar photovoltaic (PV) is pre-
sented as one of the most interesting, since solar energy is available anywhere in the
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world [5]. Furthermore, it should be noted that in the last decade the cost of PV modules
has fallen by more than 80%, while the cost of fossil fuels, such as gasoline or diesel, which
compete with renewable energies in electricity generation, have increased more 250% [6].
This technology has been implemented progressively in materials and constructing struc-
tures, giving way to what today is known as integration of PV solar energy in buildings or
building-integrated PV technology (BIPV) [7]. Combined with distributed generation (DG),
breaking the paradigm of centralized generation (in which energy is generated away from
consumption points), a very interesting BIPV concept is achieved, being the one proposed
in this article.

The farming community is also aware of this change in the energy mix production,
so many researchers are carrying out studies focused on the use of solar energy in agro-
industrial buildings, and specifically in greenhouses. Thus, there are several studies
focused specifically on the state of the art of solar energy applied in greenhouses [8-10].
Other research analyzes the influence of solar panel orientation and shading on electricity
or horticultural production [11-14], or the way solar radiation is distributed indoors and
its influence on horticultural production [15].

The overall cumulative radiation inside the greenhouse decreases depending on the
coverage rate (PVR, or ratio of the horizontal surface of the greenhouse that is covered by
solar panels placed on the roof) so that the reduction is equal to 0.8% for each 1% increase
in PVg [16]. In a recent study, the most suitable PV coverage ratio was analyzed according
to the type of crop in 14 greenhouses in southern Europe [17]. The structures with a PV of
25% were compatible with the cultivation of all the considered species, including those with
a high light demand (tomato, cucumber, sweet pepper), with an estimated insignificant
or limited yield reduction (less than 25%). Low light species (such as asparagus) and
low light crops can be grown with a maximum PVy of up to 60%. Limiting the roof
coverage with opaque solar panels has promoted numerous investigations in recent years
on semitransparent PV cells in BIPV applications, particularly in greenhouses, forming a
research line with increasing scientific interest [18-21], even with the implementation of
organic PV cells [22-24].

Moreover, some crops require different light intensities depending on their vegetative
cycle (during germination, flowering, the fruiting, etc.). Some research in recent years has
focused on the use of PV panels that are capable of modifying their inclination to allow
more or less light to enter the greenhouse [25-27].

This article aims to demonstrate the technical, economic and environmental feasibility
of a greenhouse in which semi-transparent amorphous silicon (a-Si) PV glass panels are
integrated on the entire surface of the roof, and of the main sides of the greenhouse (south
west and northeast). How the greenhouse performs its horticultural production functions,
while it recovers the electrical energy necessary to be able to supply the needs of the
microgrid that makes it up, will be analyzed. These needs should be adjusted, at all times,
to the climatic conditions of the site, trying to make sure that the demanded energy can be
covered with the available PV DG, while trying to maintain horticultural production at
optimal levels. As stated, this paper presents two novel points in relation to other related
research. On the one hand, amorphous silicon semi-transparent glasses technology is used
for power generation, which to our knowledge has never been used in greenhouses and on
the other hand, photovoltaic glass is placed on the entire surface of the greenhouse, i.e.,
PVR of 100%.

2. Materials and Methods
2.1. Prototype Description

The greenhouse prototype is formed by a simple rectangular structure with a length
of 12 m and a width of 2.5 m, with a monopitch roof, oriented to the southwest, and
with an inclination of 35°, with the objective of receiving the greatest solar radiation.
The site is located at the European Center for the Training, Research and Development
of Alternative Energies of the Campus Duques de Soria of the University of Valladolid
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(UVa). The elements of the structure are made of pine lumber Soria (Pinus sylvestris L.) with
protective treatment for outdoor use without ground contact, Figure 1. Wood is a material
in high demand today in sustainable construction because it acts as a sink for CO,, keeping
it captured in its plant structures throughout the lifetime of the infrastructure [28].

Figure 1. PV greenhouse located on the Duques de Soria University Campus of the UVa.

The greenhouse is divided into two equal and contiguous sections, each with an area
of 15 m?, physically separated by a transparent interior partition wall. The enclosure
surface of the sections are made of conventional glass (not PV active) in one section, and
PV amorphous silicon (a-Si) glass in the other. The dimensions, mechanical properties
(strength and rigidity), and thermal (thermal transmittance) of conventional and PV glasses
are similar, so that they do not interfere with the study. This partition has the purpose
of being able to compare the horticultural production obtained in both sections in order
to evaluate the viability of PV glasses. The PV glass chosen for the design was 034-BN-
12450635-30-1, whose main characteristics are described in Table 1.

Table 1. Properties of PV glass.

Model 034-BN-12450635-30-1

Setting: Glass-glass (without inert chamber)

Dimensions: 1245 mm X 635 mm X 7.96 mm (3.2 glass +
’ 0.76 PVB encapsulation + 4 glass)

Transparency: Colorless glass with 30% transparency

PV technology type: Amorphous silicon

22 W per module/ /1320 W in total over the
entire active area (60 modules)
Special treatments: No special treatments

Rated power:

Initially the control parameters (temperature, relative humidity of the air and CO,
concentration) were determined. Sensors were installed for their monitoring, both inside
and outside the greenhouse. A triple sensor (which measures these three parameters simul-
taneously) was placed outside the greenhouse, another triple sensor inside the greenhouse
in the conventional glass section, and another triple sensor inside the PV glass section.

Depending on the desired type of cultivation, it is necessary that the control parameters
remain within specific value ranges for optimal horticultural production. To modify and
thus correct control parameters, the following actuators or control systems were installed:
bidirectional fans to cause ventilation or extraction as required, heating to warm up, and
nebulizers to produce water steam.

In addition, two more sensors were installed to measure PAR radiation inside the
greenhouse, one in the conventional glass section and the other in the PV glass section;
as well as a drip irrigation system in each section controlled by a clock which is totally
independent of the installed sensors.

The electricity consumption is measured by three network analyzers, a general one
to record the total consumption, including the consumption of the Programmable Logic
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. Ventilation/Extraction

Controller (PLC) and the data concentrator; and one for each of the greenhouse sections.
Thus, each section contains the equipment shown in Figure 2:

Temperature, relative humidity and CO; sensor.
PAR radiation sensor.

Fan to ventilate/extract.

Heater for warming up with a power of 1800 W.
2-nozzle telescopic nebulizer.

Drip irrigation system.

Network analyzer for energy consumption analysis.

Ventilation/
Extraction

Irrigation

! Nebulization

arn,cm

Heating

Figure 2. Sensors and actuators.

The modular monitoring system of the prototype consists of the following elements:

e  Power: power module made up of power supplies and transformers, responsible for
feeding all the components of the system.
Sensors: room sensorization module.
Data concentrator: information storage module.
Wireless gateway: wireless communication module for receiving data from wireless
Sensors.
PLC: control module.
Actuators: module made up of the actuators or control elements of the system.

Figure 3 shows a summary block diagram of the monitoring system. The sensors
communicate with the data concentrator through a wireless platform, while the actuators
and the irrigation system do it directly by buried cable.

Data
Controller

Sensors

Actuators

wireless sensors
wireless gateway

Figure 3. Block diagram of the general operation of the prototype.

The main element of the control system is the PLC. This device is in charge of estab-
lishing the rules and sending orders to the actuators so that the control parameters are
kept within the optimal value ranges for horticultural production. The control is based
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on threshold values of the parameters of control which should not be exceeded inside of
the greenhouse: maximum temperature (Tax), minimum temperature (Tyi,) maximum
relative humidity (Hmax), minimum relative humidity (Hpin) and minimum concentration
of CO; (COzpin). In this way, the PLC receives information from the sensors, with a
frequency of 1 min, and acts by sending commands to the actuators so that the control
parameters do not exceed the previously programmed thresholds. These thresholds can be
modified based on the real needs of each crop. Figures 4-8 show the control loops that the
PLC uses to determine the actions that must be performed.

Tint >T max
(record n+1)
Text <Tint Extraction ON
(record n) [check Nebulization OFF]
Tint <T max Extraction OFF
(record n+1)
Tint > T max
(record n)
Tint <T max Nebulization OFF
(record n+1)
Text >Tint Nebulizacién ON
{record n) [check Extraction OFF]
Tint >T max
(record n+1)
Figure 4. Control loops when Tjnt > Tmax-
Tint <T min
(record n+1)
A
Text >T it Ventilation ON
; [cheek Heating OFF]
frecerd n) [check Nebulization OFF]
Tint >T min Ventilation OFF
(record n+1)
Tint < T min
(record n)
Tint > T min Heating OFF
(record n+1)
Text <Tint Heating ON
{record n) [check Ventilation OFF]
[check Nebulization OFF]
Tint <Tmin
(record n+1)

Figure 5. Control loops when Tjnt < Tpyin-
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Hint > H max
(record n+1)
Hext <Hint Extraction ON
{record n) [check Nebulization OFF]
Hint <Hmax L Eitraction OFF
(record n+1)
Hint > H max
{record n)
Hext > Hint Extraction OFF
(record n) (no action required)
Figure 6. Control loops when Hj,t > Hmax.
Hint <H min
(record n+1)
Hext >Hint Ventilation ON
(record n) [check Nebulization OFF]
Hint > H min Ventilation OFF
(record n+1)
Hint <H min
(record n)
Hint >Hmin Nebulization OFF
(record n+1)
Hext <Hint Nebulization ON
(record n) [check Ventilation OFF]
Hint <H min
(record n+1)

Figure 7. Control loops when Hjn; < Hpin.

€O, int < €O, min

(record n+1)

CO, ext > CO, int

{record n)

—

Extraction ON

CO, int < CO, min

(recard n)

€O, int > CO, min

(record n+1)

—]

Ventilation OFF

CO, ext < CO, int

{record n)

Extraction OFF

(no action required)

Figure 8. Control loops when CO3 jnt < CO2 min-

Both the data concentrator and the PLC are housed in the same electrical control panel
that also includes:

Protection against electrical overloads.
The system’s power supplies.

The power supply transformers of the solenoid valves.
Network analyzers.
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®

®

PV PANELS

The communication gateway with the wireless sensors.

Contactors to control the loads of the control system of both greenhouses.
Connectors for sensors.

Connectors for the actuators.

As previously detailed, three of the four sides of the PV greenhouse section are covered
with PV glass: the southwest side of the greenhouse, the northeast side of the greenhouse
and the roof. By having three PV production zones, the PV devices were grouped into
three different arrays. The southwest facade (12° to the West from South) is made up of 15
vertical PV modules in an array of five columns and three rows with an installed power
of 330 Wp. The northeast facade (12° to the East from North) is made up of 25 vertical
modules in an array of five columns and five rows with an installed power of 550 Wp.
The roof has a southwest orientation (12° to the West from South), it is composed of 20
modules inclined 35° (with respect to the terrain) in an array of five columns and four
rows with an installed power of 440 Wp. In this way, the total power of the installation is
1320 Wp.

Figure 9 shows the configuration and interconnection of the three zones. For design
reasons of the PV regulator, each glass is connected to its own fuse, to later make the
appropriate groups according to the array. The diagram also shows the interconnection
with the PV regulator, and from this device to the available electrical storage set (batteries).
Two batteries are installed in series and two branches, of this association, in parallel. In this
way, one has a 24 VDC bus, since each battery is 12 V, and C 100 is 250 Ah. Finally, an
inverter is placed to feed the alternating loads, constituted by the consumption of the
greenhouse itself.

N

ix15

x20

1x25

i

FUSE BOX
=1 @ Southwest facade: 15 photovoltaic panels
L :
@ Roof: 20 photovoltaic panels
@ Northeast fagade: 25 photovoltaic panels
1
L
(]
SWITCH MPPT PV INVERTER POWER
BOX CHARGE CONTROLLER DeC . SUAPELY
1
L I
BATTERIES
]
L
]
(]

Figure 9. Connection diagram of the PV system and connected to batteries by regulator and inverter.

The devices selected for this project have different technologies and therefore they
generate different outputs. The MPC-374 data concentrator is capable of simultaneously
acquiring signals from sensors that produce analog outputs, as well as from sensors that
work under communication protocols. In the following Table 2, the inputs and outputs of
the system devices are shown.
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Table 2. Inputs and outputs of system devices.

Sensor Departure
Outside temperature, humidity and CO 2 Modbus RTU
Indoor temperature, humidity and CO 2 Modbus RTU
PAR radiation 0-10 VDC
Network analyzer Modbus RTU
Actuators Entry
Extractor fan 0-230 VAC
Heater 0-230 VAC
Nebulizer 0-230 VAC
Others Entry

Drip irrigation 0-230 VAC

Digital sensors and network analyzers are connected to an RTU Modbus communica-
tion port, specifically to the UART2. The data is acquired by a physical RS485 interface. A
client RTU Modbus is configured on this interface. The sensors are interrogated according
to the standard set by this protocol. Actuators are connected to the analog outputs port of
the MPC-374. It is a port formed by potential-free control outputs. These outputs reach
the coil of each of the contactors that turn on/off the actuators as ordered by the PLC. The
coils are attacked with 24 VDC. This turning on/off process is carried out according to the
control rules programmed in the PLC. The nebulizers are managed directly by the digital
output port included in the ILC-131 PLC.

As previously mentioned, drip irrigation is not part of the actuators. It is controlled
directly by the discrete output port of the MPC-374, with an hourly programming time
configured in the MPC-374.

Once the measurements of the sensors are stored in the MPC-374, they are already
available to be interrogated by the PLC, SCADA or any software that makes the function of
master of the Modbus network. The MP C-374, in addition to being able to be interrogated,
has been configured to periodically send the information stored by FTP.

The relationship between the energy demanded from all devices of the greenhouse
and the PV glass generation was studied at the end of the period of horticultural production
by analyzing net balance, comparing energy consumption and actual production.

2.2. Type of Crop

The planting framework depends on the type of crop, and this, in turn, on whether
the cycle is spring-summer or autumn-winter. In this project, the study period began on 18
October 2019, looking for an autumn-winter cycle in which lettuce (Lactuca sativa L.) and
broad beans (Vicia faba L.) were planted. The study was concluded on 29 November 2019,
coinciding with the collection of lettuces. The complete vegetative cycle of the broad beans
had not ended by the time the study concluded, but the recorded growth measurements
were sufficient to obtain the first results. Broad beans are common in the Mediterranean
diet and are usually grown in greenhouses during the autumn-winter cycle. In addition,
broad beans are very compatible with lettuces, so they are often grown together. However,
as already stated the main aim of this research was to verify the feasibility of amorphous
silicon semitransparent glass technology, rather than a study of the optimum type of crop.

Beans are considered crops improvers because their cultivation has the additional
advantage of fixing atmospheric nitrogen in the soil when their roots are symbiotic with
Rhizobium bacteria. Beans are best cultivated in mild climates. Temperatures above 30 °C,
between flowering and fruit setting, can cause flowers and immature pods to fall off,
increasing their hardness with the consequent loss of quality. They tolerate moderate frosts,
and even strong ones of short duration, as long as they do not occur while in flower. Beans
have no tendrils, or terminals or leaf, so they are not a branch plant, i.e., their angular and
strong stems keep the plants upright without support. The cultivation is simple, without
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tutors or support, as long as one takes care that the long pods are not in contact with
the ground.

Lettuces prefer uniform warm-temperate temperatures. The seeds do not germinate
above 20 °C. Temperatures above 30 °C, during the period between flowering and fruit
setting of the pods, can cause abortions of both flowers and immature pods, increasing
their fibrosity. They are very sensitive to a lack of water, especially from flowering to pod
filling. It is common to associate lettuce with other horticultural species, given its tolerance
to shading and its rapid growth, which allows it to be cultivated among larger plants
without significant competition for nutrients or causing other harmful effects.

As for the planting frame, a central corridor was set to allow passage and the ma-
nipulation of the plants. Beans seeds were spaced about 40 cm apart, as well as lettuce
seedlings. To exploit to the maximum the available space, the quincunx schema shown in
Figure 10 was created.

40 cm
......i ® 9vme® &

®_o e_o
tn.am A S S 2%

Figure 10. Planting frame in each section of the greenhouse.

Considering the characteristics of both types of crops and to ensure optimal horticul-
tural production, the following thresholds were programmed: Tpin = 10 °C, Tmax = 30 °C,
Hpin = 50%, Hmax = 90%, CO2 min = 300 ppm.

After harvesting lettuces, about 1.5 months after planting, they were weighed to
characterize the growth of both sections and to discern if there were any statistically
significant differences between them.

The entire vegetative cycle of beans is much longer than that of lettuces, so it made
more sense to monitor their growth rather than their plant production during the study
period. Thus, the heights of the seedlings were periodically measured, making the first
measurement on 25 October, and the subsequent ones on 6, 22 and 29 November 2019.

3. Results

In order to subsequently be able to study the behavior of the prototype during the
growth of the crops, it was necessary to know the behavior and the relationship between
the variables that were measured (T, H, CO, and PAR) without the corrective action of
the actuators (ventilation/extraction, heating and fogging), and without the presence of
horticultural crops, that is, before planting. On the other hand, with a minute recording
frequency, the amount of data that would be needed to be handle since the greenhouse
implementation was immense. Therefore, two representative intervals were selected for
data treatment, one before and one after planting. The interval before planting started
on 27 August and finished 2 September 2019. The interval after planting started on
25 November and ended 29 November 2019.

3.1. Monitoring Before Planting

The chosen interval corresponds to the course of warm days characterized, at this
location, by reaching high temperatures and high radiation. Figure 11 shows the evolution
of the control parameters and the PAR radiation, in both sections of the greenhouse. In the
figure, 1 refers to the section with PV glass, and 2 to the conventional glass section.
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Figure 11. Evolution before planting of temperature, relative humidity, concentration of CO, and
PAR radiation (1: PV glasses, 2: conventional glasses).

It is observed how the section with PV glass slightly delays the increase in temperature
and reaches slightly lower maximum values than the section with conventional glass. Other
authors report similar results [29]. This fact is reasonable and desired since PV glass filters a
large part of the solar radiation received, allowing less energy to pass into the greenhouse.

Considering that at higher temperature, absolute humidity in the air per unit volume
is higher too, the relative humidity follows a reverse curve to that of the temperature,
i.e., when the temperature is high, the relative humidity is minimum, and vice versa.
The minima of relative humidity occur in the conventional glass section, a logical result
because they coincide with the moments of maximum temperatures. Sudden changes in
relative humidity are also observed, decreasing a lot during the day and increasing a lot
overnight. This is due to the fact that inside the greenhouse there is almost no contribution
or extraction of humidity, and the temperature also varies a lot, by up to 30 °C, between
day and night.

Regarding the concentration of CO,, the evolution has displays a reasonable behavior.
During the day, it is reduced due to the photosynthesis of some herbs that had grown
spontaneously inside the greenhouse, and at night, it increases with their respiration
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process. It is curious that in the section with PV glass there were, in general, lower levels
of CO, during the day. This is due to the fact that a greater amount of spontaneous plant
mass was developed due to the damping effect of PAR radiation and temperature, which
are clearly excessive on those dates and in the chosen location.

PAR radiation is a more complex parameter to evaluate since the sensors are fixed and
the Sun moves on the horizon throughout the day, varying the angle of incidence on the
sensor. It can be seen that the PAR radiation that the PV glass let through is never greater
than 50% of the PAR radiation present in the other section of the greenhouse. This data is
consistent with the data provided by the manufacturer (30% transparency).

Figure 12 shows the evolution of the control parameters and PAR radiation on 30
August 2019, in both sections of the greenhouse. Of course, all the variables are related to
each other and to the amount of radiation that penetrates the interior.

80 800

-5

600
60

H /%

T/

400

CO, / ppm

40

Rpag / ymol - m™2

200

20

06:00 09:00 12:00 15:00 18:00 21:00
Aug 30, 2019

500
200
80

1

450 1500
60

T/°C
ppm

H %

1000

o,/

400
40

Rpar /pmol -m2 -5

500

20 350

.

06:00 09:00 12:00 15:00 18:00 21:00

Aug 30, 2019
Figure 12. Relationship between temperature, relative humidity, CO, concentration and PAR radia-
tion before planting (1: PV glasses, 2: conventional glasses).

In both sections, logical behaviors of all variables are obtained. At night, with the
abrupt cessation of radiation, the temperature decreases and the relative humidity and
concentration of CO, increase. At the beginning of the day, with the onset of radiation, the
temperature rises while the relative humidity and CO, decrease. However, it is observed
how the CO; concentration in the conventional glass section rises more slowly at night.
This is because, as discussed above, in this section less herbs grew spontaneously due to
the high values of radiation and temperature.

3.2. Monitoring after Planting

The chosen interval corresponds to the course of cold days characterized, in this location,
by reaching low temperatures and moderate radiation. Figure 13 shows the evolution of the
control parameters and PAR radiation in both sections of the greenhouse. The section with
PV glass has been labelled as 1, and the section with conventional glass as 2.
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Figure 13. Evolution after planting of temperature, relative humidity, CO, concentration and PAR
radiation (1: PV glass, 2: conventional glass).

It is seen that practically all the time the action of actuators maintains the temperature
at values between 10 °C and 30 °C, the relative humidity between 50% and 90%, and the
CO; concentration above 300 ppm. This means that the programming of the PLC and its
communication with the sensors and actuators is adequate.

The evolution of the temperature curves is practically the same in both sections of
the greenhouse due to the temperature correction of the actuators, however, the relative
humidity is constantly lower in the part with conventional glass, as in the CO, concen-
tration. The explanation, in both cases, must be found in the PAR radiation. It should be
noted that the maximum radiation in this period of cold days is around half of that in the
warm days period analyzed. This reduction in radiation, in intensity and duration, implies
a significant reduction in the photosynthetic capacity of plants, which is why it is a limiting
factor that should influence the behavior of the rest of the variables.

Obviously, PAR radiation is higher in the conventional glass section, especially during
the central hours of the day. After receiving radiation, plants start the photosynthesis
process using water absorbed by the roots and capturing the CO,, which they incorporate
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into their plant structures. Consequently, the higher the PAR radiation, the lower the CO,
concentration in the air.

However, the fact that the humidity is always lower in the conventional glass section
does not have such an obvious immediate explanation. It is due to the effect of plant
perspiration or loss of water in the form of water vapor. A large amount of water absorbed
by the roots reaches the leaves, but only a small part is used in photosynthesis, the rest
is lost through transpiration. The plants are being drip watered for their growth, in the
same proportion in both sections of the greenhouse, so that the section with the least
photosynthetic activity will also be the one that loses the most water through transpiration
and, therefore, has the highest relative humidity in the air. As the section with PV glasses
receives less PAR radiation, it will have lower photosynthetic activity and higher relative
humidity.

Similarly, Figure 14 shows the evolution of the control parameters and PAR radiation
on 26 November 2019, in both sections of the greenhouse. The same behavior pattern can
be seen in both sections. CO; and relative humidity increase at night, when radiation
ceases. With the beginning of the day, they decrease again, while the temperature rises
with the increase of radiation.
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Figure 14. Relationship between temperature, relative humidity, CO, concentration and PAR radia-
tion after planting (1: PV glass, 2: conventional glass).

3.3. Horticultural Production

The average mass of the lettuce in the section with conventional glass (mean weight:
510.6 g, CoV: 0.24) was slightly higher than the average mass in the section with PV glass
(weight mean: 423.6 g, CoV: 0.37). The mass of lettuces in both sections after harvesting
are shown in Figure 15. This is a reasonable result because in the autumn-winter cycle
dates there is not much Sun available and the reduced radiation can result in a lower
photosynthetic capacity and, therefore, production of plant tissues. Although the difference
in means seems significant, statistically it does not reach a value that allows us to affirm
with a 95% probability that it is not due to mere chance.
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Figure 15. Mass of lettuces after harvesting (1: PV glasses, 2: conventional glasses).

Regarding the production of beans, in Table 3 the heights of the plants is measured
vertically from the ground to the upper end thereof. In all measurements made it is
observed that the plants are higher in the section with PV glass. It is also seen that the
difference in height between both sections is increasing, due to an increase in the growth
speed in the section with PV glass. This result is logical and it is a consequence of the lower
amount of incident radiation. If not enough radiation is received, the natural survival
mechanisms of the plant react as if there were a competition for light in the environment,
giving priority to growth in height.

Table 3. Height of broad bean plants.

25 October 2019 06 November 2019 22 November 2019 29 November 2019
Average Average Average Average
Height CoV Height CoV Height CoV Height CoV
(cm) (cm) (cm) (cm)

PV glass 30 0.23 49 0.2 52 0.2 57 0.19

section
Conventional
glass 26 0.23 44 0.25 46 0.22 50 0.2

section

In research carried out by other authors on the growth of lettuces with semitrans-
parent monocrystalline silicon PV panels that occupied 20% of the roof surface and
that reduced radiation by 35-40%, similar results were obtained with the same level
of significance (« = 0.05) [30]. In other studies carried out in southern China on the cultiva-
tion of tomatoes with integrated semi-transparent solar panels, it was determined that the
reduction of radiation surface reduces the diameter and weight of the tomatoes produced,
but not significantly. Furthermore, the tomato plants that were in the shaded area had a
greater height and a greater number of leaves to compensate the loss of solar radiation, as
well as a higher chlorophyll content [31].

Therefore, it is interesting to note that the crops, both lettuce and broad beans, have
been able to develop correctly despite the fact part of the incident PAR radiation was
subtracted, with part of the light being used for electricity generation.

3.4. Net Energy Balance

In addition to the environmental variables, the monitoring system also recorded the
electrical variables related to the consumption of each of the sections separately, and of the
sum of both plus the necessary consumption of the control panel electronics (PLC and data
concentrator).

During the study period (18 October 2019-29 November 2019), the installed PV system
produced 90.15 kWh. In the same period, the energy demanded by the PV section was



Agronomy 2021, 11, 1097

15 0of 18

56.21 kWh, while the energy demanded by the complete installation was 133.07 kWh.
Comparing the produced and the consumed energies, exclusively in the PV section, a
positive net balance is obtained which means that PV panels are able to provide 100% of
the energy demand. It shows, therefore, that the greenhouse is completely self-sufficient for
the studied site. The energy balance also indicates that there is a surplus of excess energy
(33.94 kWh), which means that it would not be necessary for the entire greenhouse surface
to be covered by PV glasses.

This result is very interesting because in different systems analyzed by other re-
searchers, where radiation was reduced by 35-40%, the PV installation was able to provide
only 20% of the energy demanded by the greenhouse [30].

4. Discussion

The use of shading techniques is a very economical solution when trying to protect
crops from excessive sunlight and reduce the temperature inside the greenhouse [30]. In
research carried out in the south of Spain, with flexible integrated solar panels that covered
9.8% of the surface, the payback of the investment was calculated at 18 years [32]. In other
research carried out in southern China, with integrated semi-transparent panels covering
20% of the surface, the payback was 9 years [31]. Based on the indicated references, the
payback of investment for the semitransparent amorphous silicon (a-5i) panels, covering
100% of the surface of the roof and major sides of the greenhouse is attractive, which would
make the implementation of this technology in those sites with sufficient resources feasible.

The semitransparent PV cell devices provide good light conditions for photosynthesis
and plant growth [33]. However, depending on the type of crop, the vegetative period in
which it is found, the location or the time of year, the shading caused by semi-transparent
glasses can be beneficial or detrimental to horticultural development. The shade used in
this article may be a more suitable solution to crops that do not have high solar radiation
requirements (leaf crops: lettuce, chard, endive or spinach; root crops: beet, carrot, celery,
leek or radish; crop fruits: broad bean, pea or strawberry; aromatic crops: mint, spearmint
or parsley). However, it must be taken into account that when working with living beings
the data has a lot of variability even within the same section of the greenhouse. For this
reason, it is important to continue the investigation, collecting more data from different
crops and in different cycles, in order to draw more relevant conclusions. The authors
expect to analyze different crop types and cycles with this technology in subsequent studies.

On the other hand, the analysis of the transmittance of PV glass as a function of
the wavelength constitutes a key field of research for the plants” growth, depending on
whether or not the maximum absorption coincides with the wavelengths at which the
photosynthetic molecules absorb the most. Thus, depending on the plant species, there
are different photosynthetic molecules, which have different absorption spectra for the
conversion of sunlight photons into the generation of organic matter.

5. Conclusions

BIPV applied to horticultural production constitutes a research and development
completely in line with the latest trends in sustainable building, which advocate the incor-
poration of urban gardens in the building for the consumption of unprocessed ecological
products.

The PV glass semitransparent amorphous silicon (a-Si) placement, covering the whole
surface of the roof (PVR of 100%) and of the main sides of the greenhouse, influences
the growth of horticultural crops, slightly reducing the biomass production of the plants
and accelerating the apical growth mechanism of heliophilic plants. However, from a
statistical point of view, this influence is negligible so the studied technology is viable for
horticultural production. Nevertheless, to obtain results with a greater scope and practical
application, it is necessary to extend the study to other crops and growing seasons.
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The energy balance carried out indicates that the energy produced by the PV section
is greater than the energy demand, which shows that the greenhouse is completely viable
and self-sufficient when installed at a site with the adequate solar resource.
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Abbreviations
a-Si amorphous silicon.

BIPV building-integrated photovoltaic technology.
COy ext outdoor CO, concentration.

CO3int indoor CO, concentration.

CO3 min.  minimum CO, concentration.

DC direct current.

DG distributed generation.

FTP file transfer protocol.

Hext outdoor air humidity.

Hint indoor air humidity.

Hmax maximum air humidity.

Hmin minimum air humidity.

MPPT maximum power point tracker.

PAR photosynthetically active radiation.

PLC programmable logic controller.

PV photovoltaic.

PVR ratio of horizontal surface covered by solar panels placed on the roof.
SCADA  supervisory control and data acquisition.
Text outdoor temperature.

Tint indoor temperature.

Trmax maximum temperature.

Tiin minimum temperature.

UVa University of Valladolid.
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