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Abstract: The objective of this work was the study of four experimental plastic covers (EPCs) to
assess the improvement in microclimatic conditions inside a greenhouse. This experiment was based
on the comparison of four trilayer plastics: blue, grey, yellow and colorless ECPs. Radiometric
and mechanical properties were studied along with the films’ behavior under semi-field conditions
through their microclimate parameters. The results show that the addition of the blue pigment causes
a considerable reduction in transmission (32.04%) with a reduction in the maximum temperature
(+9.8 °C) compared to the other films (14% for grey, 52% for yellow and 46% for colorless). The
anti-thermal additive used in the grey EPC did not achieve the desired effect, since it reduced
both the photosynthetic active radiation (PAR) (62.33%) and near-infrared radiation (NIR) (62.83%)
transmission equally. None of the EPCs achieved a PAR/NIR ratio greater than 1 (0.52 for blue,
0.99 for grey, 0.98 for yellow and 0.99 for colorless). Hindered amine light stabilizers (HALSs)
photo-stabilizing additives block UV-A radiation (36.85 for grey) more efficiently compared to nickel
quenchers (38.64 for yellow), as they allow earlier PAR transmission. The tensile test showed
that all the EPCs manifested a linear relationship between stress and deformation, which defines
Young’s modulus.

Keywords: polymers; additives; optical and mechanical properties; climate greenhouse

1. Introduction

Greenhouse covers constitute one of the main climate modifiers to improve the envi-
ronments for crops, adjusting such things as solar radiation, temperature and humidity [1].
Nowadays, a large part of intensive agriculture models has been developed within the
so-called “agriculture under plastic”, which has allowed a significant increase in the pro-
ductive yield and quality of horticultural and ornamental crops [2], especially those located
in tropical and subtropical regions and those located in regions characterized by mild
climates, such as southern Europe. Nevertheless, the diversity of climates throughout the
world and the specific requirements of each crop [3] has meant that the plastics industry
has had to develop a multitude of different covers that meet the required needs [4]. An
advantage associated with the use of high-tech plastics is the saving of water and energy
used in cooling systems, therefore generating a more sustainable production model.

The diversity of materials used in the composition of a plastic cover modifies its spec-
tral properties, such as the transmittance patterns along the electromagnetic spectrum [5],
which have an impact on agronomic behavior [6]. Examples include: (a) a reduction in the
temperature inside a greenhouse due to the natural heating produced by solar radiation,
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which is caused by blocking near-infrared radiation (NIR); (b) blocking part of the ultravio-
let (UV) radiation, which limits the activity of insects that are harmful to plants, as well
as avoiding burning in certain ornamental crops and, finally, (c) an improvement in the
“greenhouse effect” due to blocking the transmission of long-wave thermal radiation to the
outside during the night. In addition, the composition impacts the mechanical properties
of greenhouse covers, such as their durability and the useful life of the product [7].

Polyethylene is mainly used due to its low density and high molecular weight and
comes in the following forms: (a) Low-density polyethylene (LDPE), whose structure
presents many branches (2-8 carbon atoms) linked to the main chain, which confers low re-
sistance to tensile stress but good impact resistance [8]. (b) Linear low-density polyethylene
(LLDPE), which has short branches without interconnections with neighboring chains. This
is very flexible, and it has great stretchability and chemical resistance [8]. (c) Metallocene
linear low-density polyethylene (mLLDPE), which is related to metallocene catalysts and
presents a homogeneous distribution of the polymeric molecular chains. This has greater
transparency, elasticity, processing speed and recyclability [8]. Finally, (d) ethylene-vinyl
acetate (EVA) and ethylene butyl acrylate (EBA), which are co-polymers with excellent
processability, impact resistance, flexibility and a high compatibility with other polymers,
additives, and fillers [8].

Additives are mixed with these polymers in order to give the plastic covers specific
agronomic, radiometric and mechanical characteristics. These include: (a) nickel /benzoph-
enone-type UV stabilizers that absorb UV radiation and protect from photodegradation [9].
In addition, this material confers resistance to phytosanitary products but causes a reduction
in light transmission [10]; (b) HALS-type UV stabilizers (hindered amine light stabilizers),
which are photoprotectors that capture the free radicals caused by photodegradation but
allow greater light transmission [11]; (c) additive diffusers, which make the incident light
more evenly distributed [11]; (d) thermal additives, which help to retain infrared radiation
inside the greenhouse [12]; (e) anti-thermal additives, which prevent the passage of short-
wave radiation, thus achieving a drop in temperature [1]; (f) photoselective additives, which
select and transform certain wavelengths into others [13,14]; and (g) anti-drip additives,
which prevent water condensation on the inside of the roof [11].

Related to plastic covers, the incident solar radiation may be transmitted, absorbed
and/or reflected [15]. Transmittance is the property that some materials have that allows
radiation to pass through them; this is calculated as the ratio between the intensity of the
radiation existing before and after having passed through the material [1]. Reflectance
occurs when solar radiation returns from a body after impacting its surface [15]. Absorbance
occurs when part of the radiation interacts with the particles of the object or material
reached. Moreover, plastic covers can change the direction of the sun’s rays, homogenizing
light onto the entire area of the crop [1], and this is related to the design of the polymeric
structure or the additives applied [16].

Thermicity is the capacity of a plastic film to retain long-wave (infrared) radiation
under it [17]. According to the Spanish norm of the Spanish standardization association
related to thermoplastic films for covers used in agriculture and horticulture, a thermal
plastic cover is one which does not transmit more than 25% of the far infrared radiation
(FIR) to the outside. This depends on the nature of the polymers and the use of additives as
well as the thickness [13].

The tensile strength of a cover is determined by tensile tests: ductility, toughness and
Young’s modulus [18]. This property is especially useful in order to know the resistance
and the percentage of elongation of the plastic, as this is related to the ease of handling and
the placement of the plastic on greenhouse structures [19].

Impact resistance is the resistance offered by a roof to dynamic loads [11]. This
property is directly related to the toughness, which shows the ability of different polymers
to absorb mechanical energy [1].

Around 99% of the solar radiation that reaches the Earth’s surface is between 300 nm
and 2500 nm, where approximately 5% corresponds to UV radiation, 45% corresponds
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to photosynthetic active radiation (PAR), and 50% corresponds to NIR [15]. According to
Gonzélez [1], the rate at which solar radiation is received by a surface per unit area is called
irradiation, which is expressed in power units per surface unit (Wm~2).

Cover materials cause a change in the intensity of radiation as well as a selection and
change in its spectral distribution, thus influencing the microclimate and the energy balance
generated inside a greenhouse, directly affecting the response of the crops [4].

According to Ordaz [13], the following photoselective covers have been developed
with a multitude of different features: (a) Anti-pest covers that alter the transmission of
ultraviolet radiation between 280 nm and 400 nm, thus achieving greater protection against
herbivorous insects and disease-transmission due to insects [20,21]. Nevertheless, this
modification can equally affect pollinating insects [22]. (b) Anti-blackening covers that
block ultraviolet radiation, thus avoiding damage and blackening on the flowers of certain
ornamental crops, especially red roses [7]. (c) Colored covers that absorb and/or reflect part
of the visible-spectrum-modified morphogenetic active radiation (MAR) received by the
crops [23]. (d) Anti-thermal covers that block the entry of NIR (780-2500 nm) and produce
a reduction in air temperature [24]. (e) Thermal covers that block the passage of medium
infrared radiation (MIR) and far infrared radiation (FIR) between 2.5 um and 1000 um to
the outside, thus producing the “greenhouse effect” [25]. Finally, (f) fluorescent covers
that absorb wavelengths that are not very useful for crops (ultraviolet C and green) and
emit them in others that are more usable for photosynthesis (blue and red), resulting in a
subsequent improvement in the production and quality of the crops [1].

The main spectral regions from an agronomic point of view are as follows:

PAR (400-700 nm), which is the region absorbed by chlorophylls, carotenes and
anthocyanin pigments in plants to produce photosynthesis [26].

Morphogenetic active radiation (MAR), which is absorbed by different photoreceptors:
phytochromes in the red (R) (600-700 nm) and far red (FR) regions (700-800 nm) [27] and
cryptochromes in the blue region (400-500 nm), thus generating morphogenetics changes
in the plant.

In addition, the radiation that reaches the interior of greenhouses is transformed into
heat, increasing the temperature of the environment and the objects present [28].

Plastic covers act as a shelter that creates an environment confine and as a radiation
filter [29]. During the night, the phenomenon known as “thermal inversion” occurs, which
causes the internal temperature of the greenhouse to be lower than the external one [30].
On the other hand, temperature control is limited to natural ventilation [31]. In hot areas
due to high irradiance, natural ventilation is not enough to extract excess heat [32]. For this
reason, thermal screens, shading meshes, or whitewashing are used [33]. Whitewashing
can deteriorate the additives of plastic covers, modifying their radiometric and mechanical
properties [34].

Improvements in the microclimatic conditions inside a greenhouse suppose saving
energy and water and cause an increase in the yield. Plastic covers are fundamental tools
for achieving passive control of greenhouses in mild and warm climates. Currently, there
are few studies that relate the composition of materials, the properties of materials and
their behavior as greenhouse covers for horticultural and ornamental production. Based on
the above, the objective of this work is the study of four experimental plastic covers (EPCs)
conducted through the evaluation of their mechanical and radiometric properties and their
climatic behavior in experimental units as a basis to improve the microclimatic conditions
inside a greenhouse.

2. Materials and Methods

This experiment was based on the comparison of 4 tri-layer plastics, manufactured by
Plastimer-Macresur S.L. La Mojonera, Spain The plastics were as follows:

Blue EPC: Theoretical thickness: 200 um. Real average thickness: 219 pu (876 gg).
Color: blue. Composition and distribution of materials between layers: external layer:
35% mLLDPE + 57.5% LDPE + 7.5% HALS-type UV additive; intermediate layer:
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35% mLLDPE + 55.5% LDPE + 7.5% HALS-type UV additive + 2% blue pigment ad-
ditive and inner layer: 96% LDPE + 4% FR thermal additive. Currently, this plastic is not
used very frequently.

Grey EPC: Theoretical thickness: 200 p (800 gg). Real average thickness: 213 p
(852 gg). Color: silver grey. Composition and distribution of materials between layers: outer
layer: 35% mLLDPE + 57.5% LDPE + 7.5% HALS-type UV additive; intermediate layer:
35% mLLDPE + 50.5% LDPE + 7.5% HALS-type UV additive + 7% NIR anti-thermal
additive and inner layer: 96% LDPE + 4% FR thermal additive. Used in central America.

Yellow EPC: Theoretical thickness: 180 p (720 gg). Actual mean thickness: 187 n
(748 gg). Color: yellow-green. Composition and distribution of materials between layers:
external layer: 32.5% mLLDPE + 60% LDPE + 7.5% nickel quencher UV additive; interme-
diate layer: 32.5% mLLDPE + 60% LDPE + 7.5% nickel quencher UV additive and inner
layer: 100% LDPE. Used in southern Europe and Israel.

Colorless EPC: Theoretical thickness: 200 p (800 gg). Real average thickness: 204
(816 gg). Color: colorless. Composition and distribution of materials between layers: outer
layer: 30% mLLDPE + 62.5% LDPE + 7.5% HALS-type UV additive; intermediate layer:
30% mLLDPE + 62.5% LDPE + 7.5% HALS-type UV additive and inner layer: 100% LDPE.
Used in southern Europe and Israel.

2.1. Radiometric Properties

The radiometric determination of the transmittance (%T) and reflectance (%R) of each
polymeric film was measured by an integrating sphere using a calibrated spectroradiometer
(LI-COR 1800, Lincoln, NE, USA) in the range of 300-1100 nm in the Applied Physics
laboratory of the University of Almeria (36°4900 N, 2°2400 W). The lamps used were 200 W
quartz tungsten halogen lamps that were operated at 3150 K. The measurements were
made on both sides.

The absorbance (A) was calculated as:

%A (A) = 100 — (%T(\) + %R(\))

The average value of the R, A and T parameters was calculated for the different spectral
regions of interest for protected cultivation, as defined by Pérez-Saiz et al. [35]: ultraviolet
(UVA) (300400 nm), photosynthetically active radiation (PAR) (400-700 nm), near infrared
(NIR) (700-1100 nm) and total (300-1100 nm) regions. The agronomic characterization of
these polymeric films was carried out with respect to the values of R, A and T in % in the
different spectral regions, presenting the maximum, average and minimum of the set of
plastics studied. The correlation between them was investigated.

2.2. Mechanical Properties

To proceed with the tensile test, we used a die with the shape of the type 5 specimen
established by the standard [36,37] and Hounsfield equipment to carry out the test, which
was located in the laboratories of the University of Almeria.

The parameters used in the test were as follows: 5000 N maximum on the force
scale and a test speed of 100 mm /min. For each type of polymeric film, the thickness (in
mm and gauges), surface area (mm?), Young’'s modulus (MPa), yield stress (MPa), elastic
strain, maximum stress (MPa), maximum strain, ultimate stress (MPa), ultimate strain, tear
strength (N) and impact strength (g) were recorded.

For the tear resistance test, we used TEARING equipment and the necessary test
standard [38]. The dart impact test was carried out with the standard [39]. The equipment
was a CEAST device.

2.3. Film Behavior under Semi-Field Conditions

Four analogue chapel-type pilot greenhouses with symmetrical slopes of 45° and a
metallic structure, each with a surface area of 3 m? (1.5 m wide x 2.0 m long) and a ridge
height of 2.5 m, all facing east-west, were employed. These did not have lateral ventilation
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but had small natural ventilation in the front and rear, between the transversal side member
and the upper ridge, where a 16 x 10 threads cm 2 protection mesh with a porosity of
55% was placed. These greenhouses were located in the Plastimer-Macresur S.L. industrial
factory, located in La Venta del Viso (Almeria) at an altitude of 194 m at 36°47'55.2"
north latitude and 2°41'54.1” west longitude (Figure 1). The experimental period lasted
66 days (from September to November 2019), which included variable conditions from
warm (September) to medium (October) and cold (November). During this period, both
inside and outside of the pilot greenhouses, the air temperature and relative humidity
were monitored on an hourly basis with an Onset HOBO LCD data logger (model H8
RH/Temp /External H08-004-02, Onset Computers). In addition, photosynthetically active
radiation (PAR) (umol m~2 s~1) was measured hourly and daily at 12.00 solar hour using a
pyranometer (model DELTA OHM).

Figure 1. Pilot greenhouses with different covers from left to right blue, grey, yellow and color-
less EPCs.

2.4. Statistical Analysis

The recording and calculation of the different parameters assessed was carried out
using MS Excel. Regression analyses to study the tendencies between the parameters were
conducted using Statgraphics Centurion XVLII (Statpoint Technologies, Inc., Warrenton,
VA, USA).

3. Results
3.1. Radiometric Properties

Figure 2 shows the percentage of the transmittance, reflectance and absorbance for
each of the films assessed (blue, grey, yellow and colorless EPCs). Table 1 shows the average
percentage values of the transmittance in the UV-A, PAR and NIR spectral regions of the
polymers studied. Table 2 shows the average percentage values of the transmittance in
the blue, red and far-red spectral regions of the polymers studied, and Table 3 shows the
average percentage values of the ratios between the transmittance of the PAR/NIR, R/FR
and B/R regions of the polymers studied.

The patterns of the blue EPC, shown in the visible spectral region, were as expected
due to the blue color of the cover, the maximum transmission and the reflectance in the
respective color (400-500 nm). Subsequently, this decreased from 500 nm to 600 nm and
increased again from 600 nm to 700 nm. In the UV-A region, the low transmission of the
blue EPC (9.45%) could be due to its high real thickness (876 gg) and the blue pigment used
in its composition.
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Figure 2. Absorbance, transmittance and reflectance across the spectrum of the polymers studied.

Table 1. Average percentage values of transmittance in the UV-A, PAR and NIR spectral regions of
polymers studied.

Spectral Region (nm)

EPC UV-A PAR NIR
(350-400) (400-700) (700-1100)

Blue 9.45 32.04 61.45

Grey 36.85 62.33 62.83

Yellow 38.64 92.34 94.55

Colorless 28.11 85.77 86.93

Table 2. Average percentage values of transmittance in the blue, red and far-red spectral regions of

the polymers studied.
Spectral Region (nm)
EPC Blue Red Far Red
(400-500) (600-700) (700-800)
Blue 42.20 24.66 44.06
Grey 61.84 62.61 62.34
Yellow 86.42 94.91 94.88
Colorless 84.26 86.63 86.33

Table 3. Average percentage values of ratios between transmittance of spectral regions of the

polymers studied.
Spectral Regions

EPC p &
PAR/NIR R/FR B/R
Blue 0.52 0.56 1.71
Grey 0.99 1.00 0.99
Yellow 0.98 1.00 0.91
Colorless 0.99 1.00 0.97

The patterns of the grey, yellow and colorless EPCs were similar for the reflectance,
transmittance and absorbance. It is necessary to note that the anti-thermic additive used in
the grey EPC affected all the spectral regions equally.

The external transmittance of the yellow EPC increased linearly from 400 nm to 450 nm,
while the absorbance decreased proportionally to this, until reaching 500 nm, at which
point they behaved uniformly throughout the entire spectrum shown.
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The colorless EPC produced a higher transmission throughout the spectrum than the
yellow EPC. On the other hand, the colorless EPC did not reach transmission values as
high as those of the yellow EPC.

The PAR transmission in the blue EPC was 32.04%, in the grey EPC it was 62.33%,
while in the colorless EPC and yellow EPC it was 85.77% and 92.34%, respectively.

This characteristic of HALS-type photostabilizers can also be seen in the grey EPC,
where the transmission pattern at the beginning of the PAR region was practically identical,
although at lower percentages, due to the “anti-thermal” additive. The blue EPC also had
these additives incorporated into it, but due to the added blue pigment, its behavior was
somewhat distorted and not as obvious. The comparison between the films studied shows
that the blue EPC presented the lowest transmissivity in all the spectral regions analyzed
(Figure 2 and Table 1).

The grey EPC was the one that attained the highest percentage of diffusion, which was
probably due to the aluminized particles used in its composition to reflect NIR (Table 4).
The diffusion percentage of the rest of the plastic films was due to the nature of the polymers
and additives used.

Table 4. Average percentage values of light diffusion.

Spectral Region (380-780 nm)

EPC
Diffusion (%)
Blue 31
Grey 40
Yellow 27
Colorless 34

Figure 3 shows the relationship of the transmittance on both sides of each plastic film
to study the symmetry of the film. The blue, grey and colorless EPCs presented a high
symmetry in the transmittance between their sides. However, the yellow EPC demonstrated
asymmetry between the sides, with the transmission of the external side being lower than
that of the internal side from 300 nm to 500 nm, which represents a 9% transmittance. From
500 nm, it also showed a high symmetry. This aspect must be taken into account when
installing the plastic film.

100 100

y = 3x107x0 - 1x10633 + 1x 104 x4 - 0.006 3 + 0.114 X2 + 0.902 x - 0.818.®
R =1

o)

y=1x
R2=0.99

9 o N ® 0
%

[ransmittance of internal side (%)

=
Transmittance of internal side (

) 20 40 60 80 100
20 40 60 80 100

Transmittance of external side (%) Transmittance of external side (%)

100 100

side (%)
side (%)

of internal
of internal

T'ransmittance c
[ ]
L)
[ransmittance ¢

- p o

Iransmittance of external side (%) Iransmittance of external side (%)

Figure 3. Relationship between transmittance of both sides of the EPCs Blue, Yellow, Grey and
Colorless. The red circle highlights the asymmetry zone of the EPC Yellow for values lower than
60% transmittance.
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3.2. Mechanical Properties
3.2.1. Tensile Test

Observing the stress—strain curves in Figures 4 and 5, the behavior of the four EPCs in
both directions (T.D. and L.D.) as soft and tenacious materials can be verified. Therefore,
the figures are representative only for the values shown in Tables 5 and 6. The actual values
of the maximum and ultimate stresses and strains are given in Tables 7 and 8.

20
15

Tension (MPa)
\

[ z 1 [

Deformation (%)

——— EP{ Hue EPC grey EPCvellow  ce=eeeee EPC cololess

Figure 4. Comparative stress—strain curves of the EPCs (T.D.). Obtained from the average of the five

samples analyzed per plastic film.

18
16 ""ro
14 | mem o emmemmmmammmmmemcsmmmme =TT
= ¢
E 12 " /
€10 |4
o i
S
Z '
5 6
S
4
2 |
01
0 1 2 3 4 5 6 7 8

Deformation (%)

EPC blue EPC grey EPC yellow ===-- EPC colorless

Figure 5. Comparative stress—strain curves of the EPCs (L.D.). Obtained from the average of the five

samples analyzed per plastic film.
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Table 5. Values obtained from the stress-strain curves of the EPCs (T.D). Obtained from the average
of the five samples analyzed per plastic film.

. Creep Limit Tension in Proportionality Limit Proportionality Limit
EPC Yield Stress (MPa) Deformation (%) (MPa) Deformation (%)
Blue 8.96 26.3 7.59 13.3
Grey 10.82 314 8.27 11.5
Yellow 10.61 22.6 7.31 8.8
Colorless 12.53 27.9 9.59 11.4
Table 6. Values obtained from the stress—strain curves of the EPCs (L.D). Obtained from the average
of the five samples analyzed per plastic film.
EPC Yield Stress Creep Limit Tension in Proportionality Limit Proportionality Limit
(MPa) Deformation (%) (MPa) Deformation (%)
Blue 9.97 104.6 7.94 15.1
Grey 10.54 99.7 8.84 15.7
Yellow 13.34 110.0 11.44 239
Colorless 13.94 89.2 12.39 19.3
Table 7. Actual values of maximum and ultimate stresses and strains in the EPCs (T.D.). Obtained
from the average of the five samples analyzed per plastic film.
EPC Maximum Stress Maximum Breaking Strain Breakage
(MPa) Deformation (%) (MPa) Deformation (%)
Blue 16.46 1058.59 16.46 1058.59
Grey 20.08 1162.43 20.08 1162.43
Yellow 17.56 1099.11 17.56 1099.11
Colorless 20.589 1133.37 20.59 1133.37
Table 8. Actual values of maximum and ultimate stresses and strains in the EPCs (L.D.). Obtained
from the average of the five samples analyzed per plastic film.
Maximum Stress Maximum . . Breakage Deformation
EPC (MPa) Deformation (%) Breaking Strain (Mpa) (%)
Blue 15.96 846.94 15.96 846.94
Grey 17.06 872.13 17.06 872.13
Yellow 17.56 715.44 17.56 715.44
Colorless 21.84 943.08 21.84 943.08
3.2.2. Dart Impact Test
Both the blue EPC and grey EPC tests ended at 895 g without producing >10 impacts
with breakage; it was not possible to continue increasing the weights since there were no
more approved weights that could be added to the dart. The EPC that showed the best
response to breakage was the blue EPC, followed by the grey EPC, the colorless EPC and
the yellow EPC (Table 9).
Table 9. Actual average thickness and impact resistance of EPCs.
EPC Actual Average Thickness Maximum Weight Supported Maximum Weight Reached
(um) without Breakage (g) at the End of the Test (g)
Blue 219 760 895
Grey 213 745 895
Yellow 187 445 490
Colorless 204 490 610
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3.3. Evaluation of Environmental Factors in the Field
3.3.1. Photosynthetically Active Radiation (PAR)

Figure 6 shows the amount of outdoor PAR radiation hour by hour as well as the
transmission pattern of the EPCs on 25 September 2019, where the highest PAR radiation
was between 10:00 and 13:00 solar time. Table 10 presents the Integral daily PAR radiation
transmitted, Table 11 presents the PAR transmitted through the EPCs installed in the pilot
greenhouses and their percentage ratio to the incident PAR radiation from outdoors.

PAR (umol m2s™)

— -Outdoors Blue Grey Yellow «eeee- Colorless
5:00

19:00 2500 6:00

2000
18:00 7:00
1500
17:00 1000 o~ 8:00

500
=i \

16:00 /" T ) 900
15:00 \ 7 1000
N 3
~N_ -

14:00 - 11:00
13:00 12:00

Figure 6. Incident PAR radiation in pmol m~2 s~! from the outdoor side and that transmitted through
the EPCs, as measured on 25 September 2019 between 6:00 h and 18:00 h (solar time).

Table 10. Integral daily PAR radiation transmitted through the EPCs installed in the pilot greenhouses
and its percentage related to outdoor PAR (1394.56 umol m~2 s~1). Measurements on 25 September
2019 between 6:00 h and 18:00 h (solar time).

EPC PAR (umol m 2 s-1) TransTittance
(%)
Blue 319.51 2291
Grey 710.28 50.93
Yellow 997.08 71.50
Colorless 1075.6 77.13

Table 11. PAR transmitted through the EPCs installed in the pilot greenhouses and their percent-
age ratio to the incident PAR radiation from outdoors (1671.09 pmol m—2 s71) at 12 solar hours.
Cumulative measurements over a 48-day period from 2 September 2019 to 15 November 2019.

EPC PAR (umol m—2s—1) Transmittance (%)
Blue 469.44 28.09
Grey 941.48 56.34
Yellow 1352.38 80.93
Colorless 1387.8 83.05

3.3.2. Temperature

Figure 7 shows the average horary temperature recorded inside each greenhouse and
outside for September, October and November.
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Figure 7. Average horary temperature recorded inside each greenhouse and outside for (a) September,

(b) October and (c¢) November.

Considering the poor ventilation, low air volume and lack of humidity in the green-
houses, very high maximum temperatures were reached. The blue EPC and grey EPC were
the ones that registered much smaller differences in terms of the maximum temperatures,
which was due to their lower PAR and NIR transmission percentages compared to the
yellow and colorless EPCs.

During the night, the temperatures in the pilot greenhouses were around 3 °C higher
than the outdoor temperatures in September and October. Nevertheless, in November, a
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thermal inversion phenomenon was observed from 11:00 p.m. to 7:00 a.m. for the pilot
greenhouses with the yellow EPC and colorless EPC. In the grey EPC, it rose above this
temperature starting at 8.00 a.m.; however, the blue, yellow and colorless EPCs rose above
this temperature starting at 10.00 a.m. The blue EPC roses 10 °C from 1.00 to 5.00 p.m., and
the grey EPC rose to 15 °C during the same period. However, the yellow and colorless
EPCs increased above the outdoor temperature up to 20 °C in the same period.

Table 12 shows the difference in the average, minimum and maximum temperatures
(°C) recorded inside each greenhouse with respect to outside. The average temperatures
reached inside the pilot greenhouses were in the range of from 3.5 to 4.5 °C higher than
those outside. The minimum temperatures were similar to those outside (+1 °C), with a
thermal inversion effect being observed in the yellow and colorless EPCs in November. In
relation to the maximum temperatures, the best performance was found in the blue EPC
with an average increase of 10 °C, an intermediate performance was found in the grey EPC
with an increase of 12 °C and an inadequate and excessive performance was found for the
yellow and colorless EPCs.

Table 12. Differences in average, minimum and maximum temperatures (°C) recorded inside each
greenhouse with respect to outside.

EPC Average Minimum Maximum
Temperature (°C) Temperature (°C) Temperature (°C)
Blue +3.47 +0.23 +9.8
Grey +4.09 +0.57 +12.39
Yellow +4.48 —0.39 +19.23
Colorless +4.36 —0.61 +18.21

Figure 8 shows the correlation between the NIR (%) and maximum temperature
(°C) inside the pilot greenhouses. In the trial conditions, a strong correlation between
the NIR received inside the pilot greenhouses and the maximum temperatures reached
was observed.

55
50
.'o...

PL_), 45
x
g .
— 40 .

35 Tmax=0.26* NIR + 24.16

R?=0.95
30
0 20 40 60 80 100

NIR (%)

Figure 8. Correlation between NIR (%) and maximum temperature (°C) inside the pilot greenhouses
for EPCs: Yellow (Yellow dot), Colorless (black-white dot), Grey (Grey dot) and Blue (Blue dot).

3.3.3. Relative Humidity

In general, the average RH was lower inside the pilot greenhouses compared to
outside. However, the maximum values were higher than those outside, and the minimum
values were much lower at around 20%.
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As expected, the lowest percentage of relative humidity was found in the yellow and
colorless EPCs (Table 13), which were also those where the highest temperatures were
recorded; on the other hand, the blue and grey EPCs, which were those with the lowest
temperatures, showed the highest percentages of relative humidity.

Table 13. Difference in average relative humidity (%) recorded inside each greenhouse with respect
to outside.

EPC Average H.R (%) Minimum H.R (%) Maximum H.R (%)
Blue —5.53 —19.32 +7.78
Grey —6.92 —22.23 +7.87
Yellow —7.43 —25.65 +2.72
Colorless —6.92 —24.83 +2.88

Regarding evolution throughout the day (Figure 9), between 9.00 a.m. and 8.00 p.m.,
the RH was higher outside. However, from 8.00 p.m., it was higher inside the pilot
greenhouses except in the yellow EPC, which remained lower because the volume of air

inside was smaller and the air renewal was scarce, since the capacity for natural ventilation
was very limited.
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Figure 9. Cont.
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Figure 9. Average horary relative humidity recorded inside each greenhouse and outside for
(a) September, (b) October and (c) November.

4. Discussion
4.1. Radiometric Properties

Related to the radiometric properties, the behavior of the absorbance was inversely
proportional to the transmittance and reflectance [5]. The behavior of the transmittance of
the blue EPC was similar to that described by Larsen et al. [39].

The grey, yellow and colorless EPCs presented a low transmittance in the UV region
due to their photostabilizer additives. The behavior of the yellow EPC was due to the
use of nickel quencher photostabilizer additives, which, by absorbing UV radiation and
preventing degradation, also absorbed part of the PAR band [9]. The use of HALS-type
photostabilizers in the grey and colorless EPCs was more efficient when it comes to the
starting transmission in the PAR region compared to using the nickel-quencher-type ad-
ditive [11] because they allowed a higher percentage of radiation to pass through. A low
transmission of UV-A radiation can help to control insects, although it can also influence
the behavior of bees and bumblebees in the same way [22,40]. Soler [41] mentions that
an anti-insect plastic cover must be able to block between 80% and 100% of UV radiation,
and that the additives used must not influence its photoselective qualities throughout its
useful life.

The lowest PAR radiation transmission was presented by the blue EPC. Ili¢ et al. [42]
reported how a blue shading mesh transmitted 46.5% of the incident PAR, and the blue
EPC presented a value of 32.04% in this study. This difference may be due to the fact that a
mesh is porous while plastic is not, in addition to other factors such as the thickness and
the quantity and quality of the additives. Regarding the greater PAR transmission by the
yellow EPC compared to the colorless EPC, this may be due to the fact that the latter had a
greater thickness in addition to the nature of the photostabilizers [9,43].

A low transmission of PAR radiation has a direct impact on crops according to different
studies carried out in greenhouses by Sandri et al. [44], which show that a low incidence of
PAR on tomato crops (Solanum lycopersicum) produces a clear reduction in productive yields.
Bagdonaviciené et al. [45] demonstrated that both in tomato and cucumber (Cucumis sativus),
there is less CO, assimilation when the level of PAR radiation is lower. Although it is
certain that the photosynthesis rate increases as the amount of PAR radiation increases and
vice versa, whether this occurs to a greater or lesser extent will depend on each crop [46].
Nevertheless, it should be considered that the blue EPC presented high transmissivity
values in the blue and red spectral regions, in which the efficiency of the use of spectral
energy by plant pigments (chlorophyll a and b and carotenoids) generates high rates of
bioassimilates and therefore higher yields [47].
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As the PAR and NIR spectra are consecutive, when trying to reduce the latter, it is
possible to also avoid reducing the former [48]. In this sense, Abdel et al. [49] suggest that
covers with additives that reflect NIR radiation, in order to be considered anti-thermal,
must provide a high transmission of PAR radiation and a high reflection of NIR radiation.
Other authors, such as Schwart et al. [50], mention that anti-thermal films must present
transmissions of less than 25% in terms of NIR.

As regards the transmission of NIR radiation, the blue EPC showed heterogeneous
behavior throughout the spectrum due to its blue coloration, which was similar to a test
carried out by Larsen et al. [39], where a blue cellophane sheet showed the same pattern,
although at lower percentages, as it was less thick. The grey EPC yielded very similar
values to the blue EPC (Table 1), although, in this case, the behavior pattern was highly
homogeneous throughout the entire band. The same occurred in the yellow and colorless
EPCs, where, despite presenting high transmission percentages (Table 9), their behavior
was highly homogeneous throughout the entire spectral region of NIR. The difference
between the first and the last two was due to the use of additives in the grey EPC to prevent
the passage of NIR radiation.

Regarding reflectance, it can be seen in Figure 1 that the blue EPC presented the highest
value in the NIR region (around 30%), the grey EPC had an intermediate value (around
20%) and for the yellow and colorless EPCs, the value was lower than 10%. Both the blue
and grey EPCs can be considered NIR reflectors and are therefore adequate for warm
climates [48]. Lopez-Marin et al. [51] compared a conventional control plastic (similar to the
colorless EPC) with a plastic with pigments that reflected NIR, showing a 15% reduction in
the PAR of the former compared to the latter.

Regarding the PAR/NIR ratio (Table 3), values above 1 would indicate that the plastic
film is able to transmit more PAR than NIR, which would be ideal in hot climates where
very high temperatures are reached during the summer [52]. In our case, the grey, yellow
and colorless EPCs showed values close to 1, i.e., they transmitted the same amount of PAR
as NIR. The worst in this respect was the blue EPC (0.52), which transmitted considerably
less PAR relative to NIR.

Regarding the R/FR ratio, the values of the grey, yellow and colorless EPCs were all
1, while the blue EPC showed a ratio of 0.56. The R/FR ratio is of vital importance for
phytochrome response [53]. Low values of this ratio can cause a priori fewer desirable
characteristics such as stem elongation, an enhancement of apical dominance, a reduction
in branching and an inhibition of flowering [54].

Looking at the B/R ratio (Table 3), our results showed values close to 1 for the grey,
yellow and colorless EPCs, while the blue EPC showed a high value (1.71). Lin [55] found
that high radiation levels within the blue spectrum relative to those in the red spectrum
have various morphological effects. Oliviera et al. [56] observed how for a crop of Melissa
officinalis L., high values of this ratio caused increases in the plant height, leaf area and
chlorophyll content.

After analyzing the behavior of diffuse radiation (Table 4), it was found that none
of them exceeded 50% diffusion, which is the minimum value that must be reached to
confirm that a plastic film has special additives in its composition for this purpose and can
be considered as highly diffuse [7].

Despite presenting values below 50%, according to ASTM D1003, it is sufficient to
have a percentage >30% in order to be considered a diffusing coating, and all the EPCs
analyzed in this study can be considered as such.

The yellow EPC demonstrated asymmetry between its sides. This fact could be
due to the nickel-quencher-type photostabilizer additive used in the composition of the
yellow EPC in the external layer of the film, which, by absorbing UV radiation to prevent
degradation, also absorbed part of the PAR region [9].
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4.2. Mechanical Properties

The four EPCs behaved in both directions as soft and tenacious materials, where a
yield point was appreciated. That is, they presented an elastic limit from which, if this point
is exceeded, the material cannot recover its original state again (if the forces exerted on it
are removed), with the deformations being permanent [57]. All the stress—strain curves
analyzed showed a linear region at low stresses at the beginning and a tangent line to that
portion of curve, which marks the proportionality limit. According to the UNE-EN ISO
527-1 standard [36], these curves are classified as Type b, which are those corresponding to
ductile materials with a yield point.

As shown in Tables 5 and 6, there were significant differences between the values
obtained in the samples analyzed in the transverse direction (T.D) and those obtained
in the longitudinal direction (L.D). This was due to the fact that the internal structure of
polyethylene and its behavior varies depending on the orientation of the ethylene chains
that compose it [56].

This fact not only influenced the values already seen but also affected the tensile
strength (Tables 7 and 8). Tests carried out by Godoy [9], where several decks with different
characteristics were analyzed, showed that in all of them, the rupture strength in the
transverse direction was slightly higher than that in the longitudinal direction. In our case,
the same occurred except for the colorless EPC, where the tensile strength was higher in
the longitudinal direction.

The tensile strength expressed in MPa of each of the EPCs in both directions (T.D
and L.D) is shown in Tables 7 and 8. This corresponds to the ultimate stress, which is the
maximum stress that a material can withstand before its cross-section shrinks significantly.
This is why both were identical, as were their respective strains [54-58].

The data shown in this test for the deformation at break in both directions ex-
ceeded the value of 500% given by Matallana and Montero [59] and those provided by
Briassoulis et al. [60], which range between 375-600% for PELD roofs and between 500-700%
for PE-IR. The high value obtained in our case may be due to the fact that the polymers
and additives currently used have improved substantially with respect to those available
at the time of their studies. It was also observed that the strain at break was higher in the
transverse direction (TD) than in the longitudinal direction (LD).

We know that the mechanical properties of all plastic covers depend directly on the
type of raw material which they are made from and specifically on the type of polyethylene
used, as well as the processing conditions under which they are produced [61]. As our
EPCs, in spite of having different additives, were manufactured with similar percentages
and types of polyethylene, we can intuit that the behavior against impact breakage may be
related to the thickness of the EPCs. According to the values in Table 9, it can be seen that
the greater the average thickness, the greater the weight supported and vice versa.

In all the breaks produced, the mark left had a circumferential shape, a symptom of
the preservation of the elastic properties; if the mark left was in the shape of an “L”, it
would denote a deterioration in these properties [9].

4.3. Evaluation of Environmental Factors in the Field

A similar PAR behavior to that observed during the day of our trial was found by
Del Angel—Hernéndez et al. [5] in Nuevo Ledon (Mexico). The differences in the PAR
transmittance between the pilot greenhouses (Tables 10 and 11) and those obtained by a
spectroradiometer in the laboratory (Table 1) may be due to the degradation and accumula-
tion of dust on the covers and the deck angle [62], since when the analyses of the optical
properties were performed with the spectroradiometer, the samples were cleaned before
the analysis, while once placed in the greenhouses for field evaluation, they were fully
exposed to degradation and dirt. According to Sangpradit [63], the accumulation of dust
and dirt is one of the main sources of solar transmission loss in greenhouses. It can reduce
it by up to 40%.
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The thermal inversion effect observed in November (Figure 7) under the yellow and
colorless EPCs may be related to the higher transmissivity in the NIR region (94.55% and
86.93%, respectively) compared to the blue and grey EPCs (61.45% and 62.83%, respec-
tively), which presented more opacity. Nevertheless, in Figure 8, it can be seen that there
was a high relationship (R? = 0.95) between the % of NIR transmission and the maximum
temperatures. Specifically, the improvement in the use of the blue and grey EPCs with
respect to the decrease in the maximum temperatures was in the range of 6-9 °C. Related
to the temperature inside the greenhouse, Garcia et al. [64] carried out a trial in the region
of Murcia with anti-thermal covers, where they obtained a reduction in the maximum tem-
peratures of 4.5 °C compared to a conventional colorless cover with similar characteristics
to the colorless EPC used in this study. These differences may be because we worked in
pilot greenhouses that did not contain any crops, and therefore the effect of the plastic films
was more evident.

5. Conclusions

The grey, yellow and colorless EPCs presented a similar pattern of transmittance,
reflectance and absorbance from 400 nm (grey and colorless) and 450 nm (yellow). Never-
theless, the blue EPC behaved differently.

The addition of the blue pigment in the composition of the blue EPC caused a consider-
able reduction in the transmission of all spectra, which was clearly manifested in a reduction
in the maximum temperatures with respect to the other coatings, which was related to
the good correlation between the % of NIR transmitted and the maximum temperatures
registered and the % of NIR reflected.

The anti-thermal additive used in the grey EPC did not achieve the desired effect,
since it reduced both the PAR and NIR transmission equally.

No EPCs achieved a PAR/NIR ratio greater than 1.

The HALS-type photostabilizing additives blocked UV-A radiation more efficiently
compared to the nickel-quencher-type additives, as they allowed for earlier PAR transmission.

The EPCs presented relatively acceptable light scattering percentages, since none of
them had a specific additive for this purpose in their composition.

The tensile test showed that all the EPCs behaved as a soft and tough materials in
both the longitudinal and transverse directions, manifesting within the elastic limit of
proportionality, a linear relationship between stress and deformation that defines Young's
modulus. It was also shown how the orientation of the polymer chains influenced the
ultimate strength and deformation, as well as other parameters recorded. The greater the
thickness of the plastic film, the greater the weight required to produce an impact rupture.

As a general conclusion, we can say that the commercial yellow and colorless EPCs did
not prevent heat losses during the night, nor, therefore, thermal inversion due to their high
transmissivity of NIR radiation. The yellow EPC presented asymmetry between 300—400
nm between its faces, which is why it requires care in its placement; it was the least thick
of all the plastics tested, and it was less resistant to the dart impact test. On the other
hand, the experimental grey and blue EPCs presented interesting characteristics such as
greater diffusion (grey) and greater reflectance of NIR radiation (blue), both showing a
lower % of NIR transmittance, which improves the climate of a greenhouse under warm
conditions. Nevertheless, the grey and blue EPCs also showed a low transmittance of
PAR radiation, which can reduce production. These characteristics are very promising for
developing EPCs for warm regions, thus improving the design of EPCs by adding smaller
amounts of additives that allow for an increase in PAR transmissivity without losing their
other properties.
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