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Abstract

Light intensity, temperature, and humidity are key factors
affecting photosynthesis, respiration, and transpiration. Among
these factors, temperature is a crucial parameter to establish an
optimal greenhouse climate. Temperature can be controlled by
using an appropriate climate screen, which has a considerable
impact on crop quantity and quality. The precise measurements of
longwave radiative properties of screens are vital to the selection
of the most suitable screen for greenhouses so that the desired
temperature and a favorable environment can be provided to
plants during nighttime. The energy-saving capability of screens
can also be calculated by using these properties as inputs in a
physical model. Two approaches have been reported so far in the
literature for the measurement of these properties, i.e., spectropho-
tometry and wideband radiometry. In this study, we proposed
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some modified radiation balance methods for determining the
total hemispherical longwave radiative properties of different
screens by using wide-band radiometers. The proposed method is
applicable to materials having zero porosity, partial opacity, and
asymmetric screens with 100% solidity. These materials were not
studied previously under natural conditions. The existing and pro-
posed methods were applied and compared, and it was found that
the radiometric values obtained from the developed methodology
were similar to those previously reported in the literature, whereas
the existing method gave unstable results with zero reflectance.

Introduction

Growing greenhouse plants is a complicated process that
involves selecting suitable energy-saving materials and proce-
dures on a large scale that are strongly affected by the conditions
of the outside environment, the greenhouse, and the plant itself.
Considering that the exterior conditions are unchangeable, plant
transpiration is influenced by numerous factors (Svensson, 2014).
Photosynthesis, respiration, and transpiration are the fundamental
processes of plant growth and development, which depend pre-
dominantly on light intensity, temperature, and humidity (Gernot,
2008; Beyl and Trigiano, 2011).

In winter, heating is a critical part of greenhouse farming, as it
is necessary to achieve the required optimal temperature for crop
growth (Sethi ez al., 2013; Rasheed et al., 2018a). When designing
a greenhouse, the selection of appropriate materials can positively
impact energy requirements and fuel consumption (Ponce et al.,
2014; Marshall, 2016; Rasheed et al., 2018b).

Shading is one of the cheapest methods used by producers to
moderate solar heat load on greenhouses, which removes the
superfluous solar radiation during summer periods. The materials
utilized for shading can also be used for thermal insulation in win-
ter (Willits and Peet, 2000; Chen et al., 2011). Shading is usually
performed by using porous materials such as cloths and plastic
nets, or by spraying white lime on the outside surface of the green-
house, glazing, and filling with polystyrene balls in acrylic chan-
nel greenhouses (Al-Helal and Al-Musalam, 2003).

Generally, the thermal screens used in greenhouses during the
winter season to minimize heat loss at nighttime can also be uti-
lized for shading during the summer season (Shukla et al., 2008).
Numerous methods have been employed to determine the proper-
ties of screens. Nevertheless, two main approaches exist. The first
is based on the integration of monochromatic light measurements
(using spectrophotometers) for the probable spectrum under
which the screen is to be used (Simpkins et al., 1976; Nijskens et
al., 1985; Nijskens et al., 1989; Cohen et al., 2014). When applied
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precisely, this method gives standard values that are reportedly cat-
aloged by the European Economic Community (Nijskens et al.,
1985). In contrast, the properties of a screen can be calculated for
a specific waveband, i.e., photosynthetically active radiation and
short and longwave bands (Godbey et al., 1979; Bailey, 1981;
Yates, 1986; Castellano et al., 2010; Abdel-Ghany and Al-Helal,
2012; Cohen et al., 2014), using wideband radiometers (Castellano
et al., 2006). It is impractical to measure the longwave transmit-
tance and reflectance precisely because the transmitted and reflect-
ed diffuse longwave radiations from the screen would have the
same directional characteristics as the diffuse emission, and all the
components of the received radiation cannot be separated from the
transmission or reflection components (Abdel-Ghany and Al-
Helal, 2012). Another problem is the instability of screen proper-
ties (Cohen et al., 2012). When screens are exposed to outdoor
conditions, they may change considerably during their lifetime, as
seen in previous studies. Bailey (1981) showed that abrasion
increased the emissivity of a screen, while Meijer (1980) reported
a decrease in screen emissivity after being exposed for 10 months.
The accumulation of dust on a screen has a significant impact on
the transmission value, with reported reductions as high as 17%
(Tanny, 2006). Therefore, a mathematical model is essential to
determine these properties with readily available equipment in
conditions close to those under which the screens are normally
used. To address these issues, Abdel-Ghany et al. (2016) and
Cohen and Fuchs (1999) presented a radiation balance method for
the measurement of the longwave radiative properties of shading
nets and thermal screens under natural conditions. Nighttime
experiments involved placing a sample screen between the open
sky and a black surface. Different cases were described for various
materials, but they were still limited to specific materials.
Furthermore, the mathematical model given by Cohen and Fuchs
(1999) requires several input parameters for a screen composed of
more than one material, i.e., reflectance, emittance, transmittance,
and porosity of each material separately along with incoming and
outgoing radiations and surface temperature, which makes it diffi-
cult to use.

Abdel-Ghany et al. (2016) described a simplified model that
used basic incoming and outgoing radiations with the screen and
black-cloth surface temperatures as input parameters in the model
equations, which make it flexible and easy to use. However, the
problem with this methodology is that it does not consider the
entirety of longwave incoming radiations (QO4) from the black cloth
toward the screen in its radiation balance equations. Instead, this
approach only involves the emissive power of the black cloth (Eb)
in the model equations, which undermines the reflectivity of the
screen.

In this study, we describe modified radiation balance equations
involving the emissive power of the black cloth for different types
of materials that consider all the longwave radiations (Q4).
Furthermore, depending on the physical properties of the materi-

Table 1. Properties of the sample screen and film.

als, new equations are developed. The newly proposed methods do
not require much information about the materials to calculate
radiative properties, as described by Cohen and Fuchs (1999).
Particularly, we sought to develop new methods that can be used
with cheap radiometers and can measure the properties of samples
with diverse screen types without involving any error or technical
expertise. Our current methodology focuses on developing gener-
alized energy balance equations without dealing with specific
materials and is also compared with the previous methodology.
The samples selected were representative materials of various
commercial screens. Our previous studies (Rafiq er al., 2019,
2020) developed radiation balance equations for materials that are
widely used by farmers in Korea (not emphasizing the develop-
ment of a general methodology). These studies characterized the
relationship between absorbed and emitted radiation and also
determined the heat transfer coefficient. These methodologies
allow researchers to use energy balance equations for real-time
energy-saving measurements by using a building energy simula-
tion model to determine whether a screen is a good heat insulator
or conductor under natural environmental conditions (Rasheed et
al., 2020).

A mid-infrared region (2.5-25 um) spectrophotometer (Fourier
transform-infrared/near infrared) was used to validate the output
obtained by the proposed radiation balance equations. The results
of the proposed method for transparent, semitransparent, and poor-
porosity materials were analyzed, and the results of the former two
materials were also compared with those of the existing methodol-
ogy developed by Abdel-Ghany et al. (2016) to show the differ-
ence between the two procedures.

Materials and methods

The physical properties and the composition of the tested
materials are presented in Table 1. During the daytime, Tempa
8672 D FB reflects the sunlight and diffuses it to reduce the tem-
perature increase caused by the greenhouse effect. During the
nighttime, it facilitates heat retention and maintains a steady tem-
perature, which saves energy. The main function of Luxous-1347
D FR is saving energy by maximizing light transmission. White
polyester is a domestic product that is widely used as an insulating
screen. Polyethylene is a predominantly plastic film that is pre-
ferred by the majority of farmers due to its affordability, flexibility,
and simple manufacturing. In our study, in order to confirm the
results obtained by the proposed method when characterizing
transparent and porous materials, we used polyethylene as a refer-
ence material due to its well-known properties. This research was
carried out on the roof of a building to obtain unimpeded sky radi-
ation. A hollow wooden frame was made for the investigation. The
bottom part of the frame was covered with black cloth with known

Tempa 8672 D FB 79 0.25 72 57% Aluminum
43% Polyester
Luxous-1347 FR 58 0.22 47 100% Polyester
White polyester 140 0.25 - 100% Polyester
Polyethylene film 84 0.07 - 100% Polyethylene
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radiometric properties (tb = 0, pb = 0.07, €b = 0.93). The setup
volume was 3.12 m? (2.4 m width x 2.6 m length x 0.5 m height).
The dimensions of the setup and the positions of the equipment are
illustrated in Figure 1. The simplified graphic representation in
Figure 2 depicts the radiation exchanged between the sky, the
material tested, and the black cloth. The unknown parameters are
highlighted in red in the figure. The downward and longwave radi-
ations (Q1 and Q3) were measured with a pyrgeometer, whereas the
upward fluxes (Q2 and Q4) were computed from the difference
between the net radiometer indication and the values of the down-
ward fluxes. Two thermocouple wires were used to measure the
surface temperature of the black cloth. All the measured parame-
ters were recorded at 10-min intervals and saved in a data logger.
Information about the equipment and data loggers can be found in
Table 2.

The outgoing longwave radiation equation above the screen
surface (02) for symmetric materials (both sides are similar) is
given below in units of W/m?.

O=En+pnQr+wmQs (1)

where pn is the reflectance of the screen, En is the emissive power
of the screen in W/m2, tn is the transmittance of the screen, and Q1
is the downward sky radiation in W/m?2.

The outgoing longwave radiation equation over the black surface
(QO3) and below the screen surface for symmetric materials is given
below in units of W/m?.

Os=En+1t Q1+ pn Q4 2)

The reflected portion of the incoming longwave radiation
toward the screen and above the black cloth (Q4) depends upon the
physical condition of the screen. If the screen has a small porosity
(less than 0.05), then tn pb Q) is neglected in the formation of Q4.
It was ignored because when 5% (or less than 5%) of ‘tn Q1’
strikes the black cloth (93% absorbance), it disappears. The equa-
tion of Q4 for such materials is given below in units of W/m?2.

Q4=Eb + pb En +pn pb Q4, (3A)

where pb is the reflectance of the black cloth, and Eb is the emis-
sive power of the black cloth in W/m?2, which is determined by the
Stefan-Boltzmann law.

The incoming radiation (Q4) for the transparent, semitranspar-
ent, and partial-porosity materials is given below in units of W/m?2.

04 =Eb + (pb+ p)En + (pb-p) pn O4 + (pb-p)n Q1 (3B)

Table 2. List of measuring sensors.

~"

In the aforementioned case (3B), the reflection of all three
components (En, pn Q4, and t Q1) from the surface of the black
cloth is considered, as tn Q1 will reach the surface of the black
cloth due to the porosity or transparency of the sample. Q4 will also
reach the black cloth due to the presence of opaque material, such
as the thread. While solving the three equations (1, 2, and 3B)
using Matlab’s iteration method, equation (3B) causes compatibil-
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Figure 1. Sketch of the experimental setup, dimensions in [m],
not to scale.
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Figure 2. Ideal illustration of the incoming (Q1 and Q4) and the
outgoing (Q2 and Q3) radiation from the screen.

Net longwave radiation W/m? NR Lite2 net radiometer 0.2-100 wm LR 5041
(Kipp and Zonen, Netherlands) (Hioki, Japan)
Downward longwave radiation (Q1) W/m? CGR3 Pyrgeometer 4.5-42 um 21x Micrologger
(Kipp and Zonen, Netherlands) (Campbell Scientific, Inc. USA)
Downward longwave radiation (Q3) W/m? IR02 Pyrgeometer 4.5-40 um CR300
(Hukseflux, Netherlands) (Campbell Scientific, Inc. USA)
Temperature/relative humidity °CM Hobo pro v2 U23-002 —40°C-70°C Hobo pro v2 U23-002
(Onset, USA) 09%-100% (Onset, USA)
Surface temperature °C T-type thermocouple wires —270°C-370°C Hobo UX120-014M

(Onset, USA)
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ity issues even though the number of equations is equal to the num-
ber of unknowns. In order to make these equations compatible to
be solved simultaneously, p (1079) is subtracted from the reflected
portion of Tn Q1 and pn Qs, and the same number is added into the
reflected portion of En in Equation (3B). Micro (p) is the smallest
assumed number as the tolerance for the reflectance of the black
cloth (pb), which has no significant effect on the value, but aids in
solving these equations. The subtraction and addition are based on
radiation strength.

Kirchhoft’s law of thermal radiation gives the following equa-
tion:

™ + pn + en=1, 4)

where en is the emittance of the screen. Equations (1), (2), and
(3B) are used for polyethylene (transparent material) and Luxous-
1347 (semitransparent material). The existing radiation balance
method (ERBE) for transparent, semitransparent, or materials hav-
ing partial porosity suggested by Abdel-Ghany et al. (2016) con-
siders the emissive power of the black cloth, Eb, in Equations (1)
and (2) instead of the entire radiation coming from the black cloth
(O4). Moreover, this method does not take into account the reflec-
tion of pn Q4 in the formation of Q4. Overestimation of the trans-
mission leading to little or no reflection is a possible drawback of
this hypothesis. Equations (1), (2), and (3A) were used for white
polyester, as this material has low porosity. Tempa is an asymmet-
ric material (both sides are different) with seven aluminum
(opaque) and one transparent diffusion strips. The radiometric
properties of the dull side of Tempa were determined by Equations
(2), (3A), and (4). Similarly, the properties of the shiny side can be
determined by simply flipping the side. However, in this study, we
measured only the properties of the dull side. In this way, three
equations were selected from the aforementioned cases based on
the type of material to determine the radiometric properties of all
the materials under natural conditions. Matlab and Excel were used
to solve the above equations for En, tn, and pn. The multiple
reflections (pn2, pn3 and pb2, pb3) of thermal radiation between
the screen and the black cloth were ignored. No angular interaction
between the sample materials and the incident radiation was con-
sidered.

Solidity is defined as the ratio between the solid portion and
the total area of a screen. This parameter can be used to calculate
the convective heat transfer coefficient and is also helpful in the
calculations of the radiometric properties of screens. Its measure-
ment is important because it affects the radiometric properties of
the materials. Three methods are currently available for the meas-
urement of solidity (Cohen et al., 2012). The first method is based
on the radiation balance equation, the second is based on the inter-
ception of direct solar radiation, and the third is based on image
processing. In this investigation, the image processing method was
employed, as it was less time-consuming than the other two meth-
ods. Imagel software was utilized for further processing of the
images, which is a freely available source Java image processing
program inspired by NIH Image that can compute the area and
pixel value statistics of user-defined selections. Furthermore, it can
measure distances and angles. For image processing, the first
screens were tacked to a small frame (4x4 cm) and scanned at 300
dpi resolution with a flatbed scanner (Scanjet 5550c, HP, USA).
The scanned images were then converted into black-and-white
images by changing the image type to 8-bit and using a bandpass
filter. The set scale command was used to adjust the image scale.
These steps were prerequisites for the real and accurate measure-
ment of the area. Thresholding and particle analyzing commands

OPEN 8ACCESS

were used to measure the empty areas of the images. The ratio
between the empty and the total areas was taken for each material
to measure the porosity. Then, the values of porosity were subtract-
ed from 1 to obtain the solidity values.

Results and discussion

Weather conditions, particularly rainy nights and dense cloud
cover, can affect the sensor reading, which ultimately changes the
true results. To overcome such problems, several nights of experi-
ments (as many as three) were repeated for a material to account
for the environmental impact on the material and sensors. The
results presented here are only for one dry and clear night. The
impact of relative humidity on emissivity was reported in Cohen
and Fuchs (1999). The reference study showed that when the rela-
tive humidity exceeded 85%, the emissivity value tended to
increase with an increase in relative humidity. The impact of tem-
perature on transmission and reflection was reported in Abdel-
Ghany and Al-Helal (2012). This study discovered that tempera-
ture had an inverse relationship with transmittance and a direct
relationship with reflectance, because as the night passes, the tem-
perature decreases, which reduces the porosity of the material and
affects its properties. The increase in relative humidity for each
material can be seen in Figure 3, but this increase did not exceed
85%. A decrease in the ambient nighttime temperature of 2°C-5°C
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Figure 3. Relative humidity recorded during the experiment for
each material.
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Figure 4. Ambient temperature recorded during the experiment
for each material.
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during the experiments for each material is shown in Figure 4.
The basic radiation parameters for polyethylene are depicted in
Figure 5. During this experiment, we observed that the sky radia-
tion (Q1) was always less than the downward longwave radiation
over the black surface (Q3). The net radiometer readings were
always negative, i.e., 0>>Q1 and Q4>Q3. The variation of the sky
and ambient temperature for the first three days of November is
presented in Figure 6. The sky temperature was calculated by using
sky radiation data. An approximate difference of 20°C was
observed between the sky and ambient temperatures in a previous
study (Na et al., 2013). In the present study, we found the maxi-
mum difference between the sky and ambient temperature to be
23.10°C; the minimum was 18.34°C. This setup functioned even
when the ambient temperature variation was from —3°C to —5°C
for white polyester. Such measurements were helpful to determine
whether the equipment was working correctly or not. For the vali-
dation of the equations developed for transparent or partially
porous materials, polyethylene was used as reference material.
Table 3 shows a comparison of the transmittance of polyethylene
measured by the proposed radiation balance method (PRBQ) and

Radiations (W/m?)

18:00 19:00 20:00 21:00 22:00 23:00 0:00 1:00
Time (hours)

2:00 300 400 500 6:00

ERBE method with the literature values and the spectrophotometer
results obtained during this study. The outputs of the PRBQ and the
spectrophotometer were identical for polyethylene, and both
results are also in agreement with those of previous studies
(Nijskens et al., 1989; Papdakis et al., 2000; Schettini ez al., 2007).

The output of the ERBE yielded a transmission of 71% for
polyethylene, which is 16% greater than the standard literature
value. Figures 7 and 8 illustrate the transmittance of the polyethyl-
ene film, white polyester, and Luxous-1347, measured spectropho-
tometrically. The PRBQ yielded a transmission of 2% for the white
polyester, which was closer to the output values obtained by the
spectrophotometer and validated the proposed model. The radio-
metric properties of Luxous-1347, measured by the PRBQ, were
similar to those established in earlier works (Hemming et al.,
2017). Minor discrepancies due only to the placement of the meas-
uring sensor were present. The difference in the transmission value
due to the difference in the location of the sampling points meas-
ured by the spectrophotometer is shown in Figure 8. The radiomet-
ric properties of Luxous-1347 and polyethylene obtained from the
ERBE and PRBQ versus time (from 18:00 to 6:00 o’clock) are dis-
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Figure 5. Basic radiation parameters for polyethylene.

Figure 6. Variation of the ambient and sky temperatures.

o PE
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Figure 7. Variations in the transmittance of the screen and the
film with wavenumber.

Figure 8. Discrepancy in transmission value due to the difference
in location of sampling points.

Table 3. Comparative data of polyethylene transmittance.

Wavelengths (ym) 4.5-40 2.5-25 2.5-50 7-14 2.5-40 2.5-25 4.5-40

Reference PRBQ Present study Papadakis Nijskens et al. Schettini ERBE
et al. (2000) (1989) et al. (2007)

Approach RB SP SP SP SP RB

PRBQ, proposed radiation balance method; ERBE, existing radiation balance method; RB, radiation balance method; SP, spectrophotometer.

[Journal of Agricultural Engineering 2021; LI1:1209]

OPEN 8ACCESS



CPress

played in Figures 9 and 10, respectively, while Figure 11 shows the
radiometric properties of the white polyester and Tempa obtained
from the PRBQ. The results showed that even though the ambient
temperature decreased, it had no significant impact on the radio-
metric properties, because the solidity was nearly 1 for the white
polyester and exactly 1 for the other tested materials. Also, relative
humidity did not show any effect on the emissivity of the tested
materials, as it did not exceed the limit described in Cohen and
Fuchs (1999). A comparison of the average radiometric properties
of the tested materials obtained from the ERBE, PRBQ, and spec-
trophotometer measurements are listed in Table 4. During this
experiment, Tempa and the white polyester showed the lowest
transmission, because most of the areas of these two materials
were opaque. The emittance and reflectance of the dull side of
Tempa were similar to the values reported in Cohen and Fuchs
(1999) for aluminum. Small differences in the calculated values
were present due to the small transparent strip of Tempa. The white
polyester showed the highest emittance as compared to those of the
other materials and very low reflectance. White-colored materials
have a high reflectance in the shortwave region and a high absorp-
tion or emittance for longwave radiation (Kishore, 2010). In the
present study, we obtained low values of polyethylene reflectance.
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Figure 9. Radiative properties of Luxous-1347 with the existing
radiation balance method (ERBE) and proposed radiation bal-
ance method (PRBQ).
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Figure 10. Radiative properties of polyethylene with the existing
radiation balance method (ERBE) and proposed radiation bal-
ance method (PRBQ).
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Figure 11. Radiometric properties of White polyester and Tempa,
measured by the proposed radiation balance method.

Table 4. Average radiative properties of the tested materials.

Polyethylene 0.44::0.02 0.29+0.06 0.55+0.02 0.710.06 0.545 1
Tempa 8672 0.67+0.04 NA. 0.01£0.003 NA. NA 1
Luxous-1347 0.46 (0.47)° 0.76+0.05 0.340.03 (0.33)° 0.24+0.05 0.36 1
White polyester 0.94+:0.02 (0.88)* NA. 0.02+0.001 NA. 0.03 0.99

PRBQ, proposed radiation balance method; ERBE, existing radiation balance method. *Value was suggested by Kim et al. (2009); “values were suggested by Hemming et al. (2017); N.A.,, not available.
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Similar low reflectance values of different materials made of spe-
cial high-density polyethylene have also been reported (Gentle et
al., 2013; Abdel-Ghany et al., 2015).

Conclusions

The instability of screen properties due to dust accumulation,
long-term exposure, and abrasion can lead to a significant change
in the energy flux exchange. To overcome these issues, it is neces-
sary to develop a mathematical model that can be used with readily
available equipment. Various studies have been published that
developed such models, but they were problematic as they required
several input parameters and demanded high technical expertise,
while other studies developed simplified models, but with limited
applications.

Therefore, in this study, we proposed a radiation balance
method that required a simple input of parameters, including
incoming radiation, outgoing radiation, and the emissive power of
black cloth, to measure the radiometric properties of materials. The
results obtained by the PRBQ yielded less than a 1%-3% variation
compared to the standard values, whereas their comparison
showed that the ERBE output exhibited relatively considerable dif-
ferences of approximately 15%-22% compared to the standard
results. These appreciable differences were only due to having dis-
regarded the first-order reflection of the materials with partial
porosity. The excellent set of mathematical equations of the PRBQ
are thus expected to be applied in measuring radiative properties of
energy-saving screens and other films used in greenhouses under
natural conditions, while requiring less technical expertise and
yielding more accuracy under clear sky conditions.

Notation

PRBQ = Proposed radiation balance method
ERBE = Existing radiation balance method

01 = Downward sky radiation in W/m?

(@)} = Outgoing longwave radiation above the screen surface in
W/m?

03 = Outgoing longwave radiation over the black surface in
W/m?

O4 = Incoming longwave radiation toward the screen above
the black cloth in W/m?2

Eb = Emissive power of the black cloth in W/m?

En = Emissive power of the screen in W/m?2

™m = Transmittance of the screen

b = Transmittance of the black cloth

pn = Reflectance of the screen

en = Emittance of the screen

pb = Reflectance of the black cloth

PE = Polyethylene

N.A. = Not applicable
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