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The high energy consumption in the greenhouse during the winter season necessitates the

Article history: development of various thermal screens for energy-saving purposes. However, there is
Received 28 July 2021 limited data on the precise properties of thermal screens, while little research has inves-
Received in revised form tigated a methodological approach for measuring the screen's energy-saving capacity for
25 February 2022 greenhouse energy efficiency. This research aims to determine the thermophysical, radi-
Accepted 8 March 2022 ative, and aerodynamic properties of selected commercial greenhouse thermal screens.

The transient system simulation (TRNSYS) model was used to simulate the heat flux and
derive the thermal retention qualities of the thermal screens through their measured

Keywords: properties. The model was validated by comparing the simulated and experimental heat
Thermal screen transfer coefficients, expressed as the overall heat transfer coefficient (U-value), thereby
Permeability determining the thermal retention of the screens. In addition, the simulated U-value was
Airflow compared to the experimental U-value in material permeability to investigate the influence
TRNSYS of screen porosity on heat loss. The statistical analysis t-test was conducted to compare the
Hotbox U-values obtained from the simulation and the experimental hotbox. The simulated U-

values (for computed permeability) indicated that samples M1 and M3 exhibited the lowest
U-value of 4.4 W m 2K !, while white polyester, Luxous, PH-super, PH-66, M2, Clima45 (0),
and New-Lux showed higher U-values of 82%, 105%, 161%, 123%, 41%, 102%, and 118%,
respectively. Because of their low material porosity, M1, M2, and M3 samples showed better
greenhouse thermal retention over others. Conclusively, the permeability features of the
greenhouse energy screen materials have a substantial impact on their U-values.
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Nomenclature T; Inside air temperature, °C
Tis Internal surface temperature, °C
Symbols T External surface temperature, °C
A Cross-sectional area of the sample, m? Ttek Fictive sky temperature used for longwave
p y y p gw!
ACH Air change per hour, h™* radiation, °C
Ceover  Cloudiness factor of the sky Tl Fictive ground temperature used for longwave
Cp Specific heat capacity of air, k] K-> kg* radiation, °C
dP Differential pressure, Pa Teky Effective sky temperature, °C
Es The emissive power of the thermal screen, W m—2 u Velocity, m s+
fs sky Fraction of the sky seen by the outside surface U Overall heat transfer coefficient, W m 2K *
He External convective heat transfer coefficient, W Ugi‘}; Average experimental U-value result, W m 2K ?
m2K? Uy Experimental U-value result, W m 2K !
K Permeability of the thermal screen, m? Uf"‘" Simulation U-value result, Wm 2K !
K, Flow coefficient of the screen sample, m*m2s~%. v Ambient wind speed, m s™*
Pa 0-¢° Y4 Airflow rate, m®s*
IL, Thickness of the Hotbox, m X Thickness of the thermal screen, m
AP, Reference pressure difference, Pa
. Greek symbols
Qconv Convective heat loss to the surface, W . .
. o, Longwave absorptivity of the thermal screen
Qqaa Radiative heat loss to the surface, W . .
b Emittance of black fabric
Q Heat loss through the thermal screen, W .
€0 Emittance of the clear sky
Qioss Total heat loss by the hotbox model, W ..
A Thermal conductivity of the polystyrene
Qinf Heat loss through the screen pore, W . . 11
o insulation, W m~—" K
Qa Inward sky radiation toward the thermal screen, 6
W m-2 n Denotes 10
.. Dynamic viscosity of air, Pa. s
Qp Upward radiation from the thermal screens to the Hd . . ¥3
> p Air density, kg.m
sky, W m .
.. Pb Reflectance of black fabric
Q. Upward longwave radiation from the thermal
. Y pL Longwave reflectance of the thermal screen
screen toward the black fabric, W m
.. Ps Reflectance of the thermal screen
Qa Inward longwave radiation toward the thermal
. 2 c Stephan—Boltzmann constant
screen from the black fabric, W m . .
. . Tp Transmittance of black fabric
Qfrate Infiltration airflow rate through the screen per .
. 391 -2 T Longwave transmittance of the thermal screen
unit area, m> h™" m .
. Ts Transmittance of the thermal screen
Qr Heating power of the heater, W
Qw Heat losses through the hotbox surfaces, W Abbreviations
Sa Sky downward shortwave radiation, W m 2 ASHRAE American Society of Heating, Refrigerating and
Sb Outward shortwave radiation toward the sky from Air-conditioning
the thermal screen, W m 2 BES Building energy simulation
S Outward shortwave radiation from the thermal KMA Korean Metrological Administration
screen toward the black fabric, W m 2 LBNL  Lawrence Berkeley National Laboratory
Sq Shortwave radiation from the black fabric toward PE Polyethylene
the thermal screen, W m—2 QTM-500 Quick thermal meter
Sk Surface area, m? TRNSYS Transient system simulation
Ta Ambient temperature, °C
1. Introduction the most energy-intensive sector in the commercial agricul-

The continuous global population growth has led to an
exponential rise in the food demand with controlled envi-
ronmental agriculture, such as a greenhouse providing alter-
native favourable conditions for crop cultivation all year
round. Greenhouse farming is one of the most common ap-
proaches, creating a satisfactory microclimate for crop
growth. This cultivation strategy is cost-effective and meets
global food security and environmental sustainability
(Ouazzani Chahidi et al., 2021). However, the greenhouse is

ture industry (Zhang et al., 2020). For instance, in South Korea,
the greenhouse-heating energy requirement during winter
was estimated to be 40% of the total production cost (Rasheed
et al., 2018b). Therefore, the high energy consumption has
prompted innovative solutions and technology to promote
energy savings without compromising crop growth (Yano &
Cossu, 2019). According to previous studies, numerous
energy-saving techniques and strategies have been applied to
decrease the operating cost by reducing the greenhouse-
heating demand during the winter season (Cuce et al., 2016).
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The energy simulation tools have successfully predicted the
greenhouse thermal behaviour and performance by analysing
the energy requirements and energy-efficient screens to
mitigate the high heating demand and reduce the operating
cost (Yano & Cossu, 2019). The persistently high energy de-
mand has been the primary concern of the greenhouse
growers, researchers, and practitioners (Teitel et al., 2009;
Rasheed et al., 2018b; Yano & Cossu, 2019), thus it must be duly
managed and optimised to maintain the most favourable
environment for optimum plant growth, enabling economical
production in winter (Akpenpuun et al., 2021).

Among the several techniques to reduce the heating de-
mand and improve energy retention inside the greenhouse,
thermal screens reduced the night time heat loss by about
40%—70% night time (Ahamed et al., 2019) and saved about
23%—60% heating energy by reducing the heated air in the
greenhouse microenvironment (Ahamed et al., 2019). Thermal
screens act as a blanket (insulation material) preventing heat
loss to the ambient environment at nighttime (Frangi, Piatti, &
Amoroso, 2011), and their energy-saving performance is
influenced by the location and types of screens used (De
Zwart, 1996). Abu Bakar et al. (2015) and Rasheed et al.
(2018a) reported that greenhouse design parameters, con-
struction materials, type and number of energy screens
significantly affect the heating consumption and conse-
quently, the energy demand in the greenhouse. Therefore, the
thermal performance of the energy-saving screens is required
to improve greenhouse insulation (Vitoshkin et al. 2019), while
the overall heat transfer coefficient (U-value) can determine
the thermal capacity of screen materials (Rasheed et al,
2018c). According to Rasheed et al. (2018c), many novel ther-
mal screens are available in the South Korean market, pos-
sessing unidentified properties, thus making it challenging for
the grower to select the materials with optimal energy-saving
characteristics. However, comprehensive information about
the U-value could facilitate an intelligent economic invest-
ment in suitable energy-saving thermal screens, thereby
reducing the initial cost of production (Baeza et al., 2020).
Moreover, U-value and other essential information on the
screen materials could enable the manufacturer to fabricate
the best suited materials for the greenhouse (Hemming et al.,
2017).

Geoola et al. (2009) constructed a guarded hotbox to test the
influence of temperature difference and wind velocity on the
overall heat transfer coefficient of greenhouse polyethylene
plastic sheets, with or without thermal screen under various
conditions. Diop et al. (2012) developed a guarded hotbox to
determine the U-value of greenhouse covering materials and
thermal screens concurrently, with and without shelter from
sky radiation. Furthermore, Lu and Memari (2018) performed a
comparative study of building enclosure testing laboratory
hotbox to evaluate the thermal properties of the building en-
velope systems. This study was further performed using dy-
namic models, including Anderlind's regression and R—C
network models and validated the results using the hotbox
test method (Lu & Memari, 2018). Rasheed et al. (2018a) created
a hotbox building energy simulation (BES) model to compute
the U-value of polyethylene, polycarbonate, polyvinyl chlo-
ride, and horticultural glass. The study considered all exam-
ined materials as impermeable without any aerodynamic

properties, accounting for the heat loss through the pores
(Rasheed et al., 2018a). Furthermore, Rasheed et al. (2018a)
used the hotbox BES model to study the U-value of several
selected greenhouse thermal screens under well-defined cli-
matic conditions to investigate their thermal performances.
However, only a few studies consider the aerodynamic prop-
erties (airflow characteristics and permeability) of thermal
screens in the models to predict the energy retention capa-
bilities of the screen materials. Miguel et al. (1997) investigated
the airflow properties of nine different thermal, shade, and
insect greenhouse screens using Forcheimer's equation and
Darcy's formula to determine their porosities and permeabil-
ities. The experiments revealed that the permeability of
thermal screens is around 10~** m?, which can increase up to
3.5 times due to damage from poor handling. Castellano et al.
(2016) used a laboratory macro wind tunnel to determine the
aerodynamic and geometric parameters of 15 greenhouse net
screens. The study established the airflow rate and pressure-
drop curves with a velocity less than 4 m s™* using Bernoul-
li's principle of the loss coefficient. Further, Valera et al. (2006)
used air-suction and wind tunnel systems to evaluate the flow
resistance, permeability, and inertial factors of chosen
greenhouse nets as a function of porosity. They reported that
the screen porosities ranged from 0.29 to 0.48, and a second-
order polynomial was used to describe the relationship be-
tween inertial-factor and porosity.

In recent times, dynamic simulation software's have been
introduced in the greenhouse research to address the thermal
phenomena. However, transient system simulation (TRNSYS),
a BES used to study thermal systems, estimate energy load,
and analyse energy management of a greenhouse microcli-
mate for effective economic efficiency (Rasheed et al., 2015;
Ahamed et al., 2020). TRNSYS is a versatile software, also used
in commercial, industrial, and domestic buildings. Further-
more, the software applications have been extended to the
agricultural sector, modelling a real-life scenario, including
processing dynamic weather data, solar radiation, building
orientation and geometry, energy storage system, ventilation,
HVAC, and renewable energy (Baglivo et al., 2020). The
TRNSYS tool can model a thermal system to determine the
hourly, daily, and yearly energy demands based on the input
parameters (Rasheed et al., 2015; Choab et al., 2021). Moreover,
several studies have applied the TRNSYS model to simulate
the greenhouse microclimates and analyse the energy man-
agement (Ahamed et al, 2020; Baglivo et al, 2020;
Mashonjowa et al., 2013; Rasheed et al., 2018b, 2020a). Ahamed
et al. (2020) used TRNSYS to predict the heating requirements
of a Chinese-style solar greenhouse for Canadian prairies,
making several assumptions regarding thermal screens due to
the unavailability of specific features in the TRNBuild library,
required for the greenhouse model simulations. However,
using the actual screen properties reduces the model uncer-
tainty while predicting the energy loads. Similarly, Rasheed et
al. (2020) used TRNSYS to simulate the microclimate of a
multi-span greenhouse, considering the daily and annual
controls of screens, roof vents, and heating setpoints in favour
of the crop demand (Rasheed et al. 2020). The study examined
the effects of greenhouse design parameters, including natu-
ral ventilation, number of screens, double glazing, north—wall
insulation, roof geometry, covering materials, heating
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setpoint controls, and thermal screens on the maximum-
heating load. However, little attention was laid on the ther-
mal screen airflow characteristics, accounting for the heat
loss through the screen pores when used for energy saving.

Studies have reported the properties of greenhouse screens
of several material configurations in regards to permeability
(Miguel, 1998; Lépez et al., 2016; Hemming et al., 2017; Hung
Anh & Pasztory, 2021), radiometric property (Abdel-Ghany
et al., 2015; Rafig, 2019), and thermal radiation (Balemans,
1989; Papadakis et al.,, 2000; Andersson, 2010; Rafiq et al.,
2019). However, the properties were separately used,
ignoring their cumulative effect on the screen thermal per-
formance. The ability of thermal screens to diffuse, emit, and
reflect the solar spectrum or longwave radiation into the
greenhouse environment depends on their material compo-
sitions and structures, making a single thermal screen prac-
tically nonideal for all crops, locations, and seasonal weather
variations (Baeza et al., 2020). Therefore, the combined prop-
erties of thermal screens must be utilised by an energy
simulation software to determine the greenhouse energy
demand.

Hitherto, Hemming et al. (2017) examined thermal and
shading screens with KASPRO software to investigate their
energy-saving capabilities. Their study considered the screen
radiation exchange, humidity transfer, air permeability of
woven and knitted textiles or foils, open and closed struc-
tures, diffusion, aluminised transparent, and colour of various
screens. Their investigation was based on the radiation ex-
change, including transmissivity and emissivity of longwave
radiation. Baneshi et al. (2020) developed a greenhouse model
in MATLAB to simulate cultivation microclimate and measure
the spectral radiative properties of some greenhouse covering
materials in a wide wavelength range from 0.2 to 28 um. The
authors concluded that appropriate covering plastic reduces
the annual cooling and heating loads by 9.8% and 6.3%,
respectively. Hence, this study revealed insufficient data
about the specific spectral radiative properties of greenhouse
plastic screen (Baneshi et al., 2020), and limited information
about the thermal performance of thermal screens are avail-
able to growers to meet specific crop requirements (Rafiq et al.,
2020). Rafiq et al. (2019) investigated the properties of thermal
screens under natural conditions and reported the emissivity
values of PE, LD-13, LD-15, and PH-20 materials as
0.439 + 0.020, 0.460 + 0.010, 0.454 + 0.010, and 0.499 + 0.006,
respectively. Abdel-Ghany et al. (2015) determined shortwave
and longwave radiations of shading nets by analysing their
energy exchange on them. The downward and upward solar
and thermal radiation fluxes measured the energy balance
below and above the net surface, respectively. Therefore, this
study, addresses the data gap regarding the accurate deter-
mination of the thermal screen properties via a novel meth-
odological approach to evaluate the screen energy-saving
capacity for greenhouse energy efficiency. In addition, this
study considered the permeability of screen materials. The
model also simulated the real-life scenario considering all
climatic conditions not considered in the previous studies,
such as ambient pressure, external temperature, and wind
speed.

Moreover, this study determines the effect of screen
porosity on the overall heat transfer coefficient using the BES

model by further investigating the thermal screen properties,
including the thermophysical, radiometric, and aerodynamic
properties based on their respective U-values. The accurate
determination of the U-values for different thermal screens
using BES would aid greenhouse energy system simulation
and energy analysis and estimate the annual energy load in
the greenhouse accurately, thereby limiting assumptions in
predicting the energy loads for the energy-saving capacity of
the greenhouse thermal screens. Moreover, information
regarding the U-value and thermal performance would facil-
itate better production decisions by the screen-manufacturing
industry.

2. Materials and methods

This research examines the thermophysical (thickness, den-
sity, thermal conductivity, and geometric features), radio-
metric (longwave, solar, and visible radiation), and
aerodynamic (airflow and permeability) properties of the
thermal screens, thus evaluating their overall heat transfer
coefficients using TRNSYS and an experimental hotbox (U-
value).

2.1. Thermophysical property

The thermophysical properties of 10 greenhouse screens were
measured, as shown in Fig. 1. The thickness (mm) of the
thermal screen was measured with an electronic digital
calliper (TED PELLA, Inc., USA), and the thermal conductivity
(Wm~*K %) was tested with a quick thermal meter (QTM-500,
Kyoto Electronics MFG. Co., Ltd, Japan) (Rasheed et al., 2020).

The screens were classified as symmetrical or asymmet-
rical, opaque or transparent, with or without aluminum strips
or layers (Balemans, 1989; Rafiq et al., 2019). As a result, the
physical properties of the screen materials were used to
categorise them as homogeneous or heterogeneous. Samples
M1, M2, and M3 comprised of more than three distinct mate-
rials, as stated in Table 1, including an aluminised surface,
non-woven polyester, casimiro cotton, and white polyester on
the reverse surface. The Lawrence Berkeley National Labora-
tory (LBNL) software was used to feed these properties into
TRNBuild, which generated a readable building file called
DOE-2.

2.2. Radiometric property

To determine the thermal infrared and solar radiations
through the selected materials, the radiometric features were
examined using the radiation balance method. The radio-
metric properties were evaluated by calculating the radiation
exchange between the thermal screen and the black fabric
using the incoming and outgoing shortwave radiation (Rafiq
et al., 2019), as well as the inward and outward longwave ra-
diation (in W m~?) from the sky (Rafiq et al., 2019; Blonquist
et al,, 2009; Rasheed et al., 2020). The radiation balance setup
comprised of a 2 m by 2 m by 1 m (length x width x height)
aluminum-steel frame. The radiometric experiment was
conducted on the roof of the Agricultural Civil Engineering
Department of Kyungpook National University in Daegu,
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Fig. 1 — Overview of the selected samples for the greenhouse energy-saving screen.

able 1 — Material components of multilayered thermal screens.

SN Name Material Composition

1 M1 Aluminum surface (Y1-Al/J1) + non-woven polyester + casimiro
cotton + non- woven polyester + white polyester 300/300

2 M2 Aluminum strip surface (Y1—Al/DN1) + non-woven polyester + white
polyester 300/300

3 M3 Aluminum surface (Y1—-Al/W1) + non-woven polyester + casimiro

cotton + non- woven polyester + white polyester 300/300

South Korea. The black fabric was stretched to cover the stand
beneath the thermal screen at 0.5 m height to absorb the ra-
diation passing through the thermal screen, while those were
spread across the upper surface of the setup. As seen in Fig. 2,
the black fabric reflected the radiation back to the thermal
screen. The black cloth, covering the bottom of the frame, had
known radiometric properties: emittance (g,) = 0.93, trans-
mittance (tp) = 0, and reflectance (py) = 0.07 (Rafig et al., 2020).

Table 2 lists the radiometric sensors used in this study.
These sensors were installed at the centre of the aluminum-
steel frame, above the thermal screens, and between the
thermal screens and the black fabric. As a result, the top
sensors above the thermal screen recorded the sky radiation,
while those between the thermal screen and the black fabric
recorded radiation exchange between them. All necessary
parameters were collected at 10-min intervals using two data

Fig. 2 — Experimental setup for determining the radiometric property of the energy-saving screen during the (A) night time

(B) daytime.
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Data logger Spectral

Unit

Sensor

Parameter

range

0.2—100 ym

NR Lite2 Net radiometer (Kipp and Zonen, Netherlands) sensitivity 10 WV W~ m 2, response time <20s, W m 2 LR-5042 (Kioki, Japan)

sensor asymmetry <15%

Net longwave radiation

300—2800 nm

CPM3 pyranometer (Kipp and Zonen, Netherlands) sensitivity 11.54 uV W' m 2, response time <18 s, W m~2 LR-5042 (Kioki, Japan)

temperature sensitivity —10 to +40, tilt error <2%, zero offset <15 W m 2

Downward & Upward

shortwave radiations
Downward longwave

CGR3 pyrgeometer (Kipp and Zonen, Netherlands) sensitivity 14.54 uV W' m 2, response time <18 s, tilt W m~2 Model CR300 (Campbell scientific, Inc. USA) 4.5—42 ym

-2

error <2%, zero offset <5 W m

radiation

recorders (loggers), as shown in Table 2. The materials were
tested between 0600 and 1800 h, while the solar radiation was
measured throughout the day. Conversely, longwave radia-
tion was measured during the night from 1800 to 0600 h, the
next day, as shown in Fig. 2. The radiometric properties of the
thermal screens, i.e., the inward and outward directions of the
longwave radiation were measured using net radiometers and
pyrgeometers, as shown in Fig. 3. As a result, the pyran-
ometer, which quantifies the solar radiation entering and
leaving the screens, was used to measure the downward and
upward shortwave radiations, as shown in Fig. 4.

The radiation balance equations were used to calculate the
longwave radiation, as shown in Fig. 3. Thus, the longwave
infrared radiation (W m™2) determined the upward and
downward radiations on the screen surface, where Q is the
upward longwave radiation from the thermal screens to the
sky, and Q. is the upward longwave radiation from the ther-
mal screens to the black fabric during the night (Abdel-Ghany
et al., 2015).

Qp =Es+ (o X Qo) + (Qu x 71) (1)

Qc=Es+ (1. x Qq) + (Qu x pr) 2

where Qg is the inward longwave radiation from the black
fabric toward the thermal screen (W m-2), Q, is the inward
sky radiation toward the thermal screen, p; is the thermal
screen's longwave reflectance, 7 is the longwave trans-
mittance of the thermal screen, E; is the emissive power of the
thermal screen (W m™2), a factor of the Stefan—Boltzmann's
law.

Qu=Ep+ (p, + 1) X Es + (pp — 1) X (pp X Qa) + (pp — 1) X (1. X Qa)
®3)

a=1-p, -7 (4)

where oy, is the longwave absorptivity of the thermal screen
(Al-Helal & Abdel-Ghany, 2011; Balocco et al., 2018; Hemming
et al., 2017; Rafiq et al., 2021. Even though the number of
equations equalled the number of unknowns, using the iter-
ation method in MATLAB software to simultaneously solve
Egs. (1)—(3) resulted in Eq. (3), causing compatibility issues. To
solve these equations simultaneously, micro (denoting 10~°)
was subtracted from the reflected portions of 7, x Q,, and p; x
Qq, while added to the reflected portion of Es in Eq (3). The
micro p is the smallest assumed number that can tolerate the
reflectance (py) of the black cloth with no effect on the radia-
tion value and instead used as a tolerance to balance the
iteration.

The shortwave radiation is expressed by the radiative
property during the daytime (Fig. 4), measuring the inward
and outward shortwave radiations on the screen materials, as
specified in Egs. (5) and (6).

Sb = (ps X Sa) + (75 X Sa) (5)

Sc = (ps X Sd) + (TS X Sﬂ) (6)

where Sy, is the outward shortwave radiation from the thermal
screen toward the sky, S, is the outward shortwave radiation
from the thermal screen toward the black fabric, ps is the
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Fig. 4 — Schematic diagram of the inward (S, and S4) and outward (S, and S.) shortwave radiations on the energy-saving

screen during the daytime.

reflectance of the thermal screen, tg is the transmittance of
the thermal screen, and S, and S4 are the sky downward
shortwave radiation and radiation from the black fabric to-
ward the thermal screen, respectively. Egs. (1)—(4) were solved
simultaneously by iteration (though the number of knowns
equals the number of equations) using MATLAB (MATLAB 20B,
MathWorks, USA) to determine the longwave radiation.
Further, Egs. (5) and (6) determined the shortwave radiation.

2.3.  Aerodynamic properties

Air exchange occurs between the two sides of the screens via
screen porosity. Air permeability accounts for heat and energy
losses to the top compartment of the greenhouse (Hemming
et al.,, 2017), thus used to determine the air exchange pre-
cisely. A laboratory-scale air-suction device with a draining
water tank was developed to measure the air permeability of
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the thermal screens, as shown in Fig. 5A. This apparatus
operates on the air—water flow-suction mechanism, wherein
gravity-induced air causes a pressure drop due to natural
suction on the screen surfaces (Miguel, 1998). The closed
system of the draining water tank mechanism was chosen
because of its precise measurement of air permeability. The
air-suction tank is a sealed container with three openings: two
at the top (one for the screen holder, and the other for the
water entry valve), and the third for water discharge, con-
necting to the flow sensor. The air-suction tank discharges

water when valves D and C are open, as shown in Fig. 5B. The
tank draws air from the surrounding environment into the
system through the material pores, causing water to flow out.
As aresult, the volume of water released and its flow velocity
leaving the system are identical to the air volume and airflow
rate induced into the suction tank through the pores of the
screens, respectively. The water flow rate is measured rather
than the airflow rate through the material as water is easily
quantifiable, thus making the measurement more accurate
(Hemmingetal., 2017). As shown in Fig. 5B, the thermal screen

Water inlet pipe

Air-inlet pipe

Inlet air valve

Screen holder

Pressure sensor |

Steel frame — l

Valve-C <D

Screen material

!
CzV:llv e-A

Flow sensor -C::]

Air suction tank

Flow meter

Collection tank

Water inlet

Air-suction Tank
Water

C‘:D Valve-D

Collection Tank

ﬂ@” Valve-B
" B

Water outlet

Fig. 5 — (A) CAD design of the air-suction device (B) Schematic diagram of the air-suction device.
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was installed inside the screen holder, open to the ambient
atmosphere, and connected to the upper part of the air-
suction tank via a pipe. The sample screens were cut into
10 cm-diameter pieces and mounted on supporting rubber
rings with inner and outer diameters of 8 and 10 c¢m, respec-
tively. The volume of discharged water from the tank was
measured with a flow sensor F-1000-RT with an operational
range of 0—500 Pa (Blue-white industries, Ltd. USA), and the
pressure drop of the screen was measured with a differential
pressure transmitter DPUH-0500 with an operational range of
0—500 Pa (Sensys industries, Ltd. South Korea), which auto-
matically recorded the pressure as air was sucked into the
system. However, wind tunnel was not used to measure the
screen permeability, as previously described (Hemming et al.,
2017; Santolini et al., 2019).

Darcy's equation describes the fundamental interactions
between air velocity and pressure difference when passing
through two permeable materials. Darcy's law also describes
an isothermal fluid moving at a slow and steady velocity
through a material under a pressure gradient (Miguel, 1998).
As a result, the Darcy equation holds for fluids moving at low
speeds in laminar flow, and material permeability is deter-
mined by the material's ability to disperse fluids via pores
(Hemming et al., 2017).

Pty 0)
where dP denotes the air pressure difference [Pa], u is the air
velocity [m s™%], K is the thermal screen permeability [m?], u, is
the dynamic viscosity of air [Pa s], and x is the thickness of the
thermal screen [m] (Lopez-Martinez et al., 2020). In addition,
the screen's infiltration rate was determined by the modified
LBNL-model for estimating the rate of heat exchange by air
infiltration in the greenhouse using the equivalent leakage
area, flow coefficient, and a reference pressure difference as
expressed in Eq. (8). The flow coefficient was determined by
the material permeability and its aerodynamic properties.

Qfmte = Kt [APr] 066 (8)

The airflow rate through the fabric is measured at a
steady constant pressure of 50 Pa when effects of winds and
buoyancy forces are eliminated (Jones et al., 2012). Further-
more, operational pressure differences are dynamic and
typically an order of magnitude lower, at around 4 Pa or less
for conversion to infiltration flowrate used to predict oper-
ational air leakage, according to (Balemans, 1989; Kraniotis,
2015). In building envelops, the average pressure across a
leak is closer to 1 Pa than 50 Pa (Sherman & Chan, 2004). This
study also concludes that a reference pressure of 1— 4 Pa
should be used to account for variations in natural pressure
and to avoid high pressure, which can cause non-linear

Table 3 — Properties of polystyrene.

Property Value
Thickness (mm) 100
Density (kg m~3) 15
Thermal conductivity (W m~* K~ ?) 0.033

Specific heat capacity (k] kg * K™ %) 1.25
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Data logger

Specifications

Interval

G=l
=]
]

Components

200 V, 60 Hz, —10 °C—60 °C (Al power manager, South Korea)

Hour

watt

PM-B540-W
Wattmeter

600 W, 200 V, and 60 Hz (Comax Electric, China)

CM-100S
Electric heater

LTH-203

220V, 30A (South Korea)

Heating control relay box

Integrated type

Temperature

10 min

“C
%

HOBO MX2301A (Internal temperature & relative humidity)

Range: - 40 °C-70 °C

Accuracy: + 0.2 °C from —0 °C—70 °C

RH

Range: 0—100

Accuracy: +2.5% from 10 to 100% (Onset, USA)

Range: —40 °C—70 °C

HOBO 4-Channel Analogue Data Logger

UX120-006M (Onset, USA)

10 min

°C

HOBO TMCx-HD (External temperature)

Accuracy: +0.25 °C from —40 °C—50 °C (Onset, USA)

Range: —270 °C—1260 °C

HOBO 4-Channel Thermocouple Data Logger

UX120-014M (Onset, USA)

10 min

°C

Thermocouple probes (Internal and external surface temperature)

Accuracy: +0.25 °C from —40 °C to 50 °C

Range: —40 °C—75 °C

RS3-B (Solar radiation shield)

Weight: 113 g (Onset, USA)
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Table 5 — Thermophysical properties of the thermal screens.

SN Sample (trade name) Thickness Thermal conductivity Layer Symmetric/ Al- Composition
(mm) (Wm™ K™ Asymmetric strip
1 White Polyester 300/600 0.34 0.1066 Single Symmetric Non homogenous
2 Luxous 0.31 0.0558 Single Symmetric Non homogenous
3 PH-55 0.41 0.1486 Single Asymmetric s homogenous
4 PH-super 0.33 0.0946 Single Symmetric Non homogenous
5 PH-66al 0.46 0.1573 Single Asymmetric 2/3 homogenous
6 M1l 1.74 0.0440 Multi Asymmetric Non heterogenous
7 M2 0.9 0.6623 Multi Asymmetric Non heterogenous
8 M3 1.85 0.0486 Multi Asymmetric Non heterogenous
9 Clima45 (0) 0.24 0.0660 Single Symmetric Non homogenous
10 New-lux 0.25 0.0525 Single Symmetric Non homogenous

Table 6 — Radiometric properties of the thermal screens.

SN Sample (Trade Name) Surface Thermal Radiation (2500 Solar Radiation
—40,000 nm) (300—2500 nm)
€ p T T p
1 White Polyester 300/600 Front 0.94 0.04 0.02
Back 0.94 0.04 0.02
2 Luxous Front 0.44 0.18 0.38 0.58 0.30
Back 0.44 0.18 0.38 0.57 0.25
3 PH-55 Bright 0.25 0.35 0.40 0.38 0.43
Dull 0.31 0.36 0.33 0.41 0.31
4 PH-super Front 0.60 0.02 0.38
Back 0.60 0.02 0.38
5 PH-66al Bright 0.32 0.58 0.10 0.17 0.67
Dull 0.52 0.38 0.10 0.17 0.57
6 M1 Front 0.01 0.99 <0.01 <0.01 0.99
Back 0.51 0.49 <0.01 <0.01 0.49
7 M2 Front 0.02 0.98 <0.01 <0.01 0.98
Back 0.51 0.49 <0.01 <0.01 0.49
8 M3 Front 0.01 0.99 <0.01 <0.01 0.99
Back 0.51 0.49 <0.01 <0.01 0.49
9 Clima45 (0) Front 0.48 0.17 0.35 0.38 0.50
Back 0.55 0.14 0.31 0.38 0.48
10 New-lux Front 0.45 0.30 0.26 0.58 0.30
Back 0.42 0.27 0.31 0.57 0.25

Table 7 — Aerodynamic properties of the thermal screen materials.

SN Sample (trade name) Permeability Infiltration flow rate per unit area (cm? Hotbox air change per hour ACH
2 -2 o—1 =

(m?) cm 257 (h?)

1 White Polyester 300/600 6.51E~*?+ 8.9E 0.086 5.1

2 Luxous 1.71E" + 1.0E°*2 0.179 10.8

3 PH-55 (open) 7.25E7"° + 4.0E7™ 2.344 140.6

4 PH-super 2.53E " + 3.0E " 0.220 13.2

5 PH-66al 3.41E7" + 2.7E7*2 0.182 10.9

6 M1l 2.66E 1% + 2.2E 71 0.002 0.1

7 M2 1.42E° 12 + 24 1 0.028 1.7

8 M3 0.00 0.00 0.0

9  Clima4s5 (0) 1.49E " + 1312 0.151 9.1

10 New-lux 1.33E ™ + 1.6E 3 0.194 11.7

effects that do not accurately represent the actual pressure
(Sherman & Chan, 2004). Hemming et al. (2017) use an
experimental greenhouse to measure air velocity through
the screens pore in order to characterise the air permeability
values of various screens. Therefore, a range of air velocities

1

lower than 0.2 m s~ was recorded and the maximum air

speed of 0.2 m s~' is necessary to accurately characterise the
aerodynamic properties. This present study used a reference
pressure of 1Pa as an estimated pressure difference based
on Lépez et al. (2016)'s pressure drop—velocity relationship
model for greenhouse screens, and air velocity of 0.2 m s 1
through the screens (Hemming et al., 2017).
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2.4. BES model

TRNSYS is a BES software used to create the geometry of the
hotbox model. Firstly, the 3D model of the Hotbox was created
using Transys3d, a Google SketchUpTM extension (add-in).
Second, the model was imported into TRNBuild as an IDF file
to define the hotbox material properties. Polystyrene proper-
ties, thermal screens, and outside weather parameters were
used as the input parameters. The walls of the hotbox were
composed of polystyrene insulation, and the wall properties
were chosen from the TRNBuild library, as shown in Table 3.
Third, the thermal screen properties included longwave ra-
diation, shortwave radiation, physical properties, and aero-
dynamic properties, as shown in Tables 5—7, processed using
the Lawrence Berkeley National Laboratory (LBNL) Window
7.4 software, as shown in Tables 5—7. Finally, as shown in
Fig. 7, the DOE-2 data file was generated and imported into
TRNBuild.

The TRNSYS studio consisted of the following components,
called “type” for the hotbox simulation: a multi-zone building
(type56), weather data reader (type9c), solar radiation pro-
cessor (typel6a), printer (type25c), plotter (type65c), and an
equation editor, as shown in Fig. 8. The hourly outside
weather information, including the ambient air temperature,
sky temperature, wind speed, and ambient pressure was
collected from the Korean Metrological Administration (KMA).
The weather reader processed the data to simulate the actual
external climatic conditions. All these components were
interconnected and linked to typeS56 as inputs and outputs.
The TRNBuild generated the building information stored as a
b18-file, defining all the hotbox input parameters. Also, the
plotter and printer displayed the outputs from the simulation.
The model determined the heat flux through the thermal
screens while considering them as permeable or imperme-
able. Permeability is a measure of airflow rate through the
pore of screen materials, accounting for leakages or losses.

According to TRNSYS 18, TRNBuild allows a standard
infiltration simulation by setting the screen material airflow
rate in terms of air change per hour (ACH) h™! as a constant
value or input variable. However, the airflow rate is operated
with a Boolean controller (ON/OFF), switched ON considering
the infiltration and OFF otherwise. Therefore, the ACH (h™%)
expressed below, is in accordance with the ASHRAE standard:

As X Qfmte

box

ACH= ©)
where Ag is the hotbox surface area covered with the screen
(m?), Viox is the volume of the hotbox (m?), and Qgate is the
airflow rate of the screen area (m*> m 2 h™?%).

The hotbox geometry's overall heat loss and the model's
heat transfer were used (Solar Energy Laboratory, 2018, pp.
7-36), as depicted below:

Qloss = Qcom) + Qrad + Qinf (10)

The convective heat loss from the hotbox represented the
loss between the hotbox surface and the external environ-
ment, as shown below:

Qconu :He (Tes - Ta) (11)

The model used the sky temperature equation to deter-
mine the external surface longwave radiation exchange and
the radiative heat transfer, as stated in Eq. (12) (Asdrubali
et al., 2019; SCL, 2018, pp. 7—36; Zhang et al., 2017):

Qaa=0 & (T:s - T}lsky > (12)
Trory = (1 7f3.sk)’>' Tora — fssky - Tsky (13)
0.25
Tsky :Tﬂ(eo +0.8 (1 — 30>Ccouer) (14)

Also, the infiltration heat loss due to airflow through ma-
terial pore from the hotbox was described by the following
equation:

Qinf =V p Cp(Ti = Ta) (15)

The total heating demand equals the heat loss from all the
hotbox surfaces, calculated individually for each surface by
the model. As a result, the heat loss through the screen was
used to calculate the materials’ U-value.

2.5. Hotbox model validation

A statistical analysis of the coefficients of determination R?
was performed to evaluate the hotbox model's performance,
quantitatively expressing the model's performance, as shown
in Eq (16). As a result, the R? accuracy value ranged from 0 to 1,
with a value closer to 1indicating that the model is accurately
fit. As a result, the results were statistically analysed using the
Microsoft Excel 2016 statistical package (Ogunlowo et al.,
2021). The model's fitness was validated by comparing white
polyester's simulated and experimental U-values. A t-test
statistical analysis was also performed to compare the
computed U-value (both permeable and impermeable cases)
of each material averaged over different trials and experi-
mental U-value to determine the significance of difference in
the results. The study was conducted at a 5% level of
significance.

S (U7 - uim)”

R?=1- -
S (Ur? - U

(16)

2.6. Experimental hotbox

Four calibrated laboratory hotbox devices were constructed in
accordance with ASTM standards C 236—89 and C 976 to
investigate the overall heat transfer coefficients (U-values) of
greenhouse thermal screens. These devices were made from
polystyrene insulation material and an aluminum frame for
external support and rigidity. The boxes are of two sets which
were 800 x 800 x 800 mm and 700 x 700 x 700 mm (length,
width, and height) in volumetric dimensions, respectively, with
the wall thickness of 100 mm (Fig. 6). The Hotbox had an
opening at the top, called the window, accommodating the
screen materials under investigation. The box chamber was
split in 700 and 600 mm heights to enable the testing of screen
samples. To prevent air leakage from the system, a section of
polystyrene was placed on the screen sample and metal
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_~— Screen

Fig. 6 — Trnsys3d sketch of the hotbox simulated model.

frame, held to the body frame by a belt rope. A sponge-corner
cushion, bonded to the upper face of the polystyrene and
lower surface of the polystyrene cover to enable airtight
window access and a smooth surface match, prevented
leakages between the upper hotbox surface and the screen
sample.

The hotbox heating system operated at a preset tempera-
ture of 40 °C to maintain the required inner chamber

ednput U
=

- Output selection

- 3D model specificaitons
= Window type manager
= Infiltration (ON/OFF)

o e

st
- N

/' Simulation \

Equation editor

DOE-
file Weather data
processor
k TRNbuild J
= Set heating

Multizone building
module (TYPE-56)

* ‘ control card ‘

temperature using an electric heater. The heating source was
strategically placed at the centre of the specimen box for
uniform heat distribution during the experiment (Fig. 9), and
the hotbox components are listed in Table 4. Two external
HOBO TMCx-HD sensors measured the ambient temperature
accurately with a solar radiation shield (RS3-B), preventing the
climatic influence on the sensor measurement. These sensors
were connected to a 4-channel analog data logger obtaining

DN J

Fig. 7 — Flowchart diagram of the hotbox TRNSYS model.
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Fig. 8 — TRNSYS Simulation studio hotbox model.

the readings at 10 min intervals. The internal air temperature
was automatically measured and recorded by two HOBO
MX2301A sensors. The internal and external surface temper-
atures were measured by four thermocouple probes con-
nected to a HOBO UX120-06M data logger, recording the
readings at 10 min intervals. The power input of the electric
heater was measured by a Wattmeter (Watts), and a heating
control box regulated the air temperature inside. Additionally,
a control box was positioned at the outer surface of the hot-
box, connected to the thermocouple measuring the air tem-
perature in the hotbox and the electric heater regulating the
hotbox temperature. The experiment was conducted during
the winter night time, suitable for the thermal screen usage.
The optimum ambient climatic conditions were between 2100

Solar radiation shield

Temperature sensor
(external)

Surface temperature sensor —|

and 0500 h, as shown in Fig. 10. However, this hotbox method
did not consider the humidity transportation previously
considered by (Feuilloley & Issanchou, 1996; Geoola et al,,
2009).

These experiments were conducted at night to observe the
heat loss during the night time. However, if the hotbox walls
and bottom are considered adiabatic with stable heat transfer
through the thermal screens, and the system is in a steady
state, then the experimental process is considered to follow
the thermal equilibrium theory, stated in Eq. (17):

Q

Uzmn—n)

(17)

where U is the overall heat transfer coefficient (Wm 2 K1), Q

Surface temperature sensor
i \—‘J

Temperature sensor
(Internal)

Heating
AMA—AWA—AA-

7\

Fig. 9 — Schematic diagram of the hotbox.
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is the heat loss through the thermal screen (watts), A is the
cross-sectional area of the test sample (m?), T; is the inner air
temperature (°C), and T, is the ambient temperature (°C).
However, Eq. (17) did not consider energy loss through the
hotbox walls, which must be estimated as the system was not
adiabatic. Thus, the hotbox wall surface temperatures for both
the internal and external surfaces were measured to quantify
the energy loss through the walls. The box's energy balance
equation is as follows:

Q=Q —-Qu (18)
where, Q, is the heater's heating power (watt) and Q, is the
heat loss through the hotbox surfaces: sidewalls and floor,
(watt).

(Ti - Tes)

2Sy
Qu= 3 (19)

where S, is the surface area (m?), 1 is the thermal conductivity
of the polystyrene insulation (W.m *.K™?), Tj is the internal
surface temperature (°C) Tes is the external surface tempera-
ture (°C), and L is the thickness of the Hotbox (m).

3. Results and discussion
3.1.  Thermophysical property

The thermal screens are classified as symmetric or asym-
metric, based on their thermophysical properties. The sur-
face (identical or wunidentical) of the screen material
influenced the classification, as indicated in Table 5. The
symmetric displays exhibited same chemical composition
and face colour on both sides, while those of the asymmetric
displays varied, making the sides dull or bright, thus result-
ing in different physical attributes. Greenhouse thermal
screens can also be divided into homogeneous and hetero-
geneous, and the physical attributes of the screen materials
substantially impacted their thermal qualities. In this study,
PH-super material showed an experimental thermal con-
ductivity of 0.094 W m~* K™%, similar to 0.08 W m™* K ! re-
ported by (Rasheed et al. 2020). The samples M1, M2, and M3
showed identical physical properties: asymmetric, alumi-
nised surface, and multilayer screens; however, the material
compositions and thicknesses differed, as indicated in Table
5. M1, M2, and M3 showed the thermal conductivities of
0.0440 (lowest), 0.6623 (highest), and 0.0486 W m~* K~ ! and
thicknesses of 1.74, 0.9, and 1.85 mm (highest), respectively.
These results demonstrated the effect of screen thickness on
thermal resistance rather than thermal conductivity (Hung
Anh & Pasztory, 2021).

As indicated in Table 1, these heterogeneous screens
comprised of over three different materials: an aluminised
surface, non-woven polyester, casimiro cotton, and white
polyester on the rear surface, thus commonly used as thermal
screens in greenhouses to decrease heat loss. Luxous, PH-
super, New-Lux, and Clima45 (0) are symmetric single-layer
film strips and transparent materials (Rafig et al., 2019).
However, PH-55 and PH-66al are asymmetric (homogenous)
materials, which is a combination of aluminum strips and
open shading with minimum airflow resistance, showing

minor surface composition differences. PH-55 and PH-66al
materials show a high thermal conductivity when compared
to different single-layer screens due to the quick heat transfer
by the glossy aluminum stripes.

3.2. Radiometric property

Table 6 shows the radiometric characteristics of the thermal
screens, including the longwave radiation (transmissivity,
reflectivity, and emissivity) and solar radiation. The opaque
and aluminised front surfaces of the thermal screens M1, M2,
and M3 imparted high longwave reflectance (above 95%) and
low transmittance (below 1%). Conversely, the reverse sur-
faces exhibited estimated reflectance and emittance of 49%
and 51%, respectively. Varied material compositions of the
front and rear surfaces induced asymmetry in the screens,
resulting in different incoming and outgoing radiometric
characteristics. PH-55 and PH-66al demonstrated a higher
reflectance on the front (bright) surface than the back (dull)
surface. The contrast of shiny aluminum film strips on the
front face with the dull aluminum strips on the back surface
resulted in a variation in their reflectance levels. PH-super,
Luxous, New-Lux, and Clima45 (0) showed high trans-
mittance and diffusion and low reflectance values on both
sides owing to their symmetry (transparency) with equal ra-
diations on both sides. For example, Luxous (LD-13) showed
the reflectance, transmittance, and emittance of 0.158, 0.382,
and 0.46, respectively, according to (Rafig et al. 2019). These
results are fairly consistent with the Luxous data showing the
reflectance, transmittance, and emittance values of 0.18, 0.38,
and 0.44, respectively.

The homogeneous materials PH-55, PH-66al, and Clima45
(0) are asymmetric because the surface has a, which in-
fluences the observed radiation property. White polyester
showed the maximum emittance (longwave radiation) of 94%
as compared to other materials, but low reflectance and
transmittance of 4% and 2%, respectively. In conclusion, a
thermal screen material's physical properties and chemical
composition have a significant impact on its radiation

property.
3.3.  Aerodynamic properties

The aerodynamic properties of different samples, including
the permeability and airflow rate per unit area are depicted
in Table 7. Luxous showed a permeability value of
1.71 E"** m?, slightly lower than the 1.93 E-** m? reported by
Hemming et al. (2017). The aerodynamic properties of
porous screens are heavily influenced by its material
porosity. PH-55 showed the highest permeability due to its
high porosity and infiltration rate per unit area of
2.34 cm® cm ™2 577, less than the maximum air flux exchange
of 2.5 cm® cm 2 s7* reported by (Miguel, 1998). This screen
also contained an open strip for an unrestricted airflow
through the material. However, the experiment proved that
M3 was impervious to air, thus showed no airflows, indi-
cating that the sample material showed zero permeability,
thus preventing any air passage through the pores. In
addition, M1 and M2 showed low permeabilities, limiting the
air passage through the pores.
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Fig. 10 — Experimental hotbox device.

34. Model simulation and validation

The overall heat transfer coefficients of various thermal
screens were calculated using the model. The R?-values of the
simulated (considering material permeability and imperme-
ability) and experimental U-values for white polyester were
0.87 and 0.88, respectively (Fig. 11), demonstrating the
reasonable accuracy of the model in predicting the U-value of
the thermal screen.

Similarly, the percentage error in the U-values of white
polyester computed as impermeable and permeable were
32.4% and 2.4%, respectively, as shown in Table 8. Thus, while
the impermeable screen showed a significant inaccuracy in
results, the uncertainty was reduced for the permeable
screen, yielding more accurate results. These indicated a
decent match for the model and a fair agreement with the
experiment U-values.

Without considering the material permeability, a study
found the U-value of white polyester 300/600 as 5.5 W m 2K~ *
(Rasheed et al. 2018a), and the computed impermeable result
showed a comparable U-value of 5.5 W m~2 K~*. A previous
research study, the actual and estimated U-values for poly-
ethylene covering screens were 9.2 and 11.37 W m 2 K7,
respectively (Vitoshkin et al., 2021). Also, Feuilloley and
Issanchou (1996) reported the experimental and simulated
U-values of 9.2 and 10.5 W m 2 K}, respectively, for a multi-
layered (LDPE + mineral dope) polyethylene. Although it is
difficult to compare the results of these reported studies due
to the diverse methods and materials used, the reported
findings depicted in Fig. 11 indeed exhibit some parallels with
our findings. A comparable experimental hotbox was
employed to investigate the U-value of the covering screen,
following the same pattern as our study. Another study found
that a single-layered polyethylene had a U-value of
9.7 Wm 2K ! (Geoola et al., 2009). (Diop et al. 2012) also found
that single- and double-layered polyethylene showed large
U-values of 7.7 and 104 W m 2 K%, respectively.

The U-values of different materials were explored after the
model was successfully validated, and the influence of screen
permeability was observed for the same. As a result, a t-test
statistical analysis was conducted to examine the significant
difference between the average U-value of different trials for
both computed permeable and impermeable cases against the
experimental outcomes.

Furthermore, the t-test demonstrated a significant differ-
ence between the computed impermeable U-value and the
experimental U-value for White polyester, Luxous, PH-55, PH-
super, Ph-66, Clima45 (0), and New-Lux. In contrast, at a 5%
threshold of significance, M1, M2, and M3 showed no signifi-
cant difference. Thus, the multilayered thermal screens M1,
M2, and M3 were practically airtight with minimal heat loss
through the pores and remained unaffected by the wind
speeds of 5 m s77, as illustrated in Fig. 11. Also, wind speed of
less than 2.5 m s™* affected the U-value of other screens at a
range of +0.5 W m~2 K. Additionally, only PH-55 revealed a
significant difference when comparing the computed perme-
ability U-value to the experimental U-value at a 95% confi-
dence level. However, the other thermal screens showed
similar U-values, reflecting that the permeability of materials
should be considered when using thermal screens to save
energy in greenhouses.

3.5.  Overall heat loss coefficient

The U-value of thermal screens for the experimental hotbox
and simulation are discussed in this section, as shown in
Table 8. According to the experimental U-value data, Sample
M1 showed the lowest U-value of 3.9 W m~2? K%, while those
of white polyester, Luxous, PH-55, PH-super, PH-66, M2, M3,
Clima45 (0), and New-Lux were 110%, 144%, 897%, 177%, 133%,
49%, 18%, 123%, and 151% higher than M1, respectively. The
simulation U-value (computed impermeable) results revealed
that Luxous had the lowest U-value of 3.8 W m2 K™%, and
those for white polyester, PH-55, PH-super, PH-66, M1, M2, M3,
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Fig. 11 — Simulation and experimental U-values of different energy-saving screens with the wind speeds.

Clima45 (0), and New-Lux were 45%, 16%, 37%, 21%, 13%, 42%,
16%, 18%, and 5%, higher than Luxous, respectively. Also, the
simulated U-value (for computed permeable) results for
samples M1 and M3 were the lowest at 44 W m~2 K%, and
white polyester, Luxous, PH-super, PH-66, M2, Clima45 (0), and
New-Lux, showed the values of 82%, 105%, 161%, 123%, 41%,
102%, and 118%, higher than M1 and M3, respectively.

Nonetheless, there was no significant difference in the U-
values of samples M1, M2, and M3 for both experimental and
simulated results. The material had a high resistance to air
movement, lowering the heat loss caused by screen
infiltration.

Sample M3 was also completely impermeable, preventing
any heat escape through the pore. Conversely, PH-55
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Table 8 — Comparison of the computed and experimental values of the overall heat loss coefficients of the thermal screens.

SN Sample (trade name) Computed U-value (W m 2K Experimental U-value (W m 2 K%
Impermeable Permeable

1 White polyester 300/600 5.5 8.0 8.2
2 Luxous 3.8 9.0 9.5
3 PH-55 (open) 44 72.1 38.9
4 PH-super 5.2 11.5 10.8
5 PH-66 (al) 4.6 9.8 9.1
6 M1 43 4.4 3.9
7 M2 5.4 6.2 5.8
8 M3 44 44 4.6
9 Clima45 (0) 45 8.9 8.7
10 New-lux 4.0 9.6 9.8

contained a broad open strip accounting for around 45% of the
overall material size. These large holes allowed unfettered
airflow with little resistance to airflow and other climatic el-
ements to have a considerable impact on heat loss. Because of
little air resistance, the pressure difference between the PH-55
surfaces tended to zero (0 Pa), affecting its infiltration rate and
the U-value. 1 Pa as the reference pressure difference altered
the infiltration rate, thereby affecting the U-value. For
example, the simulated U-value will be reduced if half the
pressure difference (i.e., 0.5 Pa) was used, similar to the
experimental U-value. As a result, PH-55 is a greenhouse
open-shading screen typically used in conjunction with other
single thermal screens to improve the thermal performance
and reduce the humidity to provide a conducive environment
for plant development (Baeza et al., 2020).

The computed and experimental U-value results for sam-
ples M1, M2, and M3 were fairly consistent. These samples
retained more heat and were impervious to water and air
movements. This research concludes that materials with high
thickness, low permeability, low IR emissivity, and high IR
reflectance have the lowest U-value and are more suited for
greenhouse heat retention based on a combination of the
properties of the analysed sample.

4, Conclusions

The TRNSYS model and an experimental hotbox were used to
investigate the attributes of commercial greenhouse thermal
screens and calculate the overall heat transfer coefficient to
assess the thermal performances (U-values) of the screens. To
quantify the properties of the screens, an experimental
methodological approach was adopted, later used in BES to
obtain the U-values of the screens. A practical hotbox method
was also proposed to validate the simulated model. When
evaluating the screen materials for energy-saving purposes,
this method can improve the efficacy of the thermal screen in
greenhouse energy simulation and pre-design procedures.
The screens M1 and M3 exhibited the lowest computed
permeable U-values of 4.4 W m~2 K~?, while white polyester,
Luxous, PH-super, PH-66, M2, Clima45 (0), and New-Lux
showed 82%, 105%, 161%, 123%, 41%, 102%, and 118% higher
values than M1 and M3. M1 showed a U-value of 3.9 Wm 2K},
while white polyester, Luxous, PH-55, PH-super, PH-66, M2, M3,
Clima45 (0), and New-Lux showed 110%, 144%, 897%, 177%,

133%, 49%, 18%, 123%, and 151% higher values, respectively,
according to the experiment. The t-test analysis of U-value data
from the simulation and experimental hotbox demonstrated
the most significant results for M1, M2, and M3, with no sig-
nificant differences among other screens.

The influence of material permeability on the thermal
screen's U-value in the Hotbox model as a function of air flow
rate through the material pores was also studied. To observe
the influence of screen porosity on heat loss, the simulation
results were given in terms of computed permeability and
impermeability. The computed permeability and the experi-
mental U-value were found to be in good agreement on
comparing the simulated and experimental U-value results.
While forecasting the energy load and evaluating alternative
screen performances, it was observed that when using
energy-saving screens for the greenhouse energy-saving en-
ergy simulation (TRNSYS), the screen's permeability must be
considered.

In conclusion, energy-saving screens with material quali-
ties, such as aluminised surface, asymmetry, low IR emissiv-
ity, low IR transmittance, low porosity, high IR reflectance,
and high thickness would exhibit greater heat resistance.
Based on these qualities, such screens can reduce the opera-
tional air leakage and energy usage, both ideal properties for
preventing excessive heat loss.
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