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Abstract: In this study, we propose a building energy simulation model of a multi-span greenhouse
using a transient system simulation program to simulate greenhouse microenvironments. The
proposed model allows daily and seasonal control of screens, roof vents, and heating setpoints
according to crop needs. The proposed model was used to investigate the effect of different thermal
screens, natural ventilation, and heating setpoint controls on annual and maximum heating loads
of a greenhouse. The experiments and winter season weather conditions of greenhouses in Taean
Gun (latitude 36.88° N, longitude 126.24° E, elevation 45 m) Chungcheongnam-do, South Korea was
used for validation of our model. Nash—Sutcliffe efficiency coefficients of 0.87 and 0.71 showed good
correlation between the computed and experimental results; thus, the proposed model is appropriate
for performing greenhouse thermal simulations. The results showed that the heating loads of the
triple-layered screen were 70% and 40% lower than that of the single-screen and double-screen
greenhouses, respectively. Moreover, the maximum heating loads without a screen and for single-,
double-, and the triple-layered screens were 0.65, 0.46, 0.41, and 0.34 MJ m2, respectively. The analysis
of different screens showed that Ph-77 (shading screen) combined with Ph-super (thermal screen) had
the least heating requirements. The heating setpoint analysis predicted that using the designed day-
and nighttime heating control setpoints can result in 3%, 15%, 14%, 15%, and 40% less heating load
than when using the fixed value temperature control for November, December, January, February,
and March, respectively.

Keywords: thermal screen control; heat energy saving; greenhouse microclimate control; multi-span
greenhouse; TRNSYS

1. Introduction

In the greenhouse sector, energy saving is one of the most significant challenges since heating
costs have increased to more than 40% of total production costs [1]. In the agriculture sector, various
technologies are being used to fulfill energy requirements. Besides applying different heating systems,
energy-saving measures must be considered [2]. Reduction in energy consumption in greenhouse
farming is the most significant challenge faced by both researchers and growers. Among passive
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heating modes, the use of thermal insulation in buildings helps achieve high-energy performance [3].
Night thermal screens are widely used inside greenhouses to save energy by reducing heat loss to
the ambient environment during winter. Unfortunately, researchers have little information about the
performance of thermal screens [4]. During nighttime in winter seasons, thermal screens are controlled
transiently. During nighttime, screens are deployed to reduce heat loss and retracted during the
day to allow more solar radiation to enter the greenhouse. Therefore, this passive heating method
provides an effective and low-cost approach to decrease heating energy demand. Generally, ventilation
is controlled in a greenhouse by an inside greenhouse temperature setpoint. When the greenhouse
inside temperature goes above the optimal level, the vents open automatically. Furthermore, the
heating setpoint of a greenhouse also controls the day and night setpoint values. To the best of our
knowledge and from the literature review, no study has been conducted using any tool to simulate
greenhouse microenvironments that considers all control parameters together and depends on the
real-time greenhouse condition as operated in the field.

In the literature, many studies have attempted to evaluate the performance of thermal screens
by using a variety of methods. Shakir et al. [5] estimated the heat loss of different moveable night
thermal screens by calculating the inside temperature of a greenhouse. The study was conducted using
a mathematical model using heat loss equations, and validation of the model was conducted with
experimentally obtained greenhouse inside-air and soil temperatures. Other studies conducted by Park
et al. Kim et al. and Kittas et al. [6-8] experimentally measured the greenhouse inside temperature
with and without thermal screens and calculated the heat loss of the greenhouse to estimate energy
savings. Geoola et al. [9] and Rasheed et al. [10] measured the overall heat transfer coefficients of
the greenhouse screens using the laboratory hot box method. One report conducted by Hemming et
al. [4] detailed the measuring method of greenhouse screens’ properties, which were further used in
a KASPRO model to calculate the total energy savings of different screens. The results of this study
were under specific controlled and predefined weather conditions. Other studies conducted by Gupta
et al., Sethi et al., and Rasheed et al. [11-14] analyzed single-span greenhouse design parameters,
including shape, orientation, and north-wall insulation from an energy conservation viewpoint. There
are many studies conducted for multi-span greenhouses for natural ventilation analysis using CFD
(Computational Fluid Dynamics); some of them are cited here for reference. Kwon et al., Lee at al.,
Short et al., Baeza et al., and Villagran et al. [15-19] conducted research on the natural ventilation
efficiency of multi-span greenhouses. Other studies including Kim et al. and Bronkhorst et al. [20-22]
were conducted on the calculation of the wind pressure coefficient of a multi-span greenhouse using
CFD. Ahamed et al. [23] conducted a review on energy-saving techniques for reducing heating costs
of greenhouses, detailing all studies focusing on greenhouse design including energy-efficient cover,
thermal screen selection of heating systems, and orientation of single-span greenhouses. A study
conducted by Lopez-Cuz et al. [24] conducted a review of dynamic mathematical models of greenhouse
climate, revealing that studies were conducted mainly to increase knowledge and optimal control
of the greenhouse. All studies primarily focused on greenhouse air temperature and energy load
calculation using the fixed design and control parameters and ignored comparisons of the different
design and control parameters, which could help to improve understanding of the specific parameters.
Ahamed et al. [25-28] conducted many studies to analyze the greenhouse thermal environment and
heat energy demand of greenhouses. They used MATLAB and TRNSYS for mathematical modeling of
single-span greenhouse design parameters and the internal environment using fixed conditions. The
study used only the U-value of greenhouse screens. The studies also lacked greenhouse screen control
for real-time simulation of greenhouses. Lee at al. [29] conducted a study to estimate the annual and
maximum heating and cooling loads of multi-span greenhouses. In that study, the greenhouse had
only glass coverings and no use and control of thermal screens was considered. In one of our previous
studies, [30] we provided a comprehensive review about other studies conducted for greenhouse
energy management focusing on energy-supplying techniques, especially use of renewable energies to
provide a low-cost heating solution.
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The literature gives valuable information on thermal screens as well as greenhouse heating loads
and microenvironments. However, these studies were experimental and the mathematical models
were site-specific and limited to the use of one specific screen. Heating and cooling energy should be
quantitatively estimated according to system characteristics. Building energy simulation (BES) is a
promising method to investigate real-time energy demand considering that time-dependency changes
during external weather conditions [31]. As many BES models have been developed and validated, BES
tools allow researchers to efficiently analyze agricultural buildings and to evaluate different parameters
while accounting for local weather conditions [14]. In one of our previous studies, [30] we provided a
comprehensive review of the application of the transient system simulation (TRNSYS) program in
agricultural greenhouses. It is a versatile component-based program, providing tools to simulate both
simple and complex energy flows in buildings [14]. The University of Wisconsin’s Solar Energy Lab
developed TRNSYS, and it has been commercially available since 1975 for the simulation of thermal
systems. However, it has since undergone continuous development to become a hybrid simulator by
including photovoltaic, thermal solar, and other energy systems [32]. It consists of two parts. The first
part is an engine that is used to process the input files, and the second part is the library components.
The standard library contains more than 150 models. This program is used in many applications,
including energy building simulation, energy system research, technology assessment, solar thermal
process, solar applications, geothermal heat pumps systems, ground-coupled heat transfer, airflow
modeling, system calibration, wind and photovoltaic (PV) systems, hydrogen fuel cells, and power
plants [33]. The dynamic simulations of the greenhouse involve complex heat transfer and airflow
equations; these should be addressed considering all the thermal process involved. Regarding this
issue, Choab et al. [34] detailed in a recent review article the existing thermal modeling programs for
greenhouse and concluded that the most common and widespread used simulation tool for greenhouse
thermal modeling is TRNSYS and Design Builder. Baglivo et al. [35] further reported that, compared
to Design Builder, TRNSYS is more convenient and flexible to use. It can be easily connected to
many other programs, such as ANSYS Fluent, MATLAB, and Excel for coupled simulations and pre-
and postprocessing. Such versatility has made TRNSYS an effective program with which to conduct
energy simulations.

Therefore, to address the abovementioned issue, this study proposes a BES (Building Energy
Simulation) model that can simulate the greenhouse microenvironment by considering all control
systems together and by estimating the annual and maximum heating loads. Moreover, the performance
of different thermal screens available in the market by considering their thermal properties is
evaluated. This tool allows researchers and growers to analyze multi-span greenhouse efficiency by
transiently controlling natural vents, heating setpoints, and thermal screens while considering their
local weather conditions.

2. Materials and Methods

2.1. Experimental Greenhouse

The experimental multi-span greenhouse was in Taean Gun (latitude 36.88° N, longitude 126.24°
E, elevation 45 m) Chungcheongnam-do, South Korea. Figure 1 shows the geographic location of
the experiment site. The experimental greenhouse had a rectangular-based, 15-span Venlo-type roof
structure. Figure 2a,b shows exterior and interior views of the experimental greenhouse, respectively.
The sides and roof of the greenhouse were covered with 16-mm polycarbonate (PC) and 4-mm
horticulture glass (HG), respectively. Furthermore, it had three thermal screens under the roof and
one thermal screen on the sides of the greenhouse. The dimensions of the greenhouse were 63 m X
120.2 m X 7.48 m with a total floor area of 7572.6 m?, and the width of each span was 8 m. Figure 3a,b
shows, respectively, the vertical and horizontal views of the complete specifications. Weather data were
recorded outside the experimental greenhouse between January and December 2019. The monitored
variables were air temperature, solar radiation, relative outdoor humidity, air pressure, wind speed,
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and wind direction (Table 1). Figure 4 shows the hourly mean ambient temperature and solar radiation.
Outside weather data were used as inputs in the BES model, and inside temperature data were recorded
and used for comparison with the BES model results for validation. The ambient pressure data were
not recorded in the field but obtained from the Korean Meteorological Administration (KMA). Wind
speeds were recorded at a height of 10 m in the field, but considering the height of our greenhouse, the
wind speed data were modified to the vent heights using the following power-law Equation (1) [36]:

h\e
W= WS(ITI) (1)

where W is the wind speed in ms™! at the required height h (in m), W; is the wind speed at the given
height H (in m's™!), and « is an empirically derived coefficient (2/9).

South Korea Taean Gun

Experimental site
Latitude 36.88 "N
Longitude 126.24 °E

Cheongcheonam-do

Figure 1. Geographic location of experimental greenhouse site.
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Figure 2. Experimental greenhouse at Taean Gun (latitude 36.88° N, longitude 126.24° E): (a) exterior
view and (b) interior view.
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Figure 3. Greenhouse dimensions and positions of sensors in the experimental greenhouse: (a) vertical
view and (b) horizontal view. (PC) Polycarbonate, (HG) Horticulture Glass, (Ph_77) Shading screen 1,
(Ph_Super) Thermal screen 2.
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Table 1. Weather data variables used in the simulations.
Weather Unit Time Interval Sensor Precision of Data Recorded
Parameter Sensor
Temperature °C 1 min IC, SHT75, SENSIRION +0.3 °C Field recorded
Relative humidity % 1 min IC, SHT75, SENSIRION +1.8% Field recorded
Solar radiation Wm—2 10 min ML-01C, Technox Inc +2% Field recorded
. . Model_Vantage Pro 2 .
-1 _ g o
Wind speed ms 10 min 6152CEU (Davis) +5% Field recorded
. . . Model_Vantage Pro 2 o .
Wind direction degree 10 min 6152CEU (Davis) +5% Field recorded
Ambient pressure hPa 10 min PTB-220TS, VAISALA +0.15 hPa KMA
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Figure 4. Temperature and solar radiation outside the greenhouse from January to December 2019.

2.2. Material Properties

To simulate the greenhouse thermal environment, the used covering material and screen’s physical
and thermal properties are critical and must be used as input in the BES model. Therefore, greenhouse
covering material (PC and HG) properties were taken from a study by Valera et al. [37] (Table 2). To
measure the thermal conductivity of the thermal screen materials used in this study, a Kemtherm
(QTM-500) thermal conductivity meter manufactured by Kyoto electronics was used. The complete
measurement procedure is detailed in our previous study [38]. Tables 2 and 3 present the results of the
thermal conductivities of thermal screens. Furthermore, the thermal screen data used in this study were
unavailable in the literature, and we measured the thermal screen data by a methodology described in
one of our previous studies [39]. This study used simplified energy-balance equations to measure the
transmittivity, emissivity, and reflectivity of the screens. Tables 2 and 3 show the results, and Figure 5
describes the concept of the measurement procedure for the used screen’s radiometric properties.

Table 2. Physical and thermal properties of the greenhouse coverings and thermal screens.

Cover Characteristics

Greenhouse Materials

PC HG Ph_77 Ph_Super
Solar transmittance front 0.78 0.89 0.17 0.66
Solar transmittance back 0.78 0.89 0.17 0.66
Solar reflectance front 0.14 0.08 0.59 0.29
Solar reflectance back 0.14 0.08 0.51 0.29
Visible radiation transmittance front  0.75 0.91 0.17 0.66
Visible radiation transmittance back  0.75 0.91 0.17 0.66
Visible radiation reflectance front 0.15 0.08 0.59 0.29
Visible radiation reflectance back 0.15 0.08 0.51 0.29
Thermal radiation transmittance 0.02 0.1 0.20 0.38
Thermal radiation emission front 0.89 0.90 0.38 0.60
Thermal radiation emission back 0.89 0.90 0.48 0.60
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Table 2. Cont.

Greenhouse Materials
Cover Characteristics

PC HG Ph_77 Ph_Super
Conductivity (W m~! K1) 0.190 0.76 0.59 0.08
Thickness (mm) 16 4 0.4 0.3

(PC) Polycarbonate, (HG) Horticulture Glass, (Ph_77) Shading screen name, (Ph_Super) Thermal screen name.

Table 3. Long-wave radiation properties of the thermal screens.

Screen Tvoes Thickness Conductivity Transmittance Reflectance Emittance (—)
P (mm) (W-m-1K-1) —) -

Polyester 04 0.0510 0.02 0.04 0.94
Luxous1347 0.22 0.0463 0.38 0.18 0.44
Tempa 8672 0.25 0.2133 0.01 0.32 0.67

g = Sky
+ Lats f©t

L= Es + La Ps
1d
N e Screen

+ Lats pb

Black cloth
Figure 5. Schematic diagram of the setup to measure used screen’s radiometric properties.

The outgoing long-wave radiation equation above the screen surface (Lp,) in W-m~2 is calculated
using Equation (2):
Ly = Es + pgLa + 1sLg 2)

where pg is the screen reflectivity, Es is the screen’s emissive power in W-m~2, 14 is the screen’s
transmissivity, and L, is the downward sky radiation in W-m~2.

The outgoing long-wave radiation leaving the cover towards the black cloth (L) in W-m~2 and
below the screen surface for symmetric materials is given in Equation (3):

Lc = Es + tsLa + psLg 3)

The reflected portion of the incoming long-wave radiation toward the screen above the black
cloth (Ly) depends on the screen’s physical condition. The incoming radiation (Lq) in W-m~2 of
the transparent and semitransparent materials or of the materials with partial porosities is given in
Equation (4):

Lq =Ep+ ppEs + pppsld + ppTsla 4)
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where p}, is the black cloth’s reflectivity and Ej, is the black cloth’s emissive power in W-m~2, calculated
using Stefan-Boltzmann’s law Equation (5).

Ep, =0 Tlep (5)

where o is Stefan—-Boltzmann'’s constant, Ty, is the black cloth’s surface temperature, and ¢y, is emissivity
of the black cloth at 0.93.

2.3. BES Modeling

The proposed BES model of a multi-span greenhouse was created using the TRNSYS 18 program
to simulate a greenhouse microenvironment. Preprocessing of the model was conducted using the
following programs and add-ons: Google SketchUp™, Transys3d, and Berkeley Lab Window 7.4.
Google SketchUp™ is a 3-D modeling software and was used in combination with Transys3d, which is
an add-on of TRNSYS software for Google SketchUp™, to prepare the 3-D model of the multi-span
greenhouse. The complete modeling process is described in a flow diagram in Figure 6. The 3-D model
in Figure 7 of the greenhouse was divided into four zones as described in Figure 3a to simulate the
thermal screens of the greenhouse. Moreover, the greenhouse zone 1 is divided into many parts by
using virtual windows which make it able to observe the temperature at different required locations.
Furthermore, Berkeley Lab Window 7.4 software was used to prepare a DOE-2 (readable by TRNSYS)
file of greenhouse coverings and thermal screen materials using the physical and thermal properties of
all materials described in Tables 2 and 3.

After preprocessing the simulation studio, the main interface of the TRNSYS-18 program was
used for modeling. In this interface, we connected all components, including the greenhouse building
3-D model, weather data, and all processors to lead the simulations. Figure 8 shows a diagram of the
simulation studio, where all inputs and outputs are connected. Details of all components used in the
simulation studio for the proposed model are described in Table 4. The 3-D model input as well as
the selection of outputs and complete description of the 3-D model were done in TRNBuild, which
is a multizone building model component of the TRNSYS-18 program. It allows basic input data of
the project. The 3-D model file prepared by Transys3d was imported here, and the DOE-2 file of the
materials” properties was also used in TRNBuild to prepare the input data. Moreover, to simulate the
natural ventilation effect in the greenhouse, TRNFLOW was used, which is an add-on to TRNSYS used
to design the airflow network of natural ventilation of the greenhouse. This used the airspeed, air
direction, and ambient pressure as inputs to calculate airflow inside the greenhouse.
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Figure 6. Flow diagram of multi-span greenhouse building energy simulation (BES) model.

Figure 7. Three-dimensional (3-D) model of the studied multi-span greenhouse using Transys3d.
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Table 4. Components of the greenhouse model in TRNSYS 18.
Component Type Description
Weather data reader 9 Process outside weather data to simulate real outside weather
- Process the total direct solar radiation on a horizontal surface
Solar radiation . .
OCeSSOr 16e provided by a weather data reader as input to calculate, beam,
p reflected, and diffuse radiation on all greenhouse surfaces
Psychrometric chart 33 Usg dry bulk temperature and humidity ration and calculate dew
point temperature
Sky temperature 69b Calculate sky temperature by using dew point, dry bulk, temperature,
calculator beam, and diffuse radiation
Equation editor This type was used to insert an equation.
1. This type uses TRNBuild to process a physical greenhouse
3D model.
2. All used materials properties and boundary conditions of the
Greenhouse building 56 TRNFI real greenhouse construction
model : ow 3. Process heat transfer equations process convection, conduction,
and radiation
4. TRNFlow calculates natural ventilation airflow incorporation
with the thermal model.
Thi i 1 signals fi 1
Controller 165 is type is u.sed to contrq signals for deployed and r.etra.cted screens
and for opening and closing of vents for natural ventilation.
hly Functi . . . .
gi[:l?\relzlul}; . unction 518 This type gives daily and monthly control signals to the controller.
Printer 25d This type was used to print results on the external file.
Plotter 65¢ This type was used to plot the results in an online plotter.
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2.4. Validation

To validate the proposed BES model, the computed internal temperature was compared with
those obtained experimentally. To validate the model, two periods including summer and winter were
chosen, as greenhouse operating conditions are different in these periods. In both cases, simulations
were conducted with the same greenhouse just by changing operating conditions of the greenhouse for
both periods. Table 5 presents the details of the physical and operating conditions of the greenhouse
for both validation results. Furthermore, statistical analyses were performed to predict the BES model’s
accuracy using the Nash-Sutcliffe efficiency coefficient (NSE). We compared the experimentally
observed greenhouse inside temperature with the output of the BES. This coefficient quantitatively
shows how well the plot of the observed versus simulated data fits 1:1. Its value ranges from —co to
1, and values closer to 1 show a better predictive power of the model. Equation (6) mathematically
expresses the NSE.

n (TeXP _ Tisim)2

i=0\ "

n (TeXP _ Tmean)2
i

i=0\"i

NSE =1- (6)

where TiEXp(OC) is the experimentally obtained internal temperature of the greenhouse, TiSim (°C) is
the simulated internal temperature of the greenhouse, T;"*™" (°C) is the mean of the experimental
temperature, and n is the total number of observations.

Table 5. Summary of reference greenhouse.

Parameter Condition (a) Condition (b)
Greenhouse type Multi-span Multi-span
No. of span 15 15
Roof type Venlo Venlo
Roof Glazing HG-4mm HG-4mm
Side Glazing PC-16mm PC-16mm
Dimension 120m x 63 m x7.5m 120m x 63 mx7.5m
Floor area 7560 m? 7560 m?
Orientation North-South North-South
Period August 20-29, 2019 Dec 1-10, 2019
Screen Shading (Ph-77) Ph-77, Ph-Super

Screen control

Sunrise: 10:30 AM

Ph-77 retract

(After sunrise, OR Temp 10, OR S.R 100W)

Ph-77 Deploy

(After sunset, OR Temp 12, AND S.R 100W

Ph-Super_1 retract

(After sunrise, OR Temp 5, OR S.R 50W)

Ph-Super_1 deploy

(After sunset, OR Temp 12, AND S.R 50W

Ph-Super_2 retract

(After sunrise, OR Temp 12, OR S.R 150W)

Ph-Super_2 deploy

(After sunset, OR Temp 14, AND S.R 150W

Natural ventilation

Roof vents

Roof vents

Natural vents control
set point temperature

18 °C (00:00-04:00)
20 °C (04:00-10:00)
26 °C (10:00-18:00)
18 °C (18:00-240:00)

18 °C (00:00-05:30)
19 °C (05:30-16:15)
15 °C (16:15-21:30)
18 °C (21:30-24:00)

Heating

No

17 °C (00:00-16:15)
15 °C (16:15-21:30)
17 °C (21:30-24:00)

a—validation condition 1, b—validation condition 2.
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2.5. Simulation

After successfully modeling and validating the BES model, several simulations were performed:

e to predict the greenhouse heating load without thermal screens and with single-, double-, and
triple-layered thermal screens and to compare them;

e to estimate the temperature of the greenhouse below and above each screen. All simulations were
run with the 18 °C heating temperature setpoint; all other setpoints for ventilation and the thermal
screen opening and closing were the same, as detailed in Table 4 in the Validation section;

e  to predict the maximum heating load without thermal screens and with single, double, and triple
thermal screens;

e  to predict the heating load when using a combination of different thermal screens; and

e to predict the heating load with month-based day and night temperature setpoints.

3. Results and Discussion

Validation analyses were done for the greenhouse-controlled system. The computed
inside-air temperatures of greenhouses were compared with those experimentally obtained from
temperature-controlled natural ventilation, heating setpoint, and solar-radiation-controlled thermal
screens. Figure 9a,b shows both validation results. Table 4 details the greenhouse operating conditions
for both cases. In Figure 9a,b, the maximum temperature differences were 2 °C and 4 °C, respectively,
occurring during day time when the greenhouse temperature was controlled by natural ventilation.
The NSE values of 0.87 and 0.71 for both validation results show the goodness-of-fit between the
experimental and BES computed results. Agreement between the experimental and computed results
under both conditions encourages adoption of the proposed BES model.

40

fl mooA A
. \ | I:.._:'..:\

Temperature ("C)

Date/Time

Figure 9. Cont.
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Figure 9. Computed versus measured internal air temperature of the greenhouse for validation. (a)

summer conditions (b) winter conditions.

The greenhouse was divided into four zones (Figure 3a) to calculate the air temperature inside

the greenhouse at all zones, and the control screens were deployed and retracted during day and
night. Figure 10 shows the greenhouse inside temperature in all zones. Figure 10a—c shows the inside
temperature results when using single, double, and triple screens, respectively. Figure 10a shows
that zones 1, 2, and 3 have the same night temperature (18 °C) and that, above the screen (zone 4)
the temperature is different. Likewise, Figure 10b,c shows the results when using double and triple
screens, showing that all zone temperatures are different. The results also show that the screens placed
above (zone 4) were 10 °C, 5 °C, and 2 °C higher in temperature than the outside temperature for
single, double, and triple screens, respectively, because of lower heat loss as the number of screens
increased. A study conducted by Lee et al. [40] using an air-heated plastic greenhouse installed with
two thermal screens measured the air temperature above and below the screen and confirmed the

trend of our results.
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Figure 10. Internal air temperature of a greenhouse: (a) single screen, (b) double screen, and (c)

triple screen.

Figure 11 shows the monthly heating load of the greenhouse without a screen and with single,
double, and triple screens during winter. Three layers of screens showed the least heating load during
every month compared to others. The results also show that, when using two and three layers of
screens, the heating load difference is less than that of the single and double layers of screens. As
expected, when using the night thermal screen, the heating load is less than that of the heating load
of the greenhouse without a screen. Therefore, using two and three layers of screens could save a
significant amount of energy during winter because thermal screens retain heat in the canopy by
serving as heat barriers between the canopy and roof of the greenhouse. Using the screens also reduces
the volume of the greenhouse to be heated.

Figure 12 shows the maximum annual heating load of the greenhouse without a screen and with
single, double, and triple screens. The total heating load by using three screens shows the lowest
maximum heating load of the greenhouse. Calculating the maximum heating load of the greenhouse
with fully controlled systems helps to design a heating facility for greenhouse heating. The maximum
heating load occurred at 8:00 AM on January 9 when the outside temperature was —10.5 °C. This was
the lowest temperature of the day, and solar radiation was zero. One study [29] about the estimation
of heating and cooling loads of greenhouses also used TRNSYS to estimate the maximum heating
and cooling loads of the multi-span greenhouse to provide data for design of the heating and cooling

facilities for the greenhouse.
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Figure 11. Monthly heating load of a greenhouse without a screen and with single, double, and
triple screens.
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Figure 12. Maximum annual heating load of a greenhouse without a screen and with single, double,
and triple screens.

Further analyses were conducted with different screens available in the market. Compression of
the screens was necessary to select one according to our specific requirements. We compared different
screens by considering their thermal properties described in Tables 2 and 3. Figure 13 depicts the
monthly heating load of a combination of different screens. Combination 1 (Ph-77 combined with
Ph-super) shows the lowest heating load, leading to maximum energy saving compared with the
others; they were 2%, 15%, 4%, 5%, and 20% less than the other combinations (2, 3, 4, 5, and 6). The
detail of all combinations of screens used in Figure 13 are explained in Table 6.
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Figure 13. Monthly heating load of greenhouse using different thermal screens.

Table 6. Detail of Figure 13.

1 2 3 4 5 6

Ph-77 + Ph-Super ~ Ph-77 + Luxous  Ph-77 + Polyester =~ Tempa + Ph-Super Tempa + Luxous Tempa + Polyester

Figure 14 shows control of the greenhouse heating setpoint according to the optimal growth
temperature of the crop. The results show the monthly heating load of the multi-span greenhouse
according to the heating setpoint. When a fixed heating setpoint of 18 °C was used, the heating load
was higher than that of the designed day- and nighttime heating setpoints for every month. The fixed
and day and night time temperature controls are detailed in Table 7. The model predicted that using
the designed day- and nighttime heating control setpoints can reduce the heating load by 3%, 15%, 14%,
15%, and 40% than when using a fixed value temperature control for November, December, January,
February, and March, respectively. One study [41] investigated the energy-saving measure on the
greenhouse and confirmed our result’s trend.

Table 7. Detail of temperature control used in Figure 14.

Day and Night Temperature Control

Time Nov Dec Jan-Mar
(00:00-16:15) 18 °C 17°C 17 °C
(16:15-21:30) 15°C 15°C 14°C
(21:30-24:00) 18 °C 17°C 17°C

Fixed Temperature Control

(00:00-24:00) 18 °C 18 °C 18°C
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Figure 14. Monthly day- and nighttime heating setpoint effects on the heating load of the greenhouse.

4. Conclusions

This study proposed a more accurate and convenient thermal model of a multi-span greenhouse
using the TRNSYS 18 program as a BES, which can simulate the transient thermal environment of
a greenhouse. We calculated the heating load of the multi-span greenhouse influenced by transient
control of the microenvironment of the greenhouse. The proposed model can predict the greenhouse’s
microclimate and heat load while considering different thermal screens, natural ventilation, and
heating setpoint, combined with daily automatic control of these parameters, which was lacking in
the literature.

The results showed that the heating load of the triple-layered screen was 70% and 40% lower than
the single-screen and double-screen greenhouse, respectively. Moreover, the maximum heating loads
of the greenhouse without a screen and with single-, double-, and triple-layered screens were 0.65, 0.46,
0.41, and 0.34 MJ-m~2, respectively. Analysis of the different screens showed that Ph-77 combined with
Ph-super had the least heating requirements. The heating setpoint analysis predicts that using the
designed day- and nighttime heating control setpoints can reduce the heating load by 3%, 15%, 14%,
15%, and 40% compared to when using a fixed value temperature control for November, December,
January, February, and March, respectively.

The proposed model showed high flexibility. The validation results encourage adoption of the
model when investigating the greenhouse dynamic environment with an underlying aim to control the
greenhouse microenvironment and designing a heating facility for the greenhouse. It also considers
the local environment and specific needs, helping to reduce operational costs with pre-design decisions.
Various types of thermal screens are available in the market. Researchers can use the proposed model
to analyze the different thermal screens available in their local market to help growers select the best
thermal screens and control strategies based on total energy-saving potential. Screen producers can
choose the more energy-efficient thermal screen based on screen properties to fulfill the specific needs
of the growers. The result of the different studies can be different according to location and crop need.
However, analysis of control strategies and greenhouse structural designs, use of energy-efficient
screens, and ventilation control can help adjust for crop need and local location. Future studies will
analyze the effect of design parameters of a multi-span greenhouse on heating and cooling loads.
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Nomenclature

Abbreviations

TRNSYS Transient Systems Simulation

HG Horticulture glass

PC Polycarbonate

Ph-77 Screen’s specific name

Ph-super Screen’s specific name

BES Building energy simulation

KMA Korean Meteorological Administration
NSE Nash-Sutcliffe efficiency coefficient

exp Experimental

sim Simulated

CFD Computational Fluid Dynamics
Symbols

w Wind speed (m-s~1)

Wy Wind speed at the given height (ms™!)
H Hight (m)

o Empirically derived coefficient (2/9

Ly Long-wave radiation above the screen (W-m™2)
La Downward sky radiation (W-m~2)

Lc Long-wave radiation equation over the black surface (W-m~2)
Lg Incoming radiation above the black cloth (W-m™2)
Pg Screen reflectivity

Es Screen’s emissive power (W-m~2)

Ts Screen’s transmissivity

Pp Black cloth'’s reflectivity

Ep Black cloth’s emissive power (W-m™2)
T; Air Temperature (°C)

Th Black cloth surface temperature (K)

£p emissivity of black cloth

o Stefan-Boltzmann constant (W-m~2-K%)
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