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Abstract: Strawberry cultivation depends on environmental factors, making its cultivation in the
greenhouse a challenge in the winter. This study investigated the most appropriate greenhouse
cladding material and thermal screen configuration for strawberry production in the winter by
considering greenhouse air temperature, relative humidity (RH, vapor pressure deficit (VPD, and
solar radiation (SR). Two gothic greenhouses with different cladding materials and thermal screen
configurations, namely, the single-layer greenhouse and double-layer greenhouse, were used for
strawberry cultivation. The greenhouse microclimate was controlled by natural ventilation aided
with circulating fans and boilers. Strawberries were planted on 5 greenhouse benches, 660 stands
per greenhouse. Daily environmental parameters were recorded and processed into daytime and
nighttime. The impacts of cladding material-thermal screen configurations on temperature, RH, VPD,
and SR, and the subsequent effect on strawberry yield in both greenhouse systems, were evaluated.
Comparing the environmental parameters recorded in the single-layer and double-layer greenhouse
showed that VPD and SR were significantly different in the daytime, whereas RH and VPD were
significantly different in the nighttime. The post hoc test further showed that RH, VPD, and SR
in both greenhouses were significantly different. The significant difference in RH and VPD can be
attributed to the inner layer of polyethene in the double-layer greenhouse, which sealed up the pores
of the thermal screen, resulting in humidity buildup, causing a lower VPD than in the single-layer
greenhouse. The single-layer greenhouse yield was 14% greater than the double-layer greenhouse
yield and can be attributed to the higher daytime VPD and lower RH achieved in the single-layer
greenhouse at night. The study established that though the single-layer greenhouse system was
cost-effective regarding construction, the operating cost of the single-layer greenhouse was higher
than that of the double-layer greenhouse.

Keywords: cultivation; season; microclimate; yield analysis; fresh fruits

1. Introduction

A greenhouse is a structure glazed with glass or plastic material and whose environ-
ment is controlled for crop production. The greenhouse should maintain temperature,
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relative humidity (RH), carbon dioxide (CO2), vapor pressure deficit (VPD), and light levels
optimal for crop production [1,2]. Greenhouses enable practices that ensure food safety,
better quality, extend the growing season, and allow year-round crop production [2,3].
According to Frantz et al. [4], rapid growth and productivity in a controlled environment
could be achieved by controlling the root and aerial environment.

Strawberry (Fragaria ananassa) blossoms 35–40 days after planting and has a short
bearing and maturity period of 20–40 days after fertilization. The fleshy strawberry is
classified as an aggregate fruit of highly desirable taste, flavor, and rich in vitamins, potas-
sium, fiber, and sugars. Compared to other berries, strawberries have higher percentage
compositions of vitamin C, phenolics, and flavonoids. Strawberries are grown in various
production systems to produce high-quality fruit yields with sufficient flexibility to meet
market demands and labor availability [5]. Strawberries can either be cultivated in the
open field (the hill- and matted-row system) or under protection (on benches). Open field
crops are mulched either with straw or plastic to aid weed control, conserve soil moisture,
control soil temperature, protect roots from cold injury, reduce fruit decay, save irrigation
water, and help reduce contamination by keeping the fruit off the soil surface [6,7].

Daytime and nighttime air temperatures between 18 ◦C and 24 ◦C and 10 ◦C and
13 ◦C, respectively, are required for optimum growth, development, and yield regarding
quality and quantity. Jayasekara et al. [1] reported a nighttime temperature in the range
of 5–10 ◦C using a hot-water heating system (boiler), and a daytime temperature range of
15–25 ◦C in an air-inflated double-layer greenhouse (DLGH) and conventional DLGH, and
recorded 92.8 and 149.9 kg strawberry yield, respectively. Ogunlowo et al. [8] reported the
lowest minimum and highest maximum temperatures of 2.93 ◦C and 3.33 ◦C and 29.17 ◦C
and 29.07 ◦C in a conventional SLGH and DLGH with a thermal screen, respectively. Total
greenhouse humidity is the summation of the condensation on the covering, ventilation
vapor losses, plant transpiration, and soil evaporation. The humidity is expressed as
absolute humidity (gm−3), specific humidity (g water kg−1 air), or RH (%). RH is the
most commonly used in expressing humidity in the greenhouse micro-atmosphere. The
American Society of Agricultural Engineers [9] standards recommend RH in the range
of 60–90% as the most appropriate for greenhouse vegetables, whereas Harel et al. [10]
reported that pollination in the greenhouse is significantly enhanced at 60% RH. Likewise,
air RH and daylight integral (DLI) ranges of 60–75% and 17–20 mol m−2 d−1, respectively,
are required for transporting nutrients and effective and efficient metabolic activities.

Another important environmental parameter is VPD. Wang and Lin [11], Li et al. [12],
and Akpenpuun et al. [5] reported that exposure to elevated temperatures and VPD could
cause physiological, biochemical, anatomical, and morphological changes in plant tissues,
affecting the growth and development of different plant organs. According to Shamshiri
and Ismail [13], VPD values below 0.2–0.4 kPa result in mineral deficiency symptoms
and are favorable to fungal and disease-causing pathogens. They recommended that
greenhouse air VPD should be 0.5–1.3 kPa for optimal results in an SLGH for vegetable
production. Shamshiri and Ismail [13] and Amani et al. [14], however, reported that
0.8–1.0 kPa VPD is most ideal for optimal plant growth and development in an SLGH
and DLGH. Studies on the effect of environmental parameters on the productivity of
strawberries are scarce. However, Lieten [15], Khalid et al. [16], and Palencia et al. [17]
related the effect of RH on the performance of greenhouse-grown strawberries, the effect of
organic amendments on vegetative growth, fruit, and yield quality, and the yield efficiency
of strawberries and its correlation to temperature and solar radiation (SR), respectively.
Other researchers have investigated the effect of humidity on vegetables and ornamental
plants and reported that high humidity enhanced vegetable growth and that long-term
transpiration rate suppression by high humidity could cause local calcium deficiency.
Lieten [15] and Jayasekara et al. [1] reported that to achieve maximum yield, a humidity
range of 65–75% is required. Cayli [18] likewise concluded that the thermal uniformity
in a double layer greenhouse was superior to a single layer greenhouse and provided
better insulation and that using a thermal screen in a single layer greenhouse and double
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layer greenhouse significantly contributed to climatic uniformity. Greenhouse thermal
screens have characteristics such as diffusivity, emissivity, and reflectivity, which vary and
are dependent on the composition of the materials of manufacture. Greenhouse thermal
screens can either be asymmetric or symmetric, and heterogeneous or homogeneous [19].
There are several uses of greenhouse thermal screens, and they include but are not limited
to, creating a shade in the summer to reflect solar radiation but allow airflow through them
to control temperature and keep the heat inside the greenhouse to save energy during cold
periods, thereby preventing temperatures from going below the minimum desired, and
control humidity and condensation drip. Greenhouse thermal screens allow the control of
light, temperature, and humidity more precisely, which results in better climate control
in the greenhouse. By utilizing the right screen, which isolates the greenhouse during
cold periods, the heat loss is reduced, which invariably results in fuel conservation and
ultimately leads to reduced operational cost [20,21]. Because there is a constant exchange of
heat and air between the greenhouse and outside environment, through the wall and roof
openings, greenhouse thermal screens serve as an insulation material, therefore creating a
barrier to reduce the rate of heat and air exchange during cold periods [20]. This allows the
conservation of heat collected during the day, as well as the infrared radiation absorbed
by the greenhouse floor, which is released as heat at night. High energy demand due
to low ambient temperature results in high energy consumption, which subsequently
increases the operational cost of greenhouses in the winter and on cold nights. However,
the application of thermal screens in the greenhouse decreases the volume of the air within
the greenhouse to be heated, thereby helping to reduce the cost of fuel or the electric
energy needed to heat the greenhouse air space. Akpenpuun et al. [5] recorded that using
two layers of cladding material in combination with a thermal screen saves energy by
about 58.2%. The high operational cost incurred by growers and researchers, especially
during the winter, calls for energy management and efficiency in greenhouse cultivation,
as heating cost contributes about 40% of the total cost of greenhouse crop production [22].
Bakar et al. [23] and Rasheed et al. [24] reported that greenhouse design factors and
construction materials have significant consequences on the greenhouse energy demand
and the annual operational cost.

Strawberry cultivation highly depends on environmental parameters, as such its
cultivation in the greenhouse in the winter season is challenging. The objective of this
study, therefore, was to investigate the effect of extra cladding material on the productivity
of strawberries. To achieve the set objective, (i) the effect of the extra polyethene layer (PE)
on the microclimate parameters in the double layer greenhouse and strawberry yield in
both greenhouses was determined, and (ii) the cost analysis of the two greenhouse systems
was conducted.

2. Materials and Methods
2.1. Experimental Site and Procedure

The experiment was conducted in winter (3 October 2020–3 April 2021) at the Smart
Agriculture Innovation Center, Kyungpook National University, Buk-gu, Daegu, South
Korea. Daegu Metropolitan City is on latitude of 35.60◦ and longitude of 128.35◦ E and is
~48 m above mean sea level. The climate of Daegu is humid subtropical.

Two gothic greenhouses used for this experiment were oriented east-west, the best
for SR reception in the study area, especially in winter when temperatures are low. The
greenhouses were of the same structural specifications but differed in the number of
cladding materials configurations. Though the DLGH had two roof vent openings, one
of the openings was permanently closed so that the two greenhouses could be compared.
The SLGH was glazed with one polyolefin layer and a thermal screen. In contrast, the
DLGH was glazed with a layer of polyolefin, thermal screen, and polyethene. Polyethene
was chosen as the inner layer to insulate (thermal blanket) the inner surface of the thermal
screen to prevent the stored heat from escaping during the night and to prevent humidity
transport through the thermal screen. Polyolefin is more expensive than polyethene. The
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greenhouses’ dimensions were 24 × 7 × 4 m with a planting area of 18 × 4.5 m. The total
floor area of each greenhouse was 184.8 m2 and the areas of the side and ridge vents were
30% of the greenhouse floor area with a roof curvature angle of 25.5◦. The thickness and SR
transmittance of the polyolefin and polyethene films were 150 µm and 91%, and 150 µm
and 88%, respectively, for all SR wavelengths. The thermal screen properties were 3.5 mm,
0.037 Wm−1K−1, <0.001%, 0.10, and 0.90 for thickness, thermal conductivity, thermal
radiation transmittance, reflectance, and emittance, respectively, for both greenhouses. The
thermal screens of both greenhouses and the inner layer of polyethene in the DLGH all
opened at 08:30 and closed at 18:00, making both greenhouses a single polyolefin layer
greenhouse during the daytime. The roof and side vents automatically opened when the
greenhouses’ air temperature exceeded 21 ◦C (Tair = 21.5 ◦C) and 23 ◦C (Tair = 23.5 ◦C),
respectively, and closed when the air temperature fell below 21 ◦C. The thermal screen in
both greenhouses, however, were retracted (open) to the roof ridge at the specified time
interval of 8:00 to 18:00, and closed 18:00 to 8:00 daily, while the polyolefin layer in both
greenhouses opened and closed when the air temperature was 23 ± 0.5 °C and 21 ± 0.5 °C,
respectively. The second cladding layer (polyethene) in the DLGH remained open from
8:30 to 17:30 and closed between 17:30 and 8:30. An indirect heating system (stand-alone
boiler) placed at the corridor to each greenhouse’s entrance heated the greenhouse air space
on cold days and nights. The boiler used diesel as fuel. Connected to the boiler tanker
was a heat pipe installed at the root zone of the plants, circulating hot water through the
length of the pipe to raise the root zone and greenhouse air space temperature. The boiler
temperature set range was 7.5–8.5 ◦C for its activation and deactivation, as 8 ◦C is the lowest
temperature recommended for strawberry growth and development Bradford et al. [25].
The daytime air temperature range in the literature for optimum strawberry growth and
development is between 18 ◦C and 24 ◦C in all greenhouse types. To aid air circulation and
ensure uniform environmental conditions within the greenhouses, four 0.5 hp, 25 m3/min
per unit capacity and 25 cm window-sized air-circulating fans were installed at the height
of 1.9 m from the greenhouse floor in the east and west ends.

The “Seolhyang” variety of strawberry seedlings was transplanted on 3 October 2020,
on five greenhouse-raised benches (plot) spaced 60 cm apart, measuring 76 × 1500 cm.
The greenhouse benches were spaced 25 cm apart, providing a plant density of 132 per
bed and 660 plants per greenhouse, and were placed in the east-west orientation of the
greenhouse structures. Both greenhouses were irrigated and fertigated from the same
open-loop drip irrigation and fertigation systems. The nutrient solution was prepared
in two separate 400 L capacity water reservoirs. The nutrient solution in reservoir A
was a mixture of calcium nitrate tetrahydrate (3.74 kg), potassium nitrate (6.04 kg), and
chelated iron (0.43 kg), whereas the nutrient solution in reservoir B was a combination of
magnesium sulfate (1.23 kg), magnesium nitrate (0.85 kg), ammonium phosphate (1.14 kg),
boric acid (60 g), manganese sulfate (37.28 g), zinc sulfate (3.70 g), copper sulfate (0.75 g),
and sodium molybdate dihydrate (0.40 g). The irrigation rate was 6.4 × 10−4 m3s−1

(0.64 l/s per greenhouse) at an interval of 1 h 30 min five times daily, beginning from
08:30. Each irrigation period lasted for 2 min 30 s. Standard cultivating practices adopted
by Fernandez et al. [26] were followed. The flower bunny bumblebee (Bombus sp) was
introduced in each greenhouse to pollinate the strawberries. Figures 1 and 2 show the SLGH
and DLGH. The strawberry fruit started ripening in December 2020 and was continuously
harvested twice weekly until the experiment was concluded in April 2021. Berry fruits
were weighed per bed and the total yield per greenhouse was recorded. Figures 1–6 show
the SLGH, DLGH, SLGH, and DLGH layouts, sensors, fans, and boiler location, irrigation
and nutrient systems and experimental greenhouse interior and exterior.



Agronomy 2021, 11, 2498 5 of 23Agronomy 2021, 11, x FOR PEER REVIEW 5 of 24 
 

 

 
Figure 1. Single-layer greenhouse (SLGH). 

 
Figure 2. Double-layer greenhouse (DLGH). 

Figure 1. Single-layer greenhouse (SLGH).

Agronomy 2021, 11, x FOR PEER REVIEW 5 of 24 
 

 

 
Figure 1. Single-layer greenhouse (SLGH). 

 
Figure 2. Double-layer greenhouse (DLGH). Figure 2. Double-layer greenhouse (DLGH).



Agronomy 2021, 11, 2498 6 of 23
Agronomy 2021, 11, x FOR PEER REVIEW 6 of 24 
 

 

 
Figure 3. SLGH and DLGH layouts (A, B, C, D, E are greenhouse beds). 

 
Figure 4. Sensors, fans, and boiler location. 

 

 

 

 

 

 

Figure 3. SLGH and DLGH layouts (A, B, C, D, E are greenhouse beds).

Agronomy 2021, 11, x FOR PEER REVIEW 6 of 24 
 

 

 
Figure 3. SLGH and DLGH layouts (A, B, C, D, E are greenhouse beds). 

 
Figure 4. Sensors, fans, and boiler location. 

 

 

 

 

 

 

Figure 4. Sensors, fans, and boiler location.
Agronomy 2021, 11, x FOR PEER REVIEW 7 of 24 
 

 

 
Figure 5. Irrigation and nutrient systems. 

(a)  

(b)  

Figure 6. Experimental greenhouses (a) interior and (b) exterior. 

2.2. Instrumentation and Data Collection 

Figure 5. Irrigation and nutrient systems.



Agronomy 2021, 11, 2498 7 of 23

Agronomy 2021, 11, x FOR PEER REVIEW 7 of 24 
 

 

 
Figure 5. Irrigation and nutrient systems. 

(a)  

(b)  

Figure 6. Experimental greenhouses (a) interior and (b) exterior. 

2.2. Instrumentation and Data Collection 

Figure 6. Experimental greenhouses (a) interior and (b) exterior.

2.2. Instrumentation and Data Collection

Greenhouse air temperature, RH, and SR were measured continuously. Three air
temperature and RH sensors (accuracy: ±0.25 ◦C, HOBO PRO v2 U23 Pro v2, ONSET,
3 min in air moving 1 m/s; 30 s in stirred water, Onset Computer Corporation, Barnstable,
MA, USA) were installed per row (front, middle, and end), 1.54 m from the greenhouse floor.
The SR sensors (accuracy: ±10 W/m2; response time: <18 s; nonlinearity: <1%; spectral
range: 300–2800 nm; directional error: <20 W/m2; tilt error: <2%; CMP3 Pyranometer,
KIPP & ZONEN, Delft, The Netherlands) and dataloggers (LR-5042, Kioko, Japan) were
placed at the top of the plant canopy to measure the SR from 08:30 to 18:00. All data loggers
were programmed to record data every 10 min. The VPD was determined according to
the method adopted by Jayasekara et al. [1] and Akpenpuun et al. [5] (Equations (1) and
(2)). Harvested berry fruits from each greenhouse were weighed using a digital weighing
balance to evaluate yield per bench and total yield per greenhouse.

Ps = 610.78 × exp
((

T
T + 238.3

)
× 17.27

)
, (1)

VPD, kPa =

(
1 −

(
RH
100

))
× Ps

1000
, (2)

where Ps is the saturation vapor pressure (Pa), T is the greenhouse air temperature (◦C),
and RH is the relative humidity (%).



Agronomy 2021, 11, 2498 8 of 23

2.3. Statistical and Sensitivity Analysis

Data were separated into daytime (08:30–18:00) and nighttime (19:00–08:30) and
subjected to descriptive and inferential statistical techniques (analysis of variance and
correlation analysis) to determine the yield response to environmental parameters within
the greenhouses using Stata version 15.0 (StataCorp LLC, College Station, TX, USA).

3. Results

Tables 1 and 2 present the descriptive statistics of the daytime and nighttime environ-
mental data collected in both greenhouses. The daytime descriptive statistics showed that
the differences observed between the SLGH and DLGH in temperature, RH, VPD, and
SR were 0.2, 2.0, 0.07, and 8.98, respectively, with the DLGH having higher values than
the SLGH. In the nighttime, the descriptive statistics showed that the differences observed
between the SLGH and DLGH in temperature and RH were 0.03 and 6.33, respectively,
with the DLGH having higher values than the SLGH. VPD in the SLGH was, however,
higher than in the DLGH by 0.03.

Table 1. Descriptive statistics of daytime data for single-layer greenhouse (SLGH) and double-layer greenhouse (DLGH).

Parameters Mean Standard Deviation Minimum Maximum Range

SLGH

Temperature, ◦C 15.70 2.50 9.27 21.78 12.51
Relative Humidity (RH), % 64.13 10.71 46.60 91.74 45.14

Vapor Pressure Deficit (VPD), kPa 0.76 0.29 0.16 1.53 1.37
Solar Radiation (SR), W/m2 ** 151.94 101.76 8.71 549.83 541.12

DLGH

Temperature, ◦C 15.92 2.46 9.21 21.70 12.50
RH, % 66.13 10.28 46.56 93.47 46.92

VPD, kPa 0.83 0.28 0.22 1.58 1.35
SR, W/m2 ** 160.92 111.47 3.24 631.57 628.33

** statistically significant, α = 0.05.

Table 2. Descriptive statistics of night data for SLGH and DLGH.

Parameters Mean Standard Deviation Minimum Maximum Range

SLGH

Temperature, ◦C 10.21 2.33 8.08 19.56 11.48
RH, % ** 87.48 3.96 73.80 94.59 20.78

VPD, kPa ** 0.23 0.05 0.14 0.40 0.26

DLGH

Temperature, ◦C 10.24 2.48 5.82 19.33 13.48
RH, % ** 93.81 2.16 85.52 97.98 12.45

VPD, kPa ** 0.21 0.04 0.12 0.37 0.25
** statistically significant, α = 0.05.

The mean daytime and nighttime temperatures in the SLGH were 15.72 ◦C ± 2.52 ◦C
and 10.20 ◦C ± 2.32 ◦C, respectively, whereas 15.92 ◦C ± 2.52 ◦C and 10.28 ◦C ± 2.44 ◦C were
achieved in the DLGH, respectively. The daytime minimum and maximum temperatures
were in the same range of 9–23 ◦C, which was the temperature setpoint range for the roof
and side vent-opening control system. The daytime and nighttime descriptive statistics also
showed that the greenhouses were identical in temperature, RH, and VPD, except for SR,
which was higher in the DLGH. Figures 7 and 8 show the trend of the mean daytime and
nighttime temperature fluctuations in SLGH and DLGH, respectively.
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The mean daytime RH recorded in the SLGH and DLGH was similar, except that the
mean nighttime RH was 87.48% ± 3.96% and 93.81% ± 2.16%, respectively. A difference in
the RH means values of 2.00% and 6.33% was recorded during the daytime and nighttime,
respectively. The daytime RH ranges recorded in SLGH and DLGH were 46.60–91.74%
and 46.56–93.47%, whereas the nighttime ranges were 73.80–94.59% and 85.52–97.98%,
respectively. Figures 9 and 10 show the mean daily daytime and nighttime RH fluctuations
in SLGH and DLGH.
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The mean daytime and nighttime VPD of 0.76 and 0.23 kPa were recorded, respectively,
in the SLGH. In the DLGH, the mean daytime and nighttime VPD of 0.83 and 0.21 kPa
were recorded, respectively. Figures 11 and 12 show the mean daily daytime and nighttime
VPD recorded in both greenhouses.
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The range of SR received in SLGH and DLGH was 8.71–549.83 Wm−2 and
3.24–631.57 Wm−2, respectively. The second layer of polyethene and thermal screen re-
tracted during the daytime, making the DLGH function as an SLGH, receiving 5.6% more
SR than the SLGH due to greater exposure to incident sun rays because of obstructions
caused by the buildings on the DLGH’s side. This resulted in a significant difference in the
radiation available within both greenhouses. The SR deficit can be attributed to obstruc-
tions around the experimental site and the thermal screen that retracted into the greenhouse
roof ridge, obstructing sunrays. Figures 13–16 show the SR distribution patterns in the
SLGH and DLGH and their ambient environment on a cloudy and sunny day, respectively.
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4. Discussion

The day and night temperature ranges recorded in this experiment were within 20.5 ◦C
and 27.4 ◦C, reported by Tang et al. [27] as the optimum daytime temperature for SLGH
strawberry production. Kim [28] and Jayasekara et al. [1] reported daytime and nighttime
temperatures of 15 ◦C–25 ◦C and 5 ◦C–10 ◦C, respectively. However, Bradford et al. [25]
reported that the photoperiod-insensitive temperature range of Honeoye, RH 30, and
Tribute strawberry varieties varied from 14 ◦C to 26 ◦C. Cayli [18] reported daytime and
nighttime temperature ranges of 12.18 ◦C–12.53 ◦C and 9.96 ◦C–10.83 ◦C in an SLGH with
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thermal screen and heating at night. Cayli [18] further reported daytime and nighttime
temperatures 17.08 ◦C–17.49 ◦C and 14.17 ◦C–14.64 ◦C in a DLGH with thermal screen and
heating at night. Kacira [29] and Rouphaela [30] reported that a daily thermal periodicity
difference of 5 ◦C–7 ◦C is required for optimal physiological functioning and metabolic
activities. Kittas et al. [31] reported that an air temperature range of 30 ◦C–35 ◦C is necessary
for optimal greenhouse crop production, whereas Sabir and Singh [32] and Gruda [2]
reported that the optimal daytime and nighttime air temperatures of 21 ◦C–29.5 ◦C and
18.5 ◦C–21 ◦C are required for most greenhouse vegetables biomass allocation. There
was no significant difference between the SLGH and DLGH’s daytime and nighttime
temperatures (α = 0.01).

The RH range recorded in the SLGH and DLGH were both within the range reported
by Jayasekara et al. [1] of 50–100% and 40–85% in an air-inflated and conventional DLGH,
respectively. Kroggel and Kubota [33] recommended a maximum nighttime RH of 95%
and an optimum daytime RH of 40–60% to avoid tip burn. Kittas et al. [31], Katsoulas and
Kittas [34], and Shamshiri et al. [35] reported that plants exposed to high temperatures
require high RH to neutralize heat stress. However, prolonged exposure to excessive RH is
detrimental to growth and development. Lieten [15] also reported an optimum RH level of
65–75% during the day for good growth, development, and yield of strawberries in the
greenhouse, whereas Jayasekara et al. [1] reported 85% in a conventional DLGH, heavily
saturated at night, but recorded RH as low as 40% during the daytime. High humidity,
especially during the day, could cause tip burn and cat-faced strawberries. Cayli [18]
reported daytime and nighttime humidity as 70.57–73.85% and 84.95–86.28% in an SLGH,
and 70.17–72.34% and 84.68–86.71% in a DLGH, both with a thermal screen and heating at
night. The higher RH recorded in the DLGH during the nighttime resulted from less air
leakage and preventing humidity transport to the ambient environment due to the inner
layer of polyethene.

The daytime VPD in both greenhouses were within the range reported by Ros-
ales et al. [36], but below 0.8–1.0 kPa, and 0.9 kPa and 1.6 kPa reported by Shamshiri et al. [35]
and Kroggel and Kubota [33], respectively. However, Quinn et al. [37] reported VPD ranges
of 2.5–4.5 kPa and 1.5–2.0 kPa in a non-VPD controlled and VPD controlled polyolefin-film-
covered SLGH, respectively. Rosales et al. [36] and Speetjens et al. [38] reported that VPD
values between 0.2 kPa and 1.0 kPa are recommended for pollination and prevention of
fungal diseases, while Iraqi et al. [39] and Katsoulas and Kittas [34] recommended optimal
day and night VPDs of 0.8 kPa for an optimal photosynthetic rate that would result in
optimal SLGH crop yield.

The lower VPD (0.21 kPa) recorded in the DLGH resulted in a higher condensation
level than in the SLGH, reflecting VPD as a derivative of RH in the RH readings recorded in
the DLGH. Additionally, the lower the VPD, the higher the potential of vapor condensing
in the greenhouse microclimate, resulting in rot. According to Zolnier et al. [40], VPD esti-
mation is the determining factor in evaluating the condensation potential of a greenhouse
environment, directly affecting the productivity of plants.

SR reception levels in the greenhouses depended on the clarity of the clouds, as the
maximum SR recorded in the SLGH, DLGH, and ambient environment were 549.83, 631.6,
and 783.1 Wm−2, respectively, on a sunny day. However, on a cloudy day, the maximum
SR received in the SLGH, DLGH, and outside the greenhouses were 78.6 and 110.4 Wm−2,
respectively. The total SR received throughout the experimental period was 605.3, 641.4,
and 1281.4 MJm−2, respectively in the SLGH, DLGH, and outside the greenhouse. The
total SR was converted to DLI using the method described by Ting and Giacomelli [41].
The total daylight integral (DLI) was, therefore, 6.9, 7.4, and 14.8 mol m−2 d−1 in the SLGH,
DLGH, and outside, respectively. Yoshida et al. [42] reported that although strawberries
require high light intensity, they do reasonably well in a light intensity range as low as
8.64–25.9 mol m−2 d−1 (100–300 µmol m−2 s−1). The DLI recorded in the SLGH and DLGH
was less than the lowest DLI reported by Yoshida et al. [42]. DLI of 12–19 mol m−2 d−1 and
20–25 mol m−2 d−1 are the minima for optimum greenhouse productivity [43]. Faust et al. [44],
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however, reported SR values of 5–10 mol m−2 d−1, 10–20 mol m−2 d−1, 20–30 mol m−2 d−1

and >30 mol m−2 d−1 (18.9–37.9, 37.9–75.7, 75.7–113.5, and >113.5 Wm−2) for low, medium,
high, and very-high light crops, respectively. From the classification by Faust et al. [44], the
“Seolhyang” variety of strawberries is a low-light crop, which means that the “Seolhyang”
variety of strawberries can grow and develop even under light of low intensity.

Though the greenhouses were identical in air temperature, RH, and VPD, their VPD
distribution within the greenhouse microclimate was significantly different. The Pareto
charts (Figures 17 and 18) show that the nighttime VPD distribution in the SLGH was
such that VPD of 0.20–0.40 kPa was 73.7% of the total VPD readings, whereas readings of
0.0–0.19 kPa were 27.3%. In the DLGH, VPD of 0.2–0.4 kPa was 33.3%, whereas VPD of
0.0–0.19 was 66.7% of the total VPD readings recorded. Therefore, the VPD distribution
was different in both greenhouses. This is supported by Zhao et al. [45], who reported
vertical air temperature and RH gradient in a naturally ventilated greenhouse, whereas
Ogunlowo et al. [8] reported significant variations in the horizontal distribution of air
temperature, RH, SR, and VPD within single-layered, double-layered, and multi-span
greenhouses. The recommended VPD range for optimum crop production in the green-
house is 0.20–0.40 kPa. The summation of the VPD readings shows that the percentage of
VPD readings in the recommended range was more in the SLGH than in the DLGH by
40.4%. Figures 17 and 18 show no significant difference in the daytime VPD distribution
between the greenhouses, whereas Figures 19 and 20 show a significant difference in the
VPD distribution.
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Figures 21–23 show the monthly berry, greenhouse bed, and total marketable yield
obtained in the SLGH and DLGH, respectively. The daily yield was sorted, and fruits with
weights of 25–65 g were classified as the marketable yield, cumulated, and presented as
the monthly yield (Figure 21). Figures 21 and 22 show that the yields in both greenhouses
followed the same pattern. The SLGH and DLGH had the highest yield of 45 kg and
38 kg, respectively, in February 2021, and the most negligible yield of 1.6 kg and 5.1 kg in
December 2020. The row of crops on the east side of the greenhouses received maximum
radiation and had higher yields than those less exposed to SR because the greenhouses
and greenhouse beds were oriented in the same east-west direction, resulting in shadow-
casting on opposite rows (Figure 22). This subsequently resulted in retarded growth, less
development, and low yield from the affected rows. Akpenpuun and Mijinyawa [46]
recommended east-west and north-south orientations for maximum SR reception and
distribution within a greenhouse and total crop exposure. The total yield and mean yield in
kilogramme was 198 and 170, and 19.0 ± 21.7 and 15.6 ± 21.0 in the the SLGH and DLGH
systems, respectively. The total marketable yield in grammes per mole of DLI was 28.3 and
22.9 in the SLGH and DLGH, respectively. The yield obtained in SLGH was 14% higher
than the yield obtained in DLGH. Table 3 shows the descriptive statistics of marketable
yield obtained in SLGH and DLGH.
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Table 3. Descriptive statistics of marketable yield (Kg) obtained in SLGH and DLGH.

Groups Sum Mean Variance SD

SLGH 198.2 39.6 962.5 31.0
DLGH 169.8 33.9 308.0 17.6

Figure 24 shows the fuel consumption from December to February in the two green-
houses. Energy consumption in both greenhouses was the highest in January and February
2021, when the outside air temperature was the lowest. It was observed that as the outside
air temperature increased, heating demand decreased. The temperature and VPD anal-
ysis of variance showed no significant difference between the environmental conditions
in the SLGH and DLGH. This can be attributed to the frequent heating observed in the
SLGH to maintain the temperature within the recommended range, resulting in higher
fuel consumption during winter. The fuel consumption in the SLGH and DLGH was
486.9 and 307.7 L, and the mean consumption per day was 5.5 ± 3.9 L and 3.5 ± 2.5 L,
respectively. The DLGH consumed ~180 L less fuel than SLGH, saving ~37% energy due to
the insulation provided by the inner polyethene layer. Akpenpuun et al. [5] reported that
although the SLGH system is economical for construction costs, it demands higher heating
than the DLGH system. These researchers concluded that since the service life of the inner
polyethene layer in the DLGH system, whose estimated cost of buying and installation
was USD85, is approximately three years the choice of the DLGH is the most appropriate
for energy saving and reduction in the cost of production.
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Figure 24. Total fuel consumption by the greenhouses.

Table 4 presents the cost analysis of operating the SLGH and DLGH for the cultivation
of strawberries in the winter. A margin of $139.26 was recorded between the net income
recorded from the SLGH and DLGH systems.

Table 4. Strawberry p-roduction income and expenses.

Single Layer Greenhouse Double Layer Greenhouse

Unit Price (USD) Quantity Cost (USD) Quantity Cost (USD)

Strawberry yield 8.81 ** 198 kg 1744 170 kg 1498
Fuel consumption 1.07 *** 486.9 L −520.98 307.7 L −329.24

Glazing material cost * * * PE film
0.15 mm × 8 m × 18 m −85

Income (USD) 1223.02 1083.76

*—Not available; **—Korea Rural Economic Institute (2021); ***—Korea National Oil Corporation (2021).

The correlation coefficients (r-value) of temperature, RH, VPD, and SR with yield in
SLGH were 0.6, 0.9, 0.3, and −0.9, and in DLGH were 0.6, 0.9, 0.3, and −0.9, respectively.
From the results obtained for both greenhouses, temperature and RH had positive and
strong linear relationships with the yield, and VPD had a positive but weak linear relation-
ship with the yield. In contrast, SR had a negative but linear relationship with yield. The
positive and linear relationship of temperature, RH, and VPD with yield means that an
increase in temperature, RH, and VPD will increase yield. The opposite will happen for SR,
which had a negative and strong relationship with yield.

The date of the t-Tests conducted on the SLGH and DLGH revealed that the t-statistics
for temperature, RH, VPD, and SR were 11.45, 10.62, 11.59, and 6.89, and 11.40, 10.52,
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11.55, and 6.48, respectively, with a t-critical two-tail value of 1.98 for all parameters. The
probability value (p-value) of <0.01 was obtained for all parameters considered; therefore,
the environmental parameters significantly affected the yield in both greenhouses.

5. Conclusions

The high demand for quality agricultural products necessitated practicing various
methods and strategies of modern technologies, such as automation and mechanization,
in different scopes of plant cultivation systems. Consequently, this study investigated a
single outer polyolefin layer and thermal screen glazed gothic greenhouse (the SLGH) and
a single polyolefin layer (outer layer), thermal screen (middle layer), and polyethene (inner
layer) glazed gothic greenhouse (the DLGH). The best combination of cladding materials
and thermal screens was evaluated for the microclimatic conditions (air temperature, RH,
VPD, and SR) of the greenhouses to determine the most suitable greenhouse environment
system for strawberry cultivation in winter.

The following conclusions can be drawn from comparing the environmental parame-
ters in the two greenhouse systems, the resultant crop yield, and the operation cost.

i The yield obtained in both greenhouses was insignificantly different; however, the
yield in SLGH was 14% higher than the yield in DLGH;

ii The VPD percentage within the recommended range was more in the SLGH than
the DLGH;

iii The SLGH can be used instead of the DLGH, saving construction costs regarding
installing the second layer; however, the operating cost of the SLGH system was higher.

It was observed that the mode of retraction of the thermal screen in both greenhouses
obstructed SR penetration. It is, therefore, recommended to investigate another thermal screen
retraction method that will not reduce the level of SR penetration into the greenhouses.
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