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STUDY ON THE MECHANISM OF INDOOR TEMPERATURE AND HUMIDITY CHANGE
IN THE SUNKEN SOLAR GREENHOUSE DURING THE SMOTHERING PERIOD
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ABSTRACT

A sunken solar greenhouse is the original type of greenhouse in China, its soil wall thermal storage
performance is better and low cost. Higher benefits of stereoscopic planting in sunken solar greenhouses,
while repeated use of the substrate can produce pathogens, so high-temperature smothering is used for
sterilization in the summer months of June to August. To investigate the mechanism of indoor temperature and
humidity variation and fungicidal effect in a sunken solar greenhouse, a single cross-sectional test of
temperature and humidity in sunken solar greenhouse during the smothering period was conducted using
wireless sensors. The results showed that: The maximum value of indoor temperature at noon was 69.5°C the
temperature value of all measurement points was greater than 50°C for 3h, when removing the measurement
points at the upper surface of the ground, the relative humidity value of other measurement points was less
than 60% for 5h. During the daytime period, when the indoor temperature is greater than 28°C in the interval
7:00-12:00, the initial relative humidity value of each measurement point is located at 70%-85%, when the
weighted temperature of each measurement point starts to rise at a rate of 1.1°C/10min, the weighted humidity
of each measurement point declining is 1.3%/10min; the determination of the rate of change of indoor
temperature and humidity during the daytime and the starting value can provide a basis for indoor plants to
take measures to sterilize at high temperature.
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INTRODUCTION

The solar greenhouse is an essential agricultural facility in China, which is often referred to as
"conservation farming," "controlled environment farming," "greenhouse farming," and "facility farming". (Steven
et al, 2017; Jia et al, 2016). There are three types of facility farming facilities in China, namely plastic
greenhouses, solar greenhouses, and attached greenhouses, among which solar greenhouses are the original
agricultural facilities in China (Peng P et al., 2019). Moreover, the COVID-19 pandemic is threatening the
world’s food security, depriving 265 million individuals of food by the end of 2020 (Lal R., 2020).

Greenhouses are used to mitigate the harsh weather conditions and allow for a full year-round
production of crops (Morshed W. et al., 2022) by controlling the microclimate and ensuring that the crops
acquire the required level of temperature, humidity, water, and light (Ghani S. et al., 2019).
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A solar greenhouse is a facility that uses solar energy resources so that the indoor air absorbs solar
heat during the daytime and the indoor walls and soil absorb heat during the day and exotherm at night, thus
providing a suitable microclimate inside the greenhouse. The sunken solar greenhouse is an original structural
type of greenhouse in China, and its outstanding advantages are low cost and good heat storage performance,
which is very suitable for Chinese vast land and weak economy (Zhang LH et al., 2010). The temperature
value inside the sunken solar greenhouse is 2°C higher than that of the greenhouse built on flat ground, and
the sunken solar greenhouse can also reduce the influence of external low temperature on the soil, and the
low-temperature value of its south margin area is greater than that of the south margin area of the non-digging
solar greenhouse, so the application of the sunken solar greenhouse is widely promoted in production. The
sunken solar greenhouse originated in northeastern China to improve the thermal insulation performance of
the greenhouse, and the initial concave depth of the sunken solar greenhouse was 0.5-1 m. At the present
stage, the concave depth is 1.2-2 m, equivalent to a 1-m-high wall around the southern ground margin, which
is better than the general greenhouse thermal insulation effect.

Substrate stereo culture and soil cultivation can be used in daylight greenhouses, which can cause
the soil and substrate to carry pathogens during repeated planting. Continuous planting of strawberries in the
soil or substrate provides conditions for the development of a large number of pathogens (Chen P et al., 2020),
which can lead to a reduction in yield and, at a later stage, to the death of the strawberry plant. Smothering
means that during the summer period, no plants are grown indoors and all air vents in the solarium are closed
to take advantage of the high indoor temperatures generated by the solar radiation absorbed by the
greenhouse to kill harmful bacteria. To alleviate the trend of soil deterioration and improve the growing
environment of crops, high-temperature smothering is usually carried out during the high-temperature crop
vacancy period from June to August in summer, i.e., the greenhouse is sterilized by using high temperature
above 70°C (Shi L.J. et al., 2021). Li J.C. et al., (2015), studied the physicochemical characteristics of soil
during the high-temperature smothering period and found that irrigation smothering can help promote soil
restoration, which can increase yield and improve economic efficiency, and can be actively applied in
continuous crop production. After smothering there is also a reduction in beneficial bacteria such as
Phytophthora and Helicobacter nitrificans, which play an important role in the nitrogen cycle in the soil (Sun
B.et al., 2020). Smothering can be effective in controlling root knot nematodes and affecting the microbial
community structure in the soil (He Wei et al., 2022). The result (Hu Q.Q. et al., 2015) showed that the plants
in the irrigation and high-temperature smothering treatment were better than the control in terms of plant height,
stem thickness, leaf growth and fruit quality. It was confirmed that adding corn straw combined with high-
temperature smothering, not only has a strong disinfection effect on the soil, but also accelerates the
decomposition of straw, increases soil organic matter content, reduces soil salt content, and improves the soil
microbiological environment (He Z.G. et al., 2018). Fu G.H. and Liu W.K., (2016), verified that the temperature
of the substrate rooting area in the heliostat was significantly and positively correlated with the daily indoor and
outdoor temperatures. Therefore, the studying of indoor temperature and humidity during the smothering
period of sunken solar greenhouse can provide theoretical data and reference for farmers to smother their
greenhouses for sterilization. The process of sunken solar greenhouse smothering in the three-dimensional
planting method is as follows: the three-dimensional planting facilities are covered with plastic film, the
substrate is filled with water, all indoor wind vents are closed, and the quilt is not pressed into the shed.

MATERIALS AND METHODS
Greenhouse tested

The sunken solar greenhouse was smothered from June 30, 2019 to August 7, 2019. The tested
greenhouse was a sunken three-dimensional planting solar greenhouse, as shown in Figures 1 and 2. The
greenhouse was north-facing, with a length of 108 m and a span of 12 m. The sunken solar greenhouse had
a concave depth of 1.2 m on the south wall, a width of 1.1 m on the south aisle, and a width of 1.2 m on the
north aisle. The external height of the rear wall of the sunken solar greenhouse is 4.3 m, and the ridge height
is 5 m. The width of the north wall is 6 m at the bottom and 2 m at the top. The main bearing skeleton is made
of elliptical steel pipe with a skeleton spacing of 1 m, and the covering material is plastic film.

All air vents of the greenhouse were closed during the smothering period, the base tank was filled with
water, the water outlet at the bottom of the base tank was closed, the A-frame was covered with plastic film,
and the greenhouse was shown in Figure 1.
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Fig. 1 - Sunken Solar Greenhouse and cross-sectional view

Theoretical basis
Area heat received by space points in indoor air (g::)(Cheng W.W. et al., 2021):

qtoml:a'Stotal:Sll'Tl'a'(l_n'Haze)_l_SZ'Tl'a'(l_n) (1)

where:

grorariS the total solar radiation at a point in the indoor space, W/m?;

S; - the direct solar radiation illumination of the light passing through the atmosphere to the outer surface
of the greenhouse membrane, W/m?;

S>- the solar scattering radiation illumination of the light passing through the atmosphere to the outer
surface of the greenhouse membrane, W/m?;

T;- the direct light transmittance of the film at different roof angles, %;

T, - the transmittance of scattered light of the film at different roof angles, %;

Sos - the amount of scattered solar radiation received by space point Q in the greenhouse W/m?2,

So: - the amount of direct solar radiation received by space point Q in the greenhouse, and the incidence
angle of light is 6, W/m?.

H... - the Haze of covering material, %; ¢ is heat per unit area, W/m?;

Swta- the total solar irradiance of the outdoor horizontal plane, W/m?;

A, - the greenhouse ground area, m?;

a - the correction coefficient of the heated area;

p - the indoor sunshine reflectance;

n - the influence coefficient of point scattering quantity, which is related to the coordinate values of y and
z of the section where it is located, and has nothing to do with the longitudinal coordinate x.
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Testing instruments

Wireless sensors are used to collect data at different heights. The indoor temperature and humidity
collection instrument in the solar greenhouse is an HT59-Li-A1 wireless temperature and humidity collector
developed by Shenyang Weien Technology Co., LTD and calibrated by Liaoning Provincial Institute of
Metrology Science, and coordinated with WG59 gateway. The wireless temperature and humidity collector
transmits the temperature and humidity data collected by the wireless temperature and humidity collector to
the WG59 gateway through GPRS. The WG59 gateway collects the private network data to the cloud server
through the Internet and obtains the data information through mobile phones or computers. Temperature
measurement range of wireless temperature and humidity collection instrument: 40 ~ 85°C, accuracy: £0.2° (0
~ 65°C), £1° (other temperature range). The transmission period of the wireless temperature and humidity
collector and the gateway is 6 minutes, and the data is measured and transmitted continuously 24 hours a day.

Testing methods

To explore the variation law of temperature and humidity in the greenhouse, the duration of indoor high
temperature and the maximum indoor temperature value during the stuffy greenhouse period, the temperature
and humidity of the sunken solar greenhouse during the stuffy conservatory were measured experimentally.
Because the high temperature and high humidity will damage the sensor, the single cross section method is
used to measure the temperature and humidity value of sunken solar greenhouse. The cross-section 30 m
from the west wall was selected as the cross-section to be measured, and the coordinate system was
established in the cross section. The intersection point between the indoor ground and the extension line of
the sinking wall was 0, the vertical upward was the positive y axis, and the north direction of the line of
intersection between the interior floor and the cross section is the x axis. The coordinate system was
established, as shown in Figure 2. Four positions were selected along the section to be measured from south
to north, and s-type hooks were hung on the lower chord of the steel truss at the corresponding positions. The
height of the s-type arches was 300 mm, and wire ropes were suspended at the lower end of the arches.
Wireless temperature and humidity acquisition instruments were arranged at different heights of the wire ropes.
The measurement lines are numbered 1, 2, 3, and 4, and the number of sensors placed on the corresponding
linesis 4, 5, 5, and 5. The vertical and horizontal spacing is shown in Table 1. A wireless temperature recorder
is placed 1.5 m outside to measure outdoor temperature and humidity.
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Fig. 2 - Schematic diagram of survey line layout indoor
Table 1
Height from the measuring point to the indoor ground during the closed canopy period (m)
Line number 1 2 3 4
The x coordinate [m] 09 35 7 1
Measurement point number
1 2.0 3.2 3.6 3.9
2 1.6 24 24 24
3 0.8 1.6 1.6 1.6
4 0 0.8 0.8 0.8
5 0 0 0
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Data processing methods
Origin 8.5 and Excel 2010 were used for data analysis and 2D chart making.

RESULTS AND DISCUSSION

According to the theoretical formula (1): the smaller the horizontal distance from the north wall, the
higher the height from the indoor ground, the higher the temperature would be. The temperature value of the
measuring point closest to the wall on the north side and the maximum indoor ground height were selected for
analysis, that was, the temperature value of measuring point 4-1. In the middle of July 2019, the highest
temperature value of the 4-1 measuring point was 69.5°C, 14:30 on July 13, 2019. At this time, it was sunny
outdoor, and the outdoor temperature had the lowest value of 19°C and the highest value of 38°C.

The change law of indoor temperature
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Fig. 3 - The curve of temperature outdoor and measuring points indoor with time

Figure 3 showed that the temperature difference between indoor and outdoor was significant. The
maximum temperature difference between indoor and outdoor occurred at 14:10, and the maximum
temperature difference between indoor and outdoor was 31.1°C. At night (00:00-6:00), the temperature value
of each measuring point decreased linearly with time. The smaller the indoor ground surface height was, the
higher the temperature value was. During this period, indoor air exchanged heat with outdoor through plastic
shed film, and indoor wall and indoor soil continued to release heat. Not considering the temperature of the
indoor floor, the nighttime temperature difference between measuring points on Line 3 was between 0.1°C
and 0.5°C. The nighttime temperature difference between measuring points on measuring line 4 was between
0.1°C and 0.5°C. At the same time and on the same measuring line, the temperature difference at night
between the measuring point at 0 m on each measuring line and the adjacent measuring point was 0.8 ~ 1.2
°C on measuring line 1, No. 3 measuring line was 0.8 ~ 1.1 °C and measuring line 4 was 0.8 ~ 1.1 °C. Therefore,
at the same time, the temperature difference at night between the measuring point 0 m away from the upper
surface of the indoor ground and the measuring point 0.8 m away from the upper surface of the indoor ground
on the same measuring line was more significant than that between the measuring points above 0.8 m.

Between 6:00 and 14:30, the temperature curve of indoor measuring points increased and reached the
maximum at about 14:30. The indoor temperature increased because of solar radiation, and the wall and soil
on the north side of the room were in an endothermic state. During this period, the temperature of each
measuring point increased by 36-43 °C. The maximum temperature of each measuring point on the same
measuring line was the point in the middle of the measuring line and the temperature value of the measuring
point at Om on the ground surface was the smallest. This is due to the large difference between indoor and
outdoor temperature, resulting in more significant indoor heat loss.
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The maximum temperature difference between other measuring points on the same measuring line was
1.2°Conline 1, 2.9°C on line 3 and 2.2°C on line 4, except for the measuring point at 0 m above the ground
surface (0 m away from the indoor ground). 14:10 The temperature difference between the temperature value
of the measuring point at 0 m on the same measuring line and the adjacent measuring point (the height
between each measuring line and the upper surface of the indoor ground is 0.8 m) was 5.6 °C on Line 1, 5.1
°C on Line 3 and 6.6 °C on Line 4. Therefore, it could be seen that the temperature difference between
measuring points at 0 m above the indoor ground surface and adjacent measuring points (0.8 m above the
indoor ground surface) was more significant than that between measuring points above 0.8 m above the same
measuring line.

From 14:00 to 14:30, the temperature of most of the measuring points reached the maximum value, and
the time difference of the temperature of each point reaching the maximum value was less than 20 min. The
maximum temperature of the indoor measurement point was 69.5 °C, and the outdoor temperature value at
the same time was 38.4 °C. At this time, it was the ultimate outdoor temperature, and the difference between
indoor and outdoor temperature was 31.1°C, indicating a significant indoor and outdoor temperature difference.
From 14:00 to 14:30, the lowest temperature of each measuring point was 57.1 °C, which was a 4-5 measuring
point, located on the upper surface of the indoor ground in the north corridor. The period when the temperature
value of all measuring points was greater than 40 °C was 9:50-19:00, up to 9h; The period when the
temperature value of all measuring points was greater than 50 °C was 11:40-15:00 for 3 hours. The duration
of maintaining room temperature above 40 °C was similar to that of Li JC’s research (Li J.C., 2015), and its
research results showed that it could meet the sterilization requirements.

From 14:30 to 16:00, the temperature values of each measuring point gradually decreased, because
the outdoor light intensity gradually reduced, and the heat loss of the greenhouse was more significant than
the heat absorption, so the indoor air temperature decreased. From 16:00 to 18:00, the temperature value of
each measuring point increased slightly, due to the increase of outdoor light intensity, and the indoor heat
absorbed was more significant than the heat loss due to the temperature difference between indoor and
outdoor. The temperature values of each measuring point decreased linearly with time from 19:00 to 24:00. To
verify whether it was a linear model, a scatter plot was made for the temperature values of each measuring
point from 19:00 to 24:00 , and a linear fitting was conducted. The fitting coefficient R? was 20.9, indicating an
excellent proper relationship.

Table 2
The maximum temperature changes at different heights in the room (m)
Line number 1 2 3 4
Height of the point
The x coordinate
[m] 0.9 3.5 7 11
[m]

0 56.6 - 64 571
0.8 62.2 - 69.5 63.4
1.6 63.4 - 67.9 64.1
2.0 62.8
2.4 - 66.1 - 63.9

It can be seen from Table 2 that the temperature value of the measuring point 0 m away from the upper
surface of the indoor ground was the lowest among all measuring lines, and the temperature difference with
the adjacent measuring point was the largest. At the same time and line, the temperature of the most significant
point was not the biggest point with indoor ground height on the line 3, it was because of the A-frame, which
covered strawberries with plastic wrap during the smothering period. No. 3 line measuring point was located
on the outer surface of the plastic films, plastic films having a reflection effect on indoor sunlight, in the middle
point to receive plastic greenhouse films of reflected light. Therefore, the temperature value of the measuring
point at the medium height of No. 3 measuring line was higher. At the same height, with the increase of Y-axis
coordinates, the temperature first increased and then decreased. The temperature at line 3 was the highest.
This was because line 3 was located in the middle of the greenhouse and received more reflected light from
plastic shed film, resulting in a higher temperature at the measuring point of this line.
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The change law of indoor relative humidity
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Fig. 4 - Curve of relative humidity measuring points with the time

Figure 2 and Figure 4 showed that: (1) the relative humidity of indoor air was relatively high from 00:00
to 6:00, and the relative humidity of each measuring point was above 67%, and the highest was 90%. During
this period, with the decrease of indoor temperature, the relative humidity of each measuring point gradually
increased, and the relative humidity of each measuring point decreased between 1.6% and 4.7%.

(2) Between 6:00 and 12:00, the indoor humidity curve decreased, and the lowest relative humidity value
was between 30% and 45%; the inflection point of relative humidity at each measuring point was different. The
inflection point of most measuring point curves was 6:20, and the latest measuring point of an inflection point
in the measuring point curve was the measuring point at 0 m on the surface of the ground, and its time was
8:00. At the inflection point of the relative humidity value of each measuring point over time, the temperature
value of each indoor measuring point was more significant than 25°C. During 6:20-7:20, the average
temperature drop rate of each measuring point was 0.27°C/10min, and the average relative humidity drop rate
of each measuring point was 0.43%/10min. The time when the relative humidity of each measuring point began
to drop significantly was 7:30, and the temperature of each indoor measuring point was higher than 29°C.
Between 6:00 and 12:00, the average decrease rate of relative humidity of all measuring points was
1.3%/10min, and the average rise rate of the temperature of each measuring point was 1.1 °C/10min.

(3) From 12:00 to 14:00, the relative humidity at each measuring point decreased at a slowly rate. During
this stage, the average temperature rise rate at each measuring point was 0.5°C/10min, and the average
decrease rate of relative humidity was 0.37%/10min. At this time, the temperature value of all measuring points
is more significant than 57°C, and the relative humidity value of all measuring points (excluding 1-4 measuring
points and measuring points near the ground) was between 40% and 46%. This was because measuring
points 1-4 are located at the beginning of planting, below the upper water pipe and return water pipe of drip
irrigation, and there was leakage at the interface. Therefore, the relative humidity value of the measuring points
here was around 59%. When 1-4 measuring points were removed, the relative humidity of other measuring
points was less than 60% for 5 h, and the relative humidity of other measuring points was less than 50% for
2.2 h.

(4) From 14:00 to 16:00, the relative humidity value of each measurement point increased, which was
because outdoor light intensity decreased, indoor air heat absorption was less than the energy loss of indoor
and outdoor temperature, resulting in indoor temperature decrease and relative humidity increase. From 16:00
to 17:30, the outdoor light intensity increased, leading to indoor temperature increase, and indoor relative
humidity value decreased during this period.

(5) The relative humidity of each measuring point increased from 18:00 to 24:00, and the increased
range of relative humidity during this period was more significant than that during 00:00 to 6:00. From 18:00
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to 24:00, the average relative humidity drop value of all measuring points was 19.8%, and the average
temperature drop value of all measuring points during this period was 12.9°C.

It can be seen that during the stuffy greenhouse period, the indoor relative humidity curve with time and
the indoor temperature curve with time in the sunken solar greenhouse showed opposite laws in the same
period, and the humidity was at the lowest value, when the temperature was the highest. The relationship
between indoor temperature and humidity should be established during the stuffy shed period, to provide a
theory for production practice.

The relation between indoor temperature and relative humidity

As can be seen from the change law of indoor relative humidity, when the indoor air temperature was
higher than 29°C, the relative humidity of indoor air decreased significantly with the increase of indoor air
temperature. Therefore, the relative humidity and temperature at different measuring points from 7:30 to 12:00
were established, providing a theoretical reference for the measures of greenhouse temperature rise and
humidity reduction. Since water droplets on the inner surface of the greenhouse film would drop to the ground,
resulting in high humidity on the surface of the greenhouse, the relationship between relative humidity and
temperature at the measuring point 0 m on the surface of the indoor ground was not considered.

The relative humidity value of each measurement point during 7:20-12:00, on July 13, 2019 was taken
as the Y-axis, and the temperature value of the corresponding measurement point was taken as the X value.
The temperature and humidity scatter plot was drawn and linear fitting was carried out. The temperature and
humidity curve equation of each measurement point during 7:20-12:00 is shown in Table 3.

Table 3
Temperature and humidity relation diagram of different measuring points from 7:30 to 12:00
Code number Fitting equation The correlation coefficient

1-1 y=-1.3405x+115.45 0.94
1-2 y=-1.2788x+115.4 0.96
1-3 y=-1.3502x+119.5 0.97
2-1 y=-1.3193x+116.51 0.97
2-2 y=-1.3285x+116.61 0.98
3-1 =-1.1763x+107.81 0.97
33 y=-1.2778x+113.76 0.98
34 y=-1.4094x+122.96 1

4-1 y=-1.2027x+112.14 0.98
4-2 =-1.1924x+111.58 0.98
4-3 =-1.1789x+110.6 0.99
4-4 y=-1.1282x+109.29 1

N-M in Table 3 represents the M measuring point on measuring line N, for example, 4-3 represents the
3rd measuring point on measuring line 4.

It can be seen from Table 3 that: during the period from 7:30 to 12:00, the curve fitting of relative humidity
and temperature at different measuring points was good, and the correlation coefficient R2 was > 0.94. In this
period, over time, the indoor light intensity increased, and the relative humidity of the indoor measurement
point and the temperature of the corresponding measurement point were linearly negative correlation, that was,
with the increase of temperature, the indoor relative humidity gradually decreased. At different measuring
points, the change rate of the curve equation was between -1.1 and -1.4. The temperature of each measuring
point reached 57°C at noon, and the humidity of each measuring point at this time was less than 50%.

In order to study the relationship between temperature and humidity in the sunken solar greenhouse
during the period from 7:30 to 12:00, the weighted average value of the change rate of temperature and
humidity curves at each measuring point was calculated, and the formula was as follows:
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In formula (2), y; and z;were the coordinate values of the measuring points, and were the change rates

of the relative humidity and temperature curves of the measuring points. Thus, the weighted average speed

can be obtained as -1.23. During the stuffy period, the indoor temperature increased by 1°C, and the indoor

relative humidity decreased by 1.23%. At 7:00, the relative humidity of each measuring point was located near

(78+£2)%, so the humidity value of the corresponding measuring point can be obtained according to the

temperature of different measuring points, thus providing a theoretical basis for the relationship between indoor
temperature and humidity.

()

CONCLUSIONS

This paper analyzed the pattern of temperature and humidity changes in the sunken solar greenhouse.
The following conclusions were drawn:

(1) Temperature and humidity relationships during the day in a sunken solar greenhouse were reversed
during smothering. There were three phases of temperature change during the day: the rising curve, the
fluctuating phase and the falling curve.

(2) The maximum value of indoor temperature at noon was 69.5°C. When the measurement points at
the upper surface of the floor were removed, the relative humidity value of other measurement points was less
than 60% for a period of 5 h, which can meet the requirements of greenhouse sterilization for high temperature
and low humidity environments.

(3) During the 7:00-12:00 time period, when the room temperature was all greater than 28°C and the
initial relative humidity values at each measurement point were located between 70% and 85%, the weighted
temperature at each measurement point began to rise at a rate of 1.1°C/10min and the weighted humidity at
each measurement point fell at a rate of 1.3%/10min. There was a relationship between the temperature and
humidity changes in the greenhouse.
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