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ABSTRACT

A sunken solar greenhouse has a good heat preservation environment. The influence of the general indoor
temperature on the temperature of the roots was evaluated. A wireless sensor and U disk recorder were used
to determine the indoor temperatures of a single section and multiple sections in a sunken solar greenhouse.
The results showed that the temperature change rate was the greatest along the vertical direction of the
greenhouse and less along the longitudinal direction of the greenhouse at the moment of opening in the
morning and at the moment of strong light at noon. The temperatures in the single cross-section and multiple
cross-sections were approximately equal during winter from 00:00 to 8:00 in the morning. These values can
be used for calculating theoretically the heat loss in a greenhouse.
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INTRODUCTION

The temperature in a solar greenhouse has an obvious diurnal variation pattern and the indoor
temperature of a greenhouse can increase by 0.25-3.9°C compared with the open-field temperature (Wei et
al.,, 2010; Tu et al., 2011). Zhang, (2015), studied the effects of indoor temperatures and humidity on the
growth and fruiting of strawberry and soil-borne diseases in a greenhouse. The results showed that within the
range of day at 20-28 °C, night at 5—12 °C and relative humidity of 40%—-80%, the combination of temperature
and humidity was more beneficial to the growth of strawberry and reduced the occurrence of soil-borne
diseases than the individual same temperature and humidity. Xu, (2018), conducted an experimental study on
the variation of indoor temperature and light in a solar greenhouse in the desert during winter. The results
showed that the indoor temperature value fluctuated greatly, and the difference in the indoor temperature
between day and night was substantial. The solar greenhouse in the desert could better convert solar energy
into heat energy, and the indoor relative humidity was low. Regardless of the weather conditions outdoors,
temperature varies in a greenhouse (Guo and Zhao, 2009). In addition, the temperature changes in the
vertical direction are more drastic, whilst the changes in temperature distribution in the horizontal direction are
more moderate (Yang XG et al., 2005). Considering the internal temperature in the different directions of
sunlight in a greenhouse, Hu et al., (2014), used a thermometer and wall temperature of a thermistor to
measure the sunlight greenhouse and temperature in the east—west central portion of three sections of the
greenhouse during the over-wintering stage in the Lishi District. The results showed that the greenhouse
temperatures along the vertical, horizontal and longitudinal directions showed regular changes during the day
and night. The length of sunshine affected the distribution of the indoor air temperature.

Liu et al., (2013) conducted an experimental study on the characteristics of changes in the indoor air
temperature and ground temperature with time and space in a solar greenhouse. The results indicated that
indoor air temperature was not evenly distributed in space. Zhang et al., (2009), used CFD software to
simulate the indoor temperature field of a sunken solar greenhouse during winter.
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The results showed that the average temperature in the eastern part of the indoor area was lower than
those in the western and central parts, and the air temperatures near the indoor wall and ground were higher.
Sun et al., (2020), also used CFD to study the changes in the internal temperature of a solar greenhouse in
different environments. The results demonstrated that ventilation time should be paid attention to in the
internal ventilation and dehumidification of a greenhouse during winter to prevent frostbite of crops. Albright et
al., (2001), proposed a classical model of the indoor temperature and relative humidity in a greenhouse. Jang
et al. (2011), found that the relationship between crops and the environment in a greenhouse is strong and
interactive. Taki et al., (2016) found that a high temperature in a greenhouse has a strong impact on crop
photosynthesis. This condition affected the crop photosynthetic rate, transpiration rate, intercellular CO2
concentration and greenhouse output, resulting in economic losses. Khoshnevisan et al., (2014), showed that
both high and low temperatures inside the greenhouse would affect the quality and quantity of crops planted
in the greenhouse. Cheng et al., (2021), evaluated the changes in temperature in a sunken solar greenhouse
through a single cross-section. In the absence of protective measures, indoor plants would also suffer
damage or disease during extreme external temperatures. Md Shamim Ahamed et al., (2020) modelled
heating demands in a Chinese-style solar greenhouse using the transient building energy simulation model
TRNSYS. Stefano Morelli et al., (2022) optimized the temperature field in a greenhouse in order to make it
suitable for basil cultivation.

A sunken solar greenhouse is the preferred greenhouse for three-dimensional planting. Previous
studies have demonstrated the uneven distribution of indoor temperature in a solar greenhouse. Amongst the
various indicators for measuring plant growth, the plant body temperature is the most sensitive factor for the
healthy growth of plants, whilst amongst the numerous environmental factors, air temperature is the most
synergistic with plant body temperature (Yu M.H. et al., 2015). These two factors have the same trend (Yu et
al., 2015). In addition, the matrix temperature of three-dimensional substrate cultivation is also closely related
to air temperature (Shi et al.,, 2016). However, studies have mainly focused on the variation rules of the
internal temperature, wall temperature and indoor soil temperature of greenhouses. A qualitative study on the
indoor temperature along the horizontal, vertical and longitudinal temperature distribution rate is lacking.
However, greenhouses heating is essential to provide favourable climatic conditions for growing plants under
cold periods (Bazgaou A. et al., 2021). The study of the rate of temperature change in different directions
inside the greenhouse can determine the relationship between the rate of change in the three-dimensional
direction, thus determining the direction of temperature control, as well as the low and high temperatures,
thus providing experimental data support for greenhouse regulation.

MATERIALS AND METHODS
Experimental greenhouse

The experimental greenhouse was a sunken three-dimensional planting solar greenhouse, as shown
in Figure 1. The greenhouse faced south with a length of 108 m and a span of 12 m. The sinking depth of the
south wall of the greenhouse was 1.2 m, and the width of the south corridor was 1.1 m. The width of the north
corridor was 1.2 m. The external height of the back wall of the greenhouse was 4.3 m, and the ridge was 5 m
high. The width of the north wall was 6 m at the bottom and 2 m at the top. The main load-bearing skeleton
was made of an elliptical steel tube. The frame spacing was 1 m, and the covering material was made of
plastic film.
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Fig. 1 - Layout of the measuring line and measuring points in the greenhouse
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Testing instruments

The indoor temperature and humidity collection instrument in solar greenhouse was the HT59-Li-Al
wireless temperature and humidity collector developed by Shenyang Winen Technology Co., LTD., calibrated
by Liaoning Provincial Institute of Metrology Science and coordinated with WG59 gateway and U-disk
temperature collection instrument.

The collected temperature and humidity data were transmitted by the wireless temperature and
humidity collector to the WG59 gateway through GPRS. The WG59 gateway collected the private network
data to the cloud server through the Internet and obtained the data information through mobile phones or
computers. Temperature measurement range of the wireless temperature and humidity collection instrument
was 40— 85 °C, with an accuracy of £0.2 °C in the 0-65 °C and *1 °C in the other temperature range. The
transmission period between the wireless temperature and humidity collector and the gateway was 6 min.
The data were measured and transmitted continuously for 24 h a day.

The PRECISION Chuang RC-5 temperature recorder and USB automatic data temperature and
humidity recorder were adopted. The instrument had a built-in wide temperature CR2032 battery. The
recording interval was set to 6 min. The recorder could continuously record for 3 months. The built-in battery
was regularly replaced to ensure the continuous operation of the temperature recorder. The temperature
range of the recorder was from —30 °C to 70 °C, with accuracy of +0.5 °C in the temperature range from
—20°C to 20 °C and 1 °C in the other ranges. The USB disk recorder had a built-in NTC thermistor and could
store 32000 sets of data.

Test method for single cross-section temperature and humidity in the sunken solar greenhouse

The variation in the indoor air temperature in the horizontal and vertical directions of the greenhouse
was substantial, and the rate of indoor temperature in the vertical direction was smaller. When the vertical and
horizontal distance changed at the same time, the difference in the temperature in the vertical direction of the
indoor temperature was more than 2 times that in the horizontal direction. Therefore, an experimental study
on the vertical and horizontal variations of the indoor temperature in the sunken solar greenhouse was firstly
carried out; that is, the single cross-section temperature and humidity test. In the test, sensors with smaller
spacing were arranged along the vertical and horizontal directions, and the vertical spacing of the measuring
points was mostly 300 mm. A total of 96 sensors were arranged. The experiment period was from March 8,
2019 to June 8, 2019 and from August 31, 2019 to December 23, 2019. The temperature and humidity inside
the tested greenhouse were tested using the HT59-LI-A1 wireless temperature and humidity tester, and the
data were collected at an interval of 6 min.

The cross-section at 30 m from the west wall was selected as the cross-section to be measured, and
the coordinate system was established using this cross-section. The intersection point between the indoor
ground and the extension line of the sinking wall was 0, and the vertical upward direction was the positive
z-axis. The intersection line between the indoor ground and the cross-section was north and was the positive
y-axis. The established coordinate system is shown in Figure 1, which illustrates the position of the measuring
line. Table 1 provides the heights of the measuring points.

Table 1
Height values of the measured lines and points on the indoor floor (m)
Line number
1 2 3 4 5 6 7 8 9 10
y-coordinate 0 0.4 0.9 1.5 3.5 7 10.5 11 11.7 WALL
1 1.2 16 1.8 2.1 3.3 4.5 4.9 4.9 4.9 4.3
2 09 13 1.5 1.8 3 4.2 4.6 4.6 4.6 4
3 06 1 1.2 1.5 2.7 3.9 4.3 4.3 4.3 3.7
Height  of 4 07 09 12 24 36 4 4 4 3.4
measuring 5 0.4 0.6 0.9 21 2.7 3.7 3.7 3.7 3.1
point (m) 6 0 0.3 0.6 1.8 1.8 2.7 2.7 2.7 25
7 0 0.3 1.5 1.5 1.5 1.7 1.7 1.9
8 0.1 1.2 1.2 1.2 1.4 1.4 1.6
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Table 1
(continuation)
Line number

1 2 3 4 5 6 7 8 9 10
9 0.9 0.9 0.9 1.1 1.1 1.3
10 0.6 0.6 0.6 0.8 0.8 1.0
11 0.3 0.3 0.3 0.5 0.5 0.7
12 0 0 0 0.3 0.2 0.4

Test for the indoor multi-cross-section temperature in the sunken solar greenhouse

Based on the test results, a number of cross-sectional temperature tests were carried out for indoor
temperature, with vertical spacing mainly increased to 600 mm. Six positions were selected horizontally and 7
auxiliary sections were selected along the longitudinal direction to explore the variations along the longitudinal,
transverse and vertical indoor temperatures.

The experiment lasted from December 26, 2019 to June 2, 2020. The temperature in the sunken solar
greenhouse was measured by a wireless temperature sensor and USB disk temperature recorder. In the
cross-sections, the intersection point between the indoor ground and the sinking wall was 0, the y-axis was
horizontally oriented to the north, and the z-axis was vertically upward on survey line 1. The vertical direction
of the sinking greenhouse was the positive direction of the x-axis along the east direction. Figure 2 and Tables
2 and 3 show the position of the indoor cross-sections and the layout of measuring points on the measuring

lines at each cross-section. A U-disk type temperature recorder was installed at 1.5 m outdoor height without
shelter to record the outdoor temperature.
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Fig. 2 - Layout of the cross-sectional survey lines and points
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Table 2
Layout of the other cross-section survey lines and points (m)
Line number
1 2 3 4 5 6
y coordinate 0 1.2 4.2 7.2 10.2 Bk
1 1.5 2.1 3.6 4.5 4.8 4.5
Height of 2 0.6 1.2 1.8 3 3 3
measuring point 3 0 0 0 1.8 1.8 1.8
(m) 4 - - - 0 0 0.3
Table 3

Layout of no. 4 cross-section survey line and point (m)
Line number

Code number

1 2 3 4 5 6

y coordinate 0 1.2 4.2 7.2 10.2 Bk
1 15 2.1 3.6 45 4.8 45
2 1.2 1.8 3.3 4.2 45 3.9
3 0.9 15 3 3.9 4.2 33
4 0.6 1.2 2.4 3.6 3.6 2.7
Height of 5 0.3 0.6 1.8 3 3 2.1
measuring 6 0 03 1.2 2.4 2.4 15

point

(m) 7 - 0 0.6 1.8 1.8 0.9
8 - - 0.3 1.2 1.2 0.3

9 ; - 0 0.6 0.6 -

10 ) ) ) 03 03 -

1 ) ) ) 0 0 )

RESULTS
Distribution of the lowest temperature in a single cross-section during winter

During winter, the earlier the strawberries ripen, the higher the price. Thus, studying the minimum
indoor temperature during the flowering and budding period of strawberry in winter is very important to make
the harvest early and the strawberry less vulnerable to freezing damage. The lowest outdoor temperature
(-12.9°C) was recorded during November—December 2019.

The weather on November 25, 2019 was as follows: clear all day; southwest force, 1-2; sunrise, 7:20;
and sunset, 17:13. The shed was opened at 8:28. Given the low room temperature, the quilt was raised to 1/3
span of the greenhouse. All quilts were removed at 9:58, and the upper air outlet was opened for ventilation at
10:15.

The maximum difference in the temperatures at the measuring points on the same measuring line at
the same time was 2.9 °C. These points were measuring points 1 and 12 on the measuring line 6. The vertical
height difference was 4.5 m, and the change rate of temperature in the vertical direction was 0.64 °C/m. The
maximum difference in temperature between the measuring lines at the same time and at the same height
was 3.1 °C, and the horizontal distance was 11.7 m. The change rate in the temperature along the horizontal
direction was 0.26 °C/m, and the maximum change rate of the temperature in the vertical direction was 11.9
times that in the horizontal direction. Therefore, the temperature distribution in the vertical direction was more
uneven than that in the horizontal direction.
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During the period from 00:00 to 8:00, the outdoor temperature dropped by 5.4 °C, and the indoor
temperature dropped by approximately the same range at each measuring point, with a difference of less than
0.4 °C. The drop in the indoor temperature at each measuring point was 2.4 °C+0.3 °C. Covering using an
insulation cotton showed good insulation of the sinking greenhouse. The air temperature in the different areas
of the sunken solar greenhouse decreased at the same rate with time at night.

Lowest temperature distribution at the longitudinal multi-section in winter

January 14, 2020 was the coldest day during the winter of 2020, and the lowest outdoor
temperature was —19.8 °C. The lowest indoor temperature was recorded at 8:00, and the highest indoor
point temperature was determined at 11:48.

The lowest temperature of 86% of the indoor measuring points was lower than 5 °C, which was
unfavourable to the growth and development of strawberry. The minimum indoor air temperature of the
sunken solar greenhouse varied in the horizontal, vertical and longitudinal directions. This result was
consistent with the studies of Sun et al. (2019) and Zhang et al. (2019), but these groups did not study the
variation rate of indoor night low temperature in three-dimensional coordinates and the length of the low
temperature region.

The maximum difference in temperature was 4.8 °C (the longitudinal horizontal spacing was 90 m) in
the measuring points equal to the horizontal distance y from the sinking wall and equal to the height z of the
indoor ground, namely, the measuring points at the same height on the same longitudinal section. The change
rate of the lowest indoor temperature at night along the longitudinal maximum temperature difference was
0.053 °C/m. For the measuring points with the same cross-section and height, the maximum difference in
temperatures of the measuring points was 2.8 °C (horizontal spacing was 7.2 m), and the change rate in the
maximum difference in temperature along the transverse direction was 0.38 °C /m. In the same section and
measuring line, the maximum difference in the temperatures of the measuring point was 4.2 °C (the vertical
distance was 3.6 m) on the measuring line 3 of section 7. The change rate of the lowest indoor temperature at
night along the maximum vertical temperature difference was 1.17 °C/m. Thus, the distribution of the indoor
temperature along the vertical height had larger inhomogeneity than that along the longitudinal distribution. In
addition, the change rate of the maximum temperature along the height direction in the greenhouse was 13
times that along the longitudinal direction and 3 times that along the horizontal direction. Therefore, studying
the variations in the indoor temperature distribution in vertical direction of a sunken solar greenhouse is of
great significance.

The temperature drop at each section and each measuring point from 00:00 to 8:00 on January 14,
2020 were calculated. The results showed that points 1, 2, 3, 4, 5, 6 and 7 in the corresponding cross-section
dropped by 2.7 °C £ 0.4 °C, 2.7 °C £0.4 °C, 2.6 °C £ 0.4 °C, 2.5 °C 0.2 °C, 2.6 °C #0.3°C, 2.6 °C £ 0.4 °C
and 2.8 °C £0.3 °C. The differences in the temperature drops at the measuring points on each section were
less < 0.8 °C, and the temperature drop of the outdoor measuring points was 5.5 °C in this period. The
temperature drops of the measuring point were approximately equal in this period.

Distribution law of maximum temperature in a single cross-section during winter

At 11:48, the outdoor temperature was 9.2 °C. At 11:48, the lowest temperature of the measuring points
in the single cross-section was 15.6 °C (2—6 measuring points), and the highest temperature was 34.9 °C
(10-6 measuring points). The temperature difference between the two measuring points was 19.3 °C.

The maximum temperature difference of the different measuring points on the same measuring line at
the same time was 13.7 °C, and the vertical height difference was 4.5 m. At this time, the vertical variation of
the indoor temperature was 3.04 °C/m. The maximum temperature difference of measuring points at different
horizontal distances at the same time and height was 14.7 °C and the horizontal distance was 11.7 m. At this
point, the indoor temperature changed at 1.25 °C/m in the horizontal direction. The maximum change rate of
indoor temperature in the vertical direction was 2.4 times that in the horizontal direction. The temperature
distribution in the vertical direction was more uneven than that in the horizontal direction.

Distribution law of maximum temperature at the longitudinal multi-section measuring points in winter
The temperature at 11:48 was the maximum value of 85% of the measurement points, and the
maximum temperature of each measurement point occurred between 11:42 and 11:54.
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At the same height and horizontal distance, the maximum difference in temperature between the
measuring points was 13.2 °C (the horizontal distance between the two sections was 36 m). At this point, the
change rate in the maximum difference in the indoor temperatures along the longitudinal direction was
0.37 °C/m. The maximum difference in temperature was 5 °C for the measuring points at the same section
and at the same height at different horizontal positions (transverse horizontal distance was 7.2 m). The
change rate of the maximum difference in temperatures along the transverse direction was 0.69 °C/m. At the
same section and horizontal distance, the maximum difference in temperature of measuring points at different
water heights was 14.9 °C (the vertical distance between two measuring points was 3 m). At this point, the
indoor temperature changed by 4.97 °C/m along the vertical direction. The change rate of the maximum
difference in the indoor temperature along the vertical height was 13.4 times that along the vertical direction
and 7.2 times that along the transverse direction.

The change rates of the maximum and minimum temperatures in the greenhouse along the vertical
direction were greater than those along the horizontal direction. The change rates of the maximum and
minimum indoor temperature along the horizontal direction was greater than that along the vertical direction.
Therefore, evaluating the law in the vertical change of the indoor temperature in a sunken solar greenhouse is
very important.

CONCLUSIONS

In this paper, the law of the change in indoor temperature and humidity of a sunken solar greenhouse
was analysed. The following conclusions were drawn:

(1) From 00:00 to 8:00 in winter, the difference in the temperature drops of the measuring points in the
single cross-section was less than 0.4 °C, whilst this difference in the multi-cross section was less than 0.8 °C.
The temperature drops of the measuring points were approximately equal at night. These values could be
used as the basis for calculating the heat loss in a greenhouse.

(2) Temperature differences were found in the indoor temperatures along the vertical, horizontal and
longitudinal directions of the sunken solar greenhouse. The change rate in the indoor temperature in vertical
direction was greater than those in the horizontal and longitudinal directions.
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