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Abstract: Greenhouses, as important parts of facility agriculture, can reduce the restrictions on
agricultural production imposed by the natural environment and make rational and efficient use of
production resources. We conducted long-term, continuous testing of temperature, humidity, light
intensity, and CO; concentration parameters in a heliostat greenhouse in the central and western
parts of the Inner Mongolia Autonomous Region, a cold and arid region of northern China. A large
amount of data was processed by statistical observation, simulation analysis, and 3D reconstruction to
obtain the overall distribution, variation pattern, and mathematical model of the regional greenhouse
environment in time and space. The results show that the temperature, humidity, light intensity, and
CO; concentration in the greenhouse have significant daily variation patterns, that there are strong
coupling relationships between light intensity—CO, concentration-time and indoor temperature-light
intensity—CO; concentration, that the coefficients of determination (R?) of the mathematical models
are 0.88 and 0.89, and that the standard errors (RMSE) are 49.67 ppm and 45.30 ppm, respectively.
The environmental parameters were fitted with high accuracy in order to provide scientific data for
the cultivation of heliostats in the region.

Keywords: solar greenhouse; environmental parameters; spatial and temporal distribution; modeling

1. Introduction

As major vehicles for modern agriculture in China, solar greenhouses can provide an
annual supply of agricultural products and are an important part of agricultural production
in cold and arid regions of northern China [1,2]. Among various factors, the microclimate
environment inside solar greenhouses is the most direct factor affecting crop growth and
development [3]. This environmental parameter is characterized by strong time variability,
poor linearity, and strong coupling, and is susceptible to the influence of uncertainties
such as external environmental changes and greenhouse building structures. Planting and
management without knowledge of the spatial and temporal distribution of temperature
inside the greenhouse is highly susceptible to low crop yield, disease, and even death [4,5].
Therefore, exploring and mastering the differences in spatial and temporal distributions of
small environmental parameters inside greenhouses is the first task to improve crop yields,
rationalize crop planting structures, and improve environmental control strategies, which
is of great significance for the precise development of modern agriculture.

At this stage, foreign researchers and scholars have studied the temperature, light
intensity, and CO, concentration in greenhouses. Existing studies have found that green-
house indoor temperature is related to outdoor temperature, ventilation rate, solar radiation,
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greenhouse structure, and indoor relative humidity [6-8]. In terms of greenhouse indoor
temperature, Hamad et al. [9] developed a model of greenhouse interior temperature for
Tunisian greenhouses which better described the evolution of greenhouse interior tem-
perature. Cayli [10] conducted a study on the mulching structure of Turkish greenhouses
and showed that the thermal uniformity of double-layer polyethylene (PE) mulched green-
houses was better than that of single-layer PE mulched ones. He et al. [11], based on the
study of Yang from Shenyang Agricultural University [12], collected and analyzed different
horizontal and vertical temperatures and ground temperatures inside greenhouses for
northern greenhouses and summarized the internal temperature variation patterns. Le
et al. [13] investigated the temperature variation patterns of greenhouses for strawberry
production in Langfang City. Meanwhile, domestic and foreign researchers have analyzed
the light intensity inside greenhouses. Zhang et al. [14] established a light environment
model of a heliostat greenhouse in the west corridor of China. Mobtaker et al. [15] com-
pared the absorption effect of solar radiation by various greenhouse forms, and the study
showed that solar radiation directly influenced greenhouse temperature while the building
structure of the greenhouse affected the absorption of solar radiation by the greenhouse.
Lv et al. [16] explored the trends of light intensity and indoor temperature in greenhouses.
Gao et al. [17] studied the characteristics of sunlight and its changing pattern in a Henan
Xinxiang City greenhouse, giving the relationship between indoor and outdoor light in-
tensity and transmittance in different months. Tong et al. [18] tested the light intensity in
the middle of the inside of a liao-shen type I sunlight greenhouse, giving only the light
intensity and transmittance at noon on different days. In a study of greenhouse CO, con-
centration, Zhang et al. [19] analyzed the distribution of temperature for U.S. greenhouses
and monitored CO, concentration accordingly. The results of Yang et al.’s [20] analysis of
CO; concentration in greenhouses showed that there were differences in CO, concentration
at different heights and locations without ventilation. At this stage, bionomics and nature-
inspired design are receiving attention from a wide range of scholars [21], and designing
engineered systems that are symbiotic with nature (i.e., light patterns here, evaporated
CO;) and engineered systems (shape of the roof/exterior walls) is viewed as beneficial for
solving the bottleneck of greenhouse structural design.

Although a large number of scholars at home and abroad have acquired and analyzed
the spatial heterogeneity of greenhouse environmental parameters to provide a basis for
the spatial management of agro-meteorological parameters, they have mainly focused
on spatial and temporal analysis and the modeling of single environmental factors, and
the influence of meteorological conditions in the area where the greenhouse is located on
the distribution of environmental parameters inside the greenhouse is often ignored. The
indoor and outdoor environments of greenhouses vary greatly among different greenhouse
structures and regions. In particular, greenhouse environmental research on the climatic
characteristics of northern China’s cold and arid regions is relatively weak, and there is
a lack of basic data on the spatial and temporal distribution of greenhouse environments
in this region, especially regarding analysis and research on the coupled distribution of
multiple environmental factors in a typical heliostat in northern China.

Therefore, in this paper, a typical heliostat in the central and western regions of the
Inner Mongolia Autonomous Region was selected as the experimental object to monitor
the internal temperature, humidity, light intensity, and CO, concentration in the heliostat
during the winter alpine period, with the aim of drawing the overall change curve and
determining the daily change pattern. The spatial and temporal distributions of light
intensity and CO; concentration in different height planes and typical longitudinal profiles
were analyzed, the three-dimensional distributions of light intensity and CO, concentration
were reconstructed, and a three-dimensional mathematical model was established. Finally,
the coupling relationship between the parameters and the main factors affecting the changes
of indoor environmental parameters were obtained. This can provide a theoretical basis
for optimizing greenhouse structures and proposing reasonable greenhouse crop planting
layouts and greenhouse environmental control strategies.
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2. Materials and Methods
2.1. Test Site

Solar greenhouses are mainly used in winter, spring, and autumn, so our experiments
were conducted in winter from December to February. The test greenhouse was selected
from the No. 4 greenhouse of Hailiutu Science and Technology Park of Inner Mongolia
Agricultural University, located in the territory of Hailiutu Village, Beish Axis Township,
Tuzuo Banner, Hohhot City, with the geographical coordinates of 111°22/30” E, 40°41'30” N
and an altitude of 905 m. The solar greenhouse is oriented east-west, 70 m long, and 5°
south by west. The ridge height is 4 m, the span is 8 m, and the lighting angle is 20°17’;
the wall is made of brick sandwiched between earth, the rear insulation wall is 2.7 m
high and 1.4 m thick, and the east-west hill wall is a brick wall that is 0.5 m thick. The
light-transmitting covering material is PVC film. The PVC thickness is 0.06-0.12 mm, while
the transmittance of new mold light is about 80%, ultraviolet 20%, visible 86-88%, and near
infrared 93-94%. The mid-infrared is 72 and the far-infrared is 40. The greenhouse has
better insulation, is 90% dustproof when new and 50% dustproof after 1 year, has a tensile
strength of 19-23 Mpa, has an elongation of 250-290%, and has a right angle tear of 810-877
N/cm. Its impact strength is 14.5/cm? and the specific gravity 1.03 g/cm?. The insulation
cover material for the outer skin is made of a rainproof silk inner core fiber and a cotton
curtain; the cotton curtain thickness is 2-3 cm, the density is between 200 g/m?-300 g/m?,
with good thermal insulation performance, and the light transmission rate is between
30—40%. The load-bearing structure is a double skeleton diagonally drawn steel skeleton;
the interior has a 0.6 m wide concrete aisle near the back wall side. It is shown in Figure 1.

(a) (b)

Figure 1. Experimental solar greenhouse: (a) Appearance; (b) Inside.

2.2. Data Acquisition
2.2.1. Environmental Monitoring Systems in Greenhouses

The environmental detection sensors inside the greenhouse mainly include envi-
ronmental temperature and humidity sensors (SHT31, Sensirion, Stfa, Switzerland), soil
temperature and humidity sensors (HSTL-10STR, Huakong, Beijing, China), light sensors
(RS-GZ-NO1-2, JD Renke, Shandong, China), and carbon dioxide concentration sensors
(RS-CO,-NO1-2, JD Renke, Shandong, China) to realize the collection of temperature,
humidity, light intensity, carbon dioxide concentration, and soil temperature and humid-
ity inside the greenhouse. Each sensor is connected to the greenhouse environmental
acquisition node using an R5458 communication interface and Mdobus protocol. The green-
house environmental acquisition node is mainly composed of a dual serial microcontroller
(STC12C5A60S2), a wireless data transmission module, and an RS485 serial communication
circuit, which is responsible for the establishment of wireless communication and control of
the sensor groups, as well as the acquisition, processing, and packaging of environmental
parameters and wireless transmission tasks. Each greenhouse environmental collection
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node adopts a star-type wireless self-organizing data transmission network to realize data
interaction with the greenhouse environmental parameters autonomous measurement
and control system. The greenhouse environmental parameters independent measure-
ment and control system is mainly composed of a Mitsubishi PLC (FX-2N series) and
MCGS configuration touch screen, which realizes the functions of real-time aggregation
and centralized display of data, independent processing, and regulation of environmental
parameters; reception of remote control instructions, centralized displays, and classification
and storage of parameters; and real-time change curve drawing and reorganization and
forwarding of data packets. The environmental data inside the greenhouse are summarized
and packaged by the greenhouse environmental parameters’ independent measurement
and control system, and the data are uploaded to the server in real time by using GPRS
data transmission equipment to build a long-distance wireless communication network.
The final data are collected and processed by LabVIEW client data processing software,
which communicates with the remote server through TCP protocol, realizing the functions
of real-time collection and processing, remote data transmission, and aggregate analysis
of environmental parameters inside the greenhouse group, etc. The greenhouse environ-
mental parameters collection system is shown in Figure 2. The greenhouse environmental
monitoring system records data once every 1 min.

Servers 8
PC Labview

Greenhouse environmental parameter
measurement and control system

/Yy
}
________________ L ___ Star wireless self-assembly network

r - ™ ks - 1
| | | | | |
I T T T T
Greenhouse Environmental (| '
Acquisition Node

- B
Ambient temperature

CO; concentration sensor Light intensity sensor P
2 2 Y and humidity sensors

Figure 2. Greenhouse environmental parameter acquisition system.

2.2.2. Greenhouse External Environment Monitoring Device

We installed a set of JZH-1 outdoor environment monitoring weather stations from
Jinzhou Sunshine Weather Co., Ltd. (Jinzhou, China) outside the greenhouse, which can
collect real-time weather data such as outdoor ambient temperature, ambient humidity,
dew point, air pressure, wind speed, wind direction, and radiation value, as shown in
Figure 3. The air temperature and humidity sensors are horizontally installed at 1.5 m on
vertical ground. The range of the air humidity sensor is 0~100%, its accuracy is +2%, and
its resolution is 0.1% the range of the air temperature sensor is —40~80 °C, its accuracy
is £0.2 °C, and its resolution is 0.1 °C. The illuminance sensor range is 0~200,000 Lux,
its accuracy is £2%, and its resolution is 1 Lux; it is installed horizontally at 1.5 m on
vertical ground. The wind speed sensor range is 0~45 m/s, its accuracy is 0.2 m/s,
and its resolution is 0.1 m/s; it is installed horizontally at 3 m on vertical ground. The
wind direction sensor range is 0~360°, its accuracy is +0.1°, and its resolution is 0.1°; it is
installed horizontally at 3 m on vertical ground.
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Figure 3. Outdoor environmental monitoring weather station.

2.3. Test Program
2.3.1. Horizontal Layout Plan

In order to study the overall distribution and mutual effects of temperature, humidity,
light intensity, and CO, concentration in a solar greenhouse at the same horizontal height,
we selected a typical horizontal height plane of 0.5 m from the ground surface as a reference
basis for the overall test and analysis of temperature, humidity, light intensity, and CO,
concentration inside the greenhouse.

During the test, the interior area of the greenhouse was divided into 20 equal rectan-
gular test areas (length x width: 7m x 4 m). A test point was set at the geometric center of
each area, and one light intensity sensor, one CO, concentration sensor, one temperature
and humidity sensor, and one wireless data collector were placed at each test point. A
total of 20 ambient temperature and humidity sensors, 8 light intensity sensors, and 8 CO,
concentration sensors were arranged on the test plane, making a total of 36 sensors. To
improve the reliability of the test data, only ambient temperature and humidity sensors
were arranged in areas 1 and 10; only ambient temperature and humidity sensors, light
intensity sensors, and CO, concentration sensors were arranged in areas 2 to 9; and only
ambient temperature and humidity sensors were arranged in areas 11 to 20. During the
test, the light intensity sensor was kept horizontal. Outdoor environmental monitoring
weather stations were arranged 1.5 m southward from the center point of the front roof
of the greenhouse to collect outdoor temperature, humidity, light intensity, wind speed,
and other environmental parameters. The measurement point layout schematic is shown
in Figure 4a, and the sensor arrangement is shown in Figure 4b.
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Figure 4. Division of the internal area of the solar greenhouse and layout of the sensors in the
horizontal direction: (a) Schematic diagram; (b) Physical image.

2.3.2. Vertical Layout Plan

To study the distribution patterns of temperature, humidity, light intensity, and CO,
concentration in the heliostat at different heights, and to reduce the measurement errors
caused by the greenhouse structure and external insulation equipment, we arranged
the sensors in a vertical direction 5 m west of the center of the greenhouse interior. As
the lowest point of the front roof, the ridge height position and the back wall of the
greenhouse have an important influence on the distribution of environmental parameters
inside the greenhouse. According to the degree of significant changes in the distribution of
environmental parameters, we took the location of the No. 1 environmental temperature
and humidity measurement point as the reference point, and we selected distances from
the reference point of 0 m, 1.75 m, 3.5 m, 5.25 m, 7 m, and 8 m along the horizontal direction,
respectively. We laid the measurement points upward along the vertical direction. The
sensors were spaced at 0.9 m per layer, and a total of 4 layers were used to measure
temperature, humidity, light intensity, and CO, concentration at different heights inside
the greenhouse. The sensor layout is shown in Figure 5.
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Figure 5. Sensor longitudinal layout: (a) Layout scheme of sensors on typical longitudinal section;
(b) The sensor layout at the test site.

2.4. Spatio-Temporal Distribution Modeling Method

After the pre-test and expert guidance, considering the main growing space of green-
house crops, we choose 1~8 measurement points of temperature, humidity, light intensity,
and CO, concentration for 3D distribution reconstruction when analyzing the spatio-
temporal distribution of environmental parameters in our greenhouse. The temperature
measurement point area is shown in Figure 6. The areas of humidity, light intensity, and
CO; concentration are shown in Figure 7.
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Figure 7. The areas of humidity, light intensity, and CO, concentration.

We used Matlab software to model the main growing spaces of crops in the greenhouse
based on the measured data. An infinitely refined 3D matrix was used to simulate the
distribution of environmental parameters at the measurement points inside the greenhouse.
For the data collected at each measurement point, we used Spline (three-dimensional spline
interpolation) to obtain a smooth interpolation distribution curve; meanwhile, since the
environmental parameter field is the environmental parameter variation on the plane of the
analyzed measurement point, we used Interp2 (two-dimensional interpolation) to process
the data and used the third dimensional height value and the continuous change of color
to represent the continuous change of environmental parameters.

By reviewing the relevant literature and the characteristics of the actual changes
of environmental parameters in the greenhouse, a set of instantaneous environmental
parameter data was selected as the test value every 3 h from the 24 h monitoring data
throughout the day for a total of 9 sets, and a three-dimensional image that can visually
reflect the distribution patterns of ambient temperature field, ambient humidity field,
light intensity field, and CO, concentration field in the test area of the greenhouse was

reconstructed according to the spatial location of each measurement point.
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3. Results and Discussion
3.1. Horizontal Data Analysis Results
3.1.1. Temperature and Humidity

We selected three test periods in winter, from 10 January to 12 January, 18 January
to 21 January, and 22 January to 24 January for indoor temperature and humidity anal-
ysis and plotted the daily variation curves of indoor temperature and humidity at each
measurement point, as shown in Figures 8 and 9. From Figure 8, it can be seen that the
ambient temperature inside the greenhouse was significantly higher than the outdoor tem-
perature at any time, and the maximum indoor temperature was 33.3~44.6 °C, reflecting
the strong heat storage and insulation capacity of the greenhouse. From Figure 9, it can
be observed that the indoor and outdoor humidity values are basically the same during
the process of cotton curtain closing, while during the time period when the cotton curtain
is open, the indoor humidity is higher than the outdoor temperature, and the highest
indoor humidity can reach 100%, which is more beneficial to the growth of crops in the
greenhouse. Meanwhile, the change trend of ambient temperature and humidity on the
same height plane in the greenhouse was the same as that of the outdoor temperature and
humidity parameters, but the change trend between indoor temperature and humidity was
completely opposite, showing a significant negative correlation. It was found that during
the process of opening and closing the cotton curtain in the greenhouse, the indoor ambient
temperature and humidity changed significantly, and there was a large fluctuation during
the time of opening the cotton curtain; there was no significant fluctuation during the time
of closing the cotton curtain, and the temperature showed a gradual decrease with time,
while the humidity showed a rapid increase, and the humidity at most measurement points
was close to the saturation value. This shows that the influence of light intensity on the
indoor environment temperature and humidity plays a key role, and that there is a strong
coupling relationship between the three.
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Figure 9. Circadian change curves of ambient humidity in the horizontal direction: (a) 1/10~1/12;
(b) 1/18~1/21; (c) 1/22~1/24.

3.1.2. Light Intensity

Three test periods, 10 January to 12 January, 18 January to 20 January, and 22 January
to 24 January, were selected for light intensity analysis, and the daily variation curves
of light intensity at each measurement point were plotted, as shown in Figure 10. From
Figure 10, it can be seen that the light intensity has a significant daily variation pattern.
In winter, the whole day light time in the greenhouse is about 7 h, and the cotton curtain
is usually opened in winter from 9:30 to 16:30. When the curtain is opened at 9:30, the
crop starts photosynthesis, the light intensity increases linearly from 9:30 to 11:30, and the
growth rate decreases from 11:30 to 12:00 due to the decrease of CO; concentration. The rate
of growth decreases and reaches a maximum at 13:30, with a light intensity value of about
65 kLux. The time between 14:00-16:30 shows a linear decrease, and the cotton curtain is
closed at about 16:30. Meanwhile, due to the orientation of solar radiation and the shading
of the wall in the east-west direction, the east is weak and the west is strong before noon,
the east is strong and the west is weak after noon, and the middle of the greenhouse is the
best area of light throughout the day. However, the outer middle of the greenhouse is the
travel position of the cotton curtain motor and there is shading; therefore, the installation
position of the cotton curtain motor can be optimized in subsequent research to expand the
light area of the heliostat.
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Figure 10. Circadian change curves of light intensity in the horizontal direction: (a) 1/10~1/12;
(b) 1/18~1/20; (c) 1/22~1/24.
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3.1.3. CO, Concentration

Similarly, three test periods were selected for CO, concentration analysis in winter:
from 10 January to 12 January, from 18 January to 20 January, and from 22 January to 24
January. The daily variation curves of CO, concentration at each measurement point were
plotted, as shown in Figure 11. From Figure 11, it can be seen that the CO, concentration had
a significant daily variation pattern. During the time when the cotton curtain was closed,
the CO; concentration showed a monotonic increasing trend due to the respiration of plants
at night, and the rate of increase gradually became slower with time, up to 854~1163 ppm.
After the cotton curtain was opened, the CO, concentration in the greenhouse dropped
sharply with the consumption of photosynthesis of crops, down to 400 ppm. In general, the
trend was opposite to that of the light intensity, and there was a strong coupling relationship
between the two. This is consistent with the findings of Zhao et al. [2] on light intensity
and CO, concentration in tomato cultivation in a heliostat.
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Figure 11. Circadian change curves of CO, concentration in the horizontal direction: (a) 1/10~1/12;
(b) 1/18~1/20; (c) 1/22~1/24.
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3.2. Vertical Data Analysis Results
3.2.1. Temperature and Humidity

Temperature and humidity measurement points were laid out according to the vertical
layout scheme (Figures 6 and 7). The daily variation curves of temperature and humidity
and outdoor temperature and humidity at each measurement point from 30 January to
2 February 1~8 were plotted, as shown in Figure 12. It was found that the daily change
trends of temperature and humidity in the vertical direction were basically the same and
that they were the same as the daily change trends in the horizontal direction. Meanwhile,
the indoor and outdoor ambient temperature and humidity change trends were consistent,
but the indoor temperature and humidity changes were delayed in time.
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Figure 12. Temperature and humidity daily change curve in vertical direction: (a) Temperature;
(b) Humidity.

The same 3D modeling scheme for environmental parameters was used to reconstruct
the 3D distribution of temperature and humidity at each measurement point from one
to eight and the outdoor temperature and humidity. The 3D images of the spatial and
temporal distributions of temperature and humidity on 1 February are plotted as shown in
Figure 12. It can be seen that the indoor ambient temperature changed at 0:00, 3:00, and 6:00,
showing a gradually decreasing trend; at 6:00, 9:00, 12:00, and 15:00, showing a gradually
increasing trend; and at 15:00, 18:00, 21:00, and 24:00, showing a gradually decreasing trend.
Among the 3D images corresponding to the nine time points analyzed, the highest overall
ambient temperature was found at 15:00, while the lowest overall ambient temperature
was found at 6:00. The magnitude of ambient temperature change in the measured area at
different times and spaces was slightly different, and the longitudinal ambient temperature
distribution in the longitudinal section was significantly uneven during the time when the
cotton curtain was open, while the distribution was relatively uniform during the time
when the cotton curtain was closed. From 0:00, 3:00, and 6:00 to 9:00, the indoor ambient
humidity showed a gradually rising trend; the values were very high and the differences
were very small; all values were saturated or close to saturation. From 9:00 to 12:00 to 15:00,
ambient humidity showed a gradually decreasing trend; from 15:00, 18:00, and 21:00 to
24:00, ambient humidity changes showed a gradually rising trend again. Among the 3D
images corresponding to the nine time points analyzed, the overall ambient humidity at
15:00 was the lowest. During the time when the cotton curtain was open, the longitudinal
humidity distribution in the longitudinal section was not uniform to a significant degree,
and the gradient between the measured points was large. The magnitude of ambient
humidity changes at different times and in different spaces in the measured area varied,
and near the rear wall side the ambient humidity decreased significantly. Comparing
Figure 13a,b, it can be seen that there is a significant negative correlation between ambient
temperature and humidity in the greenhouse.
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Figure 13. 3D images of spatial and temporal distribution of temperature and humidity: (a) Tempera-
ture; (b) Humidity.

3.2.2. Light Intensity

Light intensity measurement points were laid out according to the vertical layout
scheme (Figure 7). The daily variation curves of light intensity and outdoor light intensity
at each measurement point from 30 January to 2 February 1~8 were selected for analysis, as
shown in Figure 14. The overall light intensity variation curves during the test period were
plotted, and it was found that the daily variation trend was basically the same on sunny
days.
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Figure 14. Daily variation curve of light intensity in vertical direction.

Considering that the indoor light intensity was zero during the time when the green-
house cotton curtain was closed, the instantaneous light intensity at 1-h intervals was
used as the test value from 10:00 to 16:00 every day during the test period. The three-
dimensional images of the spatial and temporal distribution of light intensity on one of the
days (1 February) were selected for analysis, as shown in Figure 15. During the time when
the cotton curtain was closed, the indoor light intensity was zero because no supplemental
light measures were taken, and during the time when the cotton curtain was open, the light
intensity at each measurement point changed sharply within a partially short period of
time due to the change of the solar incidence angle, the curvature of the front roof of the
greenhouse, the uneven light transmission of the film, and the shading of the clouds. In
general, the distribution of light intensity in the greenhouse from south to north showed a
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trend of high distribution in the central part and low distribution in the north and south,
and the uniformity was poor. The highest light intensity was basically during the range of
12:00 to 14:00. Considering that crops can be damaged by strong light and the problem of
high ambient temperature in the greenhouse due to excessive light, appropriate ventilation
and shading measures should be taken in greenhouses even during the period of 11:00 to
15:00 on sunny days during the high cold period in winter. Therefore, in the follow-up
study, it will be necessary to investigate the curvature and light transmission of the film
at different positions on the front roof of the greenhouse to optimize the structure of the
greenhouse and improve the uniformity of the indoor light intensity distribution.

x/mm

Figure 15. 3D images of spatial and temporal distribution about light intensity.

3.2.3. CO, Concentration

The CO; concentration measurement points were laid out according to the vertical
layout scheme (Figure 7). The daily variation curves of CO, concentration and outdoor
CO; concentration at each measurement point from 30 January to 2 February were plotted,
as shown in Figure 16, and their daily variation trends were basically the same.
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Figure 16. Daily variation curve of CO, concentration in vertical direction.

The same three-dimensional modeling scheme for environmental parameters was used
to reconstruct the three-dimensional distribution of CO, concentration at measurement
points one to eight. Considering that the data of some measurement points were truncated
due to the range of the CO, concentration sensor during the experiment, the 3D image
of the spatial and temporal distribution of CO, concentration on the day with good data
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integrity (February 1) was selected for analysis. The results are shown in Figure 17. The
results show that the three-dimensional images of the daily distribution show basically the
same pattern. During the time when the cotton curtain was opened (9:30~4:47), the CO,
concentration at 15:00 was generally significantly lower than that at 12:00; the amplitude of
the fitted surface at 12:00 was more variable and was significantly influenced by the light
intensity; during the time when the cotton curtain was closed (4:47~9:30), the indoor CO,
concentration distribution generally showed a pattern of high distribution at the north and
south sides and low distribution at the middle part, and the CO, concentration increased
with time and the fluctuation amplitude also increased, which also indicated that there
was still a close relationship between indoor CO, concentration and other environmental
parameters except for light intensity.
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Figure 17. 3D images of spatial and temporal distribution of CO, concentration.

3.3. Coupling Model of Solar Greenhouse Environmental Parameters

In order to improve the accuracy of modeling, the data of environmental parameters
at each measurement point of multiple tests were selected to be averaged from 17:00
on 31 January to 17:00 on 1 February. That is 2880 min. Then, the CO, concentration—
light intensity-time and the CO, concentration-light intensity—indoor temperature models
were constructed to analyze the coupling relationship between the parameters and the
main factors affecting the distribution conditions and the change patterns of the indoor
environmental parameters.

3.3.1. Model of CO, Concentration-Light Intensity-Time

The model of CO, concentration (f(x, t))-light intensity (x)-time (t) was constructed
through averaging the monitoring data of the measuring points in the same period. The
fitting results are shown in Figure 18, and the mathematical models of each measuring
point are shown in Table 1.

CO; concentration (ppm)

Mlumination (Lux) Time (min) Hlumination (Lux)

(@) (b)

Figure 18. Cont.
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Figure 18. CO, concentration model 1 at each measuring point: (a) No. 1 measuring point; (b) No. 2
measuring point; (¢) No. 3 measuring point; (d) No. 4 measuring point (e) No. 5 measuring point;
(f) No. 6 measuring point; (g) No. 7 measuring point; (h) No. 8 measuring point.
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Table 1. Fitting models of indoor CO; concentration-light intensity—time.

it Fitting Equation Cocthetent @) (ppm)
1 f(x,t) = 807.1 — 0.01841x — 0.06285¢ + 3.069 x 10~7x% — 1.45 x 10~ xt 0.88 45.06
2 f(x,t) = 841.6 — 0.01389x — 0.05439t + 1.394 x 10~7x% + 1.034 x 107 xt 0.90 49.67
3 f(x,t) = 750.7 — 0.01314x — 0.0138¢ + 1.298 x 10~7x2 + 8.259 x 10~ xt 0.95 31.37
4 f(x,t) = 849.3 — 0.01448x — 0.03431¢ + 1.453 x 10~ 7x% — 2.108 x 10~ "xt 0.93 4213
5 f(x,t) = 851.3 — 0.01278x — 0.04859¢ + 1.266 x 10~ 7x% — 1.926 x 10~ xt 0.93 39.45
6 f(x,t) = 820.9 — 0.01442x — 0.05031¢ + 1.538 x 10~ 7x% + 1.775 x 10~ 7 xt 0.93 38.01
7 f(x,t) = 791.6 — 0.01272x — 0.04242¢ + 1.231 x 10~7x? 4+ 1.552 x 10~ 7 xt 0.92 38.98

CO; concentration (ppm)

It can be seen from Figure 15 and Table 1 that the three-dimensional model of indoor
CO; concentration, light intensity, and time at eight measuring points shows an obvious
non-linear relationship, and the differences are large, which indicates that the CO, concen-
tration at different indoor locations has large differences, and the distribution is extremely
uneven. The fitting model among the three is relatively complex, but the whole relationship
can be expressed by f(x,t) = a + bx + ct + dx? + ext. The fitting degree is greater than
0.85, and the RMSE (root mean square error) is less than 50 ppm, which indicates that
the model basically conforms to the coupling relationship among the three. The coupling
between CO; concentration and light intensity at each measuring point is strong, because
the indoor photosynthesis is enhanced during the opening period of the cotton curtain,
and the crop respiration is enhanced during the closing period, which affects the indoor
CO; concentration change, indicating that the type and layout of indoor crops play a key
role in the distribution and change of CO, concentration.

3.3.2. Model of CO, Concentration-Light Intensity—Indoor Temperature

Use the same method, the model of CO, concentration (f(x, t))-light intensity (x)—
indoor temperature (y) was constructed. The fitting results are shown in Figure 19, and the
mathematical models of each measuring point are shown in Table 2.

CO; concentration (ppm)
g
7
3

Indoor temperature ('C) Ilumination (Lux) Indoor temperature ('C) INumination (Lux)

@) (b)

Figure 19. Cont.
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Figure 19. CO, concentration model 2 at each measuring point: (a) No. 1 measuring point; (b) No. 2
measuring point; (c¢) No. 3 measuring point; (d) No. 4 measuring point; (e) No. 5 measuring point;
(f) No. 6 measuring point; (g) No. 7 measuring point; (h) No. 8 measuring point.

Table 2. Fitting models of indoor CO, concentration-light intensity—indoor environmental tempera-

ture.
Measuring Point Fitting Equation Regression Coefficient (R?) RMSE (ppm)
1 f(x,y) = 780.7 + 1466 x 10~3x — 18.04y 0.89 43.03
2 f(x,y) = 848.6 +3.312 x 10~*x — 22.39y 0.95 35.28
3 fx,y) = 826.6 +4.792 x 10~*x — 17.61y 0.96 29.02
4 f(x,y) = 886.1+6.119 x 10~*x — 20.76y 0.98 25.1
5 fx,y) =927.9 —1.39 x 10-3x — 19.23y 091 45.30
6 f(x,y) =786.2+2.12 x 10~3x — 20.06y 0.93 38.36
7 f(x,y) = 7743 +9.642 x 10~*x — 17.56y 0.93 35.86
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It can be seen from Figure 16 and Table 2 that the model can be expressed by f(x,y) =
a+ bx + cy, and the fitting degree of the curve is greater than 0.89, indicating that compared
with CO, concentration (f(x, t))-light intensity (x)-time (f), this model is more consistent
with the coupling relationship; furthermore, in addition to the light intensity, the indoor
environmental temperature also has a significant effect on CO, concentration.

4. Conclusions

(1) According to the results of the horizontal and vertical measurements of temperature,
humidity, light intensity, and CO, concentration in the heliostat, the temperature, humidity,
light intensity, and CO, concentration in the room had a significant daily variation pattern.
In the east-west direction of the greenhouse, the light intensity was weak in the east
and strong in the west before noon, strong in the east and weak in the west after noon,
and the central part of the greenhouse was the best light area throughout the day. The
horizontal spatial distribution of CO, concentration in the greenhouse was basically the
same. According to the distribution of light intensity, it is recommended to plant light-
loving crops in the middle of the greenhouse for a reasonable layout of the greenhouse as a
planting structure.

(2) The trends of ambient temperature inside the greenhouse and of outdoor temper-
ature were basically the same, the overall indoor temperature was significantly higher
than the outdoor temperature, and the overall trend of indoor temperature increased from
south to north. The overall trend of indoor ambient temperature gradually decreased from
bottom to top. The indoor and outdoor humidity were basically the same during the time
when the cotton curtain was closed, and during the time when the cotton curtain was
open the indoor humidity was higher than the outdoor temperature, up to 100%. For the
northern cold and arid areas, the north—east and north-west winds dominate in autumn
and winter, and the temperature in the central space of the greenhouse is obviously high,
so cooling measures should be taken for the central space of the greenhouse under natural
ventilation in autumn and winter.

(3) The indoor CO, concentration showed an increasing trend during the time when
the cotton curtain was closed, i.e., when the light intensity was zero. During the time
when the cotton curtain was open, i.e., when the light intensity was not zero, the CO,
concentration dropped sharply. Overall, there was an obvious non-linear relationship
between light intensity, CO,, and time. Meanwhile, the indoor light intensity also had a
significant effect on the ambient temperature and CO, concentration.

(4) The coupled models of indoor light intensity—CO, concentration—time and indoor
temperature-light intensity-CO; concentration were established, the coefficients of de-
termination (R?) were obtained as 0.88 and 0.89, and the standard errors (RMSE) were
49.67 ppm and 45.30 ppm, respectively. The model fitting accuracy was high. Therefore,
the model constructed in the study can characterize the temperature, light intensity, and
CO; concentration in the greenhouse more accurately, which can provide an important
theoretical basis for greenhouse environmental regulation.
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