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Abstract: In order to improve the thermal insulation and storage performance of Chinese solar greenhouses in winter, a novel
assembled Chinese solar greenhouse (ACSG) without energy supplement in cold climatic areas was designed to evaluate and
compare its thermal performance with that of conventional Chinese solar greenhouse (CSG). The thermal properties of both
greenhouses were tested in field on cold winter days in Ningxia, China. The results indicated that the land utilization rate of
ACSG was 19.3% higher than that of CSG. On a typical sunny day (the lowest outdoor temperature was —22.0°C) and typical
cloudy day (the lowest outdoor temperature was —19.7°C) during the experiment, the minimum indoor temperature of ACSG
was respectively 1.7°C and 2.0°C higher than that of CSG. The results for 24 consecutive days (the average outdoor daily

minimum air temperature was —19.0°C) showed that the average minimum indoor temperature of ACSG was 1.4°C higher than
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that of CSG (p<0.05).
wall of CSG in Yinchuan area.

The modular soil wall attached with colored steel polystyrene boards would be exploited as the north

Keywords: thermal performance, solar greenhouse, north wall, composite wall structure, soil block

DOI: 10.25165/j.ijabe.20221505.6759

Citation: Cao Y F, Xu H J, Shi M, Zhang X Y, Zhang Y H, Zou Z R. Analysis of the thermal performance of the novel

assembled Chinese solar greenhouse with a modular soil wall in winter of Yinchuan, China.

15(5): 70-77.

1 Introduction

The greenhouse is an agricultural building that can provide
appropriate internal micro-climate to grow various crops and plants,
shielding them from extreme outdoor weather conditions!?.
Unlike diverse greenhouse types, Chinese solar greenhouse (CSG)
holds a cost-effective and energy-saving system. This provides
adequate environment to grow warm-season vegetables (e.g.,
tomatoes, cucumbers, and eggplant) in cold regions of northern
China (32°00'N-43°00'N) with little or without additional heating,
even during the coldest three months of the year with daily average
temperature<—10°CP*%].  The total CSG area in China has reached
57.0x10* hm* in 2019"). CSG has also attracted scientists'
interest in other countries attributed to its impressive heat
preservation and storage performance!®'%.

The northern wall plays a great role in load-bearing, heat
storage and release, as well as heat preservation and insulation in
CSGH!"B, reducing greenhouse energy consumption by as much as
31.7%"%.  As materials and thickness of the north wall are
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essential factors affecting indoor thermal environment, several
researchers have studied numerous wall materials such as soil, clay
bricks, gravel, sand, reinforced concrete, phase change materials,
and straw!'*'"!.  Various studies have demonstrated that the north
wall causes heat loss reduction and air environment improvement
inside a greenhouse at night!'3'%),

Compared with walls made of other materials, Chinese farmers
prefer soil walls due to their good heat preservation and storage
performance, straight forward access, and cost-effectiveness.
However, soil wall thickness varies considerably. Since the
northern wall requires bearing the roof's weight, the cross-sectional
shape of soil wall is trapezoidal, whereas the top and bottom widths
of the soil wall exceed 2.0 m and 5.0 m, respectively®™”. The
problem with this kind of wall is that it occupies a large area.

In order to realize the light simplification of soil walls,
numerous studies have been conducted on CSG in terms of heat
storage and release characteristics as well as soil wall
thickness® ¥, For instance, Huang et al.”? divided the soil wall
into heat storage and release layer (0.8-1.0 m in thickness),
transition layer (2.2-2.6 m thickness), and cold resistant layer
(0.4-0.6 m thickness). As a consequence, several research
findings demonstrate that the thickness of the effective thermal
storage layer is limited to 0.2-0.5 m®****.  Yang et al.*® proposed
that the optimal thickness of Yangling in Shaanxi, Baiyin in Gansu,
Yinchuan in Ningxia, and Tacheng in Xinjiang is 1.0 m, 1.3 m,
1.5 m, and 1.4 m, respectively.

In recent years, various types of active heat storage walls have
been investigated in order to simplify the thickness of the wall?”,
such as active-passive phase change wall®®
rear wall®), active-passive ventilation walll%,

, active heat storage
However, with the
introduction of active heat storage technology in the wall, the
difficulty of wall construction, initial investment, and operation and
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maintenance costs have increased. Another problem is that the
load-bearing capacity of the wall has decreased.

Another effective way to reduce soil wall thickness is using
insulation material with adequate thickness as wall insulation
layer™!.  Guan et al.®? theoretically calculated wall insulation
layer thickness for polystyrene plates, leading to optimal insulation
thicknesses for CSG north walls in Beijing and Shenyang regions
of 6 cm and 7 cm, respectively.

Nevertheless, the soil wall is influenced by its material
properties, and its outer surface is easily weathered by wind, sun,
rain, and frost heaving, affecting wall structural strength and
limiting wall durability’®®]. One of the reasons why soil walls are
so thick is to meet the load-bearing requirements. Therefore,
another way to simplify the wall thickness is to increase the soil
density to improve its bearing capacity. A newly assembled
Chinese solar greenhouse (ACSG) using soil block was proposed.
It has been confirmed that ACSG has the advantages of low floor
space, inexpensive cost, rapid construction, low labor input,
straight forward installation, as well as better internal winter
thermal environment performance than traditional Chinese solar
greenhouse (CSG) as demonstrated in Yangling (34°16'N,
108°06’E), Shaanxi Province®**].  However, works on the
applicability of ACSG in cold regions are lacking.

This study was conducted in Yinchuan (38°59'N, 106°33'E),
located in the north of Ningxia Hui Autonomous Region of China,
indicating temperate continental climate with average low and high
temperatures in January of —11.0°C and -1.0°C in 2018,
B¢ The span of traditional solar greenhouse in Yinchuan,
126371 Nevertheless, farmers desire to

respectively'
Ningxia is usually 7.0-8.0 m
facilitate indoor mechanized operation, which can be accomplished
using higher greenhouse ridge height and larger span.

Herein, a new ACSG with a larger space is rationally designed
with a wall made up of modular soil blocks and its outside covered
with colored steel polystyrene boards. This study aimed to
evaluate the thermal performance of the new ACSG compared with
that of the local traditional solar greenhouse.

2 Materials and methods

2.1 Experimental greenhouses description

This study is based on two types of solar greenhouses: ACSG
with a modular soil wall and local CSG with wall formed through
soil accumulation exploited as the control. ~As presented in Figure
1, solar greenhouses comprise north wall, north roof, south roof,
and thermal blanket. The ACSG is 80 m long with east-west
orientation, a ridge height of 5.0 m, indoor net span of 10.0 m
(outside span of 11.3 m), and a north roof angle of 45° covered
with 150 mm thickness colored steel polystyrene board. The
effective soil utilization rate is 82.3%. The south roof is covered
with 0.10 mm plastic films. The north wall (1.3 m thickness) is a
composite wall comprising 1.2 m thick soil blocks and 0.1 m thick
colored steel polystyrene boards on the outside. The north wall
with 3.7 m height contains three layers of soil blocks with
1.0 mx1.2 mx1.2 m dimensions. The CSG is 65 m long with
east-west orientation, a ridge height of 4.0 m, indoor net span of
7.0 m (an outside span of 10.0 m), and a north roof angle of 45°
covered with 150 mm thickness colored steel polystyrene board.
The effective soil utilization rate was 63.0%. The south roof is
covered with 0.10 mm plastic films. The shape of north wall is
physique, with wall upper part 2.4 m wide and the bottom 3.0 m
wide. The north wall with 2.5 m height is constructed from soil,
and wall inner surface is coated with a cement mortar layer with

10 mm thickness. Both greenhouses' thermal blankets are rolled
up to the rooftop during daytime (from 9:00 to 17:30) and spread
out (from 17:30 to 9:00 on the next day). The experiment was
conducted from December 22, 2018, to March 31, 2019. Tomato
was planted in ACSG. Cucumber was grown in CSG, but it was
pulled on January 14, 2019.

a. ACSG

Note: ACSG: Assembled Chinese solar greenhouse; CSG: The traditional
Chinese solar greenhouse.

Figure 1 Photographs of the experimental greenhouses

2.2 Measurement and data collection system

The measured parameters in greenhouses include indoor and
outdoor air temperatures, indoor solar radiation, surface
temperature of greenhouse envelopes, soil temperature, and wall
temperature. All measurement points inside the greenhouses are
presented in Figure 2.

1) Air temperatures of indoor are measured by HOBO
UX100-011 recorders (USA, the accuracy of +0.2°C, measurement
range of —20°C to 70°C). The measurement points are 1.5 m away
from the ground inside the greenhouse (points 1, 2). Air temperature
outdoor is determined using a HOBO U23-001 recorder (USA,
accuracy of £0.2°C, measurement range of —40°C to 70°C). The
measurement point is 1.5 m away from the ground outdoor.

2) The solar radiation inside greenhouse is measured utilizing a
solar radiation sensor (Beijing Huakong Xingye Technology
Development Co., Ltd., China, accuracy of =50 W/m?,
measurement range of 0-1500 W/m?) connected to a data logger
(Juying Electronic, China). The height of measurement point 3
from the ground inside the greenhouse is 1.5 m.

3) The inner surface temperatures of south roof (point 4),
insulation blanket (point 5), and north roof (point 6) are measured
by means of T-type thermocouples (China, the accuracy of +0.5°C,
measurement range of —200°C to 260°C).

4) The soil temperatures at depths of 0 mm (point 7), 100 mm
(point 8), 200 mm (point 9), 300 mm (point 10), 400 mm (point 11),
and 500 mm (point 12) are measured by means of T-type
thermocouples.

5) The wall temperatures at depths of 0 mm (point 13), 50 mm
(point 14), 100 mm (point 15), 150 mm (point 16), 200 mm (point
17), 250 mm (point 18), 300 mm (point 19), 400 mm (point 20),
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500 mm (point 21), 600 mm (point 22), 700 mm (point 23),
800 mm (point 24), 900 mm (point 25), and 1000 mm (point 26)
are determined using T-type thermocouples.

All T-type thermocouples are recorded by means of a data
acquisition system (34972A, Keysight Technologies, USA), and
obtained data are automatically recorded at 30-min intervals.

2.3 Manufacture of new modular soil blocks
Soil blocks are manufactured from soil (S) and wheat straw

(WS) fiber, with a volume mixing ratio per soil block of S: WS =
1:0.02. The soil block size is 1.0 m (length)*1.2 m (width)x1.2 m
(height), as shown in Figure 3a. The manufacturing process is
accomplished in 8 min per soil block using a Wall Building
Machine (Figure 3b, Shaanxi Yangling Xurong Agricultural
Technology Co., Ltd., China). After that, the manufactured soil
blocks are transported by forklift trucks for north wall assembly.
This method exhibited a rapid construction speed and low labor.
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Note: Point 1-2: air temperature recorder; point 3: solar radiation recorder; point 4-27: thermocouple
Figure 2 Distribution of measurement points in all greenhouses

a. Soil block view

Figure 3

3 Results and discussion

3.1 Outdoor air temperature

The outside weather data during the test is shown in Figure 4.
The outdoor air temperature varies between —24.6°C and 25.0°C
during the entire test period. The average outdoor daily maximum
air temperature is 9.7°C, the average outdoor daily minimum air

b. Wall building machine view

Soil block making and wall assembly process

temperature is —13.2°C, and the average outdoor air temperature is
—3.5°C.  As the date changes from December to the next March,
the air temperature gradually increases.  The average air
temperature in December, the next January, February, and March is
—11.8°C, -9.4°C, -3.0°C and 4.6°C, respectively. Therefore,
December and the next January are the months that best reflect the
performance of solar greenhouse.
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Figure 4 Outdoor meteorological parameters during the test
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3.2 Air temperatures inside solar greenhouses

Multiple consecutive days (from December 27, 2018, at 9:00 to
January 4, 2019, at 9:00) under cold weather settings were chosen
for data analysis, and the hourly air temperatures inside and outside
CSG and ACSG and solar radiation inside ACSG are displayed in
Figure 5. As presented in Figure 5, air temperatures variation
inside ACSG and CSG follow an analogous tendency with outdoor
air temperature. In the daytime (9:00-17:00), due to the
inconsistency of the ventilation of both solar greenhouses, it is
controversial to use the maximum air temperature as an index to
evaluate the performance of the solar greenhouse. During the
nighttime (17:00-9:00 the next day), the air temperature inside both
greenhouses drops slowly due to adding thermal blanket spread on
the south roof, augmenting greenhouses insulation. They can best
reflect the performance difference between greenhouses. The
average air temperatures of ACSG, CSG, and the outside are
10.5°C, 9.6°C, and —13.9°C, respectively. The average air
temperature of ACSG was 0.9°Chigher than that of CSG. The
difference between indoor and outdoor temperatures of ACSG and
CSG in the nighttime is 24.2°C and 23.2°C, respectively, which are
both higher than 20.8°C in ACSG in Yangling, Shaanxi Province,
Chinal®®!.  Both greenhouses meet the requirement of specification
evaluation of efficacy for sunlight greenhousel®, that is, the
required temperature difference between indoor and outdoor at
night should be greater than 20°C. Thus, both solar greenhouses

can improve indoor air temperature significantly. Two example
days with different weather conditions (sunny or cloudy) were
chosen for the data analysis, which are December 29, 2018 (sunny
day) and January 3, 2019 (cloudy day). On a typical sunny day
(the lowest temperature outside is —22.0°C), the average and lowest
air temperatures of ACSG in the nighttime are 6.4°C and 4.7°C,
over 0.9°C and 1.7°C higher than those of CSG, respectively. Li
et al.”” reported that when the outdoor minimum temperature was
—18.7°C on a sunny day, the average and lowest air temperatures of
CSG in the nighttime in Yinchuan were 6.1°C and 1.1°C,
respectively, both of which were lower than those of ACSG. The
average and lowest air temperatures of ACSG in the nighttime are
6.0°C and 4.3°C, over 1.2°C and 2.0°C higher than those of CSG,
respectively, on a typical cloudy day (the lowest temperature
outside is —19.7°C). Li et al.*? reported that when the outdoor
minimum temperature was —15.8°C on a cloudy day, the average
and lowest air temperatures of CSG in the nighttime in Yinchuan
were 6.8°C and 2.2, respectively. The average air temperature of
CSG is 0.8°C higher than those of ACSG, which may be caused by
the fact that the outdoor temperature of ACSG is lower than that of
CSG. However, the lowest air temperature of CSG is lower than
that of ACSG. Obviously, in the nighttime, the average and
lowest air temperatures of ACSG are higher than those of CSG in
both kinds of typical weather conditions. This means that the
ACSG has a better thermal environment than the CSG.

40.0 ACSG -+ CSG -= Outdoor —o Solar radiation inside ACSG r600.0
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Figure 5 Air temperatures inside and outside two greenhouses (from December 27, 2018, at 9:00 to January 4, 2019, at 9:00)

To compare the long-term thermal performance of two
greenhouses, some air temperature parameters are calculated for 24
consecutive days (from December 22, 2018, to January 14, 2019,
the average outdoor daily minimum air temperature is —19.0°C),
with concluding results as listed in Table 1. The average
minimum air temperature inside ACSG is significantly higher than
that inside CSG (p<0.05).
average daily air temperature, average daytime air temperature, and

The average maximum air temperature,

average night air temperature inside ACSG are higher than those
inside CSG, but the differences are not significant. In addition,
since the minimum tolerable air temperature of tomatoes at night is
5°CH% the number of days with minimum air temperature <5°C
during the test period in different greenhouses is counted. From
Table 1, it can be found that the number of days with minimum air
temperature <5°C inside ACSG is eight days while inside CSG is
17 d. This empowers ACSG to withstand outdoor cold
temperatures better than CSG. Hence, the modular soil wall is
attached with colored steel polystyrene boards on the outside as the
north wall can effectively increase the indoor air temperature at
night. However, the suitable temperature range of tomatoes at
night is 8°C-13°C, but there are still days when the lowest air

temperature of ACSG is lower than 5°C in winter. The results
indicate that there is still insufficient heat in ACSG, and it is
necessary to further improve heat storage in order to resist extreme
low temperature weather.

Table 1 Indoor air temperatures analysis of two greenhouses

(Dec. 22, 2018-Jan. 14, 2019)

Parameters ACSG CSG
Average minimum air temperature/°C 5.6£02°  4.2+03°
Average maximum air temperature/°C 27.540.9" 26.8+1.2"
Average daily air temperature/°C 11.7£0.3*  10.9+0.4°
Average daytime air temperature (9:00-17:00)/°C 18.9£0.7"  18.0£0.9"
Average night air temperature (17:00-9:00 next day)/°C  8.0+0.2*  7.3+0.3"
Number of days with minimum temperature < 5°C/d 8 17
Number of days with maximum temperature > 25°C/d 18 15

Note: Means with different lowercase letters within a line presented significant
differences between the treatments based on Duncan’s multiple range test,
p<0.05, n=24. ACSG: Assembled Chinese solar greenhouse; CSG: The
traditional Chinese solar greenhouse.

3.3 Temperature distribution of north wall
To evaluate the thermal performance of north wall in ACSG,
temperature distribution on sunny and cloudy days is presented in
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Figure 6. The results indicate that diurnal variation of north wall
surface temperature is similar to indoor and outdoor air
temperatures. As demonstrated in Figure 6a, the north wall's
inner surface temperature begins to rise after opening thermal
blankets at 9:00 on a sunny day, as solar radiation enters the
greenhouse and warms the north wall surface. At 14:00, the
surface temperature peaks at 35.3°C, higher than other points'
temperature inside the wall. The temperature decreases gradually
from inner surface to outer surface along with north wall thickness.
This implies that the heat gained from north wall’s inner surface is
transferred to wall interior during daytime. In contrast, during
nighttime, the inner surface temperature drops as the heat
absorbed by north wall’s inner surface during daytime heated the
indoor air temperature. Given temperature difference, heat
absorbed by the middle layer is conducted to the inner surface of
north wall. As a consequence, temperatures of all measuring
points inside the north wall start to drop, and that at 200 mm is the
maximum among all measuring points. This implies that heat in
such an area can be divided into two parts: transferred towards the
inner wall surface of greenhouse and the outer wall surface.
Based on the results displayed in Figure 6b, analogous conclusions
from Figure 6a can be obtained. During a cloudy daytime, the
north wall's inner surface temperature peaks at 13:00, with about
12.7°C. Similarly, during cloudy day nighttime, the measuring
point with the highest temperature inside the wall is still the
measuring point at 200 mm.

Temperature/°C

Temperature/°C

a. In the sunny days

Temperature/°C

Temperature/ °C

:00
05:00 0
“Lgy  09:00

b. In the cloudy days
Figure 6 Temperature distribution of modular soil wall inside the
ACSG on a typical day during the test
The heat storage capacity of the wall O, is defined as,

O = pwc(wanzoo - Tw;):oo) (1)

where, p,, is the density of wall, which is 1940 kg/m’; ¢ is the
specific heat capacity of soil, which is 1.84 kl/(kg:°C); T, 9.00,
T, 1700 are the average wall temperature at 9:00, 17:00

respectively.
The heat release capacity of the wall Q,,, is defined as,

Qwr = pwc(TLLH:OO - 7’:4’79:00 the next day) (2)
where, T, 9:00 the next day 15 the average wall temperature at 9:00 the
next day.

The average wall temperature T, jat time j is defined as,

T, = Lo

Vi
where, y,, is the thickness of given wall, which is 1.0 m; 7, ,, ; is
the wall temperature at a specified thickness y at time j.

According to Equations (1)-(3), the heat storage capacity of
wall on sunny days (9:00-17:00) and cloudy days (9:00-17:00) are
calculated as 5.65 MJ/m’ and —0.44 MJ/m®, respectively. This
means that the wall can store 5.65 MJ/m® of heat during 9:00-17:00
on a sunny day, while the wall needs to release 0.44 MJ/m® of heat
during the same period of cloudy days. The heat release capacity
of wall on sunny days (17:00-9:00 the next day) and cloudy days
(17:00-9:00 the next day) are calculated as 5.77 MJ/m® and
3.17 MJ/m?, respectively. The heat storage capacity and heat
release capacity of the wall on sunny days are significantly higher

3

than those on cloudy days. Therefore, the wall temperature on
sunny days is higher than on cloudy days.

To compare the thermal insulation and heat storage
performance of modular soil wall and traditional soil wall, wall
temperature data of CSG from literature®” and test data of ACSG
are selected for comparative analysis, and the results are listed in

Table 2.

Table 2 Variations of temperature at different layers of north
walls in different greenhouses in January (°C)

Wall ACSG CsGP7
thickness Amplitude of  Average daily ~ Amplitude of  Average daily
/mm temperature change temperature temperature change temperature
0 17.5 11.2 10.0 12.3
50 10.2 10.3 -- --
100 53 8.9 53 11.9
150 2.7 11.0 -- --
200 1.8 104 24 12.1
250 1.1 9.6 - --
300 0.8 8.9 1.2 11.7
400 0.5 7.5 0.6 11.2
500 0.4 6.2 0.3 10.8
600 0.3 4.8 0.2 10.0
700 0.2 3.7 -- --
800 0.2 2.5 0.1 8.7
900 0.2 1.3 - -
1000 0.2 0.5 0.1 7.4
2300 -- - 0.1 -1.1
2800 -- - 0.3 —6.4
3300 -- - 52 -11.9

The inner surface temperature of north wall changes
dramatically. ~ Within a certain wall thickness range, the
temperature amplitude decreases gradually with thickness.
According to literature®”), the heat fluctuation layer is proposed
to be the area where the amplitude of temperature of indoor side
wall in the greenhouse is >0.2°C in a day. The heat fluctuation

layer thickness in ACSG wall is 600 mm, which is deeper than
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that in CSG wall. After the effective heat storage layer, the
average wall temperature decreases continuously with thickness,
close to 0°C at a certain thickness (900 mm in ACSG and
2300 mm in CSG). This implies that a composite wall with
300 mm thickness (comprising colored steel polystyrene board
with a thickness of 100 mm and modular soil wall with 200 mm
thickness) is the same insulation as a traditional soil wall with
1000 mm thickness. Consequently, the modular soil wall pasted
with colored steel polystyrene board on the outside exemplifies a
potential design improvement for north wall of greenhouse in
Ningxia region.

To simplify the analysis, assuming that the wall has a uniform
temperature distribution along the length and height, the daily
average heat storage capacity of the heat fluctuation layer Q can be
estimated by using Equation (4).

0=24Y" p-L-h-w-c, T, )
where, d is the thickness of the heat fluctuation layer, which is
600 mm in ACSG and 500 mm in CSG; p is the density of wall,
which is 1940 kg/m3 in ACSG and 1710 kg/m3 in CSG; L is the
length of the wall, which is 80 m in ACSG and CSG; # is the
height of the wall, which is 3.7m in ACSG and 3.3 m in CSG; w; is

——(0mm ~# 100 mm

—+— 200 mm

Soil temperature/°C

900 12:00 1500 1800 2100 0:00  3:00  6:00  9:00
Date (2018/12/29-12/30)

a. In the sunny days

the thickness of the i layer; c, is specific heat capacity of soil,
which is 1.84 kJ/(kg°C) in ACSG and CSG; T;is the average
temperature of the i layer.

According to Equation (4), the daily average heat storage
capacity of the heat fluctuation layer in ACSG is 1.39x10° MJ,
while the value in CSG is 1.375x10° MJ. The average heat
storage capacity in modular soil wall is a little bigger than that of
traditional soil wall. This means that the north wall in ACSG can
provide more heat for night air heating than that in CSG.

3.4 Soil temperature

Figure 7 depicts the soil temperatures at different depths on
sunny and cloudy days. Both Figures 7a and 7b have implied that
soil surface temperature exhibits significant variation over a day.
As temperature amplitude decreases with depth, peak temperature
appearance also lags with depth. ~ According to Wenbo method™,
the range of soil temperature change is within 1°C at a depth of
200 mm so that the soil temperature remains fixed, and this depth is
considered for the soil effective heat storage layer. This result is
smaller than reported!'®), with a 400 mm depth. This is because
tomatoes are grown strongly during the experiment, the leaves block
most of sunlight, and heat absorbed by soil surface in daytime is
relatively small, so the soil depth affected is also quite small.

300mm  —=400mm —+ 500 mm

13
nw‘uk‘@..bw.. EEREE o

Soil temperature/°C

0:00 12:00 15:00 1800 21:00 0:00  3:00  6:00  9:00
Date (2019/1/3-1/4)
b. In the cloudy days

Figure 7 Soil temperatures at different depths inside the ACSG on a typical day during the test

The heat storage capacity of the soil Qg is defined as,

O = pc(T; 1700 =T 000) (%)
where, p, is the density of soil, which is 1710 kg/m®; ¢ is the
specific heat capacity of soil, which is 1.84 KJ/(kg-°C); T 9.0,
T 17.00 are the average soil temperature at 9:00, 17:00 respectivély.

" The heat release capacity of the soil Qy; is defined as,
O = pic(T; 1700 = T; 9:00 the next day) (6)
where, T 9.00 the next day 1S the average soil temperature at 9:00 the
next day. ) r

The average soil temperature 7} ; at time j is defined as,

.[0}\ T, jdy
Vs
where, y; is the thickness of given soil, which is 0.5 m; Ty ,, ; is the
soil temperature at a specified depth y at time ;.

According to Equation (5)-(7), the heat storage capacity of soil
on sunny days (9:00-17:00) and cloudy days (9:00-17:00) are
calculated as 1.06 MJ/m® and —0.21 MJ/m’, respectively. This
means that the soil can store 1.06 MJ/m® of heat during 9:00-17:00
on a sunny day, while the soil needs to release 0.21 MJ/m® of heat
during the same period of a cloudy day. The heat release capacity
of soil on sunny days (17:00-9:00 the next day) and cloudy day

T,

s_j =

Q)

(17:00-9:00 the next day) are calculated as 1.23 MJ/m® and
2.50 MJ/m®, respectively. The heat storage capacity of the soil on
sunny days is significantly higher than that on cloudy days.
However, the heat release capacity of the soil on sunny days is
smaller than that on cloudy days. This means that the soil needs
to provide more heat for nighttime heating on cloudy days than on
sunny days.
3.5 Inner surface temperature of the ACSG

The temperature variation of all surfaces in ACSG on sunny
and cloudy days is presented in Figure 8. As shown in Figure 8a,
the sunlight enters the greenhouse through plastic film of south
roof after opening thermal blanket at 9:00. As the inner surface of
wall and soil absorb solar radiation heat, their temperatures
gradually augment. Simultaneously, they emit long-wave
radiation so that heat is retained in the greenhouse, and
temperatures of air and other objects are risen until 13:00-14:00 to
reach the maximum. As solar radiation amount is decreased, the
temperature is then dropped. After the insulation is covered at
night, the heat stored in the wall and ground during the day
continue to radiate to the surrounding area until opening the
thermal blanket on the next day. Nevertheless, due to weak solar
radiation on a cloudy day, the temperature rise is significantly
lower than that on a sunny day (Figure 8b).
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Figure 8 Inner temperatures and solar radiation inside the ACSG on a typical day during the test

4 Conclusions

This study experimentally investigated ACSG with modular
soil wall in Ningxia Autonomous Region, China, where the
minimum air temperature in winter can reach —20°C or below.
ACSG performance was compared with a conventional CSG, and
the results indicated that ACSG could replace CSG for winter
vegetable production.  This study’s main findings were: 1)
Compared with CSG, ACSG exhibited a higher ridge and a larger
planting area, and the land utilization rate of ACSG was increased
by 19.3%; 2) On a typical sunny day, the minimum indoor
temperature of ACSG was 1.7°C higher than that of CSG. On a
typical cloudy day, the minimum indoor temperature of ACSG was
2.0°C higher than that of CSG; 3) The results for 24 consecutive
days showed that the average minimum indoor temperature of
ACSG was significantly higher than that of CSG (p<0.05). Hence,
the ACSG had better thermal capacity than the CSG. The
modular soil wall attached with colored steel polystyrene boards on
the outside could improve indoor temperature in the nighttime, and
could be used to replace the traditional thick soil wall of solar
greenhouses in Yinchuan, Ningxia.

Although the current study has some limitations, the results are
useful for growers to understand the feasibility of ACSG in cold
regions. The present research also shows that wall heat storage
and release are essential for creating a favorable environment in
solar greenhouse. The next step is to build a simulation model of
the greenhouse thermal environment based on crop growth demand,
and further discuss the reasonable wall thickness and emergency
heating demand of this type of solar greenhouse in different areas.
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