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INTRODUCTION

ABSTRACT

A sunken solar greenhouse is a unique structure used in China that has good thermal
performance and a low cost. To explore the thermal environment and the marginal effect
area under the trellis membrane in a sunken solar greenhouse, daytime heat absorption
and nighttime exothermic models of the greenhouse were established based on existing
theories and hypotheses. An experimental study of the three-dimensional thermal
environment of a solar greenhouse was also conducted in the Jinzhong Basin of Shanxi
Province. The daytime heat absorption model described how the internal thermal
environment of the greenhouse changes in three dimensions, while the nighttime model
calculated the amount of heat released at night. The results showed that the rate of change
in the maximum temperature difference along the height direction in the greenhouse was
13 times that along the vertical direction, and three times that along the horizontal
direction. We also observed that the marginal effect area under the membrane varied over
time and by month. The minimum value of the marginal effect area occurred at the middle
cross-section, spanning the middle position of the greenhouse, and the maximum height
was 2.7 m. The results of this study can provide theoretical guidance and experimental
data for the thermal environment of greenhouses of the same type in the Jinzhong Basin of
Shanxi Province, thus providing a basis for environmental regulation and low-temperature
margins in greenhouses.

A sunken solar greenhouse was the original type
of greenhouse used in China; its soil wall has been found
to offer better thermal storage performance than
reinforced concrete materials, and it is cheaper and better
insulated than typical greenhouses (Zhang et al., 2010). A
sunken heliostat is used to improve the indoor
temperature and to create a suitable environment for
plant growth. According to the theory of heat transfer, the
main indicators for evaluating the thermal environment
of a solar greenhouse are the surface temperature and
heat storage of the enclosure structure, the soil
temperature, and the indoor environmental temperature
(Guan et al., 2012). Indoor air temperature is the most
synergistic plant body temperature, and is the factor to
which the healthy growth of plants is most sensitive (Yu
et al., 2015). Indoor air temperature also varies with the
same trends as the outdoor air temperature, the indoor

ground temperature, the surface temperature of the wall
and the surface temperature of the wall outer covering
(Zhang et al., 2019; Huang et al., 2013; Hu et al., 2014).
A study of the three-dimensional thermal environment of
a sunken solar greenhouse can therefore provide a basis
for determining plant growth and development, wall
insulation and soil heat transfer. Research on the thermal
environment of solar greenhouses is mainly concentrated
in China, and the main research directions involve indoor
environmental models (Zhang et al., 2018; Xu et al.,
2019), indoor soil heat transfer models (Zhang et al.,
2012), heat transfer models, materials, and types of
indoor walls (Tong & Christopher, 2019; Ma et al., 2019;
Bao et al., 2019). Most foreign greenhouses are large,
continuous structures, and relatively little research has
been conducted on the microclimate of solar greenhouses
(Ahamed et al., 2018). Solar greenhouse temperatures
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vary significantly on a daily basis, and are unevenly
distributed in space and time (Tong et al., 2019).
Previous studies have analysed indoor temperatures with
data captured at a single monitoring point (or only a few
points); this approach has certain limitations, and tends to
overlook global extreme temperature points (Zhang et al.,
2021). In this paper, we establish theoretical formulas
and experimental methods to investigate the thermal
environment effects of sunken heliostats, in order to
provide theoretical and experimental data as a basis
for the improvement of sunken heliostat arch structures
and heating.

Theoretical modelling and experiments
Theoretical modelling
Daytime heat-absorption model

In previous models (Han et al., 2014; Xu et al.,
2019; Ma et al, 2013), the total amount of solar

Wast Clay Wall

scattering has been calculated by using the visible angle
of the space point to calculate the amount of scattered
radiation absorbed by an indoor point, which is limited to
the cross section. However, scattered radiation is
isotropic, and none of the above models considers the
relationship between the amount of solar radiation
absorbed by an indoor spatial point and its coordinate
value. Based on the assumption of anisotropic uniformity
of scattered light, the amount of solar scattered radiation
absorbed by the interior space point Q is considered to be
equal to the total amount of solar scattered radiation
inside the solar greenhouse multiplied by the volume
coefficient, and the volume coefficient is the ratio
between the point QO with the southern shed film
boundary point of the solar greenhouse to form a curved
body and the volume of the whole solar greenhouse, as
shown in Figure 1. The amount of scattered radiation
received at the point Q in the sunken solar greenhouse is
related to the ratio Vq.acGe:V ACDB- EFHG-

North Clay Watl

East Clay Wall

FIGURE 1. Diagram showing the scattered radiation in a sunken solar greenhouse.

TABLE 1. Nomenclature used in this study.

Parameter
S oz Amount of direct solar radiation received at a spatial point O (W/m?)
O Amount of solar scattered radiation received at a spatial point Q inside the greenhouse (W/m?)
' Direct solar illumination passing through the atmosphere to the outer surface of the greenhouse
S
membrane (W/m?)
S Solar scattered radiation illuminance passing through the atmosphere to the outer surface of the
os greenhouse membrane (W/m?)
0 Angle of incidence of daylight
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T, Direct light transmission rate of the film at different roof angles (%)
T, Scattered light transmittance of the film at different roof angles (%)
T, Transmittance of a dry, clean, new covering material to direct light radiation at an incidence angle of 0°
N Loss of shading of the greenhouse structural materials
V2 Loss of light transmission of the covering material due to deterioration
V3 Loss of light transmission due to dust contamination and droplets of condensation
H,.. Haze of the covering material (%).
n Influence coefficient of point scattering

(/ i+ [] I/Zdydz)XL Volume of the greenhouse (m?)

X, Y, Z Coordinate values of point QO (m)
b Length of the upper bottom of the northern soil trapezoidal wall (m)
D Sunken depth of the greenhouse (m)
W,L,H Span, length and ridge height of the sunken solar greenhouse (m)
Ag Floor area of the greenhouse (m?)
q Heat per unit area (w/m?)
a Heated area correction factor
q Reflectance of indoor sunlight

The amount of indoor space point direct solar
radiation is calculated with reference to the direct light
transmittance of solar greenhouse, as proposed by Xu et
al. (2019), with respect to the angle of incidence. The
absorbed direct solar energy inside the solar greenhouse is

SQZ=S1'><T1><(1_HOLZ(’) (1)

According to a study of the solar scattering
principle by Ma et al. (2013), the amount of scattering for
a sunken solar greenhouse consists of two parts: the
conversion of direct solar partial light through the plastic
trellis film into indoor scattering, and the outdoor solar
scattering light through the plastic trellis film becomes
indoor greenhouse scattering amount directly. According
to the above conclusions and assumptions, the amount of

solar scattered radiation absorbed by indoor space points
can be obtained as

SQs:(HazeXS{XT]+S2'><T2)>< (1*}’]) (2)

_ (D— H)Ly/3 — WLz/3 — (3LHW + bHL)/6
a ([ zdx + [[ V2dyd=) X L

The heat absorbed in the interior of the
greenhouse is related to the solar radiation as (Ma CW,
Zhao SM, Cheng JY, etal.) ¢g=0/A4A,=aS(1-p).

According to eqs (1) and (2), and taking into
account the reflectance of the sun at the spatial point in
the greenhouse, the heat per unit area absorbed at the
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spatial point in the solar greenhouse during the daytime
is as follows:

g =aS=0a(Se. +So,) =aS|T\(1—nH..)+aS;T,(1—1n)
(3)

To calculate the direct solar radiation and
scattering, we use the empirical model proposed by Liu
& Jordan (1960), in which solar scattering radiation
determined according to a certain proportion of direct

q={[(—n-H.)T,—0.2939(1—n)

From [eq. (3)], we know that: (i) the radiation heat
received by a point inside the sunken solar greenhouse is
related to #; (ii) the value of # is affected by the y and
z coordinates of the point, but has very little relationship
to the vertical x coordinate; (iii) when z is constant, #
gradually decreases with an increase in y, and the closer
to the north wall, the higher the temperature; (iv) when y
is constant, it gradually decreases with an increase in z,
and the heat absorbed by the space point increases (that is,
when heat loss is not considered, the closer to the shed
film); (v) when x is constant, the changes in the values of
y and z are equal, and the ratio of the change in z along
the vertical direction and y along the horizontal direction
is W/(H-D), where W is the span of the greenhouse
(8-12) m, and H-D refers to the ridge height minus the
sunken depth, [5—(1.2—2)] m. Hence, the ratio of
W/(H—D) is greater than two, which shows that the rate of
change in the greenhouse temperature along the vertical
direction is greater than along the lateral direction.

solar radiation under clear and cloudless weather, as
shown in eqgs (4) and (5):

7,=0.2710 — 0.29397. 4

Sl,:SOTz SZ':SOTs (5)

Equation (3) can be simplified to give

1T, +0.2710(1— ) - T»} S, ©)

Based on studies of the thermal environment of
each component of the solar greenhouse carried out by
Hu & Fan (2018), Zhang (2012) and Huang et al. (2013),
the following assumptions were made about the
nighttime thermal environment changes in each
component of the sunken solar greenhouse:

(i) The indoor and outdoor temperatures decrease linearly
but unequally over time, and the rates of temperature
decrease at each point in the indoor space are equal,

(i1) The temperature of the outer surface of the earthen
walls on the east, west and north sides of the interior
undergoes a linear decrease over time;

(iii) The temperature of the upper surface of the indoor
soil decreases linearly with time, and the heat generated
by indoor plant respiration is neglected.

At night, the air in the greenhouse and the outdoor
heat transfer by conduction, the formula for heat transfer
by conduction between the interior of the heliostat and
the outdoor is (Ntinas, 2015)

Nighttime heat-dissipation model O=uwu,A,;(t,—t) (7)
TABLE 2. Parameter notation.
Parameter

0 Conduction heat loss (W)

)y Heat transfer coefficient of the maintenance structure (W/m?- K)

A; Area of the enclosed structure (m?)

4 Temperature of the inner side of the plastic film of the solar greenhouse (K)

2 Outdoor temperature (K)

D Heat flow (W)

M Convective heat transfer coefficient (W/m?- K)

A Area of the greenhouse floor (m?)

Engenharia Agricola, Jaboticabal, v.44, e20230168, 2024
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T, g Ground temperature or back wall surface temperature (K)
T f Ground air temperature or back wall air temperature (K)

Indoor nighttime heat loss (W)

Nighttime heat release from soil (W)

Nocturnal heat release from walls (W)

Crop heat release at night (W)

401, 04 Nighttime heat exchange between indoor and outdoor gases (W)
Ay Soil area of the greenhouse (m?)
dT; Rate of change in the temperature of the lower surface of the soil in the greenhouse with time, constant
dt value (K/s)
dT, . : e
i Rate of change in the air temperature at the upper surface of the soil interior with time, constant value (K/s)
Ay~ Aves Aoy Areas of the walls on the north, east and west sides of the greenhouse, respectively (m?)
dr,, dI, dr,, Surface temperatures of the walls on the north, east and west sides of the greenhouse velocity of change
dt - dt o dt With time (K/s)
dl @ drl, s dr, « Rate of change of surface temperatures of the walls on the north, east and west sides of the greenhouse
dt " didi with time (K/s)
drT,,. Rate of change of outdoor gas temperature with time, as a
dt constant value (K/s)
From thermodynamics, the heat transfer

phenomenon generated by the flow of fluid at a solid
surface is called convective heat exchange. Convective
heat exchange is generated between the air in the
greenhouse and the ground at night, and the formula for
this heat exchange is:
D= pd(T, —T/) (®)
The heat loss from the indoor air is equal to the
heat released from the indoor soil, the heat released from

T, dr,, _dl,
dt )*”A“’”( i dt )“‘AW<

. T, (de,«

th,a% 7/1 Si dt

A simplification of [eq. (10)] yields:

k — /’l X (kviAvi + kwnAvm + kweAwe + kwwAww)+ lLtjAjk

dr,.
dt

out

Copat A —(4,+A4,+A4,+4,)xu

apth,a

— dTg‘)> + ,uAWW(dTWW

the indoor walls, the heat released from plant respiration,
the leakage from the greenhouse seams and the heat loss
from indoor-outdoor air exchange at the south membrane.
We therefore have:

AQ, =AQ; +AQ, +AQ. —AQ, ,, ©

Based on the assumptions set out in Section 2.1.2,
the heat balance equation for the greenhouse air proposed
by Meng et al., 2009 can be simplified and differentiated
based on eqgs (7) and (8), as follows:

_ dTgw) 4, (dTg _ dT,) (10)

dt dt dt dt dt

(11)
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From the assumptions in Section 2.1.2 and the study of Hu Jj © of the relationship between indoor and outdoor

temperatures, we can simplify [eq. (10)] to give:

A=

ux(k A +k A +k A +k A )

Copat A —(A,+A4, +A,+A4,)xu

B: 'ujAj

Cona + 1,4, = (A4, +A4, +A4, +A4 )xu

‘We therefore obtain:
k= A+ Bk,,

Where:

(12)

B is a constant value that is related to the indoor soil area, the area of the east-west and north side walls, and the
convective heat transfer coefficient and area of the mulch of the sunken heliostat.

The heat loss from the greenhouse at night can be obtained as follows:

Where:
_ px(k A, +k, A, A KA,
Copat i A —(A,+A, +A4,+A, )xu
B 1A,

Copat A, —(A,+A, +A +A,)xu

apth,a

From [eq. (13)], we know the following:

(i) The heat released from greenhouse at night is related
to time ¢, the rate of change in the indoor temperature £,
and the indoor-outdoor temperature difference C at the
moment of closing the shed. The equations for 4 and B
are related to the indoor air heat capacity, the areas of the
walls and indoor ground, the heat transfer coefficient
between the walls and indoor ground and air, and the heat
transfer coefficient and area of maintenance structure.
When the area and nature of the wall and the area and
nature of the maintenance structure are known, the
amount of heat loss in the greenhouse is related to the
time and the difference between the indoor and outdoor
temperatures at the initial moment, which can provide a
theoretical reference for the heating measures.

(i1) The formula for the heat dissipation at night can give
the amount of indoor heat loss in the sunken solar
greenhouse, and the amount of heat loss is related to the
rate of change of indoor air temperature with time. We
assume that the temperature drop at each point in the
indoor space at night is equal. We therefore need to
verify whether the indoor temperatures of sunken solar
greenhouse are equal at night. We propose that the basis
of heat loss is that the temperature drop at night is equal
at each point in the indoor space, meaning that the

(13)

calculation of heat loss is simplified and more suitable
for practical applications.

Testing instruments

A U-disk temperature recorder includes a
precision RC-5 temperature recorder USB automatic data
temperature and humidity recorder, and a built-in wide
temperature CR2032 battery. The recording interval is six
minutes, and it can record continuously for three months;
if the built-in battery is regularly replaced, the device can
continue to record the temperature. The measuring
temperature range for this recorder is —30°C to 70°C; the
accuracy in the range —20°C to 20°C is £0.5°C, and in
other ranges it is 1°C. The U-disk recorder uses a built-in
NTC thermistor, which can store 32,000 sets of data.

Test scheme

It can be seen from [eq. (6)] that the rate of
change in the indoor temperature along the transverse
direction is the largest, followed by that along the
transverse direction, and finally that along the
longitudinal direction. Six positions were selected along
the horizontal direction of the greenhouse, and seven
auxiliary sections were selected in the longitudinal
direction in order to conduct multiple cross-sectional
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experimental studies on the indoor thermal environment. indoor ground and the sunken wall surface was taken as
The test period ran from 26" December 2019 to 2" June point O, the y-axis was horizontally north, and the x-axis
2020. The temperatures at seven cross sections of the was vertically east, establishing the coordinate system
sunken solar greenhouse were measured with a wireless shown in Figures 2 and Table 3. A U-disk temperature
temperature sensor and a U-disk temperature recorder. recorder was installed at an outdoor unshielded height of
For each cross section, the intersection between the 1.5 m to record the outdoor temperature value.

= |~ ) < © ~1 s

18000 I/ 18000 L 18000 L 18000 I/ 18000 L 18000
1 1 1 1 7

108000

Heat preservation quilt @

48m
Y 45m
A 43m

W11’200[ 3000 1[ 3000 ] 3000 | 1200 / 6000 1[
ORY 3 @ B

FIGURE 2. Layout of cross section and measuring lines in the greenhouse.

TABLE 3. Heights of measuring points at each cross section.

Line number

1 2 3 4 5 6
y-coordinate 0 1.2 4.2 7.2 10.2 North Wall
1 1.5(+) 2.1 (+) 3.6 (+) 4.5 (+) 4.8 (+) 4.5(+)
2 1.2 () 1.8 (—) 33(0) 42 () 4.5 () 39()
3 09() 1.5(-) 3(0) 3900 4.2 (-) 3303)
4 0.6 () 1.2 (+) 24 () 3.6 () 3.6 () 2.7(-)
5 03() 0.6 () 1.8 (+) 3(+) 3 () 2.1(1.8)
Height of
. . 6 0(+) 03(0¢) 1.2 (-) 24 () 2.4 () 1.5()
measuring point
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 - - - 0.3 () 0.3 () -
11 _ - - O (+) O (+) -

Legend: (+) means other sections also have this measuring point, (—) means other sections do not have this measuring point, (number)
means other sections measuring point height.
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RESULTS AND DISCUSSION
Changes in indoor thermal environment
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FIGURE 3. Temperature versus time curves for different cross sections (taken on 14" January 2020, sunny and snowy the
day before, the coldest day of 2020 in Jinzhong, Shanxi Province)
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From the data for the different sections, we see that the temperature at each indoor measuring point at the different
sections changes with time. The temperature decreases linearly with time at night (from the closing time to the opening time);
the opening time is 12:00, and the temperature of each measuring point then rises with time; between 12:00 and 14:00
fluctuation rise; 13:00 is the closing time, and the temperature at each measuring point decreases with time.

TABLE 4. Minimum temperature values at different cross sections, on 14th January 2020 (°C).

Cross section

Line number ing:;flgof;??m) 1 2 3 4 5 6 7
0 12 1.8 2.4 3.2 3.4 4.5 -
. 0.6 -2.3 0.8 1 1.9 2 2.5 1.6
1.5 -12 0.3 0.5 0.2 0.6 1.5 1.9
0 1.7 — — 2.8 3.4 4 4.2
5 12 -0.4 0 1.3 22 2.5 2.8 3.5
2.1 -0.2 0.3 0.9 2 22 2.4 2.2
0 3.4 2.9 43 4.2 43 5 6.8
3 1.8 0.7 0.4 12 2 2.3 2.8 2.6
3.6 0.2 0 1 1.7 2.5 2.3 2.6
0 2.8 3.2 4.2 6 4.5 4.7 43
1.8 2.4 1 1.3 2.6 2.5 3.1 3
4 3 0.6 0.7 1.2 2.3 2.5 2.9 3
45 0.4 0.5 0.9 2.3 2.5 2.9 2.7
0 2 — 45 6 5.8 5.8 4.6
1.8 1 - 1.6 2.6 32 3.3 4
> 3 0.7 1.1 1.4 2.3 3.1 3.3 3.3
4.8 - - 12 2.3 3 32 32
0.3 3.8 2.9 4.1 4 5.3 49 5
1.8 3.1 3.4 49 — 6.4 6.2 4.7
6 3 1.5 1.6 2.4 — 4.4 4.6 4
45 1.3 1.5 2 3.1 3.9 3.9 4.2

On the night of 14" January 2020, 86% of the
indoor measurement points had a minimum value of
temperature below 5°C. Line 5 of each cross-section
represents the planting end, and the measurement point
for line 5 showed the highest value of nighttime air
temperature for each cross-section of the planting area at
the same height. However, the temperature values at each
measurement point for line 5 were lower than 5°C for
about five hours, meaning that when the outdoor
temperature is low, heating measures should be applied
to the sunken solar greenhouse.

The minimum values of the indoor air temperature
in the sunken solar greenhouse varied horizontally,
vertically, and vertically, a finding that is aligned with
those of Xu (2018) and Zhang et al. (2019), among
others. However, these researchers did not study the rate
of change in the indoor nighttime low temperatures in
three-dimensional coordinates or the length of the
low-temperature period.

Rate of change of indoor 3D thermal environment in
winter

Cross-section 4 was in the middle of the sunken
daylight greenhouse, cross-section 1 was at the east wall,
and cross-section 7 was at the west wall. The minimum
value of the indoor temperature at 86% of the measured
points was less than 5°C, an unfavourable temperature
for the growth and development of strawberries. The
minimum value of the indoor air temperature for the
sunken heliostat differed in the horizontal, vertical and
vertical directions, and the rates of change in the indoor
low temperature at night were different in each of the
three-dimensional directions.

7 cross-sections, different cross-sections with the
same height and the same horizontal position of the
maximum temperature difference at night is 4.8°C, for
cross-section 1 0.6 m at the measuring point and
cross-section 6 0.6 m at the measuring point. At this time,
the minimum value of the indoor temperature at night

Engenharia Agricola, Jaboticabal, v.44, e20230168, 2024
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along the longitudinal maximum temperature change rate
of 0.053°C/m. The maximum temperature difference
between the measurement points for the same
cross-section and the same height was 2.8°C, which was
the measurement point at 0 m of measurement line 1 in
cross-section 4 and the measurement point at 0 m of
measurement line 4 for cross-section 4. The rate of
change in the maximum temperature difference along the
horizontal direction was 0.38°C/m. The maximum
temperature difference between the measurement points
in the same cross-section and the same measurement line
was 4.2°C, which was the temperature difference
between the measurement point at 0 m of measurement
line 3 in cross-section 7 and the measurement point at 3.6
m of measurement line 3 in cross-section 7.

The rate of change in the indoor temperature
minimum at night along the vertical maximum
temperature difference was 1.17°C/m. The rate of change
in the maximum temperature difference along the height
direction in the greenhouse was found to be 13 times that
along the vertical direction, and three times that along the
horizontal direction.

From an analysis of the maximum indoor
temperature, we see that the rate of change of the
maximum temperature difference along the vertical
height is 13.4 times that along the vertical direction, and
7.2 times that along the horizontal direction.

Comparative analysis of the daytime heat-absorption
model and experimental data

From Section 3.1.1, it can be seen that order of the
rates of change in the maximum indoor temperature of
the sunken solar greenhouse, from large to small, is as
follows: rate of change along the vertical direction > rate
of change along the horizontal direction > rate of change
along the vertical direction. The experimental results
presented above are consistent with the theoretical
expression in [eq. (7)]: the rate of change in the indoor
temperature in the solar greenhouse is greatest along the
vertical direction, followed by the horizontal direction,
and finally the longitudinal direction. Hence, it is
important to study the law governing the change in the
indoor temperature along the vertical direction.

Comparison of night-time indoor temperature
changes with the nighttime heat-dissipation model

The ranges of the temperature drops at all
measurement points in all cross-sections during the time
period 0:00 to 8:00 are —2.7£0.4°C, —2.7+0.4°C,
—2.6+0.4°C, —2.5+0.2°C, —2.6+0.3°C, —2.6+0.4°C, and
—2.8+0.3°C. The differences in the temperature drops at
each measurement point at each cross-section are less
than or equal to 0.8°C, and the accuracy of the equipment
is £0.5°C, meaning that the drops in temperature at each
measurement point in this time period are approximately
equal. This verifies the correctness of the nighttime
heat-dissipation model presented in Section 1.1.2; i.e., the
rates of change in the indoor space point temperatures at
night are the same throughout the sunken solar greenhouse.

Relationship between indoor and outdoor
temperature changes

Hourly mean temperature values were obtained
for the time period 0:00 to 8:00 at each measurement
point along cross-section 4 on 14" January 2020, giving
a total of eight sets of data for each measurement point. A
coordinate system was established with the southwest
bottom of the greenhouse interior as the origin, the
positive x-axis towards the east, the positive y-axis
towards the north, and the upward vertical direction as
the positive z-axis. This coordinate system was
established to fully consider the low temperature area on
the east side and ignore the higher temperature soil wall
on the west side, and to neglect the temperature value at
measurement point 6 for each section, as this was the
temperature at the inner surface of the wall on the north
side, at the intersection between the air and soil.

Considering the distribution of the indoor
temperatures in the horizontal, vertical and longitudinal
directions of the sunken solar greenhouse, a weighted value
of the indoor temperature was derived using the formula:

t = Y xiVizit;

= Sz (an

Using [eq. (12)], the hourly average weighted
indoor temperatures of the sunken solar greenhouse
during the time period 0:00 to 8:00 were calculated as
3.8°C, 3.5°C, 3.2°C, 2.8°C, 2.5°C, 2.1°C, 1.8°C, and
1.6°C. The hourly average outdoor temperatures during
this period were —13.6°C, —13.7°C, —15.3°C, —16°C,
-17.8°C, —18.5°C, —19°C, and —19.5°C. Using the
outdoor temperature as the x-axis and indoor temperature
as the y-axis, a scatter plot was drawn to represent the
data, which were fitted with an R? greater than 0.95 (i.e.,
a good fit).

The equation relating the indoor-outdoor
temperatures was found to be y = 0.3456x + 8.4325,
where y is the indoor temperature (°C), and x is the
outdoor temperature (°C). From this equation, we can see
that at night in winter, when the sunken greenhouse is
covered with polyethylene multifunctional composite
film and an acrylic cotton insulation quilt is placed on the
south side of the roof, the indoor temperature is linearly
related to the outdoor temperature value, and the indoor
temperature decreases by 0.35°C for every 1°C drop in
outdoor temperature.

Time period and marginal effect determination methods

From the results presented in Section 3.3, we see
that (i) the temperatures at different heights along the
same measurement line are different; (ii) there are
measurement points with equal night-time temperatures
close to the membrane; and (iii) the vertical region
between measurement points with approximately equal
temperatures is most affected by the outdoor temperature,
as the air temperatures in this region are approximately
equal and heat conduction with the outdoor air occurs
through the membrane.
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Determination of time periods: We used the data
processing method described by Sun Zhigiang®, and
divided the indoor temperature of the sunken solar
greenhouse during winter into four time periods,
representing four conditions: rising, falling, extreme
values, and minimal values. Each day was divided into
periods 00:00 to 08:00 (including 8:00 data), 08:00 to
13:00 (excluding 8:00 data, including 13:00 data), 13:00
to 18:00 (excluding 13:00 data, including 18:00 data),
and 18:00 to 24:00 (excluding 18:00 data). These four
time periods were used to find the average temperature at
each measurement point over each time period. Using the
height of each measurement line as the horizontal
coordinate and the average temperature of the
measurement points in the corresponding time period as
the vertical coordinate, a scatter plot was drawn.

The method used to determine the marginal effect
curve under the trellis membrane was as follows: the
average temperature at measurement point 1 of each
measurement line was used as a control value for the
average temperature at each measurement point of the
same measurement line (not counted in the scatter plot).
The measurement points near the ground (where the
height of the upper surface of the indoor floor was 0 m)
are not included in the chart.

The method of determining the marginal effect
curve at the ground was as follows: the mean value of the
temperature at the measurement point 0.3 m above the
indoor ground surface for each measurement line was
taken as the control value (not included in the scatter
diagram); the measurement point near the ground (and 0

m above the indoor ground surface) was also not
included in the curve. Scatter plots were created of the
mean temperature values at the measurement points in
the marginal effect under the trellis membrane and the
marginal effect on the ground in relation to the height of
the measurement points, and the data were fitted to
obtain the curve equations.

The boundary point of the marginal effect method
was determined as follows: the average temperature at
measurement point 1 of each measurement line and the
average value of the temperature of measurement point at
0.3 m as T wvalue, respectively, brought into the
corresponding measurement line of the marginal effect
curve under the scaffolding film and the equation of the
marginal effect curve on the ground, respectively, to
calculate the respective z value, the determined z value
for the boundary point of the marginal effect under the
scaffolding membrane and the boundary point of the
marginal effect on the ground, respectively.

Since the sunken solar greenhouse was mainly
designed to improve the thermal environment of the
plants at night, the marginal effect was studied over the
time period 0:00 to 8:00. The temperatures at each
measurement point during this time period were averaged,
and the method of determining the equations for the
marginal effect curves under the shed membrane and on
the ground was used to determine the equation for the
marginal effect curve.

Marginal effect analysis for the period 0.00 to 08.00

TABLE 5. Marginal effect curves for indoor air temperature for the period 0:00 to 8:00 on 14" January 2020.

i(i)r‘le Marginal curve position Fitting function
{ Marginal effect curve equation for trellis T=0.94332%2—2.3626z +4.2601
Equation for soil marginal effect curve T=-1.1204z2>+ 1.3672z + 2.6863
5 Marginal effect curve equation for trellis T=-0.0629z>—0.0024z + 3.3119
Equation for soil marginal effect curve T=0.0241z2-0.2049z + 3.4151
3 Marginal effect curve equation for trellis T=-0.059323+0.519222~ 1.5135z + 4.6135
Equation for soil marginal effect curve T=-0.198323+ 1.432822— 3.3233z + 5.6388
4 Marginal effect curve equation for trellis T=-0.0909z3+0.795322 - 2.2195z + 5.1864
Equation for soil marginal effect curve T=-0.09772*+ 0.885622— 2.528z + 5.4603
5 Marginal effect curve equation for trellis T=0.13622~1.02z + 5.409
Equation for soil marginal effect curve T=0.1465z2-1.0935z + 5.5179
6 Marginal effect curve equation for trellis T=-0.1026z*—0.0728z + 6.4288

Equation for soil marginal effect curve

T=-0.0057z*— 0.5449z + 6.9252

As shown in Table 5, the correlation coefficient of
the curve equation R?>0.9, and the boundary curve
equation of each measurement line was well fitted.

The temperature at measurement point 1 of each
measuring line was substituted into the equation of the
marginal effect curve under the membrane as the 7 value,
and the corresponding z value was derived, which was
judged to be the boundary point of the marginal effect
under the membrane for that measuring line. The results

show that the difference between the lowest temperature
at the first measuring point near the membrane and the
average temperature for the measuring line in the same
time period was less than 0.5°C during the night of 14
January 2020. The mean temperature on the measuring
line in the time period 0:00 to 8:00 was put into the curve
equation for the marginal effect under the membrane, and
the vertical height corresponding to the mean
temperature for the measuring line was obtained. The
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temperature difference between this height and the area
formed by the boundary point of the marginal effect
under the shed film was less than 0.5°C.

The temperature at the measuring point 0.3 m
from the ground for each measuring line was substituted
into the equation for the boundary point of the marginal
effect on the ground of the corresponding measuring line
as the T value, and the z value was determined, which
was considered the boundary point for the marginal
effect at the ground for the measuring line. In order to
study the relationship between the boundary point of the

marginal effect and the horizontal distance in a more
intuitive way, a scatter plot was drawn of the length of
the line, the boundary point of the marginal effect, the
mean height of the temperature of the line, and the
horizontal distance between the line and the sunken wall.
We assumed that the y-coordinate for measurement line 6
was 11.5 m (representing the horizontal distance between
the bottom of the north wall of the sunken heliostat and
measuring line 1; the interior of the north wall was tilted
from the interior to the outside).

0:00-8:00

6 -

5 L
E
T 4 F o
S //"'
s P
,—g 5 | //,
(= 7
= /
£ > 4
& 2r
[ J/
+ /
=
i
2 1r

0 [ I I

0 2 4

8 10 12

Y coordinate of the measur |ine(m)

FIGURE 4. Relationships between boundary points of marginal effect and horizontal position during the period 0:00-8:00 on

14% January 2019.

In Figure 4, L represents the length of the
measurement line, M represents the boundary point of the
marginal effect under the greenhouse membrane, S
represents the boundary point of the marginal effect on
the ground, and LM represents the vertical height
corresponding to the mean temperature value of the
measurement line.

It can be seen from Figure 5 that with an increase
in the y coordinate value of the measuring line, the
boundary point of the marginal effect under the
greenhouse membrane gradually rose. For measuring line
4, located to the centre and to the north of the greenhouse,
the area of the marginal effect under the greenhouse film
reached 1.8 m, the vertical height difference between the
length of the measuring line and the mean value of the
measuring line temperature was 3.3 m, the temperature
difference between the measuring points in this area was
less than 0.5°C, and the low temperature area range was
larger at this time. With an increase in y, the mean value
of the measuring line temperature vertical height
gradually increased: the vertical height of the measuring
line mean temperature within the indoor planting area
was less than 2 m; the area affected by the marginal
effect under the greenhouse membrane was larger in the
middle of the greenhouse, and the area affected by the
marginal effect under the greenhouse membrane on the
south and north sides of the greenhouse became smaller.
The greenhouse soil boundary point was more stable,
and fluctuated at a height of about 0.6 m from the indoor

ground. The vertical height of the average measured line
temperature increased with y, and the mean temperature
of each measuring line increased under the extreme
conditions at night. At night, the difference between the
temperature value of the vertical height point of the mean
temperature value of each measuring line and the
temperature of the boundary point of the marginal effect
under the greenhouse membrane was less than 0.5°C, and
the difference between the temperature of the vertical
height point of the mean temperature value of each
measuring line and the temperature value of the boundary
point of the marginal effect on the ground was less than
1.1°C. Determining the boundary point of the marginal
effect under the trellis membrane and the height of the
mean temperature value for the measuring line can provide
theoretical data for the height of stereoscopic planting and
the heating area at night, meaning that frost damage to
indoor plants can be avoided in extreme climates.

Marginal effects under the trellis membrane during
the time period 0:00 to 8:00 in different months

We considered the data for the measuring points at
the span-centre position of the middle cross-section of
the greenhouse during the time period of 0:00-8:00 from
January to March 2020. The temperature values at each
measuring point were averaged over 1 h, giving a total of
eight data samples for each measuring point, and the
temperature at each measuring point was analysed for
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significance with the temperature values of the first
measuring point of the same measuring line at 5%
significance level, using a single-factor Duncan multiple
comparison and an ANOVA in SPSS software. Based on
the definition of the boundary point of the marginal effect

Height from indoor floor (m)

under the trellis membrane given in Section 3.3.1, the
boundary point for the marginal effect under the trellis
membrane was derived, and a scatter plot of the
boundary point of the marginal effect under the trellis
membrane versus time was plotted as shown in Figure 6.

0.0 L L

N
N\ q/@“ %@Q

FIGURE 5. Boundary points for the membrane boundary effect in the middle of greenhouse in different months.

From the software analysis, we find that the
boundary point of the marginal effect under the
greenhouse film at measuring line 4 across the middle of
the greenhouse cross-section is measuring point 8, which
is 1.2 m away from the indoor height, and this height is
the vertical height point corresponding to the mean value
of the measuring line temperature, because the
temperature difference between the vertical height point
of the mean value of the measuring line temperature in
the middle of the greenhouse and the vertical boundary
point of the greenhouse film is less than 0.5°C at night.

From Figure 5, we see that the boundary point of
the marginal effect under the greenhouse film at the
cross-sectional position of the greenhouse remains
unchanged over a certain time period, and the height of
the marginal effect under the greenhouse membrane at
the cross-sectional position of the greenhouse in early
January is 2.5 m. The area of the marginal effect under
the greenhouse membrane is equal to the roof height at
this horizontal position minus the boundary point of the
marginal effect under the greenhouse membrane, and the
height of the greenhouse membrane from the indoor floor
here is 4.5 m. Hence, from mid-January to early February,
the height of the boundary point of the marginal effect
under the greenhouse film at the cross-sectional position
remains unchanged at about 1.8 m from the indoor floor,
and the area of influence of the marginal effect under the
greenhouse film reaches 2.7 m. From mid-February to
mid-March, its position about 0.3 m from the indoor floor.
From mid-February to mid-March, this boundary point is
located at about 0.3 m from the indoor floor, and the
temperature of the measured point at 0.3 m from the
floor is less than 0.4°C compared with that at 4.5 m,
so the temperature difference in this area can be
considered small.

The marginal effect of the temperature
environment of solar greenhouses is very clear, and the
temperature environment of the marginal area of solar
greenhouses has been discussed in the literature by many
researchers (Chen, 2005). However, few studies have
been conducted on the marginal effect under the canopy,
and our results can therefore provide a good reference
basis for solar greenhouse heating and cold protection.

CONCLUSIONS

In this paper, we have explored the
three-dimensional thermal environment and marginal
effects of a sunken solar greenhouse; based on previous
theoretical research, we have derived a formula for the
heat absorption of indoor air in a solar greenhouse by
applying the principles of architecture and
thermodynamics, proposed a theoretical equation for heat
absorption of indoor air with horizontal and vertical
coordinates, and explained the changes in the indoor
temperature in the horizontal, vertical and longitudinal
directions. Based on the theory of internal heat
dissipation in the greenhouse, the relationship between
indoor heat dissipation and the rate of change in the
outdoor temperature was established to provide
theoretical guidance for greenhouse heating in winter. A
multi-cross-sectional temperature test was conducted to
explore the variation in the indoor temperature along the
longitudinal, lateral and vertical directions of the
greenhouse, to verify the theoretical model, and to
explore the marginal effect area based on air temperature.
The main conclusions of our work are as follows:

(i) The correlation between the heat absorption at the
indoor space point and the vertical position z of the point
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was the greatest, followed by the horizontal position y,
and finally the vertical position x.

(i1) Experimental data verified the correctness of the
theoretical models; that is, the maximum rate of change
in the temperature along the vertical direction and the
decline in the values at each measurement point at night
were approximately equal.

(iii)) When the sunken solar greenhouse was covered with
a polyethylene multifunctional composite membrane and
an acrylic cotton insulation quilt on the south side of the
roof, the indoor temperature was linearly correlated with
the outdoor temperature, and decreased by 0.35°C for
every 1°C drop in outdoor temperature. Different values
of thermal resistance will be produced for different
greenhouse membranes and warming quilts. Changes in
thermal resistance values will affect the degree of
temperature loss inside the greenhouse.

(iv) The area of marginal effect under the greenhouse
membrane varied with the time and month. In January
2020, the minimum area of marginal effect was 2 m, and
the maximum area was 2.7 m at the mid-span position of
the greenhouse mid-section.
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