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Abstract: In order to quantitatively analyze the light radiation environment inside Chinese solar greenhouse (CSG) and select

reasonable building design parameters, a CSG solar radiation environment model reflecting various factors such as

geographical location, outside solar radiation, orientation and building parameters, front roof shape, and covering materials was

studied. The model considered the impact of both cloudy and sunny weather conditions on the inside solar radiation

environment, and established a simulation calculation method for inside direct radiation and scattered radiation. When

calculating solar scattered radiation, the ground reflected radiation and atmospheric longwave radiation was considered. When

calculating the transmittance of covering material, a structural shading loss and dust film model was introduced to calculate its

impacts on the transmittance. The model was validated experimentally in a CSG at Yongqing in Hebei Province, China. The

results showed that the model can effectively simulate the solar radiation of various points such as the ground and wall in the

greenhouse at any time, with an average relative error of 8.19% between the simulated and measured values. Based on the

established model, the impact of the geographical location, azimuth angle, and building parameters of CSG on inside solar

radiation were analyzed. The research results can provide theoretical references and relevant data for the wall and soil heat

storage, crop planting, and energy balance of enclosure structures in CSG.
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1 Introduction

In the past forty years, the rapid development of CSG has
played an important role in increasing farmers’ income and ensuring
vegetable supply; meanwhile, it also has become one of the most
profitable agricultural industries!!. At present, the research on CSG
mainly focuses on building parameters optimization™, thermal
environment models®*, heating technology™'", control systems'"*'%,
and others. Light radiation environment is one of the important
factors in CSG, and it is not only the fundamental prerequisite for
the plant photosynthesis'™', but also one of the necessary
conditions for CSG overwintering production. Therefore, it is
necessary to consider obtaining maximum solar radiation in CSG
design. Compared with the outdoor environment, CSG has
characteristics such as reduced, uneven, and changes of solar
radiation. The solar radiation conditions inside a CSG depend on
various factors such as geographical location, outside solar
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radiation, orientation and building parameters, roof shape and
covering materials, condensation amount, etc.!"”'®, The inside solar
radiation not only forms a complex pattern and spatial distribution,
but also constantly changes with seasons and time. Testing of
different regions and types of CSG is the most direct and effective
method to obtain the distribution of light radiation environment.
There are significant spatial differences in the distribution of solar
radiation in CSG. Not only does direct solar radiation affect crops,
but the distribution of scattered solar radiation also affects crop
photosynthesis and yield. The difference of solar radiation intensity
in different parts is the main reason for the air temperature
difference in the greenhouse, and it is the main reason for
inconsistent crop growth. Whether it is sunny or cloudy, the solar
radiation gradually decreases from the south edge of the CSG to the
back wall in the north-south horizontal direction, with the lowest
near the back wall ™. In the east-west direction, due to the influence
of the east and west gables, in addition to forming two triangular
weak light zones at the east and west ends in the morning and
evening, the distribution of solar radiation intensity in the east-west
direction is relatively uniform before and after noon. There is a
significant correlation between the total solar radiation inside the
greenhouse and the total outside solar radiation under different
weather conditions in each season, as well as between the total solar
radiation inside the greenhouse and time.

For the already built CSG, direct testing can grasp temperature,
solar radiation, humidity, and other factors. For greenhouses that are
still in the design stage, the method is establishing models of inside
solar radiation environment. By simulating the inside solar radiation
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environment under different conditions, building schemes and
parameters, a reasonable design plan can be determined based on
scientific evaluation. This is a feasible way to achieve a good inside
solar radiation environment for the designed CSG. Cao et al.?!
constructed a direct solar radiation simulation model, compiled a
computer program, and analyzed the instantaneous and cumulative
distribution of direct solar radiation on the ground, back wall, and
back roof to optimize lighting surface. However, this model only
considered direct solar radiation simulation and did not consider the
reflected and scattered parts. Chen et al.”? explored the impact of
gable walls on solar radiation in greenhouse and used the cloud
cover coefficient method to calculate the solar radiation on the
ground inside and outside CSG under different cloud cover weather
conditions. Xu et al.””) established a solar radiation model for a
sunny (cloudless) CSG based on meteorological data, the motion
laws of the earth and the sun, and the relationship between solar
radiation and the incidence angle of the front roof of the
greenhouse. Ma et al.?* established a relatively comprehensive CSG
solar radiation model, but it was not verified by actual data. Zhang
et al. ™ established a mathematical model to evaluate the light
radiation environment of CSG, which took into account shape
parameters, material optical properties, and inside solar radiation
evolution. Huang et al.” proposed an improved mathematical
model for calculating the total transmitted solar radiation captured
by the surface of a CSG. The model uses the MATLAB platform to
calculate the total solar radiation and considers the reflected
radiation from the outdoor ground. Chen et al.®” constructed a
mathematical model applied for the first time to analyze and
compare the amount of captured global solar radiation in various
greenhouse shapes and orientations in southern China. Pieters et
al.” used a semi one-dimensional climate model to investigate the
relative importance of the constructional parameters that influence
the solar energy collecting efficiency of greenhouses under Western
European conditions.

The propagation law of solar radiation in greenhouse is
complex, and there are many influencing factors. The current
research provides valuable reference results for the in-depth study
of the light radiation environment in CSG. However, it is difficult to
establish a universal and comprehensive model that can describe the
distribution and changes of direct and scattered solar radiation in a
greenhouse under any weather condition, and this requires a large
amount of data calculation and analysis. Currently, research mainly
focuses on theoretical model simulation and a small amount of test
data applied to model validation, and a large number of models are
difficult for actual greenhouse engineering design and scheme
optimization.

In this study, a CSG solar radiation environment model was
constructed that reflects various factors such as geographical
location, outdoor solar radiation, greenhouse orientation and
building parameters, roof shape, and covering materials, and the
experimental verification on the model was conducted. Based on the
established model, the impact of variable building parameters on
inside solar radiation was analyzed in the five typical cities of
Beijing, Shenyang, Xi’an, Lanzhou, and Xining at different azimuth
angles and under the most unfavorable lighting conditions on the
winter solstice.

2 Materials and methods

2.1 Outside solar radiation from any orientation plane
Solar radiation from any orientation plane outside on a sunny
day I, is as follows:

Lonny = Ing +1Iso (1)

where, I, and I, is direct and scattered solar radiation from any
orientation plane outside on a sunny day, W/m’.

At a specified time on a sunny day, the direct solar radiation
obtained on any plane is related to the incident angle i of sunlight on
that plane. If the inclination angle of calculated plane is 6, the
intensity of direct solar radiation received is as follows™:

Iy =1, p"-cosi 2)

I, =0.0015x° — 0.0608x" + 0.8839x"—
5.284x +11.58x* —20.099x + 1418 3)

1
m=——, (h>30°
sink
m= /1229 + (614sinkh)* — 614sink, (h < 30°)

p =0.0021x" —0.0254x + 0.7005(25°N)

p =0.0038x* - 0.0471x+0.7707(30°N)

p =0.0038x" - 0.0459x + 0.7691(35°N) (5)
p =0.0033x" - 0.0409x + 0.772(40°N)

p =0.0039x" —0.0481x + 0.787(45°N)

4)

where, I, is the solar radiation constant, W/m?; p is the atmospheric
transparency; m is the atmospheric quality; x is the months of the
year, ranging from 1 to 12; & is the solar altitude angle, (°).

The solar altitude angle can be calculated using the following
equations:

sinh = cos¢-cosd-cosw+sing-sind (6)
n—172

6 =23.45co0s (360 T ) 7

w=15 [(To— 12(1)5_/1) - 12] 8)

where, ¢ is the location latitude, (°); ¢ is the declination angle, (°);
w is the hour angle, (°); n is the number of days calculated from
January 1st; T, is the Beijing time, which is 0-24 h; A is the location
longitude, (°).

The scattered radiation received by any plane from air includes
three terms, and it is as follows:

Isg =g+ Iro+ 1 ©

where, 1, is the sky scattered radiation, W/m? I, is the ground
reflected radiation, W/m?; I is the atmospheric longwave radiation,
W/m?

a-pm-L . .0
Iy=——"———" sinh- = 10
(0= 14mmp) TN (10)
. (a-p"-I )( 29)
Lo=pc-\ I-p"- 1—cos’= 11
R = (° PSS  ainp) €53 an
where, p; is the average reflectance of ground which is 0.2.
T 4
13:5.67< 1 0“0) (0.51+0.208 Ve)) (12)
e,=RH-e, (13)

where, T, is the outside air temperature, °C; e, is the air partial
pressure of water vapor, Pa; e, is the air saturated water vapor
pressure, Pa; RH is the outside air relative humidity, %RH.

When 7,>273.15K, e, can be calculated as follows®":
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Ine, =(-7.902 98) (373 6_ 1)

+5.028 08In (373’16) -

a a

Lo
(1.3816x107) {10”3“4('-373,,6) _ 1} +

(8.1328><10'3){10’3‘”‘”( z ")—1} +1In(1013.246) (14)

When T, < 273.15K, e, is as follow.

273.1 273.1
Ine, =(-9.097 18) ( 316 _ 1) —3.566 54In ( ; 6) +
Tﬂ
0.876 793 (l - 273.16) +In(6.1071) (15)

The total solar radiation on cloudy days Icj,q, is mainly related
to the amounts of clouds CC in the sky. When CC<2, it is sunny
weather, and the total solar radiation on a sunny day can represent
the total solar radiation. When 2<C(C<8, it is common weather, and
it may be sunny or cloudy. When 8<CC<10, it is mostly cloudy. At
present, the cloud cover coefficient method is used to calculate solar
radiation on cloudy days®*:

ICloudy =CCF- ISunny (16)
where, CCF is the cloud cover coefficient, which is as follows:

CCF = 1.06 +0.012CC - 0.0084CC*(March to May)

CCF = 0.96 +0.033CC - 0.0106CC*(June to August)

CCF = 0.95+0.030CC - 0.0108CC*(September to November)

CCF = 1.14+0.003CC - 0.0082CC*(December to February)

(17)

cC
= (1-55) 1o (18)
Lsy=Iciouay — Iy (19)

where, I, and I},is the direct and scattered solar radiation from any
orientation plane outside on a cloudy day, W/m?.
2.2 The transmittance of solar radiation on greenhouse
covering materials

The transmittance of direct and scattered radiation is as
follows®*:

Ty =Tp - (I=1)-(1=1)-(1-r3) (20)

Ts =750 (1 =71)-(1=1)-(1=75) (21)
where, 7, is the transmittance of direct radiation; 7, is the
transmittance of scattered radiation; 7 is the direct radiation
transmittance of clean covering materials at an incident angle of i,
Ty = (90 — 502072506y is the scattered radiation transmittance of
clean covering materials, and the value is 70%-85%; r, is the
structure shading loss rate, which is as follow®":

[P, -tan(90—h)+G,] L,- M

r= — ul (22)

where, P, is the thickness of skeleton, m; G, is the width of the
skeleton, m; L, is the length of skeleton, m; M is the length of CSG,
m; m, is the number of skeletons arranged per meter; r, is the

transparency loss rate of covering materials due to aging, with
values ranging from 0.15 to 0.3; r; is the transparency loss rate due
to condensation of water droplets and dust. The specific calculation
is as follows":

r=fG,pg) =92.19+0.212i - 2.676p, — 4.715x 1071 —
6.501 x 1077 p, — 1.726 x 10?2 (23)

pa(k) = —4.6816k° +20.883k* —23.615k +9.2917 24)

where, p, is the dust density, g/m?; k is the absolute value of slope
at any point on the front roof curve of CSG.

The relationship between the incident point of sunlight on the
front roof and the calculated point on the ground inside the CSG is
analyzed, as shown in Figure 1. The sunlight enters the greenhouse
from point D and reaches point C on the ground. Given the
coordinate position of inside ground point C, the coordinates of the
corresponding point D can be determined by solving the roof curve
Equations (25) and (26):

Yo = f(xp) (25)
tgh,, = 22—2¢ (26)
© Xp—Xc

where, xp, yp are the horizontal and vertical coordinates of point D,
m; Xx¢, yc are the horizontal and vertical coordinates of point C, m;
h,
section of a greenhouse and the horizontal plane, (°).

is the angle between the projection of sunlight on the cross-

Tangent plane
A

Hpr"i'yzontal
plane
~C(x. .

a. Three-dimensional diagram

AG )

" D(x, ya)

B(x, )

Lb ‘ Lf

b. Cross section view

Figure 1  Analysis of the relationship between the sunlight incident
point and inside points
tgh
tgh,, = 27
Ehr = Cos &, 27
g=a—y, (28)
cosi=sink-cosf+ cosh-sinf-cose, (29)
cosd-sinw

ing=——— 30
sina o 30)

where, &, is the angle between the projection of the connecting line
between the calculation point and the sun on the horizontal plane
and the projection line of the tangent plane normal of the roof at the
incident point on the horizontal plane, (°); @ is the angle between
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the projection of the line connecting the sun to a given point on the
ground and the south direction, (°). When the sun is eastward, it is
negative, and when it is westward, it is positive. y  is the
intersection angle between the projection of the roof tangent plane
normal at the incident point on the horizontal plane and the due
south direction, (°). When the CSG is due south, then y, = 0°.
2.3 Solar radiation at any surface calculation point inside
greenhouse

For any inside point C, the direct and scattered radiation of the
sunl,, and I is related to the haze H of the covering material.

Inc =7p-Ing-(1-H) (31)

Ise = [1_ 180

T Iy + H-1p Iy (32)

2.4 Experimental greenhouse description and data collection
The experiment was carried out in the CSG of Yongqing

County, Hebei Province of China from October 2021 to April 2022

(39.42°N, 116.60°E, 11 m altitude). The CSG faces south, with a

5320

4350

a. Physical picture

Back roof

length of 60 m, a span of 10 m, and a ridge height of 5.32 m. The
back wall was 4.35 m high and 950 mm thick. From inside to
outside, it was 850 mm thick steel frame system prefabricated
reinforced concrete slab fabricated wall and 100 mm thick extruded
polystyrene board. The fabricated wall was a steel frame, the inner
and outer layers were 80 mm thick precast concrete slabs, and the
middle was 660 mm thick compacted soil, which needs to be
compacted in several times. The gable was 370 mm thick shale
brick with 100 mm thick extruded polystyrene board outside. The
film of front roof was polyolefin film with high light transmittance,
aging resistance, fog elimination, and good dripping performance,
with a thickness of 0.12 mm. The front bottom of the greenhouse
adopted electric film rolling ventilation, and the ridge adopted
intelligent roof ventilation system to adjust the size of air outlet
according to the inside air temperature feedback. The front roof was
covered with composite insulation quilt, and the rolling time was
8:30-9:00 and 16:00-16:30. The air heating system was not installed
in the greenhouse. Figure 2 is the schematic diagram of the
experimental CSG.

Quilt

Front roof

S4

| :
l 10 000 ! |

b. Cross-sectional view of CSG and measuring points layout

Figure 2 Schematic diagram of experimental CSG

The test parameters were the inside and outside solar radiation.
The outside solar radiation was measured using the meteorological
station. The inside solar radiation was collected using total radiation
sensor connected to data collector. The test parameters and
equipment were listed in Table 1. Six solar radiation measurement
points (S1, S2, S3, S4, S5, S6) were arranged in the central section
of the CSG, as shown in Figure 2b. The collection time interval was
10 min.

Table 1 Test parameters and equipment

Producer

LI-COR
Corporation, USA

Instrument
Inside total ~ LI200X total ~Spectral band: 400-1100 nm

solar radiation radiation sensor  0-1000 W-m?, £30 W-m™?

Vantage Pro2  Air temperature: —40°C-65°C

Test parameter Test range and accuracy

Outside solar outside Air relative humidity: USA
radiation ~ meteorological 0-100% RH
station Solar radiation: 0-1800 W-m™
CR1000 data Campell
- collector ° Corporation, USA

3 Results and discussion

3.1 Distribution of light radiation environment

Taking the average of six measurement points as the inside
solar radiation, Figure 3 shows the changes in total inside and
outside solar radiation during the testing period. It can be seen that

the change law of inside and outside solar radiation was consistent.
Inside solar radiation was different from inside temperature, and
there was no lag compared to outside solar radiation. Inside solar
radiation is smaller than outside due to factors such as covering
materials, structural components, and crops.

700
600 -
500 ¢
400
300
200
10

— Inside — Outside

-2

Solar radiation/W-m

S

M.HHI...\HH}JW

1-5 1-11 1-18 1-24 1-30 2-5 2-12 2-18
Date

(=]

Figure 3 Total inside and outside solar radiation

The environmental changes inside CSG were analyzed under
two typical weather conditions: 1) One day in a continuous sunny
day (January 6, 2022); 2) A continuous cloudy and snowy day
(January 21, 2022). Figure 4 shows inside solar radiation changes
with outside solar radiation for both sunny and snowy days. After
the insulation was rolled up from 8:00 to 8:30, the inside solar
radiation gradually increased and reached its peak around 12:00.
After the insulation was put down at 16:00, there was no solar
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radiation inside. On cloudy and snowy days, the highest outside
solar radiation value was 140 W/m? which was 160 W/m? lower
than on sunny days. The maximum inside solar radiation was less than
60 W/m>. It can be seen that under cloudy and snowy conditions,
due to weak inside and outside solar radiation, the inside
temperature was low, which could not meet the most suitable light

to simulate solar radiation in CSG on the winter solstice (December
22,2022), as shown in Figure 6.

Table 2 Statistics of errors between measured and
simulated values

Measure February February February February February February February

and temperature

adverse effects.

350 1

environment required by crops, and was prone to

o — SI

£ 300F —S2

z 250 3

5 S4

S 200 — 85

S 150 — S6

IS

5 100

S 50t

SRR
CTANTNOERASZANT LSRRI
Time
a. Sunny day

L[t

= 80_—32

: S3

Z 70t

ERt S4

.2 — S5

8 0T 56

i

—

= 20t

@ 10}

SOOOOOOOOOOOO [=l=lelelelelelel=l=}
SRR
OS—ANNTNOORNOO—ANNTNO-0RNO—ANNO
SRS ECEERaRAA
Time
b. Cloudy and snowy days

Figure 4 Daily change of CSG solar radiation

3.2 Simulation and analysis of light radiation environment

The outside meteorological conditions from February 13-19,
2022 were selected as input parameters of the solar radiation model.
Figure 5 shows the measured and simulated values of the mean
values of six measurement points.

-

Inside solar radiation/W-m™

500
450
400
350
300
250
200
150
100

50

CNENENEN<E << < NINININNO\O\O\O T~~~ ~C0C00O N

— Measured value — Simulated value

T L L L T T T T T T T T T T T T
(o [a\ (o) (ol (o o} [ [ (ol (o (o [ [ (ol [ [ [ [ (ol [ [ [l [ (o [ [ [N [ }
Date

Figure 5 Simulated and measured value variation curve of CSG

Statistical analysis was conducted on the simulated relative
error of points S1 to S6, as listed in Table 2. The average relative
error of all measurement points was 8.19%, which showed that the
simulated and measured values were in good agreement, and the
model accuracy was high.

3.3 Influence of different factors on inside light radiation
environment
3.3.1 Geographic location

The main areas for CSG in China are in North China,
Northwest China, Northeast China, and other regions. Five typical
cities were selected, including Beijing (39.93°N, 116.33°E),
Shenyang (41.80°N, 123.43°E), Xi’an (34.27°N, 108.93°E),
Lanzhou (36.058°N, 103.824°E), and Xining (36.56°N, 101.56°E),

Oint 13lh 14Ih 15\h 16!h 1 7Ih 1 8lh 19“\
P (Sunny) (Cloudy) (Cloudy) (Sunny) (Cloudy) (Sunny) (Sunny)
S1 10.6% 44% 81% 69% 95% 6.7% 102%
S2 6.9%  69%  9.6%  92%  9.8% 8% 9.9%
S3 79%  4.0% 82%  9.7% 104% 7.5% 10.5%
S4 6.5%  55%  73% 102% 93% 62% 10.3%
S5 85%  64%  86% 89% 10.7% 6.8%  9.5%
S6 73%  58% 68%  7.8% 102% 7.1%  9.4%
AVErage g 0500 550%  8.10% 8.78% 9.98% 7.05% 9.97%
relative error
o 600 ¢ —— Beijing —= Xian Lanzhou
= Xining = Shenyang
; 500
=
S 400+
8
'§ 300 -
‘~§ 200
5 100t
\} \} \} \} Q \} \} Q \} Q
R\ RN RN N N N N N\ N RN
S B N R IR UIRC R S

Hour

Figure 6 Simulation of solar radiation in typical urban CSG

3.3.2 Azimuth angle

Solar radiation in different directions of CSG was simulated in
five cities, with settings of due south (azimuth angle is 0°), east 5°,
cast 10°, west 5°, and west 10°, as shown in Figure 7. The influence
of changing azimuth angles on the simulated solar radiation values
in five urban CSGs was consistent. When the CSG was west 10°,
west 5°, due south, east 5°, and east 10°, the inside solar radiation
reached its peak in sequence.
3.3.3 Building parameters

Taking the winter solstice in Beijing as an example, eight
combinations of CSG building parameters (Table 3) were designed
Al-A4 represented the
combination of building parameters with variable ridge height, and
B1-B4 represented the combination of building parameters with

to simulate inside solar radiation.

horizontal projection of back roof. The simulation results are shown
in Figure 8. When the ridge height changed, there was a significant
change in the daily variation of inside solar radiation. During the
period from 9:00 to 16:00, inside solar radiation increased with the
increase of ridge height. When the horizontal projection of back
roof changed, the daily variation of inside solar radiation was not
significant.

Table 3 Combination of building parameters

Type Span/ Ridge Height of ) 'Horizontal The length of
m  height/m back wall/m projection of back roof/m back roof/m
Al 10 5.72 4 1.3 2.16
A2 10 532 4 1.3 1.85
A3 10 4.92 4 1.3 1.59
A4 10 4.52 4 1.3 1.40
Bl 10 532 4 0.9 1.60
B2 10 532 4 1.3 1.85
B3 10 532 4 1.7 2.15
B4 10 532 4 2.1 2.48
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Figure 7 Simulation of solar radiation at different azimuth angles
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Figure 8 Simulation of solar radiation under different
building parameters

4 Conclusions

A CSG solar radiation environment model reflecting various

factors such as geographical location, outside solar radiation,
greenhouse orientation and building parameters, front roof shape,
and covering materials was constructed. The model was validated in
a CSG at Yongqing in Hebei Province. The results showed that the
model’s average relative error was 8.19% between the simulated
and measured values. Based on the model, the impact of the
geographical location, azimuth angle, and building parameters of
CSG on inside solar radiation was analyzed.
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