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ABSTRACT

Using passive solar energy for heating and lighting,
greenhouses can be maintained at significantly lower
energy consumptions. The design of the geometry of
greenhouses, on the other hand, serves as a crucial
factor that determines the effectiveness of solar energy
absorption and thermal insulation depending on
different indoor thermal conditioning requirements. This
study conducts an analytical study regarding the impacts
of greenhouse geometry on the intake of solar radiation.
When altering the slope, curve, symmetry and the
transparency of the greenhouse envelope, the light
transmittance and the solar accumulation are found to
be significantly varied. The overheating issue in summer
and evaluated under  different  greenhouse
configurations. The results of this study can be used to
optimize the design of traditional greenhouses in
different climate regions.

Keywords: greenhouse, passive solar technology,
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NONMENCLATURE
Abbreviations
ABD Ground Albedo
ALT Altitude, m
AST Apparent Solar Time
DST Daylight-Saving Time
EoT Equation of Time
NoD Number of Days
SC Solar Constant
WRC World Radiation Center
Symbols
o Thermal diffusivity (m?/s)
B Intersection angle (°)
0 Solar declination (°)
Hemispherical emittance of the
& ground surface (°)

() Latitude (°)
Y Surface azimuth angle (°)
0 Solar incidence angle (°)
Atmospheric transmittance
t coefficient
(0] Hour angle (°)
Variables
a kB Coefficients
f Transmissivity (%)
G Solar radiation intensity (W/m?)
r Correction factor
Subscripts
ex Extraterrestrial
b Normal/Direct
d Diffuse
i Infiltrated/Inner
o] Outer
z Vertical component (solar zenith)

1. INTRODUCTION

Building consumptions account for approximately
40% of the total energy consumption [1,2]. In the field of
agriculture, greenhouses typically integrate passive solar
energy utilization to enhance greenhouse efficiency
while minimizing energy demands [3,4]. The design of a
greenhouse’ geometry is thus the key to the
effectiveness of passive solar energy utilization, which
dictates its ability to absorb solar radiation and provide
thermal insulation, thereby influencing the indoor
thermal conditions. Understanding how variations in
design variables impact system performance is essential
in all engineering aspects [5,6]. And in greenhouses, solar
energy intake can also be altered by optimizing
greenhouse design to meet diverse thermal conditioning
requirements.

This study aims to explore the intricate relationship
between greenhouse geometry and solar radiation
intake through an analytical investigation. By
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manipulating parameters such as slope, curve,
symmetry, and transparency of the greenhouse
envelope, the study examines how these alterations
affect light transmittance and solar accumulation within
the structure. Particularly, this study addresses the
challenge of overheating during hot months, a critical
issue that must be mitigated to ensure optimal crop
growing conditions. Our innovative design is to optimize
the inner light environment based on the understanding
of impacts of cover dimension on solar infiltration: avoid
the intense sunlight and keep the proper radiation for
crop growth. By integrating this structural optimization,
the feasibility of the existing cooling methods, including
the featured evaporative wet wall [7], natural controlled
ventilation [8,9], natural ventilation augmentation
[10,11] climate battery [12,13], etc. may be further
enhanced to mitigate the overheating problem.

2. METHOD
2.1 The Extraterrestrial Radiation, Gex
Gex is the extraterrestrial radiation incident on the
plane normal to the radiation, yearly varying depending
on the sun-earth distance, derived by Eq. 1 [1].
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where, SC is the solar constant, defined as the unit
energy from the sun to the earth, which is 1367 W/m?
adopted by the World Radiation Center (WRC); B, in
degree, is given by Eq. 2 with the number of day (NoD).

360
— 2
B T (NoD —1) (2)

Gox = SC

2.2 The Solar Incidence Angle, 0
The incidence angle of beam radiation on a surface,

6, can be derived by Eq. 3.
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where, [ is the slope between the surface and the
horizon, ; yis the surface azimuth angle, the deviation of
the projection on a horizontal plane of the normal to the
surface from the local meridian, due south zero, east
negative, west positive; J is the solar declination, the
angular position of the sun at solar noon, north positive,
south negative, based on Eq.4; wis the hour angle, based
on Eq. 5 [14].
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where AST is the apparent solar time, in hour.

2.3 The Atmospheric Transparency

Weather fluctuations can significantly affect the
solar radiation that goes through the atmosphere. There
exists proved prediction models for atmospheric
transparency [7]. Note that even under a clear
atmospheric condition, the atmosphere still has an
impact on the radiation reaching the ground. In this
study, the radiation is formulated as a function of
atmospheric transmittance, as defined, and shown by
Egs. (6.1-6.2). 1, is a function of the solar zenith, &,, and
T4 can be derived based on 13, as presented by Egs. (7.1-
7.2) [15]. According to the specific altitude and climate,
the correction parameters of 1, can be applied as shown
in Eqg. (8.1-8.3) and the coefficients are listed in Tab. 2. 6,
can be derived by Eq. (3) with SFis zero.
Gp = GexTp (6.1)
Gy = Gy cos(0,) T4 (6.2)

k
Tp = ag + a4 exp (— = cos(az)) 7.1)

(
T4 = 0.271 — 0.2947, (7.2)
ap = 1,[0.4237 — 0.00821(6 — ALT)? (8.1)
(
(

a; = 1,[0.5055 + 0.00595(6.5 — ALT)? 8.2)
k = 1,[0.2711 + 0.01858(2.5 — ALT)? 8.3)

Tab. 1 Correction factors in the calculation of
atmospheric transparency

Climate Type 7o 7 Ty
Tropical 0.95 0.98 1.02
Mid-latitude summer 0.97 0.99 1.02
Subarctic summer 0.99 0.99 1.01
Mid-latitude winter 1.03 1.01 1.00

2.4 The Clear-Sky Solar Irradiance Incidence on Receiving

Surface

The total solar irradiance reaching the receiving
surface, G, can then be obtained by combining three
components—the beam radiance G, , the reflected
radiance G;,, and the diffuse radiance G4, as shown
by Eq. (9). The further derivations for these three
components are presented by Egs. (10.1-10.3).



Gy = Gt,b + Gt,d + Gt,r (9)
G¢p = Gpcos(6) (10.1)
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where ABD denotes the ground albedo (or hemispherical
reflectance), expressed as a fraction between 0 and 1. An
albedo of 1 implies that all sunlight is reflected without
absorption, whereas an albedo of 0 means that all
sunlight is absorbed. The commonly used albedo values
for different surfaces can be found in the documented
studies [16]. In this study, NASA monthly global albedo
map was used to determine the value of ground albedo
[17]. The diffuse radiation, G4, can be formulated using
Hay-and-Davies model, further modified by adding a
horizon brightening, which is shown by Eqg. (13), where
Al denotes the anisotropy index, which is defined as
G4/G. and Ry is the geometric factor which equals to
cos(6)/cos(6,) [18, 19]. Known as HDKR model, it is
simpler to use while still maintaining a high accuracy.

2.5 Cover Light Infiltration
There are two key variables related to glass and film
infiltration—the infiltration angle and the coating optical
property. There is an experimental relationship between
the transmissivity, f, and the incidence angle, 6, as shown
in Eq. (11) and Fig. 1 (a=1 in the reference), which
indicates the perpendicular incidence has the highest
cover infiltration [20]. When the incident angle reaches
beyond 40°, light transmission through the glass would
experience a sharp decrease, and when beyond 80°,
most light would be reflected instead of being
transmitted [21].
0\4

fi = (fdmax (1 - a(3) ) (11)

100

80

60 -

40

Light transmittance, %

20

0 Zb 4‘0 6r0 8‘0 100
Angle of light incidence, *
Fig. 1 Plot of light transmittance VS angle of light
incidence.
Then, for a single-slope greenhouse, we can roughly
estimate the infiltrated solar radiation, G;, by Eq. (12).

Gi = Gof; (12)

3. RESULTS

Fig. 2 demonstrates the potential variations that can
be achieved on the geometry of greenhouse through the
perspectives of inclination, symmetry, and curvature.
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Fig. 2 Geometric characteristics of greenhouses

3.1 Inclination

In this study, the study range of the roof inclination
is from 20° to 70°. And the latitude range is concentrated
between 0°N to 40°N. In Fig. 4, five varied, representative
latitudes 0°N, 10°N, 20°N, 30°N, and 40°N and multiple
magnitudes of slopes are selected to show the impacts
of slopes on the total solar energy accumulation in the
greenhouse.
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Fig. 3 Impacts of slopes and latitudes on solar
accumulation.

It can be observed that the significance of slope
variation is exhibited most prominently in spring and
summer. For instance, in spring, when the latitude is
20°N, and when the slope increases from 20° to 70°, the
solar accumulation decreases by 29% from 1.55 to 1.11



GJ/m?2. In general, the solar accumulation is negatively
changing with the increase in slope, except for winter. In
winter, the same trend can only be found near the
equatorial region, and in most cases, the greenhouses
can obtain more solar energy when the slope increases.
Therefore, to sum it up, when it comes to lower latitude
(close to 0°N), to mitigate the overheating issue in
summer and enhance the management of solar energy
harvesting, it is recommended to use steeper slopes. On
the other hand, when it comes to higher latitude (close
to 40°N), though the steeper slopes may slightly increase
the solar absorption in greenhouse in cold seasons, of
which the impacts to the annual greenhouse
performance are minor, the steeper slopes should still be
recommended.

3.2 Symmetry
As Fig. 2 (Symmetry), we set the symmetry variation,
keeping the same overall height, moving the apex from
the front side to the back side by an interval of % cross-
sectional width. The study of the effects of geometric
symmetry is conducted over all latitudes from 0 to 40°N.
Here we present the results for 20°N.
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Fig. 4 Coupling effects of slopes and symmetry on solar
accumulation.

From Fig. 4, the influence of symmetry is more
significant during autumn and winter seasons, where a
steeper roof inclination towards the front results in less
accumulation of sunlight. Conversely, during spring and
summer, the roof angle has a larger impact, with steeper
roofs accumulating less sunlight. Considering winter and
summer separately, selecting a symmetrical roof with a

large angle ensures minimal sunlight exposure during
summer, while still maintaining moderate sunlight
accumulation during winter. According to systematic
research, the effects of changing symmetry vary
depending on latitude. Near the equator, when the roof
is positioned further back, there is less sunlight
accumulation during spring and summer; whereas, when
the roof is positioned further forward, there is less
sunlight accumulation during autumn and winter. This is
because sunlight is abundant throughout the vyear,
requiring further balancing of symmetry.

In higher latitude regions, when the roof is
positioned further forward, there is less sunlight
accumulation during spring and summer; whereas, when
the roof is positioned further back, there is less sunlight
accumulation during autumn and winter. Therefore,
selecting a larger roof angle with a forward inclination
ensures less sunlight exposure during spring and
summer, while maintaining moderate sunlight exposure
during autumn and winter. Overall, roofs with larger
angles of symmetry (or forward inclination) can optimize
the solar greenhouse effect in temperate climates.

3.3 Curvature

In the study of curvature, the greenhouse symmetry
is maintained constant. First, on the rear roof surface, no
curvature is set and the curvature changes on the front
roof surface is observed. Then, the straight slope is
applied to the front roof surface and the curvature
changes on the rear roof surface are conducted.
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Fig. 5 At latitude of 20°N, the impacts of curvature on
the front roof on solar accumulation.



It can be observed that during spring and summer,
roofs without a flat or steep inclination are able to
maintain a lower amount of sunlight, while during
winter, there is a moderate amount of sunlight that can
be allowed.
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Fig. 6 At latitude of 20°N, the impacts of curvature on
the rear roof on solar accumulation.

It can be observed that the trends during spring and
summer are generally consistent regarding the effects of
curvature variations at the front roof. For autumn and
winter, although the effects of curvature changes are
opposite, for example, during winter, increasing
curvature on the front roof surface decreases sunlight
accumulation, while increasing curvature on the rear
roof surface increases sunlight accumulation, if set to a
large angle roof, the impact of curvature diminishes.
Overall, a large-angle roof with minimal curvature is
more suitable.

4. DISCUSSIONS BASED ON THE RESULTS

For specific regions, the optimal combination of
angle/symmetry/curvature can be achieved through
detailed model calculations. However, a more general
optimization concept can now be concluded as flat or
steep symmetrical roofs can effectively reduce sunlight
accumulation. The angle of the roof slope has the
greatest impact, while symmetry and curvature can be
appropriately  fine-tuned according to overall
requirements case-by-case [22].

On the other hand, steep slopes can affect space
utilization. In the overall design of the greenhouse roof,
if there are steep sections of slopes, there must be flatter

sections. Therefore, it could be wise to allow sunlight to
pass through the steep sections of the roof while making
the flatter sections, which receive ample sunlight,
opaque to maximize structural efficiency.

The resulting design features transparent sections on
the front-facing steep roof and opaque sections on the
flatter areas on top, as illustrated in the diagram.
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Fig. 7 At latitude of 20°N, the impacts curvature on the
rear roof on solar accumulation.
Tab. 2 Solar Accumulation at 20°N, 61° front slope, and
16° top slope.

Solar Accumulation  General General Solid Top

GJ/m? (E-W) (N-S) (E-W)
Winter 0.54 0.17 0.49
Spring 1.31 1.36 0.84
Summer 1.51 1.87 0.98
Autumn 0.86 0.52 0.61
Full Year 4.23 3.92 2.92

Here, we compared the traditional fully transparent
greenhouse setup, both in north-south and east-west
orientations, with the new design's targeted
performance in the north-south orientation. Adjusting
greenhouse orientation from east-west to north-south in
warmer regions exhibits reduction in overall sunlight
accumulation yet fails to address excessive radiation in
spring and summer while reducing sunlight in autumn
and winter. Conversely, maintaining an east-west
orientation with a sloped roof can better control sunlight
exposure in spring and summer while minimizing
reductions in autumn and winter, ensuring more uniform
radiation distribution year-round.

5. CONCLUSIONS

In this paper, a theoretical analysis is conducted on
the influence of greenhouse geometry on solar at low
latitudes. The main conclusions can be drawn below.

a) By adjusting the roof slope, the solar
accumulation can be significantly altered,
particularly during high-temperature seasons, by
up to 40%.

b) Maintaining constant height while adjusting
symmetry also affects solar accumulation but
shows limited impacts.



c) When the height and symmetry of the roof are
constant, the variations in the roof curvature
may affect the solar accumulation by over 19%.
Overall, through comparison, it was found that this
design could better block excessive solar radiation while
allowing sufficient sunlight by optimizing the geometric
design of the greenhouse.
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