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Chinese solar greenhouses are important agricultural building facilities with highly
efficient and sustainable solar energy consumption. A solar greenhouse with an
external insulation blanket for heat preservation is themost prevalent type of CSG.
However, greenhouse performance degrades as the thermal insulation
performance of the external blanket deteriorates over time when the blanket is
exposed to harsh environmental conditions. Moreover, the external blanket is
usually parked in an inconvenient location on the south roof in the practice,
resulting in shading owing to its increasing coverage length. This significantly
influences the solar radiation received by the south roof and that projected on the
wall, ultimately affecting the light performance of the greenhouse. Therefore, a
solar greenhouse with an innovatively applied internal insulation system was
proposed in this study. To analyze the light performance of the solar
greenhouse, a solar radiation model was established and verified by comparing
the measured and calculated values. Based on the calculated model results, the
spatial distribution of solar radiation inside the greenhouse and its allocation to the
interior surfaces of the greenhouse were simulated. The total captured and
transmitted solar radiation accumulations were compared for three different
roof shapes. The captured and transmitted radiation accumulation of the
greenhouse with internal insulation increased by 3.9–9.5 and 1.8–4.4 MJ
compared to the two other greenhouses, respectively. The effect of the
position of the parked blanket on the beam solar radiation projected on the
wall and ground was considered. The results indicated that the increased blanket
coverage length decreased the cumulative radiation on the wall by 25.24%–
99.82%, which did not contribute to improving greenhouse energy-saving
production. This study provides a new approach to greenhouse design and
optimization.
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1 Introduction

Greenhouse production is the most important component of
agriculture and contributes significantly to agricultural
efficiency. In greenhouses, an appropriate microclimate is
created for plant growth, isolated from external natural
conditions, rendering fresh fruits and vegetables available in
all seasons (Bazgaou et al., 2020a). Therefore, greenhouse
cultivation can achieve higher yield and quality than open-
field farming (Bazgaou et al., 2020b; Esmaeli and Roshandel,
2020). However, maintaining an optimal environment in a well-
operated greenhouse requires energy to meet the heating,
cooling, ventilation, and lighting demands (Cuce et al., 2016;
Hassanien et al., 2016; Trypanagnostopoulos et al., 2017;
Aldaftari et al., 2019). With the development of scale and
industrialization in modern agricultural facilities, greenhouse
energy systems are still met by burning large amounts of fossil
fuels, contributing to greenhouse gas emissions and damaging the
environment (Vadiee and Martin, 2012; Taki et al., 2018; Chen
et al., 2020). The constant increase in fossil fuel prices has also
significantly intensified greenhouse production costs (Canakci
et al., 2013; Shukla et al., 2016).

As fossil energy increasingly depletes and the environmental
pollution caused by fossil fuel combustion worsens, energy
selection and utilization in agricultural greenhouses have
become critical issues. Therefore, the development of
sustainable agriculture requires alternative renewable energy
sources and energy-saving solutions (Cuce et al., 2016; Gorjian
et al., 2021). In recent decades, renewable energy sources such as
ground or air source heat pumps (Lund et al., 2005),
photovoltaic/thermal systems (Cossu et al., 2014) and
biomass energy (Bibbiani et al., 2017) have been widely
applied in agricultural greenhouses to reduce energy
consumption. Solar energy is considered the foremost
greenhouse energy source due to its sustainability,
cleanliness, affordability, safety, and abundance; it effortlessly
provides ample illumination and thermal energy. The
utilization of solar energy in greenhouses effectively meets
their energy requirements. The transparent enclosure of solar
greenhouses facilitates the entry of solar energy into their
interiors, thereby influencing the formation and development
of the light environment. Solar greenhouses are meticulously
designed to maximize solar energy acquisition. To optimize the
performance of greenhouse solar energy utilization, various
factors that significantly impact the amount of received solar
radiation have been extensively investigated, including
greenhouse building design parameters and implementation
of advanced energy-harvesting technologies (Raptis et al.,
2017). Bot et al. (2005) designed a solar greenhouse system
that required less energy and achieved energy savings of over
60% by capturing solar energy during summer months and
storing it in an underground aquifer at moderate
temperatures. The stored energy is subsequently used during
the winter months using heat pumps. Sethi (2009) proposed a
mathematical model to compute transmitted solar radiation for
selected geometry greenhouses to identify the best greenhouse
type and orientation. Singh and Tiwari (2010) identified the
optimum greenhouse by evaluating the highest available solar

energy and lowest additional energy requirement. Çakır and
Şahin (2015) computed the seasonal total solar energy gain rate
for five greenhouse types to reveal that an elliptical greenhouse
was the optimum greenhouse for use in cold climate regions in
Turkey. El-Maghlany et al. (2015) provided an analytical
solution to calculate the amount of captured solar energy for
elliptically curved surfaces with different aspect ratios and
found that the solar energy capture reached a maximum
value at an aspect ratio of 4. Tang et al. (2020) investigated
the effectiveness of a solar greenhouse that utilized opaque
photovoltaic (OPV) modules and a solar-combined air-source
heat pump system. The results showed that the indoor
temperature was 5.3°C–7.3°C higher than the ambient
temperature during the coldest period in Kunming City when
using the heating system. The optimization of greenhouse
structures and the utilization of solar energy technologies in
solar greenhouses enhance the implementation of energy-saving
strategies. However, exploring methods to minimize energy
consumption and improve energy utilization efficiency in
greenhouses remains a significant challenge.

In China, as an unique type of solar energy collectors, Chinese
solar greenhouses (CSGs) are widely promoted in China owing to
their energy savings, improved efficiency, reduced energy
consumption, and low costs. Most CSGs in China are located
north of the Yangtze River, including in northern, northeastern,
and northwestern China, and have developed rapidly in these
regions. CSGs provide high-quantity and high-quality
agricultural products, thereby increasing farmers’ incomes.
Although CSGs frequently encounter harsh environmental
conditions in cold winters, they have achieved notable
economic and social benefits (Tong et al., 2022). CSGs allow
shortwave solar radiation to be transmitted through the
transparent south roof covered with plastic film to strike the
internal opaque surface, where part of the solar energy is
provided for plant photosynthesis, and the rest is reflected out
of the greenhouses or converted to heat that can be absorbed and
stored by the wall and ground. Due to the discontinuous solar
energy supply at night, thermal blankets are generally used to
cover the southern roof to prevent heat loss and improve indoor
thermal comfort. Meanwhile, the temperature difference between
the interior and exterior forces the northern wall and ground to
release stored heat as an energy supplement for the thermal losses
of the internal air temperature dropping (Li et al., 2010; Liu et al.,
2022). In addition, because the north roof is generally made of
lightweight thermal insulation materials, it plays a significant role
in retaining absorbed solar energy indoors. The aforementioned
building structures enveloping the enclosure space represent a
typical CSG.

In comparison to other greenhouse types worldwide, CSGs
demonstrate consistent operation with minimal or no additional
heating, particularly in cold regions of China under adverse weather
conditions. A comfortable indoor environment, which directly
influences plant physiological processes, is provided by CSGs.
The solar radiation transmitted through the transparent roof
enters the greenhouse interior forming a light environment that
depend on the transmittance and the distribution of solar radiation.
The solar radiation received by the crop canopy facilitates
photosynthesis, while the solar radiation projected onto interior
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surfaces of CSGs, such as the ground and north wall, is absorbed and
stored as heat, and released to enhance the thermal environment.
Therefore, the rational design of structures plays a crucial role in
maximizing the interception of solar energy by CSGs. This the
reason that the south roof was designed to obtain more energy from
the sun. Moreover, in CSGs, the thermal environment directly
benefits from the heat storage facilitated by the north wall.
Approximately 1/3 of the solar radiation on the transparent
south roof reaches the north wall surface and increases the
temperature, increasing the indoor air temperature by up to 10°C
(Wei et al., 2016; Zhang et al., 2016). This means that the light
performance of a solar greenhouse directly determines its heat gain,
thereby affecting energy savings in the greenhouse.

Numerous studies have evaluated the light environment in
greenhouses by analyzing the influencing factors. Tong et al.
(2018) studied solar heat gains in greenhouses with different
spans using computational fluid dynamics (CFD). A large span
received sufficiently more solar energy, whereas the tested CSGs had
the same north roof and north wall dimensions. Xu et al. (2020) used
a solar radiation model to study the effects of orientation and
structure on solar radiation interception in CSGs. Optimizing the
structural ridge height and horizontal projection of the rear roof
improved the solar energy interception of CSG-LS. Chen et al.
(2018) proposed a method for solar greenhouses to determine
the optimal orientation to maximize solar energy collection by
the south roof. Wang et al. (2010) simulated the sunlight
transmitted through four different curvilinear roofs of a solar
greenhouse. The greenhouse with a three-spline roof exhibited
more sunlight permeation than those with the other roofs. Zhang
et al. (2014) found that lighting performance was rarely improved by
changing the shape of the south roof; they designed a tilting-roof
solar greenhouse using active daylighting technology under these
circumstances. The study showed that the dip angle of the tilted roof
was actively adjusted based on solar altitude, and the daylighting
performance increased by 25.05% compared to the fixed-roof solar
greenhouse.

In addition, simulated models have been widely recognized and
applied to evaluate the lighting performance and optimize the
structural design of solar greenhouses. Tong and Li (2006)
proposed a mathematical model to simulate solar radiation on
solar greenhouse surfaces. An inclined plane was used instead of
a curved surface to analyze the influence of greenhouse-building
parameters. The results showed that the changes in span and height
affected solar radiation on the ground and north wall. Han et al.
(2014) calculated the direct, diffuse, and total solar radiation at any
point inside a greenhouse on clear days using a model that
considered the prevailing view angle. Ma et al. (2013) established
a light environment model for solar greenhouses that reflected many
factors to determine the relationship between the calculated point
and the incident solar radiation. Xu et al. (2019) established a
comparatively perfect solar radiation model to analyze the
internal radiation changes in greenhouses. This model, based on
summarizing previous models, considers the relationship between
the sun’s rays and the angle of the front roof. Zhang et al. (2020)
developed a mathematical model for solar greenhouses to evaluate
the light environment quantitatively. The model was used to obtain
the spatial distribution of solar radiation by considering the
evolution of interior solar radiation in a solar greenhouse. Huang

et al. (2020) proposed an analytical model to evaluate the total solar
radiation transmitted to the curved surface of a solar greenhouse.
The simulated results showed that the equivalent beam
transmissivity could be accurately calculated using an actual
curved surface instead of traditional simplified inclined planes.
These models describe the solar radiation received by the solar
greenhouses. However, the solar greenhouses used in these models
are typical, with a fixed transparent film covering the south roof and
an external thermal blanket that can be rolled up. In production
practice, the external thermal blankets frequently directly encounter
harsh natural environmental conditions and are affected by many
factors, such as rain, snow, and frost. This situation results in a
decline in thermal performance and an increase in greenhouse
management and production costs, thereby minimizing
profitability and sustainability. Currently, no material
simultaneously exhibits low weight, aging resistance, water
resistance, tear resistance, peel resistance, and low thermal
conductivity. Although the thermal blanket of composite
materials demonstrates a better thermal insulation effect, its
weight and cost increase with the number of materials used. Such
blankets of composite materials could not sustainably resist the
effects of the harsh environment of high altitude and cold regions. In
addition, thermal blankets negatively affect the solar radiation
transmitted into the greenhouse and the solar energy projected
on the north wall, as thermal blankets often stop at an inappropriate
position on the south roof, leading to shading caused by the
increasing coverage length of the blanket (Tong et al., 2010;
Zhang et al., 2020).

Because of the complex and diverse climate conditions in
different regions of China, selecting a suitable type of solar
greenhouse is crucial to ensure optimum light and thermal
performance based on the local environment. Inner Mongolia in
northern China is located in themiddle and high latitudes (Wu et al.,
2023). Because of its sufficient solar radiation, Inner Mongolia is
ideal for developing a solar greenhouse industry. However, thermal
blankets are easily affected by severe environmental conditions
during harsh winters. To mitigate the impact of harsh
environmental conditions on the performance of thermal
blankets, it is imperative to implement an internal insulation
system within solar greenhouse interiors, thereby enhancing the
insulation efficiency of greenhouses. Hence, a passive solar
greenhouse with internal insulation comprising an interior
thermal blanket on an independent steel frame in the
greenhouse, as shown in Figure 1, was designed and built for
crop cultivation in high latitudes and cold regions. Similar to the
air-inflated double-plastic covered greenhouse, a solar greenhouse
with an interior blanket, as opposed to a typical solar greenhouse
with an external thermal blanket, develops an effective internal
thermal insulation space when the blanket is closed at sunset. The
interior thermal blanket is thinner and more durable than the
external thermal blanket at the same thermal resistance level. The
north roof of the greenhouses with internal insulation is also
transparent as the south roof because both comprise an entire
plastic film. The light performance of a solar greenhouse directly
determines how well a greenhouse system operates. It creates
comfortable light conditions for crop photosynthesis and ensures
adequate solar energy storage by the north wall, which is generally
beneficial for the thermal environment.
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In this study, a solar radiation model was established and
used to evaluate the light environment performance of a solar
greenhouse with internal insulation, including the solar energy
captured by the roof and the solar radiation distribution
transmitted into the greenhouse. The model accuracy was
verified by comparing its simulation results with the field
measurement results. The model provided new insights and
theoretical guidance for the optimal design of greenhouse
structures and the selection of greenhouse types to reduce
production costs and improve the light and thermal
performance of solar greenhouses in northern China.

2 Materials and methods

2.1 Mathematical model

2.1.1 Spatial relationship of the sun and the solar
greenhouse

The maximum received solar radiation for a solar greenhouse
depends on the relative position between the sun and the solar
greenhouse. When designing a solar greenhouse in certain regions at
certain geographical latitudes, the dynamic changes in the sun must
be considered. Solar radiation projected onto an inclined plane

FIGURE 1
Photographic and schematic diagrams of (A) a Chinese solar greenhouse with an external thermal blanket and (B) a Chinese solar greenhouse with
an internal thermal blanket.

FIGURE 2
Schematic diagram of the spatial relationship between the sun and the solar greenhouse.
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changes with the sun’s position throughout the day. Furthermore,
the received solar radiation from a solar greenhouse varies with the
position of the curved roof. Figure 2 shows the spatial relationship
between the sun and the solar greenhouse. Beam solar radiation
represents the main direction of solar rays, and another scattered
solar radiation has the characteristic of isotropy, overlooking the
direction. The equations for the related angles are as follows:

θ t( ) � cos−1 cos β × sinh t( ) + sin β × cosh t( ) × cos A t( ) − a( )( ) (1)
In Eq. 1, θ is the incident angle of the beam solar radiation on the

curved roof, and the slope angle β of the solar radiation incident
point on the roof varies along the roof. h is the solar altitude angle, A
is the solar azimuth angle, and a is the solar greenhouse azimuth
angle. Subscript t indicates that the corresponding angles vary
dynamically with time. h and A were calculated as follows:

h t( ) � sin−1 sinφLOCAL × sinδ + cosφLOCAL × cosδ × cosω t( )( ) (2)

A t( ) � sin−1 cosδ × sinω t( )
cosh t( )

( ) (3)

where ϕLOCAL, δ, and ω refer to the geographical latitude of the solar
greenhouse, the solar declination angle, and the hour angle,
respectively. δ and ω were calculated as follows:

δ � 23.45 × sin
360 × 284 + DN( )

365
( ) (4)

ω t( ) � 15 × TLOCAL − 12( ) (5)
TLOCAL � TSTANDARD + γLOCAL − γSTANDARD

15
+ ET
60

(6)
ET � 9.87 × sin 2B − 7.53 × cosB − 1.5 × sinB (7)

B � 360 × DN − 81( )
364

(8)

where DN represents the number of days. TLOCAL and TSTANDARD

refer to the local apparent solar time and Beijing time, respectively.
γLOCAL and γSTANDARD refer to the local longitude and standard
longitude of Beijing time, respectively. ET is the time difference
between the local position and Beijing time.

2.1.2 Solar radiation captured and transmitted by
the solar greenhouse roof

When solar radiation reaches the curved roof of a solar
greenhouse in a day, the daily cumulative solar radiation Qcap

captured by the external surface of the greenhouse roof is
expressed using Eq. 9.

Qcap � ∫Tss

Tsr

∫Lroof

0
IcapdLdT (9)

Generally, the solar radiation on Earth includes beam and
diffuse solar radiation. In Eq. 9, Tss and Tsr refer to the times of
sunset and sunrise on the roof, respectively. Lroof denotes the roof
length. The captured solar radiation intensity Icap of the external
surface was calculated as follows:

Icap � Ib t( ),roof + Id t( ),roof (10)
Ib t( ),roof � I0 × cosθ t( ) × PM (11)

Id t( ),roof � I0 × sinh t( ) × cos2β2 × 1 − PM( )
2 − 2.8 × lnP

(12)

where Ib(t),roof and Id(t),roof refer to the solar beam radiation intensity
and diffuse radiation intensity on the roof with a slope angle β,
respectively. I0 is extraterrestrial solar radiation, P is the atmospheric
transparency coefficient, andM is atmospheric mass. I0 andM were
calculated using Eqs. 13,14, respectively.

I0 � 1367 × 1 + 0.034 × cos
360 × DN

365
( ) (13)

M �
1

sinh t( )
, h t( ) > 30°( )

1229 + 614 × sinh t( )( )2( )0.5 − 614 × sinh t( ), h t( ) ≤ 30°( )
⎧⎪⎪⎪⎨⎪⎪⎪⎩

(14)
When the thermal blanket was rolled up, the solar radiation

entered the solar greenhouse through a transparent film covering the
roof. The daily cumulative transmitted solar radiationQtrans through
the greenhouse roof is expressed using Eq. 15.

Qtrans � ∫Tcl

Top

∫Lroof

0
ItransdLdT (15)

where Top and Tcl are the opening and closing times of the thermal
blanket, respectively, which influence the lighting time of the solar
greenhouse. The amount of solar energy transmitted to the solar
greenhouse is strongly influenced by the transmittance of the
transparent film. Hence, the transmitted solar radiation intensity
Itrans through the transparent roof was expressed as follows:

Icap � Ib t( ),trans + Id t( ),trans (16)
Ib t( ),trans � τb t( ),θ × Ib t( ),roof (17)
Id t( ),trans � τd × Id t( ),roof (18)

where Ib(t),trans and Id(t),trans refer to the transmitted solar beam
radiation intensity and the transmitted solar diffuse radiation
intensity of the internal solar greenhouse, respectively. τb(t),θ
represents the solar beam radiation transmittance, which varies
with the solar position and sola radiation incident angle θ. τd is
the solar diffuse radiation transmittance. τb(t),θ and τd were
calculated using Eqs. 19, 20, respectively.

τb t( ),θ � τb t( ),θ × 1 − 0.93 90−θ( )( ) × 1 − θ

1000
( ) (19)

τd � τd0 × 1 − σ1( ) × 1 − σ2( ) × 1 − σ3( ) (20)
where τb0 is the beam radiation transmittance of the clear
transparent film at an incident angle of 0°, τd0 is the diffuse
radiation transmittance of the clear transparent film, and σ1, σ2,
and σ3 are the solar radiation transmission attenuations caused by
some factors, including the surface cleanliness and aging of the
transparent film and envelope shading, respectively (Ma et al., 2013).

2.1.3 Solar radiation distribution of the solar
greenhouse interior

A CSG was designed and built as a passive solar energy collector
to maximize solar radiation gain for utilizing luminous and thermal
energy. When the transmitted solar radiation enters the solar
greenhouse, it projects onto the internal surfaces of the
greenhouse structure and crop leaves, providing
photosynthetically active radiation required for crop
photosynthesis and a suitable level of indoor air temperature for
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crop growth support. Additionally, internal solar radiation projected
onto the ground and inner surface of the wall is collected and
converted into thermal energy for storage and release during
greenhouse operation. Subsequently, the solar radiation obtained
from the solar greenhouse significantly contributes to forming the
essential light and thermal environment. The specific solar radiation
distribution inside a solar greenhouse will help guide optimization
design theory and practical production based on energy savings.

An arbitrarily projected point of transmitted solar radiation in a
greenhouse space has a sunray incident point on the curved roof.
With the unconsidered beam radiation direction change affected by
the thin transparent film, the beam radiation propagates through the
incident point onto the projected point, representing the sunray
propagation path. A coordinate system was established to reflect the
physical relationship between the solar greenhouse structure and
sunlight (Figure 3). In the coordinate system, the point of
intersection of the north wall and horizontal ground is the origin
of the coordinates, and the north wall point PWH, ridge point PRH,
and span point PSP are the three basic points of the roof curve. The
curved roof was fitted, and its curve equation is expressed in Eq. 21.

y � F x( ) (21)
In Eq. 21, the roof curve can be transformed into many forms,

including parabolic, oval, circular, and double-section arc curves,
which are commonly used in roofs.

The equation of the sunray path that transmits through point Pic
on the roof and projects point Ppj inside the greenhouse is given in
Eq. 22.

y � tanh t( )
cos A t( ) − a( ) × x − xpj( ) + ypj (22)

where xpj and ypj represent the coordinate points of projected
point Ppj.

When point Ppj is on the ground, the daily cumulative projected
solar radiation Qpj,g on the ground can be expressed as:

Qpj,g � ∫Tcl

Top

∫Lspan

0
Ipj,gdLdT (23)

where Ipj,g is the projected solar radiation intensity of point Ppj on the
ground. Lspan denotes the span length. Ipj can be expressed as follows
(Zhang et al., 2020).

Ipj,g � Ib t( ),pj × Id t( ),pj (24)

Ib t( ),pj �
sin tan−1 tanh t( )

cos A t( )−a( )( ) + β( )
sin tan−1 tanh t( )

cos A t( )−a( )(( ) × Ib t( ),trans (25)

Id t( ),pj � 1
Lpj

× Xroof ,pj × ∫Lroof

0
Id t( ),transdL (26)

Xroof ,pj � 1
Lroof

× ∫Lroof

0
∫Lpj

0

cos εroof × cos εpj
πS2

dLroofdLpj (27)

whereXroof,pj is the view factor from the roof to the projected surface,
representing the fraction of the diffuse radiation leaving the roof
intercepted by the projected surface in the two-dimensional
greenhouse cross-section. S denotes the length of the connection
line between the roof and the projected surface. εroof and εpj indicate
the angles between the connection line and its normal, respectively.

2.2 Experimental conditions

A CSG with an internal thermal blanket (CSG-ITB) was used as
the experimental subject. The measurement and simulation results
were used to validate model accuracy. CSG-ITB is located in
Hohhot, Inner Mongolia, China (40.8°N, 111.7°E), with its
orientation facing south and a 5° movement from south to west.
The east–west length of the CSG-ITB was 50 m. CSG-ITB had two
independent steel frames. The upper frame was covered with a
polyolefin film, in which both the south and north roofs were
transparent, and a rolling thermal blanket was placed in the
lower frame. The equivalent slope angle of the roof was 30°. The
span, ridge height, and north wall height were 9, 4.3, and 3.2 m,
respectively. To acquire an accurate distribution of the inner solar
radiation, the CSG-ITB had no crops, and the opening and closing
times of the thermal blanket were 9:00 and 16:00, according to
general practice. The light transmittance of the clear PO film was

FIGURE 3
Cross-section diagram of sun rays projected in the solar greenhouse.
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85%. The roof comprised three arcs, and the fitting curved equation
for the roof in Eq. 21 can be expressed using Eq. 28. The slope angle β
(Eq. 29) at each point on the roof was obtained by taking the
derivative along the roof curved equation (Eq. 28). The outside and
inside solar radiation were measured using PDE-KC recorders, with
a measurement range of 0–2000 W/m2 and an accuracy of 5%. The
measurement points were located at the center of the greenhouse,
which was placed 1.5 m above the ground. The outsidemeasurement
point was placed 1.5 m above open ground. The experiment was
conducted from 1 December 2014 to 1 March 2015, and a typical
sunny day (10 January 2015) was selected as a sample for model
validation.

y � F x( ) �
17.72 − x − 3.22( )2( )0.5 + 0.44, 0≤ x < 1.5( )
141.13 − x − 0.97( )2( )0.5 − 7.57, 1.5≤ x < 8.1( )
8.76 − x − 6.05( )2( )0.5 − 0.2, 8.1≤ x ≤ 9( )

⎧⎪⎪⎨⎪⎪⎩
(28)

β �

tan−1 x − 3.22
y − 0.44

( ), 0≤ x < 1.5( )

tan−1 x − 0.97
y + 7.57

( ), 1.5≤ x < 8.1( )

tan−1 x − 6.05
y + 0.2

( ), 8.1≤ x ≤ 9( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(29)

3 Results and discussion

3.1 Model validation

To validate the accuracy of the established solar radiation model,
solar radiation was measured in CSG-ITB from 9:00 to 16:00, which

is the lighting time with the thermal blanket opening at 9:00 and
closing at 16:00 on a typical sunny day (10 January 2015). The solar
radiation intensity values from the measurement and simulation
results at different positions were compared (Figure 4). The
measured and calculated values adequately matched the overall
variation trend (Figure 4). Outdoors, the mean absolute error
(MBA) and the root mean square error (RMSE) were 23.48 and
26.23 W/m2, respectively. Inside the solar greenhouse on the
ground, the MBA and RMSE were 29.69 and 38.48 W/m2,
respectively. On the north wall of solar greenhouse, the MBA
and RMSE were 66.31 and 77.83 W/m2, respectively. The
coefficient of determination (R2) was 0.89–0.96, indicating model
reliability. However, the measured values for the wall were
consistently lower than the calculated values, as the position of
the internal thermal blanket probably caused a decline in solar

FIGURE 4
Comparison of calculated and measured values of solar radiation indoors and outdoors: (A) outdoor; (B) ground; (C) wall.

FIGURE 5
Curve equation and slope angle of the solar greenhouse roof.
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radiation availability on the wall, and the measured values were
accordingly underestimated.

3.2 Analysis of the light environment
construction of the solar greenhouse

The calculated results of the fitted roof curve and slope angle
were obtained using the model (Figure 5). The slope angle was
different at different positions on the roof and increased from north
to south. The north roof slope angle were −49.02° to −24.96°, and the
south roof slope angle were 2.56°–80.35°. Thus, the incident angle of
the beam solar radiation on the curved roof varied with the slope
angle, affecting the transmitted beam solar radiation.

To maximize solar radiation obtained through a curved roof,
based on the theory of a reasonable daylighting period (Li, 2014), the
beam radiation incident angle must be less than 40° from 10:00 to 14:
00 during the winter solstice. On a simulated sunny winter Solstice
day, the incident angle varies with time of day and position on the
roof (Figure 6). The incident angle variations were 51.5°–79.3°,
37.7°–71.4°, 24.2°–65.3°, 11.9°–61.8°, 10.1°–61.5°, 21.4°–64.3°,
34.82°–68.9°, and 48.5°–77.6° at 9:00, 10:00, 11:00, 12:00, 13:00,
14:00, 15:00, and 16:00, respectively. As previously stated, the
theoretical incident angle in the range of 0°–40° on a simplified
and equivalent inclined roof changes with time, whereas the actual
incident angle changes with time and position on the curved roof.
When taking the greenhouse roof as a tilting roof with an equivalent
slope angle of 30°, the incident angle and average transmittance of
the greenhouse were 38.9°–53.3° and 74.8%–80.6% from 10:00 to 14:
00, whereas those of the curved roof were 43.3°–68.5° and 70.7%–
77.9%, respectively. Thus, the transmitted beam radiation inside a
greenhouse with an inclined roof may have been overestimated.
Additionally, the dynamic and nonuniform radiation transmittance
on the roof causes a spatial distribution difference in the transmitted
radiation inside the greenhouse.

The spatial distribution of the transmitted solar radiation can
describe the light environment of a solar greenhouse, which directly
and dynamically influences light demand and utilization for crop
production and effectively improves the additional need for heat
energy supply. Following the model established above, the dynamic

spatial distribution of solar radiation inside a greenhouse can be
simulated accurately and efficiently. The CSG-ITB has its simulated
spatial distribution of the average radiation intensity on a
hypothetical and typical sunny day during the winter solstice,
which can objectively reflect the basic daily light performance
inside a greenhouse because it has the shortest daytime during
the winter (Figure 7). The radiation distribution exhibited
significant spatial differences that change along the span from
south to north (Figure 7). As previously mentioned, the roof
slope angle influenced the incident angle of beam radiation,
consequently altering the transmittances of the roof.
Consequently, a greater amount of solar radiation was
transmitted into the southern part of the solar greenhouse
compared to the northern part. Furthermore, due to variations in
transmittance levels creating a complex light environment within
the solar greenhouse, crop utilization of solar radiation was affected.
Therefore, it is imperative to verify the spatial distribution of solar
radiation within a solar greenhouse to ensure that the light
environment provided meets the requirements for crop.

Due to the transparent north roof and internal thermal blanket,
the entire roof was fully transparent, allowing for enhanced solar
radiation penetration. Although the solar radiation intensity was
lower in the northern region of the CSG-ITB, no shadow region was
observed due to the presence of an opaque north roof and an
external thermal blanket, which are characteristic features of a
typical CSG. Taking the horizontal plane of the crop canopy
height (1.5 m) as an example, the radiation intensity gradually
decreased from the south roof to the north wall in the range of
178.5–210.6 W/m2. The difference in radiation intensity from south
to north in terms of crop canopy height without planting crops was
small; however, the radiation intensity variation may increase with
crop growth.

Because energy-saving solar greenhouses operate without
auxiliary heating, solar energy is the only energy required to
meet plant and greenhouse energy requirements. Captured,
transmitted, and stored solar energy are crucial for maintaining
the greenhouse energy balance. The north wall is an important
greenhouse section that absorbs solar energy. Figure 8 shows the
solar radiation accumulation captured and transmitted by the
greenhouse roof and its allocation to the interior surfaces of the

FIGURE 6
Diurnal variation in (A) the solar radiation incident angle and (B) transmittance of the roof.
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greenhouse. The calculated accumulations of the captured and
transmitted radiation were 124.2 and 87.99 MJ, respectively,
indicating that 70.85% of the solar energy enters the
greenhouse through the roof from 9:00 to 16:00 and projects
on the greenhouse surfaces. The wall, ground, and north roof
(although transparent) received part of the transmitted radiation,
and the cumulative values were 33.25, 48.96, and 3.41 MJ,
respectively. The allocation on the wall and ground were
37.79% and 55.64%, respectively. However, the wall was
approximately 1/3 of the ground area. Thus, the wall stores
energy more efficiently than the ground, which should be

enhanced by increasing the wall height within a reasonable
and economical range.

3.3 Influence of solar radiation of solar
greenhouses with different roof structures

The correlation among structural parameters must be considered
when designing a solar greenhouse. The span length and ridge height
determine the size of a solar greenhouse, whereas the north wall height,
north roof length and slope angle, and equivalent slope of the south roof

FIGURE 7
Diurnal spatial distribution of the average solar radiation intensity on a clear and sunny day on the winter solstice for the solar greenhouse with an
internal thermal blanket.

FIGURE 8
Diurnal solar radiation accumulation on different surfaces of the solar greenhouse interior: (A) total captured solar radiation; (B) total transmitted
solar radiation; (C) solar radiation allocation on the wall; (D) solar radiation allocation on the ground; and (E) solar radiation allocation on the north roof.
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affect the shape of the greenhouse under fixed span length and ridge
height conditions. In other words, greenhouses of the same size differ,
including in terms of their radiation performances. In order to assess the
disparity in light performance among different roof structures of
greenhouse, three solar greenhouses with distinct roof shapes were
conducted simulations. The specifications of these simulated solar
greenhouses are presented in Table 1.

Figure 9 presents the influence of the roof shape on the captured
and transmitted radiation accumulation. The three objective
greenhouses had the same size and different shapes. The curved-roof
greenhouses achieved more captured and transmitted radiation
accumulation than the inclined-roof greenhouse. The greenhouse
with an internal thermal blanket absorbed the most radiation on a
sunny day. Compared with the two other greenhouses with external
blankets, the greenhouse featuring an internal blanket exhibited an
increase in captured and transmitted radiation accumulation of
3.9 and 1.8 MJ compared to the curved-roof greenhouse, 9.5 and
4.4MJ, respectively, over the inclined-roof greenhouse. This can be

primarily attributed to the absence of an opaque north roof and external
blanket shading, which facilitated a higher capture of diffuse radiation.
Furthermore, under conditions where an external thermal blanket cover
was present, the opaque north roof retained heat in typical solar
greenhouses that lack the ability to absorb and store solar energy but
possess a north wall for enhancing thermal environment. However, for a
greenhouse equipped with an internal thermal blanket, it appears that
the role of the north roof in heat preservation is less significant.
Therefore, there is a need to reconsider its function in solar
greenhouse design theory in order to optimize its performance.

3.4 Effect of the position of the internal
rolling thermal blanket on solar greenhouse
light performance

A greenhouse receives solar radiation when a thermal blanket
opens after sunrise and closes before sunset. The thermal blanket

TABLE 1 Structure parameters of simulated solar greenhouses.

Coverage type Roof type Equivalent roof angle (°) Length(m) Span(m) Wall height(m) Ridge height(m)

SG1 Internal Coverage Curved 30.0 50.0 9.0 3.2 4.3

SG2 External Coverage Curved 30.0 50.0 9.0 3.2 4.3

SG3 External Coverage Inclined 30.0 50.0 9.0 3.2 4.3

FIGURE 9
Diurnal captured and transmitted solar radiation accumulation of solar greenhouses with different roof shapes.
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covers the roof at night to reduce heat loss. However, the blanket
may be positioned improperly on the roof, partially blocking the
beam radiation projecting onto the wall and ground during the
lighting period. The increasing shadow area on the wall caused by
blanket shading reduces the solar energy obtained, negatively
affecting the thermal environment inside the greenhouse. In
theory, the best position is the highest point of the south roof,
which is lit; however, this method is not available in practice for

safety or other reasons. The blanket length covered on the roof
can directly exhibit influence the greenhouse light environment
at varying degrees. For a solar greenhouse with an external
thermal blanket, the blanket can be installed at a sufficiently
high height to optimize the lighting ability of the south roof.
However, the position of the internal blanket was lower than that
of the blanket in the upper and exterior frames in the vertical
direction, and the influence of the shading on the wall was

FIGURE 10
Schematic diagram of solar greenhouses with different lengths of blanket horizontal projection.

FIGURE 11
Projection position of beam solar radiation through the lower edge of the blanket with different blanket projection lengths: (A) L = 0 m; (B) L = 1.5 m;
(C) L = 3 m; (D) L = 4.5 m; (E) L = 6 m; (F) L = 7.5 m.
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inevitably severe when the horizontal projection lengths were
the same.

Figure 10 shows the different positions of the internal
blanket in the lower frame of the greenhouse. Along the span
direction from north to south, both the blanket-covered length
and length of the horizontal projection increased. The beam
solar radiation projected on the wall and ground varied with
time and blanket-covered length (Figure 11). The projected
point of beam radiation changed dynamically during the
daytime, directly affecting the region receiving beam
radiation. The area of the radiation projection was the largest
when the sun was at low altitudes, and it was smaller when the
sun was at high altitudes. The area variation increased with
increasing blanket-covered length (Figures 11A–E), and the
beam radiation did not project on the wall when the length
of the horizontal projection of the blanket was 7.5 m (L = 7.5 m)
(Figure 11F).

The blanket’s position affected the transmitted radiation
allocation on the surfaces on which the solar energy can be
converted to heat for storage/release and worsened the spatial
distribution of the solar radiation inside (Figure 12). The lighting
demands of crops in the plant region under the blanket, varying with
blanket-covered length (Figures 12A–F), were increasingly
implacable, thereby severely limiting the normal growth of crops

and significantly affecting the production efficiency of solar
greenhouses. The calculated amount of radiation projected on the
wall and ground revealed that radiation accumulation decreased
with increasing blanket-covered length (Figure 13). Compared with
the blanket-covered length of 0 m, the 1.5, 3, 4.5, 6, and 7.5 m lengths
of horizontal projection (Figures 13A–F) decreased the cumulative
radiation by 25.24%, 66.58%, 73.08%, 97.46%, and 99.82% on the
wall and 1.60%, 3.49%, 5.69%, 18.06%, and 47.47% on the ground,
respectively. Moreover, for every 0.1 m decrease in the average
projection length of the beam radiation on the wall, the
cumulative radiation decreased by approximately
1.04–1.31 MJ. The results demonstrate that the energy storage
capacity of the wall decreases, and greenhouse energy
consumption increases with increasing horizontal projection
length. Therefore, the parking positions of the blankets must be
reasonably controlled for greenhouse users to promote management
efficiency and energy-saving production.

4 Conclusion

Achieving more efficient solar energy utilization is critical to
sustainable solar greenhouse development. With the perfection of
structural design theory and the practical application of novel heat

FIGURE 12
Diurnal spatial distribution of the average solar radiation intensity inside the greenhouse with different blanket projection lengths.
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management technology, the light and thermal performance of
CSGs has been improved to suit different climate conditions for
cultivation in all seasons. In this study, the light performance of a
novel CSG with an internal thermal blanket was evaluated using a
mathematical solar radiation model. By assuming the simulated day
as a clear and sunny day on the winter solstice, the effects of the
spatial relationship between the greenhouse and the sun, the spatial
distribution in the greenhouse, and the position of the blanket on the
light environment were investigated based on the simulated results
of the model. The following conclusions were obtained:

(1) The reliability of the established model was verified by
comparing the consistencies between the measured and
simulated values.

(2) The spatial distribution of the transmitted solar radiation
declined from south to north. These results are generally
caused by the difference in the beam solar radiation
transmittance along the curved roof from the bottom to the
top. The solar radiation allocation on the wall was less than that
on the ground; however, within the same area, the wall received
more solar radiation than the ground. Thus, the wall’s
contribution to the solar energy collection was non-negligible.

(3) Under limited-size conditions, the shape of the greenhouse roof
influenced the accumulation of captured and transmitted
radiation. The curved-roof greenhouses accumulated more
solar radiation than the inclined-roof greenhouse. Moreover,
the greenhouse with an internal blanket received more diffuse
radiation because its roof was entirely transparent.

(4) The solar energy received on the wall was significantly affected
by the horizontal projection length of the north roof and blanket
horizontal projection length. This is disadvantageous in a solar
greenhouse with an internal thermal blanket. Varying with
blanket horizontal projection length, the cumulative radiation
on the wall decreased by 25.24%–99.82%, indicating that for
every 0.1 m decrease in the average projection length of the
beam solar radiation on the wall, the cumulative radiation
decreased by approximately 1.04–1.31 MJ.

The established model was validated as an accurate method for
analyzing the light performance of a solar greenhouse and can be
adapted to all types of greenhouses. In addition, because of the
complex conditions on cloudy days, solar radiation on cloudy days
was not considered. Long-term variations in solar radiation inside
greenhouses must be investigated in the future.

FIGURE 13
Dynamic variation in beam solar radiation projected points and solar radiation accumulation on the wall and ground inside the greenhouse.
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Nomenclature

A solar azimuth angle (°)

a greenhouse azimuth angle (°)

DN days number

ET the time difference between the local position and Beijing

h solar altitude angle (°)

I0 solar radiation constant (W/m2)

Ib, Id solar beam and diffuse radiation (W/m2)

L the length of the greenhouse component (m)

M the mass of the atmosphere

P a point

P atmosphere transparency coefficient

Q the solar radiation accumulation (MJ)

S the length of the connection line between roof and
projected surface (m)

TLOCAL, TSTANDARD the local apparent solar time and the Beijing time

X the view factor from roof to projected surface

Greek letters

β the slope angle of the roof (°)

γLOCAL, γSTANDARD the local longitude and standard longitude of Beijing
time (°)

δ the solar declination angle (°)

ε the angle between the connection line and its normal (°)

θ the incident angle of the beam solar radiation (°)

σ1, σ2, σ3 the solar radiation transmission attenuation

τb the solar beam radiation transmittance

τb0 the beam radiation transmittance of a clear transparent film
at an incident angle of 0°

τd the solar diffuse radiation transmittance

τd0 the diffuse radiation transmittance of a clear
transparent film

ϕLOCAL the geographical latitude of solar greenhouse (°)

ω the hour angle (°)

Subscripts and
Superscripts

cap captured

cl the closing time of the blanket

op the opening time of the blanket

g ground

ic incident

pj projected

RH ridge height

roof greenhouse roof

SP, span greenhouse span

ss the time of sunset

sr the time of sunrise

t time

trans transmitted

WH wall height
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