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ABSTRACT

This study proposes a solar energy collection and release device based on a matrix pipe system installed on
the north wall of a solar greenhouse. The indoor thermal environment was analyzed theoretically, and finite
element simulations using ANSYS were conducted, along with comparative experiments at the College of
Engineering, Heilongjiang Bayi Agricultural University. The results showed good agreement between
theoretical predictions, simulation results, and experimental data. The proposed device significantly enhances
greenhouse thermal insulation and solar energy utilization efficiency, providing a useful reference for the
application and dissemination of similar thermal storage systems in solar greenhouses.
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INTRODUCTION

As key facilities overcoming geographical and seasonal limitations in traditional agriculture, solar
greenhouses play a vital role in enabling winter production of fruits and vegetables in northern China,
effectively alleviating seasonal supply shortages (Zhiyuan et al., 2025). Conventional solar greenhouse walls,
functioning as passive heat storage and release units, often exhibit insufficient heat dissipation during low-
temperature nights, leading to inadequate thermal support for nocturnal crop growth (Jin et al., 2019).
Enhancing heat storage and release capacity to improve nighttime indoor temperatures has thus become a
critical research focus. The integration of solar heat collection and release systems presents a promising
approach to advancing thermal performance while promoting energy conservation and emissions reduction.

Substantial research has been conducted globally to optimize the thermal performance of solar
greenhouse walls. Regarding active heat storage-release systems, A roof truss pipe water circulation system
was designed, which raised the average minimum nighttime temperature by 2.4°C, significantly improving
thermal conditions (Chengwei et al., 2016). By evaluating three water-based heat storage systems, the results
show that the performance of the solar collector system is superior to that of the traditional brick wall,
highlighting the potential of water medium as an alternative to the wall (Ying et al., 2020). An active heat
storage wall with a gravity-driven circulation pipe was proposed, simulation results confirmed that this heat
storage wall can effectively increase the night temperature, reduce the heat load, and stabilize the thermal
environment for crop growth (Jinxuan et al., 2024). By integrating active water storage bags, the insulation
performance of greenhouses can be enhanced under various weather conditions (Tuerhong et al., 2025). A
passive solar device was developed through parameter simulation, and the optimal configuration of the solar
greenhouse could be determined through energy consumption analysis (Abedini et al., 2024).
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Existing studies have established the effectiveness of active heat storage-release systems in
improving thermal environments and underscored the feasibility of water-based media, laying a technical
foundation for solar energy applications in greenhouses. However, most prior work has centered on
performance tests or simulations of individual systems, with limited comprehensive research integrating
theoretical derivation, finite element simulation, and experimental validation of solar heat collection-release
devices. This study deploys piping from a solar heat collection-release system on the north wall of a solar
greenhouse, utilizing hot water circulation for nocturnal heat release. Finite element software is employed to
simulate and compare the thermal behavior of greenhouses with and without the system. Through
experimental monitoring of indoor and back-wall temperatures, this paper analyzes temperature variation
patterns, evaluates improvements in nighttime insulation, and assesses solar energy utilization efficiency,
thereby providing theoretical and practical insights for implementing solar heat collection-release systems in
solar greenhouses.

MATERIALS AND METHODS

Model for Calculating Air Temperature in Solar Greenhouses

Assuming the solar greenhouse as a hollow cavity and neglecting radiative heat transfer from
supporting structures, the heat exchange process of indoor air primarily involves thermal interactions with the
inner surface of the plastic film, the soil surface, and the inner surface of the rear wall, as well as heat exchange
with outdoor air induced by ventilation. The thermal balance equation can be expressed by Equation (1) (Ping
etal., 2022).

c daT; Lpicy i

I heAc (T, = Ty) + hs1As1(Tsy — Ti) + hg1Ap1(Tr — Ti) + hg1Apy (Trr — T)) + 3600

(To = Tp) (€Y)
where:

Cidenotes the thermal capacity of indoor air (J/K); h. represents the convective heat transfer coefficient
between the plastic film and indoor air (W/(m?-K)); Ac is the area of the plastic film (m?); T. indicates the inner
surface temperature of the plastic film (K); hss refers to the convective heat transfer coefficient between the
soil surface and indoor air (W/(m?-K)); Ass stands for the surface area of the topsoil (m?); Tss signifies the
temperature of the topsoil (K); Ags corresponds to the interior surface area of the wall (m?); Tgs denotes the
surface temperature of the interior wall (K); hrs indicates the convective heat transfer coefficient between the
interior surface of the rear slope and indoor air (W/(m?:K)); Ars represents the interior surface area of the rear
slope; Try is the inner surface temperature of the rear slope (K); pi refers to the density of indoor air (kg/m?3);
cp,i denotes the specific heat capacity of indoor air at constant pressure (J/(kg-K)); L symbolizes the ventilation
rate, expressed as L = NVi (where N is the air exchange rate, in exchanges per hour, and Vi is the volume of
indoor air, in m3), in m¥h.

Thermal Modeling of Wall Temperature in Solar Greenhouses

The thermal transfer process of the rear wall in a solar greenhouse involves the following mechanisms:
radiative heat exchange between the inner surface of the rear wall and the inner surfaces of the plastic film,
soil, and rear slope; convective heat transfer between the inner surface of the rear wall and the indoor air;
thermal conduction between the inner and outer surfaces of the rear wall; convective heat exchange between
the outer surface of the rear wall and the outdoor air; and radiative exchange between the outer surface of the
rear wall and the sky. Consequently, the thermal balance relationship and heat transfer governing equations
can be expressed by Equations (2) to (4) (Anzhe et al., 2024; Weiwei et al., 2021).

Thermal equilibrium at the inner surface is expressed as follows:

dT,

CBld__fl = Bp1cAc(Te — Tp1) + Bs1p14s1(Ts1 — Tp1) + Brip1Ar1(Trr — Tp1) + hp1Ap1(Ti — Tp1) + Qp1s2 (2)

The governing equation for heat transfer within the intermediate layer is as follows:

dTg,
Cpa ? = Qp3p2 — Up1m2 3)
The thermal equilibrium equation for the external surface is expressed as:
dT,

Cp3 d_f'3 = BraskyArs (Tsiy — Tpz) + hzApz (T, — Tp3) + Qp3p2 )]

where:
Cs1 denotes the thermal capacity of the surface wall layer, J/K; Bg1c represents the radiative heat transfer
coefficient between the wall surface and the inner surface of the plastic film, W/(m?-K);
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Bs1s1 indicates the radiative heat transfer coefficient between the wall surface and the inner surface of
the soil, W/(m?-K); Br1ss signifies the radiative heat transfer coefficient between the inner surface of the wall
and the inner surface of the rear slope, W/(m?-K); Qg1s2 corresponds to the heat transfer from the intermediate
wall layer to the inner wall layer, W; Cg: refers to the thermal capacity of the intermediate wall layer, J/K; Tg2
is the temperature of the intermediate wall layer, K; Qgss2 describes the heat transfer from the outer wall layer
to the intermediate wall layer, W; Cg3 stands for the thermal capacity of the outer wall layer, J/K; Tgs indicates
the temperature on the exterior side of the wall, K; Bgssky represents the radiative heat transfer coefficient
between the outer wall surface and the sky, W/(m?-K); Ts denotes the effective sky temperature, K; Ags
specifies the outdoor-side surface area of the wall, m2.

Diurnal Heat Collection Performance of Solar Thermal Collector Systems

Based on data such as water density and temperature variations at different time intervals, the total heat
collection capacity (J) of the solar thermal collection and release system during operation can be calculated
using the following expression (Ren et al., 2019):

T,
Q.= Z Pw CwV Ty — Tp) (5)
T,

The total solar radiation incident upon the surface of a solar energy collection and release device is
defined as J, with its expression given by:

ty
0 =4tA) Iy 6)
to

where:

pw is the density of water, kg-m-3; Cw is the specific heat capacity of water, J/K; V is the water storage
volume, m3;T; and T are the water temperatures of the heat collection device, °C; fp and t; are the start and
end times of the system operation during the day respectively, h; A is the total area of the heat collection device,
m?; I, is the instantaneous solar irradiance on the surface of the heat collection device, W-m-2; At is the time
interval, s.

Through computational analysis, it is determined that the reservoir capacity of a solar greenhouse
equipped with a heat collection and release system can be standardized at 1.5-2.5 m*® per 100 m? of
greenhouse floor area (He et al., 2025; Han et al., 2024). Taking a 240 m? solar greenhouse as an example,
areservoir with a capacity of 4—6 m? can be configured. Assuming a water temperature variation range of 10°C,
the corresponding heat storage and release capacity amounts to 167-251 MJ.

Nocturnal Heat Dissipation Capacity of Solar Thermal Collector Systems
The thermal energy storage and release unit can be functionally characterized as a heat sink, with the
nocturnal heat flux O (W) released into the greenhouse expressed as (Xinge et al., 2023):

Qn = KpF,(tw — ti) ()

where: the heat transfer coefficient for the north wall array-configured pipelines, denoted as K, is expressed
in W/(m?-K). Based on extrapolation from relevant literature (Zhong et al., 2025), it can be approximated as 9
W/(m?-K). F, represents the surface area of the pipelines in square meters.

Taking a 240 m? solar greenhouse as an example, this study employs pipelines with an inner diameter
of 25 mm and an outer diameter of 33.5 mm. The average external surface area per meter of pipeline is
approximately 0.1 m2 With an effective heat dissipation length of 2 m per column in the matrix pipeline
arrangement, the surface area for heat dissipation per column amounts to 0.2 m2. By arranging the pipes at a
spacing of 0.2 m, the total heat dissipation area of the solar energy collection and release system reaches
approximately 40 m2. Although the water temperature in the solar energy collection and release system may
remain relatively low after daytime thermal storage, the substantial total heat dissipation area of the system
enables significant heat release. Calculations for the 240 m? solar greenhouse indicate that, with an indoor-to-
water temperature difference of 8°C, the nighttime heat flux of the solar energy collection and release system
can still achieve 2.9 kW.
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Theoretical Analysis of the Nocturnal Heating Effect of Solar Thermal Collector Systems

For the solar greenhouse with parameters established in this study, employing a thermal insulation quilt
with a heat transfer coefficient of approximately 1 W/(m?-°C), the required heating flux density to raise the
indoor temperature by 1°C is 3—4 W/m?, and the average nightly heating requirement is 110-130 kJ/m?. Taking
a 240 m? solar greenhouse as an example, a theoretical analysis of the nighttime heating performance is
conducted from two aspects: the heat storage and dissipation capacities of the solar heat collection and
release system.

In the heat storage capacity calculation, with a heating flux density of 3—4 W/m? needed per 1°C increase
in indoor temperature and an average nightly heating requirement of 110-130 kJ/m?, the total heating demand
for the entire greenhouse amounts to 26.4-31.2 MJ. Given that the water-based thermal storage unit of the
aforementioned system can achieve a heat storage and release capacity of 167—-251 MJ, and considering the
influence of weather conditions, a stable daily heat release of 80 MJ is adopted for calculation. This can raise
the indoor air temperature by approximately 2.6°C.

In the heat dissipation capacity calculation, the heating flux required to increase the indoor temperature
by 1°C is 3—-4 W/m?, corresponding to a heating power input of about 0.7 kW per 1°C rise. Based on the total
thermal power output of the solar heat collection and release system being 2.9 KW, the indoor air temperature
can be elevated by approximately 2.9°C. Therefore, according to theoretical calculations, the solar heat
collection and release system exhibits satisfactory nighttime heating performance, capable of increasing the
greenhouse indoor temperature by about 2.7°C.

Development of Finite Element Model for Solar Greenhouse

To investigate the thermal insulation performance dynamics of a solar energy collection and release
system in a solar greenhouse, a conventional wall-structured solar greenhouse was selected as the control.
Finite element simulation analysis was conducted, with both the experimental greenhouse equipped with the
solar energy system and the control greenhouse modeled at the College of Engineering, Heilongjiang Bayi
Agricultural University (46°35'N, 125°09'E). The simulation adhered to the specifications outlined in *Protected
Horticulture* by Professor Gao Lihong of China Agricultural University (Tianyang et al, 2023). Both
greenhouses were oriented east—west, facing south, with a length of 40 m, a span of 6 m, and a ridge height
of 3.2 m, as illustrated in Fig. 1. The total numbers of mesh elements were 283,140 and 590,243, respectively,
with orthogonal quality values approximating 0.8, meeting computational requirements. The material properties
of the solar greenhouse models are summarized in Table 1.

P

AR
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(a)Orthogonal quality of common wall solar greenhc;uses (b)Orthogonal quality of solar heat collection and release

device solar greenhouse

Fig. 1 — Model diagram of solar greenhouse
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Table 1
Parameters of thermal properties of solar greenhouse materials
Specific
Building Materials Density zﬁzfﬁ? heat Thickness Absorption factor of
envelope [kg/m?] [J/(k -K{] capacity [m] solar radiation
g [W/(m-K)]
North wall Clay bricks 1800 0.81 1050 0.34
Soil Soil 1900 1.518 840 0.9
Red brick 1650 0.62 840 0.2 0.6
Back slope
Asbestos tile 600 0.15 760 0,07 0.6
Cover material PE film 1360 0.15 1050 0.002
Textile category Quil 400 0.08 820 0.04

Governing equation

Within greenhouse environments, an internal thermal equilibrium is maintained through the synergistic
interactions of three heat transfer mechanisms: conduction, convection, and radiation. These processes,
encompassing both heat transfer and fluid flow, adhere to fundamental physical conservation laws (Guangyu
et al., 2022; Wang et al., 2024; Jianwei et al., 2025). Accordingly, this study is grounded in the principles of
mass conservation, momentum conservation, and energy conservation.

Boundary Condition Specification

The cladding system employs semi-transparent boundaries, with the effective sky temperature
designated as the external radiative temperature of the cover layer, thereby neglecting radiative heat exchange
with the surrounding environment (Qiangwei et al., 2024; Xinyi et al., 2024). The north wall and north slope
exterior surfaces are subjected to convective heat transfer boundary conditions. As the diurnal temperature
variation of soil below 0.55 m depth is negligible, the soil at 0.6 m underground is defined as the thermal
boundary, utilizing measured temperature values. Given that the east-west span of the greenhouse
significantly exceeds its north-south span, and the surface area of the east and west walls is relatively small
compared to other enclosure structures, heat dissipation through these walls is disregarded and adiabatic
boundary conditions are applied accordingly (Xuejiao et al., 2016).

Turbulence model and radiation model

The nocturnal temperature field within a solar greenhouse constitutes a transient process (Jingtao et al.,
2024). The greenhouse interior can be characterized as a natural convection scenario within an enclosed
space, typically assessed using the Rayleigh nhumber (Ra). A turbulent regime is identified when Ra exceeds
10; consequently, the k- turbulence model is employed for simulation. To achieve enhanced computational
accuracy, the present study utilizes the Realizable k-¢ turbulence model, incorporates boundary-layer grid
refinement, and applies the enhanced wall treatment method (Xinge et al., 2023). Additionally, the discrete
ordinates (DO) radiation model is implemented, with solar ray tracing activated during simulation. Relevant
parameters such as simulation duration and geographical location are also prescribed.

Comparative Analysis of Diurnal Temperature Variations in Greenhouses

As illustrated in Fig. 2, between 23:00 and 08:00, both greenhouses exhibited minimal temperature
fluctuations, with the greenhouse equipped with a solar heat collection and release system maintaining
temperatures 0.8—1.6 °C higher than the conventional greenhouse. The average indoor-outdoor temperature
differential increased by 1.2 °C during the night, and thermal retention efficiency improved by approximately
18%, attributable to enhanced nighttime insulation through heat exchange via the piping system carrying
heated water. After 08:00, solar radiation intensified, causing both greenhouse types to warm. However, the
warming rate of the equipped greenhouse was 2.1 °C/h, lower than the 2.4 °C/h observed in the conventional
greenhouse, owing to higher indoor humidity levels following system deactivation, which moderated heat
absorption. Daily peak temperatures occurred between 13:00 and 15:00, with the peak delayed by
approximately one hour in the equipped greenhouse due to the thermal storage and release by the water in
the piping system. During the subsequent cooling phase, the equipped greenhouse exhibited a cooling rate of
1.3 °C/h, slower than the 1.5 °C/h rate of the conventional greenhouse, as a result of heat release from the hot
water in the north-wall pipes. Based on the thermal balance model, the system contributed approximately 27%
to nighttime heat exchange, confirming its role in actively regulating the indoor thermal environment and
effectively enhancing the thermal performance of the solar greenhouse.
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Fig. 2 — Finite element simulated diurnal temperature variation in a solar greenhouse

Comparative Analysis of Temperature Field Variations

Given that the length of the solar greenhouse is approximately seven times its span, the influence along
the longitudinal dimension is relatively minor. Therefore, a two-dimensional cross-sectional temperature field was
selected for analysis. As illustrated in Fig. 3, the temperature distribution reveals the following observations:

1) At 23:00, the solar heat collection and release system operates in heat release mode, raising the
indoor temperature by 1.2 °C compared to a conventional greenhouse. By 02:00, as the heat release capacity
of the system gradually diminishes with increasing cumulative heat dissipation, the temperature difference
between the two greenhouse configurations peaks at 1.6 °C. During the period from 05:00 to 08:00, with a
deceleration in the heat release rate, the average temperatures of the two greenhouse types converge and
begin to rise gradually under the influence of solar radiation.

2) From 23:00 to 08:00, the temperature contour plots exhibit similar patterns across different time points.
The wall integrated with the solar heat collection and release system transfers heat indoors, causing the indoor
air to rise along the rear wall. The warm airflow follows an arched downward path upon encountering the cooler
southern wall surface, is reheated when passing over the ground, and thereby establishes a circulation pattern
within the greenhouse. This mechanism elevates the average indoor temperature by 0.8—1.6 °C relative to a
conventional solar greenhouse with a standard wall, effectively maintaining higher nighttime temperatures.
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23:00 Temperature Distribution Diagram of Standard 23:00 Temperature Distribution Diagram of Solar
Wall Solar Greenhouse Thermal Storage Wall in Solar Greenhouse

02:00 Temperature Distribution Diagram of Standard 02:00Temperature Distribution Diagram of Solar
Wall Solar Greenhouse Thermal Storage Wall in Solar Greenhouse
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05:00 Temperature Distribution Diagram of Standard 05:00Temperature Distribution Diagram of Solar
Wall Solar Greenhouse Thermal Storage Wall in Solar Greenhouse
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5.

08:00 Temperature Distribution Diagram of Standard 08:00Temperature Distribution Diagram of Solar

Wall Solar Greenhouse Thermal Storage Wall in Solar Greenhouse
Fig. 3 — Temperature distribution map of solar greenhouse

Overview of the Experimental Site

To validate the accuracy of finite element simulations, experimental tests were conducted on both the
internal and external environments of the greenhouse. The experimental solar greenhouse is located in Daqing
City, Heilongjiang Province (46°35’N, 125°09'E). The measured total solar radiation value is compared with
the theoretical clear-sky solar radiation of the same day, a clear-sky index greater than 0.6 is defined as a
sunny day, and a clear-sky index less than or equal to 0.6 is defined as a cloudy day. The measured
greenhouse temperature data were compared with the simulation results, to verify its changes in fact. For
experimental convenience, as illustrated in Fig. 4, the span and ridge height of the test platform were scaled
according to the reference greenhouse dimensions, (a) is the control group, and (b) is the experimental group.
The structural parameters of the solar greenhouse are presented in Table 2.

(a)Conventional Wall-Style Solar Greenhouse (b)Solar Thermal Collection and Release System
for Sunlight Greenhouse

Fig. 4 — Scale drawing of solar greenhouse

Table 2
Structure parameters of solar greenhouse
Length Span Height Back-roof angle Backwall
(m) (m) (m) () Height (m) Thickness (m)
2 1.5 1 30 0.8 0.2
RESULTS

Indoor Temperature Variations Under Typical Weather Conditions

According to Yiming Li et al., verified that the water circulation system of solar heat collection panels
has the optimal heat storage and release capacity. This system operates well and is highly adaptable,
and it has great potential to replace the traditional brick wall heat storage body in solar greenhouses
(Yiming et al., 2023).

A comparative experiment was conducted during a typical clear period from November 5 to 7, 2024. As
illustrated in Fig. 5, the temperature inside the experimental greenhouse was generally higher than that of the
control group throughout the day. At 08:00 when the thermal insulation cover was removed, the indoor
temperatures were 9.6°C and 9.2°C for the experimental and control groups, respectively. From 08:00 to 13:00,
the indoor temperature rose rapidly with increasing solar irradiance. Around 09:00, the control group exhibited
a temporarily higher temperature than the experimental group, likely due to its higher humidity. Both groups
reached their daily maximum temperatures around 13:00, with the experimental group at 20.7°C and the
control group at 19.8°C. During this period, the average temperature difference was 0.2°C, with a maximum
of 0.9°C. From 13:00 to 23:00, as solar radiation weakened, indoor temperatures decreased. After the thermal
insulation cover was reapplied at 16:00, the rate of temperature decline slowed. The average temperature
difference during this phase was 0.4°C, with a maximum of 1.2°C.
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Between 23:00 and 08:00, the heat storage and release system was activated. The average nighttime
temperatures for the experimental and control groups were 5.6°C and 5.0°C versus 4.3°C and 3.9°C,
respectively, resulting in an average difference of 1.2°C and a maximum of 2.0°C, attributable to heat released
by hot water circulation in the north wall pipes. The results indicate that the system increased the average
nighttime indoor temperature of the solar greenhouse by 1.3°C during the trial period.

A comparative experiment was conducted during a typical overcast period from November 19 to 21,
2024. As shown in Fig. 6, when the thermal blanket was removed at 8:00, the indoor temperatures of the
experimental and control groups were 7.2°C and 6.6°C, respectively. With a gradual increase in solar
irradiance in the morning, the indoor temperatures rose via heat exchange through the building envelope. Both
greenhouse types reached their daily peaks around 12:00, with the experimental group at 15.9°C and the
control group at 15.0°C, yielding an average temperature difference of 0.38°C and a maximum difference of
1.0°C. The earlier peak was attributed to insufficient total solar radiation on cloudy days. In the afternoon, as
solar radiation diminished, indoor temperatures decreased. At 16:00, the thermal blankets were deployed to
minimize heat loss. During this phase, the average temperature difference between the two groups was 0.58°C,
with a maximum of 1.5°C. The heat charge-discharge system was activated at 23:00; however, limited solar
irradiation on cloudy days resulted in lower water temperatures. The nighttime average temperatures for the
experimental group were 3.9°C and 3.8°C, compared to 3.1°C and 2.9°C for the control group, corresponding
to an average difference of 0.8°C and a maximum difference of 1.4°C. The results indicate that the solar
thermal charge-discharge system increased the average nighttime indoor temperature by 0.8°C under
overcast conditions, though its thermal retention effect was less pronounced compared to clear days.

Fig. 5 — Indoor and outdoor temperatures on a typical Fig. 6 — Indoor and outdoor temperatures on a typical
sunny day cloudy day

Temperature Variation Patterns of the Rear Wall under Typical Weather Conditions

Fig.7 illustrates that the temperature variation trends of the back wall in both the experimental and control
greenhouses are consistent, while the regulatory effect of the device on wall temperature varies with weather
conditions. During typical sunny days (November 5-7), the peak back-wall temperatures in the experimental
greenhouse occurred at 13:00, reaching 20.9°C and 21.8°C, which were 0.9°C and 1.1°C higher than those in
the control greenhouse, respectively. The temperature difference between the two groups remained minimal
from 08:00 to 23:00, except for a brief period around 10:00 when the wall temperature of the control
greenhouse temporarily exceeded that of the experimental group. This anomaly was attributed to the
absorption of solar radiation by residual water in the north-wall pipes of the experimental group. During the
device operation period from 23:00 to 08:00, the average back-wall temperature in the experimental
greenhouse reached 5.5°C, representing a 1.4°C increase compared to the control greenhouse. Under typical
overcast conditions (November 19-21), influenced by reduced solar radiation and shorter daylight duration,
the peak back-wall temperature occurred one hour earlier than on sunny days. From 23:00 to 08:00, the
average back-wall temperature in the experimental greenhouse was 3.9°C, which was 0.6°C higher than that
in the control greenhouse. The solar heat collection and release system exhibits significant thermal storage
capacity, enabling supplemental heating by releasing stored heat via hot water circulation into the interior
(including the wall) during nighttime. Moreover, abundant solar radiation on sunny days results in higher heat
accumulation in the device, leading to a more pronounced improvement in wall temperature compared to
overcast conditions.
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(a) Rear wall temperature on a typical sunny (b) Rear wall temperature on a typical cloudy
day day
Fig. 7 — Variation in rear wall temperature of solar greenhouse under typical weather conditions

Effective Diurnal Accumulated Temperature in Solar Greenhouses

Effective accumulated temperature refers to the total heat required for a crop in a greenhouse to
complete a certain developmental stage. As illustrated in Figure 7, under typical weather conditions, the solar
heat collection and release-equipped greenhouse attained a maximum daily effective accumulated
temperature of 137.4 °C-h on November 6 and a minimum of 67.7 °C-h on November 19, averaging 103.1 °C-h.
In comparison, the reference wall-body greenhouse recorded corresponding values of 127.3 °C-h (maximum),
60.9 °C-h (minimum), and an average of 94.6 °C-h during the same period. Throughout the four-day
observation, the solar-equipped greenhouse consistently maintained higher daily effective accumulated
temperatures than the reference greenhouse, with differentials ranging from 5.6 °C-h (minimum) to 12.7 °C-h
(maximum), averaging 8.5 °C-h. Compared to the conventional wall structure, the implemented system
enhances the interior's daily effective accumulated temperature by 8.9%, thereby providing more favorable
growth conditions for greenhouse flora.

////// ggni \\\\\\\\\ IEG;:‘ n::sf Wal
7z 7
7 7
2 7 7
P 7, 7
10 7
£ 7 77
2| B 7
§ 7 7
£ 77 Z
H // L
= i 77
Z Z
E 7 e
3 i 7
g 7z 77
] 7 7
il 7
z 7 7
2 o 777
z 7 7
& 7 777
% 7
7 7
7 Z
7 7
7% //////
77 %
L2 7

Fig. 8 — Daily effective accumulated temperature
CONCLUSIONS

(1) Theoretical calculations indicate that each 1°C increase in indoor temperature requires a heating flux
density of 3—4 W/m?. From the perspective of heat storage capacity, with a daily heat release of 80 MJ, the
device can raise the indoor temperature by 2.6°C. Based on heat dissipation capacity, the total heat flux of the
device is 2.9 kW, which can increase the indoor temperature by 2.9°C. The solar heat collection and release
system elevates the average indoor temperature by approximately 2.7°C, demonstrating the device’s effective
thermal retention performance during nighttime.

(2) Finite element simulation results reveal that, during nighttime, the indoor temperature of a solar
greenhouse equipped with a solar heat collection and release device is 0.8—1.6°C higher than that of a
conventional wall-structured solar greenhouse, indicating superior thermal insulation performance of the former.

(3) Comparative experiments under typical weather conditions show that, relative to a conventional wall,
the solar heat collection and release wall exhibits temperature differences of 1.4°C on sunny days and 0.6°C
on cloudy days. The average nighttime temperature differences are 1.3°C and 0.8°C for sunny and cloudy
conditions, respectively. Compared to the control wall, the effective accumulated temperature difference
averages 8.5°C-h per day, representing an 8.9% improvement in effective indoor accumulated temperature.
These findings confirm the enhanced nighttime thermal retention capability of the solar heat collection and
release system.
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Theoretical calculations and simulation results exhibit a trend highly consistent with experimental data,

indicating that the solar energy collection and release system significantly enhances the thermal insulation
performance of solar greenhouses. This improvement contributes to an increased utilization efficiency of solar
energy resources, offering valuable insights for the practical application of such systems in solar greenhouse
settings.
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