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Abstract: The use of renewable energy for food and vegetable production is a potential sustainable
method to reduce fossil energy consumption. Chinese solar greenhouses (CSGs) are horticultural
facility buildings in the northern hemisphere that use solar energy to produce off-season vegetables
in winter. The north wall heat storage and release capacity of CSG has a significant impact on the
indoor thermal-humidity environment. However, common traditional solar greenhouses commonly
have problems such as insufficient heat storage and release, thick temperature stability zones inside
the walls, and inability to dynamically regulate the entire greenhouse environment. Therefore, a
novel active—passive heat storage wall system (APHSWS) incorporating phase change materials
has been developed to promote the thermal performance of the CSG and its internal temperature
of the thermal storage wall in this paper. Through experimental and simulation methods, the heat
storage and release of the APHSWS and its impact on the greenhouse environment are investigated.
The findings indicate that the APHSWS has increased the wall heat storage and release capacity,
compared to the ordinary greenhouse without the APHSWS, in three typical weather conditions in
winter (i.e., sunny, overcast, and cloudy); the average temperature of greenhouse with the APHSWS
has increased in indoor air temperature, wall surface temperature, and soil surface temperatures of
1.58-6.06 °C, 2.71-6.58 °C, 0.91-6.39 °C, respectively; and during the experiment, the greenhouse
with the APHSWS has a monthly average daily effective accumulated temperature of 1.39 times,
1.18 times, 0.60 times, and 0.20 times that of the ordinary greenhouse without the APHSWS from
December to March of the next year, respectively. Under typical sunny conditions, the greenhouse
wall heat storage capacity increased by 1.59-2.44 MJ/m? and the heat release capacity increased by
0.97-1.17 MJ/m?2. At the direction of wall thickness, the temperature at each point inside the wall
with the APHSWS is always higher than that of ordinary wall without the APHSWS. In addition, the
operating cost of the APHSWS in winter is analyzed.

Keywords: Chinese solar greenhouse; active—passive heat storage; heat storage wall system; phase
change material; thermal properties

1. Introduction

As the world population grows, the demand for food will increase dramatically [1]. By
2050, the world population will grow to about 9.7 billion [2], and the world food demand
will increase 70% [3,4]. One of our challenges is feeding a growing world population [5]
and developing new technologies to increase food production [6].

Greenhouse cultivation is a potential alternative way to meet food demands.

Chinese solar greenhouses (CSGs) are horticultural facility buildings in the northern
hemisphere that use solar energy to produce off-season vegetables in winter. However,
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traditional greenhouses pose significant energy consumption, high investment and operat-
ing costs [7], as they rely principally on fossil fuels. Existing studies recognized that Phase
Change Materials (PCMs) played a key role in increasing energy efficiency due to their high
heat storage capacity [8-12]. In recent years, adding PCM to enhance the thermal energy
storage capacity of building envelope structures is one of the sustainable methods for regu-
lating indoor temperature, thereby improving indoor thermal comfort and reducing energy
consumption of buildings [13]. On the one hand, it can increase the thermal capacity of
the building envelope structure, reduce indoor air temperature fluctuations, and improve
the indoor thermal environment. On the other hand, it can alleviate the contradiction
between the time and intensity of building energy supply, and play a dynamic regulatory
role, achieving the goal of reducing consumption and energy conservation. Therefore, the
application of PCM in the field of building energy conservation and research on improving
indoor thermal environment are receiving increasing attention [14]. Therefore, based on the
effectiveness of PCM in the field of building energy conservation, some experts have also
begun to apply it to enhance the heat storage and release of greenhouse walls and improve
the indoor environment of greenhouses. Zhang et al. [15] used composite inorganic PCMs
as the main body, combined with raw materials such as cement and sawdust, to prepare
a PCM module, which was fixed on the north wall skeleton of a solar greenhouse. They
collected temperature data inside the greenhouse to study its heat storage and release
effects in actual production environments. The results indicated that the thermal-humidity
environment inside the greenhouse can be improved in both winter and summer, allow-
ing crops to grow in a relatively suitable environment with gentle temperature changes.
Based on the climate characteristics of the northern region of Jiangsu Province, China,
Wu et al. [16] applied a mixture of paraffin and n-butyl stearate as a PCM to greenhouses
and compared it with ordinary solar greenhouses. The experimental results showed that
PCM could optimize the air temperature and soil temperature of greenhouse, which could
effectively reduce the temperature difference between the day and night, and increase the
nighttime temperature of the solar greenhouse.

The north wall of CSG is a major heat carrier, and the utilization of PCM on the north
wall has been in the spotlight [17,18]. How to combine PCM with the north wall of the
greenhouse in different ways to increase the heat storage and release capacity of the wall
and improve the indoor environment of the greenhouse has become a focus of research in
recent years. Meng et al. [19] applied composite PCMs as energy storage media, packaged
with Polyethylene pipes, and externally arranged on the inner surface of the north wall of
the phase change greenhouse. Zhou et al. [20] applied composite phase change insulation
mortar to the passive walls of solar greenhouses. The experiment results demonstrated that
the PCMs can increase the average indoor air temperature by 1.5 °C and increase fruit yield
by 80%. At the same time, the structural form of the wall was optimized using ANSYS
2021R2 software, and the optimal combination of phase change insulation mortar thickness
and wall thickness was obtained, making the wall have strong heat storage and release
capacity, suitable for winter greenhouse production. Guarino et al. [21] proposed a system
that integrated PCM in the north wall and conducted experiments. The experiment results
showed that the PCM wall was a good executable for solarium under cold climates. Guan
et al. [22] developed a new type of greenhouse wall with PCM wallboard. The ability of the
greenhouse wall to collect and store heat was improved, and the stability of greenhouse
temperature at night was maintained, which was beneficial to the growth of crops. It was
analyzed that, no matter how the PCM was placed in the north wall, using PCM wallboard
played a role in “peak load shifting” for the utilization of solar energy.

As can be seen from the above, using PCM in a solar greenhouse can effectively
improve the thermal performance of the entire wall and the greenhouse environment.
However, due to the limited thermal conductivity of PCM [23], it is difficult to transfer the
heat stored to the interior of the wall in a timely manner during the daytime. Moreover, at
present, the heat storage technology combining a PCM with the wall mostly adopts passive
heat storage, relying only on temperature differences for heat transfer, resulting in low heat
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transfer efficiency and low heat transfer rate; therefore, it will lead to a thicker temperature
stable zone inside the wall [24]. Guan et al. [25] analyzed the heat transfer characteristics of
the three-layer wall of phase change heat storage of CSG with a thickness of 900 mm. They
found that solar intensity affected the wall temperature to a limited depth, accounting for
about 33.3% of the wall thickness, and the temperature stable region accounts for 61.1%.
It was very limited for improving the efficiency of solar sensible heat storage on walls. In
the meantime, attention should be paid to the PCM melting—freezing cycle; the change
in outdoor temperature had the greatest influence on the cycle. In the absence of a fully
melted or frozen PCM, their ability to store heat could be reduced, especially in winter,
when low outdoor temperatures adversely affected the system [26-28]. In response to
the problems of passive heat storage, many scholars have introduced active heat storage
technology into solar greenhouses to further improve solar energy utilization, enhance
wall heat storage and release capacity, improve the environmental temperatures inside
the greenhouse, and provide a more suitable growth environment for crops. [29]. Yang
et al. [30] proposed two new types of prefabricated solar greenhouse wall structures to
address the issue of insufficient insulation and heat storage capacity of the north wall
of the greenhouse. The local traditional brick-mixed structure greenhouse was used as a
reference for the experimental study. The results showed that the two types of wall structure
greenhouses can significantly improve the insulation and heat storage performance of the
greenhouse. Kooli et al. [31] used a phase change spherical capsule packaging bed to collect
heat and exothermic energy directly from solar energy; at night, heat was released through
air circulation to actively heat the greenhouse. The analysis showed that forced convective
heat release at night could reach 30% of the total heating requirement, while the indoor
air temperature could stay at 15 °C when the outdoor air temperature dropped to 8 °C.
Arfaoui et al. [32] improved the above device and changed the original single-packed bed
into a double layer. Further analysis showed that the heat storage capacity of the device
was increased by 47% and effective heat release at night was up to 0.3 kW. Gourdo et al. [33]
and Bazgaou et al. [34] laid pebbles in deeper soil layers; the hot air was directly passed
into the cobblestone layer by the fan in the daytime, and the excess heat was collected. At
night, when the indoor air temperature was low, the fan was turned on again and heat
was released through the airflow. The air temperature of the experimental greenhouse
at night was 2.6 °C higher than that of an ordinary greenhouse. The auxiliary heater is
particularly important, given the instability of solar energy, especially during continuous
cloudy and rainy days [35]. Ling et al. [36] applied a multi-curve through an air collector
with double heat pipes as an auxiliary heater, which was equipped with a vertical air
duct. The study showed the heat transfer efficiency of the experimental wall was 66.2%
(airflow rate: 0.26 m/s; airflow direction: top in and bottom out) and the active heat storage
was about 9.43 MJ/m3. Mohsenipour et al. [37] has proposed a net-zero greenhouse that
combined Iran’s cooling, heating and electricity systems. The greenhouse realized the
cascade utilization of energy. However, economic analysis found that the initial investment
in greenhouses was high, with a payback period of 12 to 14 years.

As mentioned above, the introduction of PCMs in current solar greenhouses can solve
the common problems of low solar energy utilization, insufficient wall heat storage, and
high or low temperature inside the greenhouse in traditional CSGs. However, when using
PCM in CSG, the combination technology with the wall commonly uses methods such as
pipe packaging, capsule packaging, or mixing with cement mortar to make phase change
board blocks before simply adhering to the wall. At this time, the solar energy shining on
the surface of the north wall through the front roof is absorbed by PCM. Due to the limited
thermal conductivity of PCM, the stored heat is difficult to transfer quickly to the interior of
the wall, and it greatly reduces the heat storage capacity of greenhouse walls. Furthermore,
due to the inability to effectively transfer heat to the wall, there is generally a temperature
stable zone inside the CSG wall combined with PCM. From the inner surface of the wall
to the interior of the wall, the wall’s heat storage layer only accounts for about 30% of the
total wall thickness; the temperature stable zone accounts for about 60%. The excessively



Sustainability 2024, 16, 2624

4 0f27

thick wall temperature stable zone limits the heat storage and release capacity of the wall,
making it unable to fully utilize the wall for heat storage and release, greatly reducing the
heat storage and release efficiency of the wall.

Secondly, the use of PCM in CSG often adopts a passive heat storage method. Although
this method can achieve dynamic regulation of the overall heat and humidity balance in the
greenhouse, its heat storage and release rely entirely on the passive heat transfer caused by
the temperature difference between PCM, the wall and the environment, and its heat storage
and release cannot be accurately controlled according to actual needs; thus, it is necessary
to further rely on the combination of PCM and CSGs active passive collaborative heat
storage and release system to regulate the overall thermal environment in the greenhouse.
However, as of now, the combination of PCM and active passive collaborative heat storage
in CSG has not received sufficient attention, and system design is mostly in the conceptual
stage or a small model experiment without specific implementation and application. There
is a lack of guidance value for the application of the active passive collaborative heat storage
technology in actual solar greenhouses.

Therefore, in response to the common problems encountered in the combination of
PCM and CSG mentioned above, we proposed a new active—passive heat storage wall
system (APHSWS) incorporating PCMs in the experimental greenhouse. The APHSWS
focuses on solving the problems of crop freezing death and damage caused by insufficient
heat storage and release on the walls and low temperature in ordinary solar greenhouses
during colder winter in northern China. This system was based on passive phase change
heat storage and active solar energy collection technology. In addition to the wall used for
passive heat storage and release, an active collection system with solar collectors, ventilation
ducts, and steel tanks filled by PCM (paraffin wax), a frequency conversion centrifugal fan
and a data acquisition unit were added. Compared to previous studies on this topic, most
of them simply package PCMs and stick them to the surface of the wall, which prevents
heat from indoor surface to the interior of the wall in a timely manner, resulting in lower
temperature inside the wall. Additionally, the construction and operation costs of active
heat storage system walls are relatively high. The wall with the proposed APHSWS in this
study combined PCMs with active heat storage technology, filling PCMs into steel tanks
and placing them inside the wall. The air in the pipeline was driven by a centrifugal fan to
store and release heat, which could not only improve the utilization of solar energy, but
also solve the problem of low internal temperature and thick temperature stability zone
caused by the small thermal conductivity coefficient of PCM in the wall. The findings of
this study will provide reference for optimizing the walls and internal environment of solar
greenhouses in the engineering field.

To demonstrate the improvement of the thermal storage and release characteristics of
CSG walls by the new wall structure, this paper combined experimental and simulation
methods to test several key indicators, including the temperature of the north wall, indoor
air temperature, soil temperature and daily effective accumulative temperature (DEAT),
which were detected in both the experimental greenhouse with the APHSWS and ordi-
nary greenhouses without the APHSWS. Meanwhile, two three-dimensional heat transfer
models for ordinary greenhouse and the experimental greenhouse with the APHSWS
structure were established to comprehensively compare the temperature distribution and
heat storage and release characteristics within the walls. The advantages of APHSWS
structure walls compared to ordinary walls were also analyzed, as well as the regulation
and improvement of the entire greenhouse thermal environment in winter.

2. Materials and Methods
2.1. The APHSWS Incorporating PCMs

To comprehensively utilize solar energy and provide a comfortable indoor thermal
environment for greenhouse crops in winter, an active—passive heat storage wall system
(APHSWS) incorporating PCMs was proposed and constructed as shown in Figure 1. The
system was based on passive phase change heat storage and active solar heat collection
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technology; it consists of five sets of solar concentrating air collectors, six steel tanks filled
by PCM (paraffin wax), stainless steel coil pipes, a frequency conversion centrifugal fan
and a data acquisition system. When the heat preservation quilt was turned on during the
daytime (10:00 a.m. to 16:00), the APHSWS was also turned on. Solar energy was absorbed
by the solar concentrating air collector to heat the air in the receiver tube, and then the
heated air was driven by a frequency conversion centrifugal fan, sent the heated air through
the insulated pipe to the stainless-steel coil. After the heated air in the coil passed through
the six tanks filled by PCM, the PCM gradually underwent phase change when it absorbed
a large amount of heat from the coil pipe, the air that released heat was transported by
the insulated pipe to the solar concentrating air collector for reheating, which was then
recycled repeatedly; thus, the active heat storage process of the APHSWS was realized.
Meanwhile, the solar energy can be transmitted directly through the front roof to the inner
surface of the north wall passively and transferred to the block bricks in the form of heat
conduction, thereby the active and passive approaches were combined to greatly improve
the heat storage capacity of the wall. When the heat preservation quilt was closed in the
afternoon (from 16:00 to 10:00 day + 1), the valve was closed and centrifugal fan was turned
off and the active heat storage system was stopped. At night, the stored heat was released
into the CSG by different methods (heat convection, heat radiation and heat conduction) to
provide a suitable thermal environment for crop growth.
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- embedded into the wall 3.Valves
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Figure 1. The APHSWS incorporating PCMs.

2.2. Experimental Setup

In this experiment, a CSG was constructed in the campus of Lanzhou Jiaotong Uni-
versity (longitude 103.88° E and latitude 36.05° N) in Gansu province, China. As shown
in Figure 2, the CSG, facing south and extending along the east-west direction, was di-
vided into two parts: one applied the above-mentioned system, while the other was for
comparison. The two greenhouses have the same internal dimensions, 7 m in length and
6.88m in width. Figure 2a,b describes the structure of the two greenhouses in detail. It is
particularly noteworthy that the front roof was covered with ethylene-vinyl acetate film
(EVA film), which offers a high light transmittance and an improved anti-fogging droplet
performance. Furthermore, a 40 mm thick insulation quilt has been laid on the top of
the film to maintain the greenhouse warm at night (16:00 to 10:00 day + 1). As shown in
Figure 2b,c, the proposed wall with the APHSWS from inside to outside was made up
of a 120 mm inner bricklayer, 200 mm stainless steel tank and pipe layer, 370 mm outer
bricklayer, 200 mm expanded polystyrene (EPS) board, 50 mm thick extruded polystyrene
(XPS) board, 370 mm bricklayer and 10mm thick tiles. And six stainless steel tanks with
a dimension of 0.8 m long x 0.8 m high x 0.2 m wide were embedded in the wall, each
tank contained about 100 kg of PCM (paraffin wax), while the ordinary wall without the
APHSWS had the same structure, but without the tanks, tube layers, and solar collectors.
It played an important role in proving the thermal properties of the proposed wall as
a comparison. The actual construction processes of the two greenhouses are shown in
Figure 2d-g.
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Figure 2. Illustrations of the experiment greenhouses: (a) schematic plan; (b) section A-A; (c) section
B-B; (d) the construction process diagram of the proposed wall with the APHSWS; (e) the construction
process diagram of ordinary wall without the APHSWS; (f) the interior real picture with the proposed
wall; (g) the interior real picture with ordinary wall. (Note: In the (b,c), the red cross represents
the specific arrangement of measurement points for the experiment, the red circle represents the

pipeline).
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The paraffin wax was employed as a PCM because it is colorless and odorless with
favorable thermos-physical properties, high latent heat, negligible undercooling, and an
appropriate phase change point [38]. Moreover, different types of paraffin wax have
different melting points; the paraffin wax used in this study as shown in Figure 3. Its
Differential Scanning Calorimetry (DSC) curve, measured using model TASDT-DTA-2960
thermal analyzer (TA Instruments, New Castle, DE, USA) and based on a sample mass
of 2.13 mg with a temperature increase of 2 °C/min when heated from 0 °C to 60 °C, its
melting point, freezing point, heat of melting, and heat of freezing were found to be 28.7 °C,
23.8°C,217.2]/g, and 206.7 ] / g, respectively. The other thermos-physical properties of
PCM are shown in Table 1.

= Latent heat: 217.2J/g

3 Onset point: 28.7°C /

|| End point: 31.2°C

mg)
=
)

1
/

Heat flow (mw:.

il T T T T T 1
0 10 20 30 40 50 60

Temperature (C)

Figure 3. DSC curve of PCM used in proposed wall with the APHSWS.

Table 1. Material thermos-physical parameters of the solar greenhouse.

Thermal . ot
Materials Conductivity ?(e‘;s‘gy Spi(cliﬁfolé;zat Reference
W/(moC) g m I g
Air 0.0242 1.225 1006.43 [17]
PCM 0.26 860 See Figure 3 [17]
Bricks 0.58 1400 1050 [17]
Tiles 0.49 1800 860 [17]
Stainless steel 16.2 7700 500 [17]
EPS board 0.041 30 1380 [39]
XPS board 0.030 30 1500 [39]

2.3. Date Collection

Several important parameters were measured during the experimental tests, including,
solar radiation intensity, indoor and outdoor air temperatures, wall temperatures at distinct
locations, soil temperatures at the ground level and at depths of 10 cm and 30 cm, air
temperatures and velocities at the outlet and inlet of the tube.

The outdoor air temperatures and solar radiation intensity were collected automat-
ically by the PC-4 portable weather station. The two data acquisition devices (Keysight
34972A, Keysight Technologies, Santa Rosa, CA, USA) for recording and monitoring were
composed of 76 T-type thermocouples with an accuracy of £0.3 °C, which was calibrated
in 0 °C ice water; Figure 2a—c shows the positions of these temperature measuring points.
During the experiment, the air velocity was regulated and controlled by the frequency
converter. The relationship between the air velocity and the frequency of the frequency
converter is verified by the model 6112 anemometer. Furthermore, the power consump-
tion of the frequency centrifugal fan was measured by an ammeter with an accuracy of
0.01 kWh. The above parameters were experimentally tested at intervals of 10 min.
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2.4. Experiment Weather Conditions

For the study, we collected data from 15 December 2018 to 15 March 2019, more than
90 days. Figure 4 shows the weather parameters and trends during the experiment. Over
the entire recording period, 46% were sunny days, 18% were cloudy, 29% were overcast,
and the others were rainy and snowy days. The daily accumulated solar radiation energy
changed between 3.86 MJ/ m? and 16.86 MJ/m?2. Moreover, the outdoor air temperatures
varied between —8.1 °C and 15.2 °C, with an average temperature of 1.87 °C. Subsequently,
three representative days of varying weather (sunny, cloudy, and overcast) were selected
to carry out the experimental analysis; they were 6 February (sunny day), 7 February
(cloudy day), and 14 February (overcast day), respectively. For this period, the outdoor
air temperatures and solar radiation intensity for the three representative weather types
were depicted in Figure 5. The corresponding daily accumulated solar radiation energy
was 14.17 MJ/m? (sunny), 10.99 MJ/m? (cloudy) and 7.71 MJ/m? (overcast), respectively,
and the outdoor air temperature variation range are —1.7 °C to 10 °C (sunny), —0.7 °C to
9 °C (cloudy), —0.9 °C to 9 °C (overcast). Meanwhile, considering the limited arrangement
of measurement points in the experiment and some data that cannot be directly measured,
in order to further observe the temperature distribution of various points inside the wall
and the improvement of the thermal performance of the greenhouse and wall with the
system, we adopted a combination of experimental and numerical simulation methods to
further analyze the thermal performance of the wall. Subsequent numerical simulation
used experimental data collected on 4 February 2019 at 10:00 and 6 February 2019 at 10:00
for result analysis. Figure 6 depicted the outdoor air temperature and solar radiation
intensity used for the numerical simulation. The days chosen for analysis were sunny (with
sufficient solar radiation and a maximum of 705 W/ m2), with outdoor air temperatures
ranging from —2.8 °C to0 9.6 °C.

24 1 .. . r25
—+— Minimum outdoor temperature —=— Maximum outdoor temperature

51 —+— Average outdoor temperature == Daily accumulated solar radiation energy L20

;\ | 15

Daily accumulated solar
radiation energy (W/m?)
Outdoor temperature (°C)
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[T TR T PR 1
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o
9
a

T

14-Dec
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Figure 4. Weather parameter conditions of the whole experiment period.
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Figure 5. Weather parameter conditions of three representative days during the investigating period.
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Figure 6. Weather parameter conditions used for the numerical simulation.

2.5. Performance Indicators
2.5.1. Inner Surface Temperature of North Wall of Greenhouse

During the daytime, solar radiation energy travels through the front roof to the inner
surface of the north wall, where part of the solar energy is absorbed and conducted to the
middle layer of the north wall. At the same time, for the proposed wall, the heated air
flows into the stainless-steel coil pipes to heat the inner layer of the wall, and part of the
heat has been transferred to the inner surface of the north wall.

When the indoor air temperature of the solar greenhouse drops at nighttime, the
proposed wall and the ordinary wall conduct stored energy back to the inner surface, which
then transfers heat from the inner surface of the wall to the indoor environment through
heat convection and heat radiation. Therefore, the temperatures of the inner surface of the
two walls are selected for comparison, demonstrating the effectiveness of the proposed
wall system in improving the indoor air thermal environment in CSG [40].

2.5.2. Temperature Distribution of Wall

For the north wall of CSG, due to the effect of solar radiation, the temperature of the
wall changes alongside the thickness direction through heat conduction in the daytime,
followed by an improvement in the heat storage capacity. At night, when the indoor air
temperature of CSG decreases, the heat stored in the north wall is released gradually into
the CSG. Then, the temperature difference between the middle layer of the wall and the
inner surface of the wall reduces, leading to less heat into the greenhouse, which reduces
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the heat release capacity of the wall. However, the proposed wall of the CSG is added with
an active heat storage system incorporating PCMs. Compared with the ordinary wall of
the CSG, the internal temperature distribution is a concrete manifestation of the function of
the system. Thus, the temperature distribution of wall is another important performance
indicator [24].

2.5.3. Heat Storage and Release Capacity of Wall

During the daytime, the heat preservation quilt is removed; thus, solar radiation
energy can enter the greenhouse through polyethylene vinyl acetate film and irradiate the
inner surface of north wall directly, causing a significant increase in north wall temperature,
which can significantly increase the heat storage of north wall. This improvement in daily
heat storage capacity can be obtained using Equation (1) [41].

Quns = Q (16100 ) — Q (10:: 00) (1)

where Q (10:00) and Q (16:00) represent the wall internal energies of the day at 10:00 and
16:00, respectively.

At nighttime, the heat stored in north wall is released by conduction and natural
convection and becomes the heat source of the indoor environment of CSG. Therefore,
the daily heat release capacity is considered an important indicator that is available from
Equation (2) as follows [19].

Qunr = Q (16 : 00) — Q (10 : 00 day + 1) )

where Q (16:00) represents the wall internal energies of the day at 16:00, MJ/m?; Q (10:00
day + 1) represents the wall internal energies of the north wall of the next day at 10:00,
MJ/m?2.

2.5.4. Indoor Air Temperature and Daily Effective Accumulative Temperature

As mentioned above, the heat stored in the north wall was released into the CSG at
nighttime, raising the temperature of indoor air. The aim is to provide a suitable thermal
environment for the growth and development of crops during the off-season in winter.
In the experiment, the average indoor air temperature is calculated by monitoring the
temperature at different locations of the measurement points and evaluating the effect of
the experimental wall on the improvement of the thermal comfort of the CSGs.

To appraise the environmental comfort of the CSGs, the agricultural experts put
forward the daily effective accumulated temperature (DEAT) in combination with the
biological zero temperature of the growth and development stage of crops. The DEAT is
defined as the time integral of the difference between instantaneous operating temperature
and biological zero temperature [36]. It reflects the maximum daily heat gain of a crop in a
greenhouse environment, which is calculated according to Equations (3) and (4):

DEAT = At(t)dt 3)
24h

_f Ta(r)—To if T, >To
A= { 0 i T < T, )

where DEAT is the daily effective accumulated temperature, °C. h; T is time, h; T,;;(7) is the
average temperature of indoor air at 7, °C; and T is the minimum acceptable temperature
for crops, also known as biological zero temperature, °C. In this study, Ty is set at 5 °C, as
defined by Butterfifield and Morison [42].

2.5.5. Soil Temperature

For the CSG, soil temperature plays a decisive role in the growth and development
of greenhouse crops, and directly affecting the elongation and senescence of roots, and
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affecting the absorption of water and nutrients. It is not only an important environmental
condition for the growth of greenhouse crops, but also a direct heat sources for indoor air
temperature. Soil temperature is also influenced by the thermal properties of the wall of
CSG. Therefore, soil temperature is one of the important indicators in the evaluation of
greenhouse thermal environment impact.

2.6. Experimental Uncertainty Analysis

To evaluate the reliability of the experiment results, uncertainty analysis is required.
The accuracy of the direct measurement parameters can be obtained directly from the
measuring equipment used in the experiment. In the experiment, the parameters directly
measured are temperature, air velocity, and solar radiation intensity, respectively. The
accuracy of the T-type thermocouples is +0.3 °C, that of the PC-4 portable weather station is
<5% (solar radiation) and £0.1 °C (temperature), the Model-6112 anemometer (Kanomax,
Andover, NJ, USA) with an accuracy of 0.01 m/s.

For the indirect measurement parameters, uncertainties can be calculated from the
relevant direct measurement parameters through the error transfer Equation (5) [41].

2 2 2

P 209 9 )
wy—\/%awl) +(gpo0wn) +(gdws) 4o+ (5 own) (5)

where y is a function composed of independent variables x1, x5, x3, x,; dw1, dwy, dws, and
dwy, are the uncertainties of the independent variables x1, xp, x3, and x;, respectively, %;
and wy is the uncertainty of dependent variable, %.

The indirect parameters used in this study are the daily effective accumulated tem-
perature, and the heat storage and heat release of the north wall. In accordance with
Equation (5), the uncertainties of DEAT, heat storage and release capacity of the north wall
are about 4% and 1%, respectively. The calculation results show that the uncertainty of the
indirect parameter is less than 5%, and the calculation results are reliable.

3. Numerical Simulation and Model Validation
3.1. The Establishment of Numerical Model

During experimental testing, due to the inability to arrange measurement points
continuously, the temperature data collected from various points inside the wall lacked
continuity. Therefore, in order to obtain more accurate temperature changes at various
points inside the wall and comprehensively analyze the thermal performance of the wall,
numerical simulation methods were used, and two three-dimensional models were estab-
lished, which are identical to the two actual greenhouses. An unstructured tetrahedron
mesh was used to generate the grids of the model. The grid is refined to meet the solution
of grid independence. The grid system schematic is presented in Figure 7.

air inlet
“ N tank A
tank B

wall mesh refinement

PR

tank C

air outhet
tank F
tank E

tank D
tubes

Mammm = = = = -

Figure 7. Computational domain and mesh system of the proposed greenhouse.
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3.2. The Assumptions of Numerical Model

Due to the complex heat transfer process of a CSG under the combined influence of
multiple factors, it is difficult to fully consider it during numerical simulation. In order to
facilitate simulation and analysis, and to reflect its heat transfer process to the maximum
extent possible, the following assumptions need to be made to the model:

(1) Consider the greenhouse wall to be isotropic, initially with a uniform distribution of
temperature and humidity within the wall. The solid skeleton remains unchanged,
the internal fluid does not undergo phase change or chemical reactions, and the mate-
rial properties do not change with temperature (except for phase change materials),
ignoring the contact thermal resistance at each contact surface.

(2) Consider the greenhouse as a completely enclosed chamber, ignoring the effects of
cold air infiltration and infiltration on heat transfer inside the greenhouse, ignoring
the effects of crops and their transpiration and respiration.

(3) Due to the temperature difference between the surrounding structures during the
heat transfer process of a solar greenhouse, and considering that the air domain inside
the greenhouse can cause natural convection, the Boussinesq hypothesis is adopted to
deal with the buoyancy term generated.

(4) This study uses numerical simulation methods to focus on the impact of the APHSWS
on the heat storage and release of the entire wall, as well as the temperature distribu-
tion of the wall under the system. If a collector model is added, it will lead to complex
modeling and increased computational difficulty. Therefore, this study will compile
the test values of the collector outlet temperature into the solver through experiments.

(5) Due to the large size and complex structure of numerical models, PCMs belong to the
category of variable physical properties. Calculating the natural convection of liquid
PCMs during melting requires a more precise grid structure, which will significantly
increase the calculation time. Due to the placement of PCMs inside the box, the
volume change during the solid-liquid phase transition of PCMs has a relatively small
impact on the calculation of the entire model, the natural convection heat transfer of
PCM in the box is relatively small. Therefore, the equivalent heat capacity method
is used to treat PCMs as solid with temperature-dependent specific heat capacity,
and the DSC curve measured in the experiment is used to define their specific heat
capacity.

3.3. Governing Equations

The CSG is constantly exchanging heat and mass with the outdoors; this heat transfer
and flow process are quite complicated, so its governing equations involve the law of
conservation of mass, momentum, and energy, and the general control equation is shown
in Equation (6).

d(pg) /ot + div(pug) = div(T'grade) + S (6)

where ¢ is the universal variable for the conservation of energy, momentum, and continuity
equation; u is the velocity, m/s; p is the density, kg/ m3; T is the diffusion coefficient, m?/s;
and S is the source terms.

3.4. Turbulence Model

According to the structural parameters of the CSG and the demands of greenhouse
crops for the indoor thermal environments, the Reynolds number of airflow in the tube of
the active system is above the threshold of 2300 [39] and can be considered turbulence flow.
Assuming that the flow is incompressible, the RNG k-¢ model is applied for circular tubes
as follows [43]:

d(pk) N d(pkju;) 9 (e + &> ok

ot ;o or ach}+Gk+Gb_ps_YM )
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where ¢ the turbulence energy dissipation; k is the turbulence kinetic energy; Gy is the
generation of turbulence kinetic energy due to the mean velocity gradients; G, is the
generation of turbulence kinetic energy due to buoyancy; Yy, is the contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation rate; oy and o,
are the turbulent Prandtl numbers for k and ¢, respectively; and C;, Cy. are the constants.

3.5. Radiation Model

During the daytime, the solar radiation heats the indoor air, soil, and wall surface via
the front roof of the solar greenhouse directly, and radiant heat exchanges between the
envelope and the air. Therefore, the radiation model should be turned on for calculation;
simultaneously, the DO model should be used for radiant heat transfer calculation. This
study is based on Equation (9) [43].

V(I(r,s)s) + (a +05)I(r,s) = an”— + —/ I(r,s)®(s,s")dO) 9)

where r, s, s’ are position vector, direction vector, and scattering direction vectors, respec-
tively; a, os, n are the absorption coefficient, scattering coefficient, and refractive coefficient,
respectively; o is Stephen Boltzmann'’s constant; T is the local temperature, K; I is the solar
radiation intensity; ® is phase function; and () is the solid angle.

The Solar Loading model will be activated and the Solar-Ray Tracing will be used to
input geographic location and timing region and import the solar radiation intensity of that
day.

3.6. Grid Independence Verification

Occasionally, the finer grids do not guarantee higher accuracy [44]. For this reason,
three meshes with grid numbers of 1638893, 2476732, and 3350270 were generated by
Gambit 2.4. The comparison of simulation results and experimental results are shown in
Table 2. It can be seen from Table 2 that the average error with the grid number of 2476732
is 0.27% lower than that of 1638893, but its maximum error is reduced by 8.93%, and the
difference between the maximum error and the average error is small compared with the
grid number of 3350270, but the calculation time for the grid number of 2476732 is 15 h
less than that of 3350270. To ensure the simulation accuracy and save calculation time, the
mesh with 2476732 grids was used for simulation.

Table 2. Comparison of the calculation of three selected grids with experimental results.

Number of Grids 1638893 2476732 3350270

Maximum error, % 15.2 6.27 5.77
Average error, % 2.84 2.57 2.3

Calculation time, h 23 35 50

3.7. Initial and Boundary Conditions
3.7.1. Initial Conditions

In this simulation, the temperature inside each enclosure structure in the greenhouse
at 10:00 is taken as the initial condition. Because the temperature at different thicknesses of
the wall changes with its thickness, the internal temperature tested two days in advance is
used by the wall and the air as the overall temperature of this part, as shown in Table 3.
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Table 3. Initial values of each computational domain in the two greenhouse models.

Item Name Temperature of the Proposed  Temperature of the Ordinary

Greenhouse, °C Greenhouse, °C
Tank A, Band C 11.50 -
Tank D, E and F 9.80 -
Pipe 9.35 -
Inner brick layer 9.25 6.35
EPS, XPS, Outer brick layer 6.35 6.35
Air 5.50 3.85

3.7.2. Boundary Conditions

The external surfaces of the roof and walls transfer heat with the outdoor environment
in the form of convection; therefore, convective boundary conditions are used for them,
and the convection temperature is the outdoor temperature. The relationship between the
convective heat transfer coefficient and air velocity is as follows [45]:

h=18.63 x (0.5 u)*% (10)

where /1 is the convection heat transfer coefficient of wall surface and roof surface, W/(m?2 °C);
and u is outdoor air velocity, m/s.

To simulate and analyze the thermal performance of the wall system under the experi-
mental conditions, the tested outdoor air temperatures are used as the simulated outdoor
air boundary condition. The Fourier expansion method is used to obtain the function
expression of outdoor air temperature versus time, and the expression is defined as a User
Defined Function (UDF) in Fluent to set its boundary conditions. The internal heat and
mass transfer process within the soil is complex. To simplifies the calculation; therefore, the
soil surface temperature is set as the measured temperature by using another UDF defini-
tion. Moreover, the east and west walls are considered insulated. The PCMs are treated
as solids, and the equivalent specific heat capacity is used to replace the heat absorbed
and released during their phase change process. Regardless of the difference in phase
change temperature, we divide their specific heat capacity into three sections to represent
the equivalent specific heat capacity is 1700 J/(kg-K) at temperatures ranging from 100 K
to 301.29 K, and 46,187 J/(kg-K) at temperatures ranging from 301.29 K to 305.87 K. At
temperatures ranging from 305.87 K to 500 K, it is 1900 J/ (kg-K).

3.8. Operating Conditions and Solution Controls

ANSYS Fluent was selected as the simulation solver in this study. In the solution
setting, the energy equation, RNG k-¢ turbulence model and DO radiation model were set
and turned on; the coupling problem of pressure and velocity in the momentum equation
was solved using the SIMPLE algorithm; the discrete schemes of momentum and energy
equations were both applied a second-order upwind, the others were a first-order upwind.
The time step was set at 60 s, the residual convergence standard of the energy equation was
107%, and the others were 1073. In addition, the PCMs were considered a solid material
with variable specific heat capacity [45]. In the heat transfer process, the heat conduction
dominated [46], while the effects of heat convection could be negligible within the PCMs.

3.9. Verification of Heat Transfer Model of CSG

To assess and verify the reliability and accuracy of the two greenhouse models es-
tablished, the indoor air temperatures of the greenhouse were used as the comparison
parameters in this study. The simulated values of the two models were compared and
analyzed with the measured values of the experimental greenhouse, as shown in Figure 8.
From Figure 8, it can be seen that, under typical sunny conditions, the variation trends
of the simulated values of the two greenhouse models established were consistent with
the experimental values, and the results were in good agreement with the experiment
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values. The maximum and average relative errors of the proposed greenhouse with the
APHSWS were 14.14% and 3.73%, respectively, while those of the ordinary greenhouse
without the APHSWS were 19.4% and 6.02%, respectively. The largest relative errors were
all at 9:00 a.m. on 5 February. At this time, the indoor air temperature was lower and, thus,
the relative error deviations were slightly larger.
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Figure 8. Comparison between simulation results and experimental results.

Through the above analysis, all errors meet the requirements, it is proved that the
established models are reliable, the model assumptions are reasonable; thus, the numerical
methods used are reliable and can be used for the simulation calculation of other conditions
in this study.

4. Results
4.1. Experimental Results

Based on the experimental data, this section analyzes the improvement effect of using
the APHSWS on the temperature of the entire greenhouse internal thermal and humidity
environment compared to ordinary walls, using four indicators: temperature on the north
wall of the greenhouse, indoor air temperature of the greenhouse, soil temperature, and
daily effective accumulated temperature.

4.1.1. Analysis of Inner Surface Temperature of North Wall

When solar radiation enters the greenhouse through the front roof, it directly irradiates
the surface of the north wall of greenhouse, and a portion of the heat is transferred to
the interior of the wall for storage through the inner surface. At the same time, the
surface of the wall undergoes convective and radiative heat exchange with the greenhouse
environment and crops. Therefore, the temperature of the inner wall surface directly affects
the greenhouse environment.

Figure 9 illustrates the inner surface temperature of north walls of the two green-
houses under different weather conditions. What was striking in this figure was that the
temperatures vary periodically and had a similar trend. From the data in Figure 9, it was
apparent that the inner surface temperature of the proposed wall with the APHSWS was
invariably higher than that of the ordinary wall without the APHSWS. Firstly, we analyze
the sunny and cloudy conditions. For sunny days, as solar radiation increased, the inner
surface temperature of the walls gradually increased, reaches the maximum value at 15:00,
and then gradually decreased as solar radiation weakened. While the sharp rise was at
14:00 on cloudy days, its maximum temperature and temperature rise are smaller than
sunny days. In the daytime, the maximum temperature difference between the proposed
wall and the ordinary wall were 8.92 °C (sunny) and 6.34 °C (cloudy), and the average
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temperature difference were 6.58 °C (sunny) and 5.00 °C (cloudy), respectively. At night,
due to the low outdoor temperature in winter in northern China, the temperature of the
wall directly determines the amount of heat released by the greenhouse wall, which in turn
affects the thermal environment and crop growth inside the greenhouse, the maximum
temperature difference between the two walls were 6.0 °C (sunny) and 5.10 °C (cloudy);
the average temperature differences were 4.71 °C (sunny) and 3.70 °C (cloudy). The heat
insulation quilt was covered on the film for keeping warm to reduce the heat loss of CSG
during overcast days; therefore, the inner surface temperature of walls changed gently as
shown in Figure 9; the maximum and the average temperature difference between the two
walls were 3.62 °C and 2.71 °C, respectively.
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Figure 9. Inner surface temperature of the north wall under different weather conditions.

According to the analysis of the surface temperatures inside the two types of walls
mentioned above, regardless of whether it is sunny, cloudy, or overcast, the inner surface
temperature of the wall of greenhouse with the APHSWS was higher than that of the wall of
greenhouse without the APHSWS. This result implies that the wall of greenhouse with the
APHSWS can provide more heat to the interior of the wall and crops inside the greenhouse,
improving the cold resistance of crops in the winter night greenhouse.

4.1.2. Analysis of Indoor Air Temperature of Two CSGs

The environmental temperature inside a solar greenhouse plays a crucial role in the
growth of crops, directly affecting their growth. Especially in the northern regions of China,
the winter is relatively cold. If the indoor temperature of the greenhouse is too low during
colder times at night, it can lead to phenomena such as crop freezing and death, causing
losses to agricultural production.

Figure 10 depicts the changes in the indoor air temperature of the two CSGs over
time under different weather conditions. It can be seen from Figure 10 that the indoor air
temperature of the two CSGs showed a positive correlation with the change in the outdoor
solar radiation intensity, and its temperature peak values were delayed compared with
the peak values of the solar radiation intensity (see Figure 5). Under different weather
conditions, the change trends of the indoor air temperatures of the two CSGs were generally
similar, but the air temperatures in the greenhouse of the proposed wall with the APHSWS
were always higher than that of the greenhouse with an ordinary wall without the APHSWS
at different times. From 10:00 to 16:00, the average indoor air temperatures of the proposed
wall greenhouse were 23.0 °C, 18.9 °C, and 12.6 °C on sunny, cloudy and overcast days,
while that of the ordinary wall greenhouse were 16.9 °C, 15.4 °C, and 10.3 °C, respectively;
the maximum air temperature differences between the proposed wall and ordinary wall
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greenhouse were 10.6 °C (sunny), and 5.5 °C (cloudy), and its average differences were
6.06 °C (sunny), and 3.48 °C (cloudy) from 10:00 to 16:00. At night, i.e., from 16:00 to
10:00 (day + 1) when the heat preservation quilt was turned off, the average indoor air
temperatures of the proposed wall greenhouse were 12.6 °C, 10.7 °C, and 9.1 °C on sunny,
cloudy, and overcast days, while that of the ordinary wall greenhouse were 10.0 °C, 8.5 °C,
and 7.6 °C, respectively. The lowest temperature of the former in sunny and cloudy days
was 8.7 °C and 7.9 °C, respectively, while that of the latter was only 6.7 °C and 6.3 °C.
As shown in Figure 10, the indoor air temperature in the proposed greenhouse was high
throughout the day on overcast days, despite the heat insulation quilt covering the film.
The largest difference between the two CSGs was 2.5 °C, with an average difference of
1.58 °C.
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Figure 10. Variation in the indoor air temperature of two CSGs with time under different weather
conditions.

According to the analysis of the environmental temperature of the two types of solar
greenhouses mentioned above, regardless of whether it is sunny, cloudy or overcast, the
indoor air temperature of greenhouse with the APHSWS was higher than that of ordinary
greenhouse without the APHSWS, it can be seen that the indoor thermal environment
of the proposed wall greenhouse is more conductive to crop growth, improving a more
suitable living environment for crops.

4.1.3. Comparative Analysis of Soil Temperature

Soil temperature plays an important role in seedling growth and root development of
crops; if the soil temperature is too low, it will have adverse effects on crops, especially in a
cold winter, when crops will freeze to death.

As mentioned earlier, the proposed wall also has an impact on the soil temperature.
Figure 11 reported the changes in soil surface temperature of the two CSGs over time
under different weather conditions. As shown in Figure 11, the soil temperatures of two
CSGs increased rapidly due to the outdoor solar radiation in the daytime, but the soil
temperatures in the greenhouse of the proposed wall were always higher than in the
ordinary wall greenhouse at different times. The maximum differences in soil temperature
between the proposed wall greenhouse and ordinary wall greenhouse were 9.4 °C (sunny
day) and 6.0 °C (cloudy day), and the average differences in soil temperature were 6.39 °C
(sunny day) and 4.42 °C (cloudy day).
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Figure 11. Changes in soil temperature over time in two CSGs under different weather conditions:
(a) soil surface temperature; (b) soil temperature at depth of 10 cm; (c) soil temperature at depth of
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At a depth of 10cm, on sunny and cloudy days, the soil temperature of the two
greenhouses will also increase with the increase in solar radiation. However, compared to
the soil surface, the increase is relatively small. The maximum difference in soil temperature
between the proposed wall greenhouse and the ordinary wall greenhouse is 3.1 °C (sunny)
and 2.9 °C (cloudy), with an average difference in soil temperature of 2.61 °C (sunny) and
2.51 °C (cloudy).

As the soil depth continues to increase, at a depth of 30 cm, the amplitude of tem-
perature change with the greenhouse environment is smaller. Whether it is the maximum
difference in soil temperature or the average difference, it is smaller than the difference
between the soil surface and the depth of 10 cm. At a depth of 30 cm, soil temperature
changes are less affected by environmental temperature, but the soil temperature of the pro-
posed wall greenhouse was still higher than the ordinary wall greenhouse. The maximum
difference in soil temperature between the proposed wall greenhouse and the ordinary
wall greenhouse is 1.6 °C (sunny) and 1.0 °C (cloudy), with an average difference in soil
temperature of 1.4 °C (sunny) and 0.7 °C (cloudy).

At nighttime, as the indoor air temperature of the greenhouse dropped, the greenhouse
soil gradually released its stored heat into the indoor air, causing the soil temperature to
gradually drop as well, reaching the lowest value at 9:00 in the next day. Due to the better
thermal environment of the proposed wall greenhouse (see Figure 10), the soil temperature
of proposed wall greenhouse was always higher than that of the ordinary wall greenhouse,
and the soil stored more heat. The average temperature differences at the soil surface and at
depths of 10 cm and 30 cm between the proposed wall and ordinary wall greenhouse were
2.8 °C (sunny) and 2.3 °C (cloudy), 2.6 °C (sunny) and 2.1 °C (cloudy), 1.1 °C (sunny) and
0.91 °C (cloudy), respectively. From the experimental data in Figure 11, even on the overcast
day, the soil temperature of the proposed wall greenhouse was also higher than that of the
ordinary wall greenhouse, indicating that the proposed greenhouse has a positive impact
on crop growth. The maximum soil temperature difference between the two greenhouses
were 2.52 °C, 2.63 °C and 1.11 °C, and the average soil temperature difference was 1.71 °C,
1.94 °C and 1.0 °C, respectively.

By comparing the soil temperature of two types of solar greenhouses, the temperature
changes on the soil surface, at a depth of 10 cm and at a depth of 30 cm under three different
weather conditions were analyzed; the soil temperatures of greenhouse with the APHSWS
were significantly higher than that of the ordinary wall greenhouses, especially under
sunny and cloudy conditions, indicating that greenhouse with the APHSWS can better help
crop growth.

4.1.4. Daily Effective Accumulative Temperature

The daily effective accumulative temperature is an indicator of heat demand for crop
growth and development and its value reflects the influence of wall on the indoor thermal
environment. Therefore, it was calculated and compared for the recorded period; Figure 12
shows the daily effective accumulative temperature of two CSGs during the experiment
period. The proposed wall greenhouse has a good effect on increasing the daily effective
accumulative temperature. The proposed wall has a maximum of 443.3 °C h and an average
of 127.1 °C h, while the ordinary wall greenhouse has a maximum of 390.0 °C h and an
average of 84.8 °C h, with a maximum increasing rate of 13.7% and an average increasing
rate of 49.9%.

It is particularly noteworthy that in December, January, February, and March, when
we used the proposed greenhouse with the APHSWS, the DEAT of each month were 1.39,
1.18, 0.60, and 0.20 times higher than that of the ordinary greenhouse without the APHSWS,
respectively. Combined with Figure 4, it can be seen that the proposed greenhouse has a
greater impact on increasing daily effective accumulated temperature in December and
January when the outdoor temperature was cooler.
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Figure 12. Daily effective accumulative temperature of two CSGs during the experiment period.

4.2. Analysis of Simulated Result

During experimental testing, due to limited internal measurement points, it was not
possible to obtain the temperature of all points inside the wall. Secondly, when evaluating
the heat storage and release capacity of the wall, due to the limited number of measurement
points, the temperature data obtained was limited, making it impossible to accurately
calculate the heat storage and release capacity of the entire wall, achieving an objective
evaluation of the heat storage and release capacity of the wall. Therefore, in order to further
study the improvement effect of using the APHSWS on the temperature and heat storage
and release at various points inside the greenhouse wall compared to ordinary walls, this
section used numerical simulation methods to analyze the temperature changes inside
the wall with APHSWS and the increase in heat storage and release under typical sunny
conditions.

4.2.1. Comparison of the Internal Temperature Distribution of the Two Walls

According to previous research, common solar greenhouses often use passive heat
storage on the walls, resulting in a thicker internal temperature stabilization layer and
less heat released into the greenhouse at night; the higher temperature inside the wall, the
more heat can be released into the greenhouse at night, and the corresponding increase
in environmental temperature inside the greenhouse, which is more conducive to crop
growth. Therefore, combined with the established numerical models of heat transfer in
CSG, as 10:00 a.m. was the start time for opening the insulation and storing heat, and
16:00 p.m. was the heat release stage for closing the insulation and releasing heat from the
wall, the calculated temperature distribution of the north wall on typical sunny days of
16:00 on 4 February and 10:00 on 5 February will be analyzed.

It can be seen from Figure 13 that the active heat storage system was embedded in
the north wall, the proposed wall temperatures were always significantly higher than the
ordinary wall temperatures at different times, ranging from 0 mm to 920 mm. When the
insulation quilt was turned off at 16:00, the maximum and the average temperatures of the
proposed wall were 10.55 °C and 5.09 °C higher than that of the ordinary wall from 0 mm
to 920 mm, respectively. From the inner brick layer to the XPS layer, the temperatures of
each layer of the proposed wall were 8.60 °C, 8.56 °C, 4.04 °C, 2.48 °C and 0.82 °C higher
than the temperatures at the same position of the ordinary wall, respectively.
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Figure 13. Temperature distribution of the two walls at different times.

When the heat release was completed (10:00 day + 1), the temperature of the proposed
wall was 6.44 °C higher than the ordinary on maximum and 4.44 °C higher on average from
0 mm to 920 mm. From the inner brick layer to the XPS layer, the temperatures of each layer
of the proposed wall were 5.73 °C, 6.14 °C, 4.50 °C, 2.82 °C and 0.90 °C higher than the
temperature at the same position of the ordinary wall. The temperatures of the proposed
wall were higher than 14 °C from 0 mm to 400 mm, and the temperature of the proposed
wall was higher than its indoor air temperature (9.87 °C) from 0 mm to 760 mm, while the
ordinary wall was no higher than 14 °C, the temperature of the ordinary wall was higher
than its indoor air temperature (7.92 °C) from 0 mm to 520 mm, accounting for only 68.4%
of the proposed wall. In addition, the temperature fluctuation within the two greenhouse
walls was relatively mild, with a smaller amplitude in the range of 940-1320 mm outer
brick layer. Especially within the thickness range of 1200-1320 mm on the outer wall, it
can be seen that the average temperature of the two walls was basically the same when
approaching the outermost side of the wall. Because the thickness range was already
outside the insulation layer (XPS, EPS), the heat stored inside the wall cannot be transferred
to this area. The heat loss of both walls was relatively large. However, according to the
data, the average temperature of the new wall and the ordinary wall at 16:00 was 5.26 and
5.11 °C. At 10:00 (day + 1), the average temperature was 1.82 and 1.67 °C, indicating that
the temperature of the APHSWS wall was still higher than that of a regular wall.

Through the above analysis, it can be seen that the active heat storage system of CSG
can effectively improve the internal temperature of thermal storage wall. Even at the end
of the heat release of wall, the internal temperature of the proposed wall with the APHSWS
was always significantly higher than that of the ordinary wall without the APHSWS. The
results further confirmed the effectiveness of the active—passive heat storage wall system.

4.2.2. Analysis of Heat Storage and Release Capacity of North Wall

The heat storage and release capacity of the wall directly affects the indoor air tem-
perature of the greenhouse. Previous research on the heat storage of solar greenhouse
walls has shown that encapsulating and pasting PCMs onto the walls of the greenhouse
effectively transfers the solar energy absorbed during the day to the interior of the wall.
Insufficient heat storage during the day results in less heat release at night, which may
lead to crop freezing. Therefore, this section compares the heat storage and release of two
wall temperature chambers to analyze the advantages of APHSWS compared to regular
greenhouses.

From the analysis result of Section 4.1.1, the proposed wall can effectively improve
the temperature and heat storage performance of wall. To prove this, the heat storage and
release capacities of the two walls were calculated by using Equations (1) and (2). Figure 14
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presented the heat storage and release capacity of the proposed wall with the APHSWS
and the ordinary wall without the APHSWS on three representative days. The heat storage
capacities of the ordinary wall were 2.45 M]/ m?,2.16 MJ/m?, and 2.21 MJ/m?2, while the
heat storage capacities of the proposed wall were 4.89 MJ/m?, 3.75 MJ /m?, and 4.01 MJ/m?,
compared to ordinary walls, which were increased by 2.44 MJ/ m?2, 1.59 MJ/m?, and
1.80 MJ/m?, respectively, 1.99, 1.73, and 1.81 times as higher than that of the ordinary
wall. Compared with the latter, the former increased by 79.0%, 54.6%, and 51.8%, respec-
tively. On the other hand, the heat release capacities of the ordinary wall were 1.64 MJ/m?,
1.46 MJ/m?, and 1.48 MJ/m?. While these values of the proposed wall were 2.73 MJ/m?,
2.43 MJ/m?, and 2.65 MJ/m?, respectively, all higher than the values of the ordinary wall,
the increase amounts were 1.09 MJ/m?2, 0.97 MJ/m?, and 1.17 MJ/m?, respectively, with
rates of increase of 66.0%, 65.7%, and 79.1%, respectively. Furthermore, solar radiation
contributes positively to the heat storage capacity of both walls. On 4 February, the solar
radiation value was the largest in the three representative days, and both walls had the
highest heat storage capacity, while lowest capacity was on 5 February because of the
smallest solar radiation value. The heat release capacity was affected by the outdoor air
temperature positively at nighttime. Therefore, the highest heat release capacity of both
walls was on 4 February and the lowest on 5 February.

- The heat storage capacity of the proposed wall
The heat release capacity of the proposed wall
The heat storage capacity of the ordinary wall
The heat release capacity of the ordinary wall

Heat capacity (MJ/m?)

4th February 5th February 6th February
Time (day)

Figure 14. Heat storage and release capacities of the two walls on three representative days.

4.3. Economic Analysis of the Wall System Operation

The power consumption of the CSG with the proposed wall consists of three parts,
i.e., the centrifugal fan power when the active heat storage system was running, the motor
power when switching the insulation blanket and the lighting power. Since the motor was
only turned on twice a day, the running time was very short, and the lighting equipment
was also rarely turned on, the power consumption of the two parts was neglected. Accord-
ing to the division of peak period and price adjustment in Gansu Province in 2021 [47],
the specific policies are as follows: The peak period: 7:00-9:00, 18:00-24:00; Low period:
2:00—4:00, 11:00-17:00; Parity was other than peak and low for other times. Price adjustment:
The floating standard of the peak-to-valley price difference remains unchanged, that is,
the peak period standard was increased by 50% based on the flat section standard, the
low period standard was increased by 50% based on the flat section standard, and the
residential electricity consumption in the flat section was 0.51 CNY/kWh, the low period
was 0.261 CNY/kWh. We calculated the operating costs. It is known that the system was
open from 10:00 to 16:00 during the day, which was at parity and through most of the
time. During the experimental period, the power consumption and operating costs of the
APHSWS are shown in Table 4. It can be seen that the total consumption of the APHSWS
in winter only needed CNY 31.32, and the operating cost was lower.
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Table 4. The power consumption and estimated cost of APHSWS.
Item Consumption = Consumption throughout Winter = Residential Electricity, Estimated Cost,
of Day, kWh (Approx. 120 Days), kWh CNY/kWh CNY
Minimum power
consumption 05 60 0.261 15.66
Maximum power 1 120 31.32
consumption

5. Discussion and Limitations of Results

This study focuses on the comparative study of the thermal performances of green-
house with the APHSWS in the active—passive heat storage during the daytime and passive
heat release at night in winter. In the future, with the further development of facility agri-
culture, the demand for regulating the thermal and humid environment inside greenhouses
will gradually increase for different greenhouse crops. The APHSWS can effectively solve
the problems that traditional greenhouses encounter. By combining active and passive
collaborative control, the heat storage and release of the greenhouse environment and walls
can be improved, achieving dynamic regulation, and provide guidance for the development
of CSG in the future. At the same time, the active heat storage and release of the APHWS
rely on manual operation, and the amount of ventilation in the pipeline cannot be adjusted
in a timely manner according to the needs of crop growth, especially at night. further
research is needed on the operation mode and control strategy of the system in the future
on how to combine a multifunctional control box to propose a mature control system, and
set corresponding thresholds based on the environmental temperature requirements of
crops at different time periods, and how to implement corresponding threshold control
systems according to different time requirements in the greenhouse, so that make the entire
control system can achieve automatic regulation and dynamic heat storage and release,
improve the thermal environment in the greenhouse in real time, and enhance its reference
value in practical engineering applications. In addition, according to the temperature
distribution of the wall in Section 4.2.1, it can be seen that the thickness of the wall can be
further optimized to reduce the footprint of the wall and reduce the construction cost.

6. Conclusions

To effectively increase the internal temperature and heat storage capacity of the north
wall of CSG, and improve the indoor thermal environment of CSG, this paper proposed
a new active—passive heat storage wall system (APHSWS) incorporating PCMs in the
CSG and conducted comparative experiments between a CSG with the APHWSW and an
ordinary greenhouse without the APHWSW in Lanzhou to demonstrate the contribution of
the APHSWS to promoting the thermal performance of the CSG and its internal temperature
of thermal storage wall. Moreover, the two 3D heat transfer models of the CSG containing
the proposed APHSWS and without the APHWSW were also established and the reliability
of the heat transfer models was verified by experimental data. Based on the several key
parameters of thermal environment evaluation, the effectiveness of the APHSWS was
compared and evaluated by experimental and numerical methods. The main conclusions
are as follows:

(1) The established heat transfer models of the CSG containing the proposed APHSWS
and without the APHWSW were validated by the experimental data with the average
relative error being 3.73% and 6.02%, respectively. Thus, the established models are
reliable.

(2) The wall of greenhouse with the APHSWS can effectively increase the surface temper-
ature of greenhouse wall in winter. In typical sunny weather, the average temperature
of the inner surface of the wall with APHSWS during the daytime heat storage stage
was 6.58 °C higher than that of wall without the APHWSW, and during the nighttime
heat release stage, it was 4.71 °C higher than that of wall without the APHWSW.
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For overcast conditions, without sufficient solar radiation shining on the walls, the
average temperature of the wall with APHSWS throughout the day was still 3.62 °C
higher than that of wall without APHSWS.

(38) Regardless of whether it is sunny or cloudy, the indoor air temperature of the green-
house with the APHSWS was higher than that of the greenhouse without APHSWS.
Compared with the greenhouse without the APHSWS, the average indoor air temper-
ature of the greenhouse with the APHSWS has increased by 6.06, 3.48 and 1.58 °C,
respectively. Similarly, under different weather conditions, the average soil tempera-
ture of the greenhouse with the APHSWS can be increased by 0.91-6.39 °C. Moreover,
the greenhouse with the APHSWS had the monthly average daily effective accu-
mulated temperature of 1.39 times, 1.18 times, 0.60 times and 0.20 times that of the
greenhouse without the APHSWS, respectively.

(4) The proposed wall with the APHSWS can significantly increase internal temperature
and promote the heat storage and release capacity of the greenhouse wall, compared
with the ordinary wall without the APHSWS in three typical sunny days, the daytime
heat storage capacity of the proposed wall increased by 2.44 MJ/m?, 1.59 MJ/m?, and
1.80 MJ/m?, respectively, and the nighttime heat release increased by 1.09 MJ/m?,
0.97 MJ/m?, and 1.17 MJ /m?, respectively. The increase in heat storage and release
on the wall can provide a more suitable growth environment for crops in winter.

(5) The operating cost analysis for the APHSWS was conducted according to its energy
consumption; the maximum energy consumption of the APHSWS was CNY 31.32 in
winter, and the operating cost was low.

In summary, in the cold winter of northern China, the APHSWS wall system can
effectively increase the temperature of greenhouse walls, increase wall heat storage and
release, improve the thermal-humidity environment inside the greenhouse, enhance the
cold resistance of crops in winter, and provide a more suitable living environment for crops.
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Nomenclature
Q the wall internal energies of the day (MJ m~2)
Qs Daily heat storage capacity (MJ m~2)
Qur Daily heat release capacity (M] m~2)
Tair average temperature of indoor air at T (°C)
To biological zero temperature (°C)
u Velocity (m s~
S source terms
turbulence energy dissipation m?s3
Gy generation of turbulence kinetic energy due to the mean velocity gradients (kg sZm™ 1)

Gy generation of turbulence kinetic energy due to buoyancy (kg s—2>-m~!)
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contribution of the fluctuating dilatation in compressible turbulence to the overall

Ym dissipation rate, (kg s~2-m~1)

O turbulent Prandtl numbers for k

O turbulent Prandtl numbers for ¢

h convection heat transfer coefficient of wall surface and roof surface (W m~—2 °C~1)
r position vector

s direction vector

s’ scattering direction vectors

a absorption coefficient (1/m)

O scattering coefficient (1/m)

n refractive coefficient (1/m)

T local temperature (K)

DEAT daily effective accumulated temperature (°C)
Greek letters

P Density (kg m~3)

r diffusion coefficient (m2 s~ 1)

o Stephen Boltzmann’s constant (W m—2k™%)
I solar radiation intensity (W m~2)

(o} phase function

(@) solid angle (1802 t—2)

T time (h)

@ universal variable for the conservation of energy, momentum, and continuity equation
Abbreviations

APHSWS active—passive heat storage wall system

CSG Chinese solar greenhouse

DEAT daily effective accumulated temperature

PCM Phase change material
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