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The Yangtze River Delta (YRD) is a densely populated region
where the advancement of efficient and intensive agricultural
practices is crucial. Glass greenhouses, particularly in areas such
as Shanghai, frequently become unusable during the summer
months due to excessive internal temperatures, primarily resulting
from inadequate knowledge of cooling techniques. This study
employs a time series comparative approach to evaluate the
cooling performance under seven different operational conditions,
utilising Computational Fluid Dynamics (CFD) to simulate and
illustrate the greenhouse characteristics when subjected to
external wind forces specific to the YRD. The findings reveal that,
in glass greenhouses lacking side windows, the internal
temperature distribution during summer—under the prevailing
southerly wind conditions—exhibits a general pattern of lower
temperatures in the south and west, and higher temperatures in
the north and east. This indicates that the southwest quadrant
achieves the most effective cooling, whereas the northeast
quadrant performs poorly in this regard. Moreover, mechanical
ventilation proved significantly more effective than natural
ventilation, achieving a cooling reduction of up to 4.02°C compared
to 1.53°C in naturally ventilated greenhouses. Natural ventilation
still outperformed conditions with no ventilation at all. In addition,
the implementation of multi-layer shading nets demonstrated
notable cooling benefits. When outdoor radiation exceeded 800
W/m?, the use of two shading layers achieved a temperature
reduction of 4.5°C, whereas a single layer provided a reduction of
3.7°C in experimental settings. Based on these analyses, the study
proposes specific strategies for the utilisation of glass
greenhouses under the summer climatic conditions typical of the
Yangtze River Delta.

Keywords: Greenhouse, Temperature Regulation, Time Series
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Introduction

The YRD region is a triangular megacity that generally
comprises Shanghai, southern Jiangsu, and northern
Zhejiang. This area lies at the core of the southern section
of the Yangtze River. Rapid urbanisation within the region
has resulted in a globally significant agglomeration of
metropolitan areas. Spanning approximately 350,000
square kilometres, the YRD is home to over 240 million
individuals. Given the high population density, the
promotion of efficient and sustainable greenhouse
agriculture is of particular importance in this region (Fan
et al.,, 2023). Currently, greenhouses in the YRD
experience severe internal heat accumulation during the
summer, rendering many unusable due to insufficient
knowledge regarding effective cooling regulation
methods. This situation leads to resource inefficiencies,
especially in light of increasing pressure on food supply
chains (Wang Xinzhong, 2016). Therefore, investigating
the thermal regulation mechanisms within greenhouses
during the summer in the YRD and establishing
appropriate cooling strategies is of considerable practical
value. Such studies also offer theoretical guidance for
greenhouse design and operational improvement.

During summer under hot and humid climatic conditions,
commonly employed cooling techniques in greenhouses
include wet curtain-fan systems, circulation fans, shading

nets, natural ventilation, and other related approaches
(Ganguly & Ghosh, 2011). Substantial research has been
undertaken concerning the application of these methods
under various climatic scenarios (Badji et al., 2022). One
study examined mechanical ventilation by combining
practical experimentation with CFD-based simulations,
demonstrating that the height of fan installation
significantly affects the extent of the cooling zone, with
diminished effectiveness beyond that height (Flores-
Velazquez et al., 2014). Another investigation indicated a
direct relationship between fan power and cooling
efficiency—qgreater power resulted in a more substantial
reduction in indoor temperature relative to external
conditions (Ghani et al., 2020). Further work explored the
nuanced impacts of mechanical ventilation by testing four
different inlet air velocities and analysing their influence
on parameters such as temperature gradients, air velocity
fields, direct irradiation patterns, and static pressure
distribution within agricultural greenhouses (Chiboub et
al., 2024).

In relation to natural ventilation, findings have shown that
the combined use of side and roof vents leads to improved
ventilation efficiency, outperforming setups utilising only
side or roof openings (Villagran et al., 2021). Another
study investigating ventilation and cooling in continuous
gable plastic greenhouses revealed that factors such as side
vent aperture and crop height considerably affect the
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internal microclimate (Lyu et al., 2022). Additional
researchers have observed that temperature distribution in
greenhouses is often affected by the choice of ventilation
strategy, with natural ventilation outcomes strongly
influenced by prevailing wind directions (Wang et al.,
2021).

Studies on shading nets have demonstrated that such
installations not only reduce incoming solar radiation but
also enhance cooling capacity and retain internal humidity,
thus maintaining greenhouse conditions suitable for crop
development even during periods of high external
temperature (Ahmed et al., 2019). Further evidence
indicates that shading nets also help to regulate
temperature and humidity inside the greenhouse, thereby
optimising the internal environment for plant growth
(Nomura et al., 2022). Time series analysis has also been
applied in greenhouse studies, particularly for forecasting
and comparative assessments, confirming its widespread
adoption in this domain (Ali & Hassanein, 2020; Cao et al.,
2023; Ludwig, 2019). Moreover, CFD techniques have
gained prominence in recent years as a key methodology
in the study of greenhouse dynamics (Choi, Kim, & Lee,
2024; Feng et al., 2024).

Despite the extensive research into cooling systems and
ventilation methods, it is important to acknowledge that
greenhouses  exhibit  region-specific  characteristics,
especially due to climatic variability. As such, the
introduction of modern agricultural greenhouses into new
regions requires tailored research to ensure the development
of effective and context-specific management strategies.

Experimental Setup and Procedure
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In the YRD region, glass greenhouses are often rendered
inoperative during the summer months due to the absence of
effective cooling strategies. This study aims to examine the
regulatory factors influencing greenhouse environments
during summer and to conduct experimental investigations
into temperature distribution by modifying operational
parameters such as ventilation systems and shading nets.
Time series analysis, which involves data points arranged in
chronological sequence, facilitates a comparative evaluation
of the impact of multiple operational configurations on a
consistent test environment. In this context, temperature
represents a critical variable influencing plant growth within
greenhouses. Accordingly, time series experiments focusing
on ventilation regulation and shading net configurations
were implemented. Experimental data were analysed using
a comparative algorithm and CFD simulation to identify
patterns in internal temperature regulation. Based on these
findings, a strategic framework for greenhouse operation
during the summer months in the YRD region was proposed.
The overall study design is illustrated in Figure 1.

The CFD simulations conducted in this research are based
on steady-state analysis, incorporating energy equations,
turbulence models, and radiation models, with a primary
emphasis on temperature variation. Owing to inherent
limitations within computational fluid dynamics, a degree
of discrepancy between simulation outcomes and actual
environmental conditions is inevitable. Furthermore, as
this study primarily utilises meteorological data specific to
the YRD, and given that greenhouse performance is
influenced by regional environmental variables, the
findings provide theoretical guidance applicable
predominantly to this geographical context.

Problem statement: In YRD region, because of lacking effective summer cooling strategies,

glass greenhouses are taken out of service during summer months.

nets.

Analyzing the regulation factors of greenhouse in summer, designing experiments to analyze

the temperature distribution with adjusting operating condition such as ventilations, shading

Y

WVentilation regulation Time

Series Experiment

!

|

Shading net Time Series

experiment

Analysis with comparison algorithm, CFD simulation

Summarize the regulation way of inside temperature distribution in greenhouse, and develop

the strategy for the use during summer months in YRD region

Figure 1: Overall Research Framework.

Experiment Object

A one-span, three-roof, fully open glass greenhouse
located in Ye Yuan (9166 Caolang Highway, Jinshan
District, Shanghai, China) was selected as the subject of
this study, as depicted in Figure 2. The greenhouse is
geographically situated at 119.78°E and 31.7°N, within the

subtropical monsoon climatic zone (Fan et al., 2023), the
primary framework of the greenhouse comprises structural
steel, while the surrounding enclosure consists of double-
layered hollow float glass. The roof features a fully open
skylight design, with two layers of mesh internal shading
nets installed at the top. The greenhouse ridge is aligned
along the north-south axis, as depicted in Figure 3.
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Exhaust fans were mounted on the northern wall, whereas
wet curtains were positioned on the southern wall. Circular
flow fans were vertically arranged within the interior, with
an installation height of approximately 2 metres. Notably,
the east and west walls of the greenhouse were constructed
without side windows.
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F]gure 2: The Roof FuII-Opén Greenhouse
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Figure 3: Schematic View of Simulated Greenhouse.
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Layout of Measurement Points and Selection of
Instruments

According to previous research (Odhiambo et al., 2020),
solar radiation in the YRD region, including Shanghai,
reaches its peak during July and August. The present
experiment was conducted in early August, characterised
by intense solar radiation and representing typical hot
summer conditions in the YRD region. Indoor temperature
within the greenhouse was monitored using ZDR-3W1S
automatic temperature recorders (temperature
measurement range: —40 to 100 °C, accuracy: + 0.1 °C;
humidity measurement range: 0 to 100% RH, accuracy:
+3% RH). The crop height in the experimental
greenhouses generally ranged between 0.4 and 1.5m.
Considering the prevalent features of greenhouse
cultivation in the YRD region (Ganguly & Ghosh, 2011),
heights of 0.7m and 1.3 m were selected to represent
typical plant growth stages, with greater emphasis placed
on the 0.7m level. A height of 2.1 m was chosen to
represent the upper region of the greenhouse. Temperature
sensors were arranged within the central section of the
greenhouse, comprising a total of 21 measurement points.
The sensor layout formed two intersecting vertical planes,
as illustrated in Figure 4. Each sensor was designated using
the label i, where the value of i corresponds to a natural
number from 1 to 21. The positional coordinates of each
sensor within the defined coordinate system are detailed in
Table 1.
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Figure 4: Sensor Locations Formed Two Crossed Vertical Planes.
Table 1: The Coordinates of the Temperature Sensors Setting in Greenhouse.
Code:i X/m Y /m Z/m Code:i X/m Y /m Z/m

1 14 0.7 43 13 14.8 13 24.8
2 14 0.7 12.5 14 17.4 13 24.8
3 14 0.7 24.8 15 14 2.2 4.3
4 14 0.7 33 16 14 2.2 12.5
5 11.4 0.7 24.8 17 14 2.2 24.8
6 14.8 0.7 24.8 18 14 2.3 33
7 17.4 0.7 24.8 19 11.4 2.2 24.8
8 14 1.3 4.3 20 14.8 2.2 24.8
9 14 1.3 12.5 21 17.4 2.2 24.8
10 14 1.3 24.8
11 14 1.3 33
12 11.4 1.3 24.8

The weather station employed in the experiment is an
ultrasonic automatic weather station manufactured by
Beijing Tian-Yu-De Company. The instrument used was a
TYD-ZS2 environmental data logger, with a temperature
measurement accuracy of +0.1°C and a measurement
range of —40 to 80 °C. The wind speed accuracy is 0.1 m/s,

with a measurement range of 0 to 70 m/s, while the wind
direction accuracy is 1°, with a measurement range of 0 to
360°. The weather station was positioned outside, 3 metres
from the northern wall, to monitor fluctuations in outdoor
temperature, as shown in Figure 5.
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5: The Weather Station Instrument Set Up at
Outdoor Condition.

Experiment Methods: Ventilation Time Series
Experiment and Analysis

The data were collected from two sets of time series
experiments. The basic conditions of the greenhouse during
the experiments were as follows: the rear cover of the fan on
the northern wall was opened to allow external airflow to
enter the greenhouse through the fan opening, while the
ventilation openings of the wet curtains on the southern wall
served as vents. The skylight was opened to an angle of 52.4°,
and the three roof skylights of the middle span of the
greenhouse were fully opened. In contrast, only the small roof
skylight in the middle was opened in the other two spans of
the greenhouse. The time series experiment for ventilation
was conducted as follows: the TYD-ZS2 weather station

Table 2: Algorithm Parameter List.
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(environmental data logger) was set to collect one group of
temperature data every minute. The time series for three states
were measured in the following order: 1) no ventilation, 2)
natural ventilation, and 3) fan and wet-curtain ventilation. The
values of ¢ for these four operating conditions were 1, 2, 3,
and 4, respectively. The ZDR-3W1S devices were
automatically calibrated and set to the automatic
measurement mode, recording data every 5 minutes. The
measurement time for each condition was 20 minutes, with 5
sets of values recorded for each condition. A 10-minute
interval between conditions was allowed to adjust the
greenhouse equipment and stabilise the environment for the
next condition. The specific measurement steps are illustrated
in Figure 6.

Calibration, c=1.No
setup, and
placement of
sensors and
the weather
station

c=3, Fan -
wet curtain

€=2, Natural
Ventilation :0 Ventilation:3
-20 minutes 0-50 minutes Ventilation:

> - | 60-80 minutes |

Figure 6: Steps of Ventilation Regulation Time Series
Experiment.

Analysis with Comparison Algorithm

To provide a mathematical description of the time-series
data analysis and comparison process, the following
definitions were established in Table 2 (which includes
parameters for the Shading Net Time Series experiment
and the Analysis section).

Parameters

TP(ic)

Meaning
Parameters ¢

Meaning

Parameters m

For the count of measurements;
c=1234,m=5;¢c=56,7,m=9
Parameters T,

Meaning

Meaning
Parameters n
Meaning
Parameters AT,

Meaning ot the external temperature

Representation of measurement conditions: 1 for No Ventilation; 2
for Natural Ventilation; 3 for Fan-wet curtain ventilation

Natural numbers, the upper limit of m value for T‘p(ic)

Mean value of a measurement point in a given measurement

i

Measuring points code

timc .

Measured values with constant
c,i,m

TSC

Measurement of the average value of the external temperature for Average of several specific measurement
corresponding period of time under operating conditions

points for a given measurement

s

Natural numbers, the upper limit of m
value for T,

Difference between the mean value of all measurement points for a given measurement and the mean value

In order to complete the experiment data analysis, the
following equations needs to be used:

_ _1t;

Tpiey = % 1)
S T,

T - % )

ATy, = Tsc - Tac (3)

To understand the indoor temperature conditions under
each operating state, the analysis was carried out as
follows: i), ii), and iii)

i. Temperature Variation and Distribution in the
North-South Direction in Greenhouses Under
Various Ventilation States

Equation (1) represents the average value of each
measurement point, in here, ¢ =1, 2, 3 and i =1, 2, 3, 4,
n=5. The experimentally measured values were calculated
according to Equation (1), with the calculated values
plotted on the vertical axis and the Y-axis coordinates of
the measurement points in the greenhouse used as the
coordinate values. The resulting comparison curve is
shown in Figure 7. By comparing the curves, the
temperature distribution in the north-south direction under
the four ventilation states showed a pattern of lower
temperatures in the south and higher temperatures in the
north. However, the cooling capacity of the ¢ = 1 condition
was weaker than that of the ¢ = 2 condition, and the cooling
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capacity of the ¢ = 3 condition was stronger than both the
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¢ =1 and ¢ = 2 conditions.
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Figure 7: Temperature Variation and Distribution in the North-South Direction in the Greenhouse Under 3 Type Ventilation States.

ii. Temperature Variation and Distribution in
the East-West Direction in the Greenhouse
Under Various Ventilation Condition

Using Equation (1), where ¢ represents 1, 2, and 3, i
corresponds to 5, 3, 4, 7, and n = 5, the average value for
each measurement point was calculated. The calculated
values were plotted on the vertical axis, with the X-axis

454
—=— Temperature at Height of 0.7m

in No Ventilation
—&— Mean Outdoor Temperature

/

Temperature/*C

Temperature/°C

coordinates of the measurement points in the greenhouse
as the corresponding values. The resulting comparison
curve is shown in Figure 8. Upon comparing the curves of
the east-west temperature distribution under the four
ventilation states, it was observed that the horizontal
temperature distribution in the greenhouse generally
showed a trend of lower temperatures in the west and
higher temperatures in the east.
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Figure 8: Temperature Variation and Distribution in the East-West Direction in the Greenhouse Under 3 Type Ventilation States.

iii. Temperature Variation and Distribution in
the Height Direction in Greenhouses Under
Various Ventilation States

Using Equation (1), where c represents 1, 2, and 3, and i
ranges from 1 to 21, with n =5, the average value for each
measurement point was calculated. The results were
plotted on the vertical axis, with the time of measurement
in the greenhouse as the corresponding coordinate value.
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The resulting curve is shown in Figure 9. From Figure 9, it
is clearly evident from the comparison that, in all four
ventilation states, the temperature decreased with height.
Mechanical ventilation exhibited significantly better
cooling performance, and under condition ¢ = 3, the
temperatures at the two heights of 0.7m and 1.3m were
similar, though the difference between these values and the
temperature at 2.2m was marked in the mechanical
ventilation state. Using Equations (1), (2), and (3), the
difference between the indoor and outdoor mean
temperatures at the three heights was calculated, as shown
in Table 3.

Temperature at a height of 0.7m

Temperature at a height of 1.3m

Temperature at a height of 2.2m
Outside Temperature

4 rem
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_——

Temperature/°C
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Time/min
Figure 9: Effect of 3 Types of Ventilation Usage on Indoor
Temperature.

Table 3: Difference of the Indoor and Outdoor Mean
Values in Three Heights.

Parameters c=1 C=2 c=3
Height 0.7 -0.72 1.53 4.02
Height 1.3 -2.15 0.63 3.78
Height 2.2 -3.14 0.95 1.10

It was found that the cooling effect of mechanical
ventilation was significantly better than that of natural
ventilation. At a height of 0.7m in the experimental
greenhouse, mechanical ventilation achieved a cooling of
up to 4.02°C, while natural ventilation resulted in only
1.53°C of cooling. Furthermore, the cooling effect of
natural ventilation was notably better than no ventilation,
with no ventilation causing a temperature increase of up to
0.72°C, compared to the 1.53°C cooling achieved with
natural ventilation. The height range of the wet curtain was
between 0.4 and 1.9m, while the fan's effective range was
from 0.3 to 1.7m. Under condition ¢ = 3, mechanical
ventilation produced a cooling of 4.02°C at 0.7m and
3.08°C at 1.3m. However, at a height of 2.2m, beyond the
influence of mechanical ventilation, the cooling effect
reduced to 1.10°C, which was almost identical to the value
observed with natural ventilation. This indicates that
mechanical ventilation had little impact beyond the height
range of the fan and wet curtain, suggesting that the
installation height of mechanical ventilation should align
with the crop height zone during greenhouse design.

Experiment Methods: Shading Net Time Series

Experiment and Analysis

The Shading Net Time Series experiment was conducted
as follows:

The layout and setup of the weather station and sensors
were identical to those used in the Ventilation Time Series
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experiment. The greenhouse operated under natural
ventilation, with measurements beginning at 2:00 pm,
during which the light intensity exceeded 800 W/m2. The
time series was measured under three different states in the
following order: 1. two-layer shading net, 2. one-layer
shading net, and 3. no shading net. The values of ¢ for these
three operating conditions were 4, 5, and 6, respectively.
The specific measurement steps are shown in Figure 10.

Calibration, setup,
and placement of
sensors -

=4, natural =6, natural
ventilation with no
shading net; 120-

160 minutes

€=5, natural
ventilation with one-
layer shading net;
60-100 minutes

ventilation with
two-layer shading
net; 0-40 minutes

d -

Figure 10: Steps of the Shading Net Time Series
Experiment.

Analysis of Shading Net Cooling Experiment

The three measurement points, i = 3, i = 10, and i = 17,
located in the central area of the greenhouse, were selected
to represent the temperature at heights of 0.7m, 1.3m, and
2.2m during the shading net cooling experiment. Figure 11
shows the temporal changes in the values for i = 3, i = 10,
and i = 17, along with a comparison to the outdoor
temperature. As shown in the Figure 11, when the shading
net was reduced from two layers to one layer, the
greenhouse's cooling performance decreased immediately.
Furthermore, when the shading net was removed entirely,
the cooling performance declined even further.
Equation(3) was for calculating the difference between the
average temperature inside the greenhouse and the average
outdoor temperature, wheren is 9, cis 4, 5, 6; i is 1-21,
s=21, and Tp(;y was from Equation(1), T, was from
Equation(2). Under two layers of shading net, the
difference AT, was 4.5°C, when it became one layer of
shading net, the difference was 3.7°C, and when there was
no shading net, the difference was only 1.3°C. The weather
station recorded outdoor radiation levels exceeding 800
W/m2, The experiment clearly demonstrates that the
number of shading net layers significantly impacts the
greenhouse's cooling efficiency under high solar radiation
during the summer.

T t a height of 0.7m
* Te t a height of 1.3m
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Temperature/C
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Figure 11: Effect of 3 Types of Shading Net Usage on
Indoor Temperature.

Results and Discussion

Simulation Analysis with CFD

To further explore the impact of external airflow on the
greenhouse interior, CFD simulations were conducted
using Fluent software. A set of instantaneous values
corresponding to the condition $¢ = 4$ was selected as the
basis for the simulation setup. The computational domain
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used in the simulation was expanded by a factor of ten, as
illustrated in Figure 12. In the Fluent simulation, the
Energy Equation was enabled, and the Standard
Turbulence Model with Standard Wall Functions was
selected. Additionally, the Discrete Ordinates radiation
model was applied. The latitude and longitude values in
the model were set to match the location of the
experimental greenhouse. The material properties used in
the simulation were specified as outlined in Table 4.

Table 4: Material Properties.
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Figure 12: Calculation Domain Settings.

Material Density Specific Heat Capacity Thermal Conductivity Absorption Refract-ion
Type /kg.m-3 /Jkg1.K? /Wm K1 Coefficient /m~ Rate
Concrete 2100 880 14 0.6 1.6
Glass 2500 700 0.7 0.1 1.7
Air 1.17 1025.5 0.03 0 1.0

In the Fluent simulation setup, the calculation domain was
configured with the east and south boundaries designated
as wind-inlet regions, while the north and west boundaries
were set as wind-outlet regions. The wind speed was set to
0.8 m/s, and the wind direction was established at 135°,
with the wind direction decomposed into its vector
components to ensure an accurate representation of
airflow. The inlet temperature was set at 36°C, based on
the experimental measurements taken at the site.
Additionally, the temperature of the greenhouse walls and

Table 5: Temperatures of Wall and Floor.

floor, both inside and outside, was set according to the
experimental data, as detailed in Table 5. To simulate the
greenhouse structure accurately, each glass wall was
modelled as a translucent wall, allowing for the passage of
solar radiation, thereby reflecting the experimental
conditions. These settings ensured the simulation closely
matched the real-world conditions observed in the
greenhouse during the experiment, enabling a more precise
analysis of the airflow dynamics and temperature
distribution within the environment.

Area Outside Floor Inside Floor South Wall North Wall East Wall West Wall Roof Glass
Temperature/°C 51 43 41 42 43 43
The wet curtain side was set as a porous medium, with a X > 1 3miy

permeability o of 2.4 x 10° m2 based on the
Fundamental Seepage Law and Bernoulli's Wind-
Pressure Relationship (Chevalier et al., 2013). For the
shading net, the simulation accounted for radiation
discounting based on material parameters from the
experimental site. The solar radiation was set to decrease
from 821 W/mz2 to 341 W/mz for the two layers of the
shading net, as per the literature and experimental
conditions (Abdel-Ghany et al., 2015).

The measured and simulated values for the 21 measurement
points are shown in Figure 13. The maximum difference
between the greenhouse measured and simulated values is
2.4°C, with a maximum relative error of 6.6%. The
minimum difference is 0.1°C, with the most relative error
being 0.2%, and the average relative error is 2.5%. The
model was validated as usable. A 1m horizontal section at a
middle height of 0.7-1.3m was selected to analyse the
airflow and temperature distribution.
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Figure 13: Measured Values and Simulated Values.
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Figure 14: 1m Height Cross-Section Gas Flow.

Figure 14 shows the gas flow cross-section at a height of 1m.
It illustrates that the south-east wind entered the greenhouse
through the southern wet curtain hole, moving from south to
north. This resulted in a lower temperature in the south and a
higher temperature in the north. In the east-west direction, due
to the absence of side windows on the east and west walls, the
south-easterly wind was deflected towards the west, with
weaker ventilation towards the east. This created an area of
slow airflow on the northeast side of the greenhouse.

% S 43.35°C

Y=Im 40.1°C

36.85%C

<
Figure 15: 1m Height Cross-Section Temperature Distribution.

Figure 15 shows the temperature distribution cross-section
at a height of 1m, where the greenhouse temperature
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exhibits a west-low, east-high trend. The northeast
quadrant also shows low temperatures, which aligns with
the airflow pattern observed. The simulation results were
consistent with the experimental analysis, confirming the
accuracy of the temperature distribution. According to the
"Standard for Meteorological Parameters of Wind
Environment Around Buildings" (Zhuang et al., 2020)
issued by China, the prevailing wind direction in the YRD
region, represented by Shanghai, is southeast during
summer. This confirms that the temperature distribution
observed in the greenhouse is representative of the typical
characteristics in the YRD region. Figure 16 presents the
Wind Rose chart of the average wind direction every 10
minutes during the experiment, showing that the wind
predominantly came from the SE region.
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Figure 16: Wind Rose During the Experiment.
Conclusion

The study examined the effects of various temperature control

measures, including natural ventilation, fan-wet curtain

ventilation, and shading net usage. Based on the analysis and
discussion, the following conclusions can be drawn:

i. In glass greenhouses without side windows in the YRD
region, the internal temperature distribution during
summer follows a general pattern, with temperatures
being lower to the south and higher to the north, as well
as lower to the west and higher to the east. The cooling
is most effective in the southwest quadrant, while the
northeast quadrant exhibits poor cooling performance.

ii. In the YRD region, the cooling effect of mechanical
ventilation in greenhouses during summer is
significantly better than that of natural ventilation,
which in turn outperforms the no-ventilation condition.
In the experimental greenhouse at a height of 0.7 m,
mechanical ventilation reduced the temperature by up
to 4.02°C, while natural ventilation achieved a
reduction of 1.53°C, and no ventilation resulted in a
temperature increase of 0.72°C. The cooling effect of
mechanical ventilation is most effective within the
installation height range of the fans and wet curtains,
and significantly weaker outside these areas.

iii. During high-radiation summer weather, multi-layer
shading nets provide a significant cooling effect for
greenhouses. When outdoor radiation exceeds 800
W/mz, the temperature difference between the average
indoor and outdoor temperatures is 4.5°C with two
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layers of shading net, 3.7°C with one layer, and only
1.3°C with no shading net.

Further strategies for improving summer greenhouse
conditions are proposed:

i. Given the temperature distribution of the greenhouse,
with lower temperatures to the south and west, and
higher temperatures to the north and east, crops
requiring more cooling should be planted in the
southwest quadrant of the greenhouse. This will help to
optimise the cooling efficiency and ensure better crop
growth conditions.

ii. Since mechanical ventilation offers a significantly better
cooling effect than natural ventilation, and provided
energy consumption is manageable, the use of
mechanical ventilation is recommended when natural
ventilation proves insufficient. Additionally, mechanical
ventilation should be installed at heights corresponding
to the crop height zone in greenhouse designs.

iii. To maximise cooling in high-radiation summer
conditions, multi-layer shading nets should be
employed, provided they do not compromise the light
levels necessary for plant growth.
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