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form and optimization of trees in
the main square of an urban
campus based on thermal
environment simulation
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!School of Architecture, Tianjin Chengjian University, Tianjin, China, 2Department of Ornamental
Horticulture and Landscape Architecture, College of Horticulture, China Agricultural University, Beijing,
China

Introduction: In the process of rapid urbanization in China, the arbor planting
form is often used in the majority of urban squares, due to the large area of
hard pavement in this type of square space leads to poor human comfort in the
microenvironment of the summer site, so the planting of arbor vegetation in the
site is an important factor to enhance the comfort of the microenvironment of
this type of site space.

Methods: This paper takes the main square of the central axis of a university
in the north as an example, carries out multi-type simulation on the planting
method of square arborvitae by point cloud modeling and Computational Fluid
Dynamics (CFD) simulation, and explores the optimal layout form of arbor in this
type of square based on the simulation of thermal comfort.

Results and discussion: The results show that the thermal comfort in different
forms can be divided into three levels: (1) when the planting distance is 2.5 times
the crown width at an angle of 45° to the wind direction, the thermal comfort
effect of the site is optimal (ASET* = 0.243°C, AWBGT = 0.141°C reduction);
(2) when the planting distance is 2 times the crown width parallel to the direction
of the prevailing winds in summer, the thermal comfort effect of the site is better
(ASET* =0.198°C, AWBGT = 0.130°C reduction); (3) when the planting distance
is less than 2 times the crown width in the perpendicular wind direction, the
thermal comfort effect of the site is the worst (ASET* = 0.079°C, AWBGT =
0.036°C reduction). This paper intervenes in the point cloud modeling method
to provide reference for the subsequent simulation accuracy in this field, and
the results of the study have certain reference significance for the design of
tree layout when optimizing the thermal comfort environment in this type of
main square. In the future, through the integration of real-time meteorological
data and multi-scale models, it can dynamically respond to climate change
and provide accurate decision support for urban green space system planning,
carbon neutral pathway design and extreme weather emergency planning.

KEYWORDS

urban microclimate, thermal comfort, plant arrangement, CFD simulation, modeling
point cloud

1 Introduction

The outdoor thermal environment is an important component of urban climate,
and a good outdoor thermal environment can significantly enhance the comfort of
urban outdoor spaces. Weather extremes are becoming increasingly common, and
summer climate extremes are primarily characterized by extreme heat waves, and such
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climate events can lead to increased surface temperatures and air
humidity imbalances exacerbating the urban heat island effect.
According to existing studies, the ability of each thermal mitigation
strategy to improve the outdoor thermal environment is heavily
influenced by the site climate (Xi et al., 2012). In northern China,
the temperature changes between the four seasons are distinct, the
rainfall is low throughout the year, and the seasonal distribution
is uneven, with rainfall concentrated in the summer. The region
has a large population, rapid economic growth, and a high rate
of urbanization. Utilizing plants to mitigate the effects of extreme
weather has become a research hotspot.

As a public space with important functions, the thermal
environment of a square not only affects people’s daily activities but
also may have a far-reaching impact on urban ecology and energy
consumption (Guo et al., 2023). Most of the main squares in China’s
cities have a large area of pavement with an array of trees planted
in the space. This type of site, particularly in the hot summer,
offers very poor thermal comfort, which, in turn, creates a large
area with a low space utilization rate. The thermal environment
on the square depends on the physical characteristics of the square
(geometry, material, etc.; Kariminia et al., 2015; Djekic et al., 2018)
and natural characteristics (vegetation, water environment, etc.;
Syafii et al., 2017; Lai et al., 2019), for the thermal environment
of the square, a variety of studies have shown that the vegetation
is the most important landscape elements affecting the thermal
comfort of urban squares (Yu et al., 2022). Vegetation coverage
can effectively reduce the surface temperature of the square and
improve thermal comfort (Stocco et al., 2015).

The influence of trees on thermal comfort is higher than that
of lawns (Lee et al, 2016); therefore, studying the influence of
trees is key to better understanding and improving the thermal
environment of squares. The impact of trees on the thermal
environment of the square mainly depends on factors such as
layout, cover, species, and leaf type. As an effective means of
regulating the urban microclimate and improving thermal comfort,
tree canopies can intercept 70%—90% of solar radiation, cutting
short-wave and long-wave radiation to cool the urban surface;
at the same time, through evapotranspiration, substituting latent
heat for sensible heat, making the surrounding environment
humidity rise and air temperature fall, thus significantly enhancing
thermal comfort (Wang et al., 2024). The arrangement of trees
can reduce the temperature; the degree of reduction is related to
the layout method, and both temperature distribution and local
heat transfer degree are affected by the planting pattern. The
higher tree coverage, the better thermal comfort, Susana Stocco
et al. concluded through simulation that the centralized layout
of vegetation is better than the decentralized layout, and when
the woodland area is equal to or >60% of the total area of the
square, the thermal behavior will be improved (Stocco et al., 2021).
Jiang Lijuan et al. measured the influence of different greening
forms and landscape characteristics on the thermal environment
of the square during day and night, concluded that in the meet
when a certain degree of tree coverage, replacing the lower layer
plants such as understory space shrubs, grass and other understory
plants with hard pavement accessible to pedestrians will not have a
negative impact on PET, and can effectively improve the utilization
rate and vitality of the square space (Lijuan et al., 2022). Leaf
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type and tree species can effectively influence green space and
local climate change, the physical characteristics of trees (canopy
width, leaf area index, etc.) are important factors affecting the
microclimate, the leaves create resistance to the air, so that the
wind speed flowing through the leaves is reduced; the leaves also
have the role of shading solar radiation. Tree transpiration, to some
extent, lowers the ambient temperature and raises the humidity
of the surrounding environment. The canopy, as an aggregate of
tree foliage, modifies the thermal environment at the micro-scale
by altering shade, evapotranspiration, and ventilation (Morakinyo
et al., 2017). It has been shown that planting tall trees in open
areas can help improve ventilation and increase thermal comfort
during the day. Still, it is also necessary to consider the effects of
the tree’s characteristics, such as leaf area index and canopy width.
Trees with wider crowns and higher leaf densities exhibit higher
light attenuation, providing better cooling (Speak et al., 2020).
Additionally, trees with high leaf area index have a more significant
impact on the outdoor thermal environment (Yang et al., 2022).

Tree array layout directs the wind environment and thus
affects the thermal environment of the site. The wind environment
also affects the effectiveness of vegetation in regulating the
microclimate. Ribbons of green space parallel to the wind direction
have a better cooling effect (Sodoudi et al., 2018); concentrating
trees in the center of the site toward the leeward side can provide
a more effective cooling effect on the site environment (Hao et al.,
2023). It has been shown that the use of upwind tree enclosure to
block the summer dominant wind heat wave (Wang et al., 2019),
in the downwind enclosure is to break the continuity of the trees,
combined with the space under the canopy of the trees in a timely
manner to evacuate the hot air generated within the colony can
improve the thermal environment around the building. When the
spacing of the tree array is denser it can be taken as a whole, the
wind speed at the top of the first tree is larger, and the wind speed at
the top of the subsequent trees is obviously weakened, and the wind
pressure suffered by the tree is also obviously reduced (Xiaoyan
etal., 2021).

After clarifying the characteristics of trees in the thermal
environment, accurately simulating their three-dimensional (3D)
morphology and ecological effects through scientific research
methods has become a technical key to optimizing the design of
the square’s thermal environment. Computational fluid dynamics
(CFD) is a recently developed simulation technique for analyzing
fluid thermal-dynamic problems, commonly used to assess urban
microclimates (Toparlar et al., 2017). In previous studies, due to
the limitations of the simulation technique, the plant model was
reduced to simple aggregates such as rectangles, cones, and prisms
(Zhengnong et al,, 2021). The closer the plant model is to reality,
the closer the simulation results will be to reality. The simulation
software has also launched corresponding functions. Currently, the
Environment for Visualizing Images (ENVI)-met software, which is
the most widely used in microclimate research, offers more refined
customization options for plant modeling and can adjust the plant
leaf area density and other factors (Simon, 2016). The ENVI-met
plant model is constructed using software to voxelize the plant,
after utilizing the plant’s multiangle photographs as a reference; it
is primarily based on European plants, which results in a difference
between the simulation and reality (Shi et al., 2022). Currently,
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FIGURE 1

Location of the site and weather stations.

there are three mainstream reconstruction methods for three-
dimensional modeling of plants: (1) The use of geometric shapes
to depict the crown surface. (2) The use of voxels to reconstruct the
tree. (3) The reconstruction of the tree’s skeleton and the addition
of foliage configurations (Xu et al., 2021). The first reconstruction
method has the advantage of being computationally efficient and
is suitable for simple trees, such as broadleaf trees (Janoutovd et al.,
2019). The second method features a spatial foliage distribution that
takes into account gaps in the canopy. The third method has high
accuracy and works better in estimating the transpiration rate of
trees (Bournez et al., 2019). According to the previous study, the
plant canopy part (leaves + branches) is considered as a whole
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(Lin, 2004). Since the primary research objective of this study is
to explore the impact of trees on the thermal environment of the
square, for the sake of computational efficiency and accuracy, this
research uses the first method for tree reconstruction.

The in-depth and systematic research on thermal mitigation
strategies for arboriculture in urban squares in northern China’s
climate has yet to be thoroughly explored, and there is a lack of
empirical evidence and fine-tuning of key design parameters, such
as the balance between arboriculture layout and space utilization
efficiency, and the quantification of arboricultural characteristics.
The primary purpose of this study is to take the flag-raising square
in the central axis of a university in the north as an example, to
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assess the influence of its arbor layout on the thermal environment
in summer through thermal environment simulation and other
methods, and to explore the role of arbor layout on the thermal
environment in this space type of square under extreme weather.
The specific research methods are as follows: (1) CFD model
calibration. Based on the air temperature, relative humidity, and
other data measured at the site, the CFD model and parameter
settings are adjusted and optimized to determine high-precision
parameter settings. (2) Arbor point cloud model construction.
Combine unmanned aerial vehicle (UAV) tilt photography with
this approach to establish a high-precision status quo arbor model,
thereby improving the accuracy of subsequent simulations. (3)
Adopt the verified simulation method to simulate the thermal
environment of the typical arbor layout of the square, and study the
arbor layout way to mitigate the thermal environment of the square.

2 Materials and methods
2.1 Study area

The experiment was conducted in Xiqing District, Tianjin.
Tianjin is located at (39°08'N 117°12’E) is a typical Chinese
city with a temperate monsoon climate with cold winters and
hot summers, and the main vegetation is deciduous trees. The
temperature is highest in July, with an average monthly high of
31°C, an average temperature of 26.8°C, and an average humidity
of 77%. The test site is located in the main square of the center axis
of the Tianjin Urban Construction University campus in Xiqging
District, Tianjin, China. With an east-west (EW) length of 170 m
and a north-south (NS) width of 165 m, with a total area of about
2.8 ha, of which the hard-paved area is 1.8 ha. The north side of
the square is the main administrative building, the east side is the
teaching building, the south side is the lakefront sunken square, the
west side is the campus nursery green space, and the center is the
platform. The East and West sides for the deciduous trees, acacia
and ginkgo, are composed of rectangular tree lines, with the south
side featuring the two groups of purple leaf plum tree lines.

The square is located in front of the main administrative
building at the end of the central axis of the campus. The completely
symmetrical form and the spatial sequence with the back of the
building facing the water body coincide with the layout form of
the main square of most of China’s cities, and the selection of this
square as the object of study is typical and representative. The
test period for this study is 5-8 July 2023 6.00-18.00 p.m. (Beijing
time), the measurement points were arranged as shown in Figure 1.
The meteorological data were recorded at 1-min intervals, and
the instruments and parameters used are shown in Table 1. The
measured data were used to calibrate the validity and reliability of
the simulation. In previous studies, some scholars have categorized
hot weather based on day-by-day maximum temperature (Tmax)
and minimum temperature (Tmin): Tmax > 35°C is defined as hot
weather and Tmin > 25°C is defined as hot and muggy weather
(Yingchun et al., 2003). In this study, 6 July (Tmax = 38.8°C, Tmin
= 29.8°C), the day with the extreme high temperature among the
survey days, is selected as the simulation date (Table 2).
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TABLE 1 Instrument parameters.

Measured instrument Instrument sensitivity

Air temperature 0.01°C
Relative humidity 0.02% RH
Wind speed 0.01 m/s
Solar radiation 0.01 HW/m?

TABLE 2 Average daily temperature, humidity, and wind speed.

Time  Temperature Humidity (%) Wind velocity
(°Q) (m/s)
0:00 322 51.0 34
1:00 317 55.8 27
2:00 315 59.3 17
3:00 312 61.7 17
400 30.3 624 24
5:00 30.0 62.1 23
6:00 29.8 60.9 2.8
7:00 30.2 59.1 3.0
8:00 30.9 57.9 22
9:00 323 55.9 2.1
10:00 34.0 50.2 2.1
11:00 34.9 475 1.8
12:00 36.1 432 1.8
13:00 37.2 38.0 24
14:00 38.0 345 22
15:00 38.8 29.8 23
16:00 38.6 29.4 2.1
17:00 385 27.0 22
18:00 37.9 28.7 14
19:00 37.0 348 14
20:00 322 37.8 22
21:00 311 418 1.1
22:00 30.9 44.0 0.7
23:00 29.8 453 1.7

2.2 Site modeling and simulation setup

A finite volume method and structured grid meshing based
solver the CFD scStreamV2021 (Software Cradle Co., Ltd., Osaka,
Japan) was used to simulate the current state of the site in terms
of the vegetation, water bodies, radiation fields in the buildings
and the surrounding city, winds, temperatures, humidity and
other climatic environments. The software is widely used for
environmental control analysis of buildings, including analysis
of indoor and outdoor air and heat flow fields that affect
the environment. scSTREAM holds a 90% market share in the
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Multilayer meshing and perimeter site modeling.

construction industry, particularly in Japan. The point cloud model
generated by UAV tilt photography was imported to restore the
current vegetation status of the site.

Through mapping, the square and the surrounding area are
modeled in 3D at a scale of 0.1 m resolution in the study area,
with detailed references to reality in terms of the scale and material
properties of the landscape elements (Figure 2). To retain the
simulation of the surrounding urban environment, a rectangle
centered on the study object and extending to 2,070 x 2,078 m in
all directions is the modeling domain. The software uses Cartesian
meshing for local optimization, enavling a finer mesh to be applied
to a specific part or location, reducing memory consumption
and computation time. Automatic meshing with tetrahedral or
hexahedral cells using Cutcell and finite element modeling. Based
on the size of the computational domain and the square, a three-
layer square was used for meshing:

The outermost structural domain 1 is 2,070 m(x), 2,090 m(y),
564 m(z) with a standard grid length of 20 m and a threshold length
of 8§ m.

Intermediate domain 2 is 410 m(x), 410 m(y), 200 m(z), with a
standard grid length of 8 m and a threshold length of 1 m.

The innermost domain 3 is 180 m(x), 185 m(y), 50 m(z) with a
standard grid length of 1 m and a threshold length of 0.2 m.

The grid was generated from representative local encryptions
with geometric transfer ratios of 1:1.2 and a total grid count
of 45,926,701.

The simulation is set up as follows: the turbulence is modeled
using the standard k-e model, which is the most basic model
and is widely used to predict various types of turbulence. The
simulation setup considers thermal, radiative, solar radiation, and
other types of analysis. Steady-state analysis is used for this analysis.
The top and side thermal boundaries are boundaries of solar
radiation. The intensity and direction of solar radiation were
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TABLE 3 Microclimate simulation settings and meteorological
parameters of the model input in scStreamV2021.

Parameters Values used

Simulation date 6 July 2023

Location China Tianjin (39°08'N 117°12E)

Meteorological parameters | Air temperature, humidity, wind speed, wind
direction, cloud cover 0, weather station 1.5m
above ground level, and solar insolation calculated

using ASHRAE information (2013)

Plant Point cloud establishment plants, porous media:
particle diameter 0.03 m, shape factor 0.2, porosity
0.9; other plants: friction factor 0.63, leaf area

density 3.61 m*/m?

Building A notable 0.05 m thick concrete (293 K), emissivity

0.9, absorption ratio for construction materials

Ground Asphalt (293 K), emissivity 0.9, absorption ratio
for building materials; 0.2 m thick soil (293 K),
emissivity 0.9, absorption ratio for building

materials

specified from the observation database in the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
Handbook (2013). ASHRAE 2013 provides standard methods for
calculating the intensity of direct and scattered solar radiation
on horizontal and vertical surfaces under clear-sky conditions.
Cradle CFD’s solar radiation model integrates these formulas to
compute the radiative heat flux acting on the boundary of the
computational domain as a thermal boundary condition based on
the input geographic location, time, date, and surface orientation.
Plants and water bodies serve as the primary sources of heat and
moisture transfer, with plants as the porous medium for convective
heat transfer and transpiration, and water as the static interface for
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convective heat transfer and evaporation. In this study, this was
modeled as the convective heat transfer coefficient (Asawa et al,
2016), and the evaporative water flux rate (Morille et al., 2013),
which are consistent with the average values of related studies (Vi-
jiaetal, 2021; Yang et al., 2020), respectively. Boundary conditions
are set according to previous studies (Ma et al., 2023). The lateral
wall boundaries of the domain were no-slip conditions; the top wall
boundary is free-slip, whereas the power-law velocity was applied to
the ground and building surfaces.

The sc Stream built-in Plant Canopy model was used to
simplify the site vegetation species by considering the hygrothermal
characteristics of plants (Xue et al., 2018), and the density per unit
of leaf area (3.61 m?/m?), friction coefficient (0.63), and porosity
(0.9) were set for the plant model to characterize the attenuation
of solar radiation, the loss of wind pressure, and the turbulence-
forming effects of plants. To obtain a more intuitive picture of the
impact of plants on the square’s microclimate during the daytime,
the simulation times were set for 6 July 2023, at 6:00, 9:00, 12:00,
15:00, and 18:00 h. Specific parameters are shown in Table 3.

2.3 Field measurements and model
validation

Comparison of the current state microclimate data with the
simulated data at each point to verify the model accuracy. In this
study, correlation coefficient (R?), mean absolute error (MAE), and
root mean square error (RMSE) are used to check the accuracy of
the model. The formula is calculated as follows:

2
_ Z?:l (Xobs,i - model,i)
n

_ Z?:l |Xobs,i - Xmodel,i|
n

RMSE (1)

MAE @)
where Xobs is the measured value, Xmodel is the simulated value,
and n is the number of data blocks. The average correlation
coeflicient (R*) = 0.993, root mean square error (RMSE) = 0.373°C,
and mean absolute error (MAE) = 0.306°C for the temperature
at each measurement point. Mean correlation coefficient (R?)
for humidity = 0.942, root mean square error (RMSE) = 3.7%,
and mean absolute error (MAE) = 1.9%. The mean correlation
coefficient (R*) = 0.892, root mean square error (RMSE) = 0.523
m/s and mean absolute error (MAE) = 0.378 m/s for wind speed
(Figure 3). Compared with the temperature and humidity, the
wind speed error is relatively large but within the error tolerance,
analyzing the reason for this is that the status quo point of plant
growth is poor, the simulation for plant growth is good conditions,
resulting in part of the point of the wind by the plant canopy
obstruction caused by the value of the low. The results indicate
that the error falls within the normal range, thereby verifying the
credibility of the microclimate simulation.

2.4 Plant modeling
The physical properties of plants have an important impact on

the simulation, and a more accurate model can help reshape the
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microclimate in the current situation. In this study, we utilize the
tilt photography function of DJI Sentinel 3M multispectral version
to acquire the vegetation point cloud data. We then reconstruct the
collected data using DJI Terra software and perform appropriate
pruning in conjunction with the actual situation to simulate the
current environment. The use of 3D point cloud technology
for acquiring landscape spatial data significantly enhances data
acquisition efficiency and accuracy (Shi et al.,, 2022). Due to the
poor growth or dead trees in the current site, for the sake of
experimental unity and standardization, and to facilitate qualitative
and quantitative changes in the tree array space, a single tree
with good growth and a full crown was selected as the standard
vegetation module, and rearranged in the site according to the
current distribution of trees as the optimized plant point cloud
model, which was then used in the subsequent simulation to
explore the effect of plant distribution on the thermal comfort of
the square.

The feasibility of plant point cloud modeling was verified by
comparing the wind environment maps generated by point cloud
modeling and those obtained from plant coarse modeling The
simulations were carried out using the original plant block (the
square plants were divided into eight groups of blocks), the original
plant coarse block (the square plants were modeled according
to the distribution of the square plants using the rectangular
block), the modified original plant point cloud model (a decent
modification of some parts of the square plant point cloud model),
and the optimized plant point cloud model (a well-grown tree
was chosen to replace all the trees at all locations; Figure 4).
Other conditions remain unchanged. As shown in Figure 5, the
modified point cloud model is more effective at simulating the
current environment because the reconstructed plants exhibit more
morphological characteristics than the real plants, especially in
the wind environment, which is an important condition for the
microclimate. The optimized plant point cloud model may differ
from the measured values of the current weather station due to
inconsistencies with the current situation. Still, as an idealized
and standardized plant model, the optimized plant point cloud
model was used in the later experiments to explore the relationship
between the plants and the microclimate in the square of the main
teaching building.

2.5 Square landscape space design and
reconstruction

Based on determining the optimal simulation model, to better
create a ventilation corridor, the current vegetation planting
spacing is increased, the current tree planting 5m between east
and west, north and south side of the 2.5m spacing between the
denser form of planting adjusted to a single time the planting
density of the tree crown, that is, east and west sides of the
9m. To investigate the effect of ventilation corridor orientation
on the thermal environment of the square. The spacing between
the north and south sides of square tree rearranged to create
three kinds of planting patterns (Figure 6): (1) Reduce the
EW tree arrangement to create an EW wind corridor pattern
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Results of wind environment simulation.
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with a 0° angle to the wind direction; (2) Reduce the north-
south tree arrangement to create a North-South (NS) wind
corridor pattern with a 90° angle to the wind direction; and
(3) Maintain the original tree arrangement to create a L wind
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corridor pattern with a 45° angle to the wind direction. To
investigate the influence of the width of the ventilation corridor
on the thermal environment of the plaza, the above three wind
corridor patterns were simulated respectively, and trees were
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Wind environment simulation results for different length thresholds.

TABLE 4 Case scenarios for grid sensitivity verification.

Grid length thresholds Ratio of error area (%)

5m 60.3
3m 44.2
1m 39

planted at intervals of 1 x crown, 1.5 X crown, 2 X crown,
and 2.5 x crown, so as to derive the optimal spacing of the tree
array arrangement.

2.6 Grid-independence verification

Numerical simulations of computational fluid dynamics are
affected by mesh discretization errors between the converged
solution of the adopted mesh scheme and the exact solution of
the equations. Grid convergence validation was carried out for the
scenarios using progressive grid encryption. The simulated and
measured error values are calculated for the wind environment
simulation grid length thresholds of 5, 3, and 1 m, respectively, and
the results are shown in Table 4 and Figure 7, which shows that it
can be found that the simulation error is smaller in the case of a
length threshold of 1 m, and a grid with a length threshold of 1 m is
used to ensure the simulation’s accuracy and efficiency.

2.7 Thermal comfort evaluation indicators

Planimetric maps of thermal comfort indices were also
generated on the basis of the microclimate simulation maps, and in
this study, the wet-bulb globe temperature (WBGT) and the New
Standard Effective Temperature (SET*) were used as the indicators
for evaluating the thermal comfort of the site. These microclimate
planimeters illustrate how different plant landscape types affect the
spatial distribution of thermal comfort zones within the square.
The thermal comfort of the core area of the square under different
planting patterns is evaluated using these indicators.

Wet Black Globe Temperature (WBGT) is a fundamental
parameter for comprehensively evaluating the heat load of human
contact with the operating environment and has been certified
by the ISO 7243 standard system. WBGT considers four factors:
air temperature, wind speed, air humidity, and radiant heat. New
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Standard Effective Temperature (SET*) is a thermal comfort index
incorporated into the ASHRAE standard that takes into account
wind speed, temperature, humidity, space mean temperature
(sMRT), as well as atmospheric pressure and human condition data
(summer clothing heat resistance 0.5 clo, height 1.8 m, weight 70 kg,
metabolic rate 0.8 met).

3 Results

3.1 Influence of ventilation corridors on
thermal comfort in the core area of the
square

Numerical simulations of the three wind corridor modes
parallel to the wind direction of the day at 6:00, 9:00, 12:00,
15:00, and 18:00h are converted to 1.5m pedestrian height
WBGT and SET* planograms and calculated as histograms of
the different temperature ranges. The simulation results of the
different ventilation corridor orientations are evaluated in terms
of relative thermal comfort in the target area as evaluation
criterion. In the summer, people will feel uncomfortable when the
standard equivalent temperature is above 34.5°C, and will feel very
uncomfortable when it exceeds 37.5°C. The safe WBGT limit for
the human body in the summer recreational state is 32 to 33°C.
When the ambient WBGT value is exceeded for an extended period,
safety precautions should be taken to prevent thermal damage
to the human body (Lin, 2004). To better reflect the range of
thermal comfort on that day, the thermal comfort floor plan sets
the maximum temperature to 34°C (Gagge et al., 1971).

On that day, the test wind direction was westerly, and
by comparing the status quo thermal comfort floor plan, the
simulation was conducted at 6:00, 9:00, 12:00, 15:00, and 18:00;
the specific characteristics were as follows (Figure 8): (1) The EW
mode had the best average daily improvement of the thermal
comfort level (the average daily improvement of ASET* = 0.07°C
and AWBGT = 0.15°C), in which the EW mode improvement
was not optimal at 6a.m. and 9a.m., and the improvement was
optimal at the rest of the time periods. The thermal comfort of
the southwest side of the site in this model was optimal and
improved most significantly, and the improvement effect of the
southeast side was weaker; (2) the NS model had the worst average
daily improvement in thermal comfort (average daily improvement
ASET* = 0.05°C, AWBGT = 0.08°C), in which the NS model
had a worse improvement effect in all time periods. The overall
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The original pattern with three new planting patterns.
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improvement depth is weaker than EW, but the west side has the
most significant improvement in this mode; (3) The L mode has a
better average daily improvement in thermal comfort (average daily
improvement ASET* = 0.03°C, AWBGT = 0.08°C), where the L
mode has the best improvement at 9 am. The overall improvement
depth is deeper than NS and weaker than EW, with better thermal
comfort improvement on the southwest side in this mode.

3.2 The effect of plant spacing on core
thermal comfort in a square

Unreasonable planting density is not conducive to improving
thermal comfort in the center of the plaza, To simplify the
simulation experiments, plant spacing was simulated in terms of
1, 1.5, 2, and 2.5D planting intervals in terms of the crown D of
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the selected established trees. The average thermal comfort in the
thermal comfort plan generated by the calculation was compared
with the original data to derive a changed thermal comfort map.

3.2.1 EW mode

SET*, WBGT thermal comfort plan view, and the improvement
of the change in Figures 9, 10, respectively, in EW mode to improve
the degree of thermal comfort of the square with increased plant
spacing showed a trend of increasing and then decreasing, the
degree of improvement in the two-dimensional (2D) space at the
optimal value. In the intervals of 1, 1.5, 2, 2.5D increased the area
of the square comfort area, the main improvement area for the
southwest side of the square, the north side of the improvement
is worse, and the worst improvement is in the northeast of the
square. The EW model improved the thermal comfort of the square
except for point 6, and the best improvement at 6 was EW1.5
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(ASET* = 0.056°C, AWBGT = 0.141°C); the best improvement
at 9 was EW2.5 (ASET* = 0.158°C, AWBGT = 0.109°C); the
best improvement at 12 was EW2.5 (ASET* = 0.449°C, AWBGT
= 0.140°C); the best improvement at 15:00h was EW2 (ASET*
= 0.238°C, AWBGT = 0.287°C); and the best improvement at
18:00h was EW1.5 (ASET* = 0.180°C, AWBGT = 0.01°C). The
best improvement in thermal comfort throughout the day was
achieved by EW2 (ASET* = 0.198°C, AWBGT = 0.130°C). The
average daily improvements, from largest to smallest, were EW2,
EW2.5, EW1.5, and EW1, with average improvement of ASET* =
0.177°C and AWBGT = 0.122°C.

3.2.2 NS model

SET*, WBGT thermal comfort plan, and the improvement of
changes in Figures 11, 12, respectively, the NS mode to improve
the degree of thermal comfort in the square with the increase
in plant spacing showed a first increase and then decrease, the
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degree of improvement in the 2D when the optimal. At intervals
of 1, 1.5, 2, and 2.5D, the area of the square comfort area was
increased, and the main improvement area was the southwest
side of the square; the north side was poorly improved, and the
northeast side of the square was the worst improved. NS mode
improved the thermal comfort of the square except for point 6,
and the best improvement effect at point 6 was NS2.5 (ASET* =
—0.104°C, AWBGT = 0.019°C); and the best improvement effect
at point 9 was NS2 (ASET* = —0.104°C, AWBGT = 0.019°C).
(ASET* = 0.031°C, AWBGT = 0.074°C); NS2 (ASET* = 0.262°C,
AWBGT = 0.014°C) at 12:00 h; NS2 (ASET* = 0.144°C, AWBGT
= 0.064°C) at 15:00h; and NS2.5 (ASET* = 0.144°C, AWBGT
= 0.064°C) at 18:00h. NS2.5 (ASET* = 0.139°C, AWBGT =
0.005°C). The best improvement in thermal comfort throughout
the day was achieved by NS2 (ASET* = 0.079°C, AWBGT =
0.036°C). The average daily improvements, from largest to smallest,
were NS2, NS2.5, NS1.5, and NS1, with average improvement of
ASET* = 0.051°C and AWBGT = 0.031°C.
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3.2.3L mode

SET*, WBGT thermal comfort plan, and the improvement of
changes in Figures 13, 14, respectively, in L mode to improve the
degree of thermal comfort of the square increases with the increase
in plant spacing, and the degree of improvement in the optimal
2.5D. At intervals of 1, 1.5, 2, and 2.5D all increased the area
of the square comfort area, the main improvement area for the
southwest side of the square, the north side of the improvement is
worse, and the northeast of the square is the worst improvement.
the L mode except for the 6 points have improved the thermal
comfort of the square, and at 6:00h the best improvement is
125 (ASET* = 0.266°C, AWBGT = 0.229°C); at 9:00h the best
improvement is L2.5 (ASET* = 0.136°C, AWBGT =0.110°C); the
best improvement at 12:00 h was L2.5 (ASET* = 0.414°C, AWBGT
= 0.133°C); at 15:00h the best improvement was L1 (ASET* =
0.222°C, AWBGT = 0.249°C); and the best improvement at
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18:00 h was L2.5 (ASET* = 0.209°C, AWBGT = 0.01°C). The best
improvement in thermal comfort throughout the day was achieved
by L2.5 (ASET* = 0.243°C, AWBGT = 0.141°C). The average daily
improvements, from largest to smallest, were L2.5, L2, L1.5, and
L1, with average improvement of ASET* = 0.166°C and AWBGT
=0.122°C.

3.3 Relationship between planting spacing
and planting direction

Combining the thermal comfort improvement values for each
model (Figure 15), the thermal comfort improvement shows a
trend of increasing and then decreasing with the increase of time,
and the most significant thermal comfort improvement is at 12:00
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and 15:00 h. The SET* improvement value for each mode is greater
than WBGT. Due to the teaching building on the north side of the
square, which blocks part of the air circulation, and the building
absorbs and reflects thermal radiation, resulting in the thermal
comfort on the north side of the square is smaller than that on
the south side; the wind source at the microclimate conditions are
good, the thermal comfort is better, and the degree of improvement
on the west side is greater than that on the east side.

The EW, NS and L modes all create an improved area in the
south of the square in the EW direction; the EW mode has the
best depth of improvement for the interior of the square, the L
mode has a better degree of improvement, and the NS mode has
the worst degree of improvement. When the planting spacing is
less than or equal to 2D, EW mode has the best thermal comfort

Frontiersin Sustainable Cities

improvement effect, followed by L mode and NS mode is the worst;
when the planting spacing is greater than 2D, L mode has the best
improvement effect, followed by EW mode and NS mode is the
worst. As the L layout mode can increase the density of plants to
a certain extent, when used in 2.5D, a better thermal environment
can be obtained under the condition of site ventilation, compared
to the other two types of modes.

4 Discussion

This study reproduces the site plants through UAV point cloud
modeling, with a more realistic physical form, which can more
accurately simulate the current environment, and has a certain

12 frontiersin.org


https://doi.org/10.3389/frsc.2025.1544249
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org

Lietal.

10.3389/frsc.2025.1544249

SET* change value for each mode

NS2 NS2.5

Average | | Time L1 L1S L2 L25

EW25 Average | | Time NS1
0.023 6 0.168

NSLS

<0014

-0.130

-0.165 -0.162

20196 [ | -0.177

0175

-0.003 9 -0.098

-0.126 15

-0.102

-0.198

-0.108 18 -0.198 -0.201

-0.051 Averagq -0.166

Average

FIGURE 15
Combining the thermal comfort improvement values for each model.

reference value for subsequent research in this field of accurate
modeling. The simulation studies for the planting spacing and
direction of a single tree can guide this type of square space, which
is of scientific interest in the method of tree design and layout.

4.1 Ventilation corridor arrangement of
trees under optimal thermal comfort

Several studies have shown that the setup of a ventilation
corridor can guide the wind into the internal space of the site
and improve the thermal comfort of the site (Gomaa et al., 2024;
Zolch et al,, 2019). And the distance of tree planting has an effect
on the outdoor thermal environment (Yang et al., 2022). When
planting trees, appropriate consideration of reserving ventilation
corridors can help improve the thermal comfort of the core area
of the square, and the best effect of improving the space of the
site in the west and south sides of the dominant wind direction;
the direction of the arrangement of the ventilation corridor should
be based on the direction of the prevailing winds of the site as a
reference, and the best effect is to plant parallel to the dominant

Frontiersin Sustainable Cities

wind direction, followed by the best effect at an angle of 45° with
the wind direction, and the worst effect of the arrangement of the
perpendicular wind direction.

4.2 Spacing arrangement of tree planting
under optimal thermal comfort

Previous studies have shown that excessively dense planting
leads to overlapping of tree canopies, which negatively affects
the cooling efficiency of the trees and, consequently, does not
contribute to improving the thermal comfort of the area (Sodoudi
et al, 2018). In the simulation, increasing the distance between
floors (intervals of 1, 1.5, 2, and 2.5D) showed positive effects on
improving the thermal comfort of the space. 1.5 and 2D have the
best effect on the space improvement, and the improvement effect
of other modes except the L mode gradually decreases after being
larger than 2.5D. In the simulation, the planting spacing is too wide
to improve the thermal comfort of the space, so it is necessary
to leave enough spacing between trees. In the actual design, too
wide planting spacing is not conducive to the interpretation of the
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Vegetation optimization program.

design concept and greening and beautification effect, although 2D
planting spacing is the best layout form for improving thermal
comfort in the design of the array of trees in the square, if
the pursuit of the design effect can also be taken to improve
the effect of thermal comfort better 1.5D spacing. In order to
ensure the width of the ventilation corridor, attention also needs
to be paid to the impact of plant coverage, and a 45° angle
wind direction can increase the ventilation corridor while also
increasing plant coverage, thus improving the thermal comfort in
the square.

4.3 Optimization of arbor layout from the
perspective of thermal comfort

The consideration of a ventilation corridor in the layout of trees
can make the cooling range of plants the largest, which is conducive
to the cooling of the square center, and also takes away the hot air
generated by the hard pavement. When the width of the ventilation
corridor exceeds 2D, the influence of plant cover on the thermal
comfort of the square space increases. Combined with the above
conclusions, the strategies for improving the summer thermal
comfort in the study area are as follows (Figure 16): (1) Create a
wind corridor pattern parallel to the prevailing wind direction or at
an angle of 45° Combined with the simulation results above, the
current EW wind corridor is reduced by the regular reduction of
north-south trees to form a wind corridor arrangement at an angle
of 45° to the prevailing wind direction. (2) Reduce the density of
the planting spacing of 1.5-2D; Since the current tree planting is
too dense, it can form a corridor arrangement at an angle of 45° to
the prevailing wind direction. In the current situation, the trees are
planted too densely, and some of the trees are in bad condition and
dead. Reduced planting density can allow better growth space and
competitive advantage among trees, and at the same time combined
with the above simulation results in the current layout on the basis
of the removal of some of the trees with bad upward trend, and the
regular reduction of local trees, so that the overall density of the
tree layout is controlled at a planting spacing of 1.5-2D crowns, to
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provide the optimal spatial layout for the thermal comfort of the
square by the trees themselves.

5 Conclusion

In this study, the optimization method of tree layout based
on thermal environment simulation can provide a scientific
basis and precise design tool for microclimate regulation in
urban public space, which is meaningful to break through
the empirical limitations of traditional landscape design by
quantitatively analyzing the impact of vegetation layout on thermal
comfort, effectively mitigating the urban heat island effect, and
reducing the threat of extreme high temperature on human health
and activity quality. By combining point cloud modeling and
CFD simulation, the methodology provides urban planners with
actionable optimization strategies to improve thermal comfort,
reduce energy dependence, and enhance urban resilience in hard-
paved areas during the summer.

UAV point cloud modeling can accurately characterize the
physical form of vegetation and significantly improve the accuracy
of thermal comfort simulations. Through the simulation of the
study area, the spatial thermal comfort of this type of urban square
was concluded as follows: (1) For this study type of urban square,
its spatial thermal comfort is more affected by factors such as
tree planting spacing, crown width, and arrangement direction,
etc; (2) Under the guarantee of a particular form of tree layout
remains unchanged, the planting direction is arranged at an angle
of 45° to the dominant wind direction with the best effect of
improving the thermal environment; (3) Under the condition of
ensuring the layout direction is unchanged, the wind corridor width
when the tree spacing is 1.5-2 times the crown width has the
best effect on the improvement of the thermal environment in
space; (4) During the high temperature period in summer (12:00
and 15:00h), the pattern of planting trees with a spacing of 2.5
times the crown and parallel to the dominant wind direction has
the best effect on the improvement of the thermal comfort of the
site; (5) The wind source of the site, which is at the west side of
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the square, is the region with the most profound impact on the
depth of the thermal comfort of a variety of simulation forms.
Open space and activity space can be increased and arranged in
this part appropriately; and (6) Combined with the simulation
results of this study, it can also be concluded that the microclimate
improvement in winter can be increased appropriately by arranging
evergreen trees in the dominant wind direction, which can block
the depth of the wind flow and improve the comfort level of the site
in winter.

This study focuses on the influence of the physical
characteristics and arrangement of trees on thermal comfort,
and some studies have shown that the size of the tree canopy
has a greater impact on the thermal environment in hot weather
(Liu et al, 2021). The understory space was set as the soil in
the simulation, and the effect of the lawn under the trees on the
microclimate was not taken into account, despite several studies
have shown that the lawn has a negligible impact on the overall
thermal comfort (Xiaogang et al., 2024; Wenna et al., 2019). The
reconstruction of the tree canopy was only for the refinement
of the outer epidermis of the canopy, but not for the spatial
reconstruction of the branches and leaves within the canopy.
For the sake of uniformity and standardization, the point cloud
data of a single tree shape on the site were used to establish the
model, which may be suitable for the diversified plant growth
status. However, the data and results of the simulation are still of a
certain degree of credibility. The simulation experiment was only
carried out in summer; for winter, this study can only speculate on
the planting orientation of evergreen trees in winter to improve
the microclimate of the site. The plant spatial layout form of the
simulation requires further study in the future.

Although the effect of plants on the thermal environment of
the square under extreme weather was small in this experiment,
the results of the study can still provide a scientific basis and
quantitative guidance for the optimization of the microclimate of
urban public space. By clarifying the relationship between tree
layout direction, spacing, and canopy width, thermal comfort
during the hot summer hours can be significantly improved, and
the urban heat island effect can be reduced, thereby improving
the residents’ outdoor activity experiences and reducing energy
consumption. The results are not only applicable to campus
squares but can also be extended to urban parks, commercial
streets, and other hard-paved areas, providing key technical
support for the construction of resilient cities and helping to
realize the “dual-carbon” goal and sustainable development. In
the future, the study can further combine dynamic climate data
and multitree parameters to build a more adaptable optimization
model, while exploring strategies to improve the microclimate
in winter to form a comprehensive control program throughout
the year. Its role is not only to enhance the residents’ experience
of using outdoor space and promote ecological and functional
balance, but also to help the construction of low-carbon cities
through scientific layout, providing a practical model for the
global response to climate change and the design of sustainable
human settlements.
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