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Abstract

Rapid economic development has led to a growing reliance on private car commuting,
making the mitigation of carbon dioxide (CO2) pollution along road environments critical
for the health of nearby residents. Road greening serves as an ecological barrier between
traffic emissions and adjacent residential areas, and its effectiveness in reducing local CO2

pollution has been widely studied. However, the influence of different spatial morphologies
of road greening on the distribution of CO2 around buildings remains underexplored. In
this study, we developed a numerical simulation model to investigate CO2 dispersion on
building surfaces under various road greening spatial configurations. Simulation results
indicate that a “tree–shrub–grass” composite configuration significantly reduces CO2

concentrations around buildings. These findings provide practical guidance for optimizing
vegetation spatial layouts in high-density road networks and contribute to the global
pursuit of carbon peak and carbon neutrality goals.

Keywords: numerical modeling; carbon dioxide; building; vegetation barrier

1. Introduction
In recent years, the rapid development of the economy has driven the rapid devel-

opment of the transportation industry. As an important pillar of the national economy
and social development, the transportation industry shoulders the important task of sup-
porting the country’s economic operation and promoting social development. With the
advancement of modern science and technology and the acceleration of urbanization, the
transportation industry has gradually become one of the indispensable economic activities
of human civilization [1]. Transportation accounts for 23% of global carbon dioxide emis-
sions, most of which comes from the combustion of fossil fuels [2]. According to relevant
studies, the transportation industry has become the second largest source of greenhouse
gas emissions after industrial production [3]. Therefore, the proportion of various harmful
gases emitted by traffic vehicles, such as carbon dioxide, nitrogen oxides and volatile
organic compounds, in the air has increased sharply. In cities, many people spend a large
amount of time near roads every day. While direct acute toxicity from traffic-related CO2

at ambient concentrations is rare (hypercapnia typically occurs only in enclosed spaces),
elevated CO2 levels contribute to the urban greenhouse effect and serve as a proxy for
combustion-related emissions [4,5]. Therefore, reducing traffic-derived CO2 is important
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for both climate mitigation and overall air quality near roadways. It can be seen that
pollutants emitted from traffic can cause great harm to the human body [6]. Therefore,
taking effective measures to reduce the content of air pollutants in the environment near
roads has become a common concern among scholars and policymakers.

In order to reduce the impact of air pollutants emitted by vehicles on nearby residents,
Salmond et al. [7] have achieved the purpose of reducing carbon dioxide concentration
in residential areas by adding vegetation (such as shrubs, trees, grass) between roads and
residential buildings to form a vegetation barrier. However, further research is needed on
how to rationally configure vegetation to minimize carbon dioxide concentrations near
roads. Therefore, it is crucial to further study the relationship between the spatial form of
road greening and air pollution around buildings in order to implement passive emission
reduction strategies in road greening planning [8].

Scholars use a variety of methods to study the process of carbon dioxide adsorption
by vegetation, such as field experiments, wind tunnel experiments, semi-empirical models,
and computational fluid dynamics (CFD). Each of these methods has advantages and
disadvantages, and the specific summary is shown in Table 1. When conducting field
experiments, we are often faced with the problem of limited sample sizes and the inability to
replicate them [9]. In contrast, numerical simulations using computational fluid dynamics
are more reproducible. This method not only provides detailed data information for any
location, but also accurately simulates the instantaneous movement of carbon dioxide in an
open road environment. More importantly, it can also simulate different design scenarios
related to vegetation configuration (road greening space form), such as spacing, height and
crown diameter (crown width), etc., to evaluate the impact of various confounding factors
on traffic pollution mitigation [10].

Table 1. Advantages and disadvantages of research methods for carbon dioxide adsorption by
vegetation.

Method Advantages Disadvantages

Field experiment

Completed under realistic conditions; able to
consider all phenomena in the real

environment; able to provide the most
authentic and credible data information.

The cost of experiments is high, the
experimental conditions are difficult to

control, repeated experiments cannot be
done, the experimental cycle is long, and

technical conditions are limited.

Wind tunnel experiment

The experimental conditions are controllable;
it can be used to supplement field data or

verify CFD software. The experimental cycle
is short and the experimental conditions are

easy to reproduce.

Only longitudinal experiments can be
conducted, and the existence of boundaries

will interfere with the results.

Semi-empirical model Relatively simple and easy to use; suitable
for far-field diffusion.

It requires empirical or semi-empirical
parameters, cannot simulate complex terrain,

and results in low accuracy.

CFD numerical simulation

The experimental conditions are controllable,
the cycle is short, the cost is low, and the
repeatability is strong, and detailed data

information can be obtained at any location.
Suitable for parametric studies.

The requirements for setting calculation
parameters and computer hardware are high,
and the results of CFD operations need to be

experimentally verified.

Recent CFD studies have demonstrated the importance of vegetation barrier design
for pollutant dispersion in urban environments. However, most of these studies focused
on particulate matter or nitrogen oxides, and few have systematically examined the influ-
ence of the longitudinal spatial arrangement of trees, shrubs, and grasses on gaseous CO2

dispersion around buildings. Therefore, the present study fills this gap by evaluating six
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vegetation configurations under a controlled CFD framework. In past research, the low-
carbon field was mainly discussed from the perspective of “quantity”. However, this study
uses a method that combines on-site measurement and numerical simulation to conduct
an in-depth study of the relationship between road greening vegetation configuration and
carbon dioxide diffusion in a local section of Yanggao Road in Pudong New District, Shang-
hai. Based on on-site field inventory data, an in-depth analysis of the plant configuration
(including trees and shrubs) on Yanggao Road in 2022 was conducted. The effectiveness
of the constructed numerical model was verified through precise measurements of these
sampling points. In addition, this paper also simulated the diffusion path of carbon dioxide
under different plant configurations, further revealing the impact of plant configurations
on the environment. Based on these simulation results, we put forward a series of targeted
road greening plant configuration planning suggestions, aiming to improve the air quality
in the environment near the road and reduce the impact of carbon dioxide on surrounding
buildings. These planning suggestions can provide scientific basis for urban greening and
environmental protection and promote sustainable urban development.

2. Study Area and Measured Area
2.1. Study Area

As the economic center of China, Shanghai, plays a pivotal role and is one of the
most densely populated and economically developed cities in China. According to data
released by the Shanghai Municipal People’s Government in 2023 (Shanghai Transportation
Industry Development Report (2023)), as of the end of 2022, the number of motor vehicles
in Shanghai has exceeded 5.37 million, ranking among the top five cities in the country [11].
As a densely populated city, Shanghai has dense residential areas on both sides of its
municipal roads, and the carbon dioxide emitted by traffic vehicles poses a threat to the
health of residents.

Yanggao Road is an important traffic artery in Pudong New Area, Shanghai. It runs
from southwest to northeast, with its northern end connected to Waigaoqiao Free Trade
Zone and its southern end connected to Linhai Highway. The road starts from Shangnan
Road in the south and ends at Jianghai Road in the north, with a total length of 28 km.
In view of the importance of Yanggao Road’s geographical location and transportation
function, it is very appropriate to choose it as the research area. The main reasons for
choosing Yanggao Road as the research object are as follows:

(1) The land is located in Pudong New District, Shanghai. It is one of the main express
passages in the area. At the same time, the land is also located in the central area
of Shanghai.

(2) According to the on-site traffic flow statistics on Yanggao Road, we found that the
average daily traffic flow on this road section has reached 10,000 vehicles.

(3) The areas covered by vegetation on both sides of the road are close to residential areas.
In view of the possible impact of pollutants emitted by traffic on the health of residents,
it is necessary to take measures to reduce the emission of pollutants.

(4) The vegetation layout on both sides of Yanggao Road is standardized, with rich plant
species, including herbs, shrubs and trees, and the proportions are appropriate.

(5) When conducting numerical simulations, given that the vegetation species on both
sides of Yanggao Road are generally homogeneous, we can use a modular simulation
method to effectively represent such an open road environment.

2.2. Actual Measurement Area

A sample plot with an area of 30 m × 15 m was selected on the east side of Yanggao
Road (as shown in Figure 1), and on-site plant species survey and mapping were conducted
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on this plot. The plants in this sample plot include trees, shrubs and herbs, which can
reflect the common plant planting configurations in open road environments in Shanghai.
After field investigation, the surface of the area is mainly covered by sparse herbaceous
plants, while oleander trees constitute the secondary vegetation layer. In addition, trees of
different sizes grow in the area, which together form a green barrier between road traffic
and buildings, as shown in Figure 2. Table 2 below shows the distribution of plant species
in the sample plots:

 

Figure 1. Vegetation planting on Yanggao Road.

Figure 2. Open road environment.
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Table 2. Plant species statistics.

Plant Name Type Quantity Height (m) Branch Point Height (m)

Camphor arbor 8
10.0 × 2
10.6 × 3
9.4 × 3

1.6 × 3
1.8 × 2
2.0 × 3

Yiyang arbor 2 7.8 × 1
8.2 × 1 1.8 × 2

Oleander tall shrub 8
5.1 × 2
5.4 × 3
4.6 × 3

/

lawn Grass / 0.2–0.3 /

3. Numerical Simulation
Turbulence numerical simulation methods can be divided into direct numerical sim-

ulation methods (Direct Numerical Simulation, DNS for short) and indirect numerical
simulation methods. The direct numerical simulation method can reproduce the turbulent
flow process [12], but its memory space and calculation speed requirements are too high
and its use is not considered. Non-numerical simulation methods are also called Large
Eddy Simulation (LES), Reynolds-Averaged Navier–Stokes (RANS) and statistical aver-
aging methods. Commonly used non-numerical simulation methods are LES and RANS.
Although LES is more accurate than RANS in calculating turbulent motion, its calculation
time is too long and it is difficult to refine the inlet conditions and boundary conditions [13].
Therefore, this article uses RANS for simulation.

When using RANS, a Reynolds stress term will be added to the NS equation after
homogenization. Two ideas for solving the Reynolds stress term are the Reynolds Stress
Model (RSM) and the eddy viscosity model. The eddy viscosity model can be divided into
0-equation, 1-equation and 2-equation models according to different solution methods. The
standard k-model is currently the most mature 2-equation model and is widely used in
urban neighborhood simulation [14,15].

D. Mumovic et al. [16] studied the sensitivity of six different turbulence models using
numerical results of urban street environment simulation and found that the RNGk-model
can well simulate the wind environment of buildings on both sides of the road. According
to Mumovic’s description, the RNGk-model has built-in corrections, which are applicable
in both high and low Reynolds number regions. When the wind speed is higher, the
simulation results of the RNGk-model are more accurate.

To sum up, this study will use the RNGk-model as the turbulence model, the RNG k-ε
model was selected over the standard k-ε model because it incorporates built-in corrections
for low-Reynolds-number regions and provides more accurate predictions of flow separa-
tion around bluff bodies, as demonstrated in previous street canyon studies. A steady-state
solver was employed because the primary interest of this study is the time-averaged CO2

concentration field under constant meteorological conditions, which allows efficient com-
parison of the relative performance of different vegetation configurations. The logarithmic
wind profile follows the standard atmospheric boundary layer formulation recommended
by Richards and Norris, with a roughness length z0 = 2 m appropriate for the urban center
of Shanghai, and its governing equation is as follows:

Mass conservation equation:

∂ui
∂xi

= 0
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Momentum equation and heat transfer equation:

uj
∂ui
∂xj

= − 1
ρ

∂p
∂xi

+
∂

∂xj
(ϑ

∂ui
∂xj

− u’
iu

’
j) + (

ρ − ρ0

ρ0
)g

ui
∂T
∂xi

+
∂

∂xi
u’

iT
’ = Sh

Transfer equations for turbulent kinetic energy (k) and dissipation rate (ε):

ui
∂

∂xi
k =

1
ρ

∂

∂xj
[αkµeff

∂k
∂xj

] +
1
ρ

Gk +
1
ρ

Gb − ε

ui
∂

∂xi
ε =

1
ρ

∂

∂xj
[αεµeff

∂ε

∂xj
] + C1ε

ε

ρk
(Gk + C3εGb)− C2ε

ε2

k

Turbulent kinetic energy generation term due to mean velocity gradient (Gk) and
buoyancy (Gb):

Gk = µt
∂ui
∂xj

(
∂ui
∂xj

+
∂uj

∂xi
)

Gb = gβ
µt

Prt

∂T
∂xi

Thermal expansion coefficient (β) and eddy viscosity (µt):

β = − 1
ρ
(

∂ρ

∂T
)P

µt =
ρCµk2

ε

Herein, ui and uj are the time-averaged velocity components in the i and j-directions,
respectively (i,j = 1, 2, 3); µe f f is the effective viscosity; Pr is the turbulent Prandtl number;
P, ρ, and T represent the time-averaged pressure, density, and temperature, respectively; g
is the gravitational acceleration; and Sh is the heat source.

Cµ = 0.0845, αk = 1.393, αε = 1.393, C1ε = 1.42, C2ε = 1.68.

The momentum equations are solved using the Boussinesq approximation [17]:

ρ = ρ0(1 − β(T − T0))

Herein, ρ0 denotes the reference density, T0 denotes the reference temperature, and β

is the thermal expansion coefficient, which is taken as 0.0033 in this study.
To reduce computational resources, a steady-state solution will be used in this study.

3.1. Physical Model Simplification

This simulation adopted a modular simulation method and carefully constructed the
vegetation configuration method of the three-dimensional plant community structure. In
view of the extremely lush vegetation in the study area, we chose a modular simulation
method that can accurately reflect the efficiency of vegetation in absorbing carbon dioxide,
which fully meets the needs of the simulation scenarios set in this study. Empirical evidence
shows that trunk volume has a very limited impact on airflow dispersion [18]; therefore
only the tree canopy above the average CBH (1.8 m in this study) was included in the study,
whereas for shrubs and lawns, the structure from the ground to the top of the individual
plant was the object of study. The aerodynamic effect of vegetation was modeled as a
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porous medium with pressure loss described by the Forchheimer equation. Based on
literature values [18], the following porosity (ε) and drag coefficient (Cd) were assigned: for
tree canopies, ε = 0.98 and Cd = 0.2; for shrubs, ε = 0.95 and Cd = 0.4; for grass, ε = 0.99 and
Cd = 0.1. The canopy height of trees was set to 8 m on average, with a crown diameter of
5 m, based on field measurements listed in Table 2.

3.2. Calculation Area and Grid Setting

The calculation domain is the space area used for modeling and simulation solutions.
In order to solve the discretized fluid flow equation, we need to convert it into a compu-
tational grid (or grid). The size of the calculation area will affect the calculation speed
and simulation accuracy. If the calculation area is too small, the simulation accuracy will
be insufficient, and if the calculation area is too large, it will cause unnecessary waste of
computing resources. Referring to the existing research setting [11], the computational
domain setting of this study is shown in Figure 3. The distance between plant communities
and buildings is 10 m from the lateral boundary and the entrance boundary, and 50 m from
the exit boundary. The height of the calculation domain is 50 m.

Figure 3. Three-dimensional computational domain model.

Grid division can spatially discretize the computational domain. Different grid di-
vision methods will affect the simulation speed and solution accuracy. Reasonable grid
division can improve calculation efficiency and convergence accuracy. The grid types of
CFD can be divided into three types: the structured grid, unstructured grid and hybrid
grid. The structured grid is established based on the Cartesian coordinate system and is
widely recognized and applicable because of its fast generation speed, high calculation
accuracy, and relatively good grid quality. The unstructured grid can be applied to some
areas with complex spatial shapes, but the calculation time is long. The hybrid grid is a grid
type in which structured grids and unstructured grids coexist. The advantage of hybrid
grids is that complex geometries can be divided into multiple areas, and unstructured grids
are only used in more complex areas to maximize computational efficiency while ensuring
accuracy. In summary, the plants and buildings in this study have relatively regular shapes
and are suitable for structured grids. The grid division diagram is shown in Figure 4.
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Figure 4. Schematic diagram of mesh division. (left) Mesh division diagram; (right) mesh division
diagram (XZ plane).

3.3. Boundary Conditions
3.3.1. Inlet Wind Speed Distribution

When the airflow flows through terrain with different characteristics, the energy of
the airflow will be reduced due to friction, reducing the wind speed, thus affecting the
wind flow field. The degree of this influence will decrease with the increase in height.
When reaching a certain height, the roughness of the ground model can be ignored. This
height area affected by the surface friction of the earth is called the atmospheric boundary
layer. The ambient wind speed is an important boundary condition variable in this study.
Research by Pengyi Cui et al. [19] shows that under different environmental wind speed
conditions, the wind field structure in streets and alleys will change dramatically. In order
to make the simulation results more accurate and closer to the real value, we must consider
the change in wind speed with height. Urban environmental wind mainly exists in the form
of gradient wind. There are usually two ways to set the gradient wind, usually logarithmic
function form and power function form.

In this study, a logarithmic law-based specification of the incoming wind field is
adopted. The profiles of mean wind speed (UZ), turbulent kinetic energy (kZ), and turbulent
dissipation rate (εZ) are given as follows [20]:

Uz =
U*

ABL
κ

ln(
z + z0

z
)

kz =
U*

ABL√
Cµ

εZ =
U*

ABL
κ(z + z0)

where U∗
ABL is the friction velocity of the atmospheric boundary layer, which can be

determined by substituting the wind speed at a given height into the above equations; κ is
the von Kármán constant, typically taken as 0.4; z0 is the aerodynamic roughness length,
whose value depends on the average aerodynamic roughness of the underlying surface
within a certain upstream fetch of the incoming wind, and is usually set to 2 m [21] in urban
central areas; and Cµ is a constant taken as 0.09.

3.3.2. Outlet Boundary Condition Setting

The fluid flow on the outflow surface of the flow field has been fully diffused, and
the flow shape has returned to the flow characteristics without the influence of buildings.
Therefore, the outlet boundary is set to the pressure outlet, the pressure at the outlet
boundary is set to 0, and the return temperature is equal to the air temperature.
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3.3.3. Other Boundary Conditions

Before starting the simulation, in addition to the two key parameters of inlet velocity
and outlet pressure, several other parameters are needed to ensure the accuracy and stability
of the simulation. First of all, gravity is an indispensable parameter that is necessary for
calculations. In addition, several environmental parameters must be provided, including
wind direction, air temperature, and carbon dioxide volume fraction. In this study, the real-
time average temperature (26 ◦C) and average carbon dioxide volume fraction (3.96 × 10−4)
measured on site were used and regarded as constants that do not change with altitude.
During the fieldwork, the wind direction was a constant easterly.

3.4. Validity Verification

Validity verification is a key step to verify the accuracy of numerical simulation. The
validity verification of this study is divided into two parts, namely grid independence
verification and field experiment comparison verification. The purpose of the grid indepen-
dence test is to find the appropriate number of grids and the minimum grid size, while the
field experiment comparison verification is to verify whether the simulation settings can
restore the real environment.

3.4.1. Grid Independence Test

Grid independence test means to calculate the same model with finer grid division un-
til the grid independence is satisfied when the calculation results are basically unchanged.

Therefore, before the simulation, in order to eliminate the influence of the number
of grids on the accuracy of numerical calculations, the grid independence of the model
was verified, and the inlet and outlet pressure drops were calculated under different
grid numbers. The flow fields were simulated when the number of grids was 402,000,
496,000, 555,000, 625,000, 673,000 and 754,000 respectively. Taking the average exit speed
as an indicator, the average exit speed value under each number of grids is quantitatively
analyzed to judge the sensitivity of this numerical simulation to the number of grids.

The grid independence data is shown in Figure 5. According to the calculation results,
it can be seen that for different grid numbers, the average outlet speed will change. Within
a certain range of the number of grids, the average exit speed increases as the number of
grids increases, and then remains stable, with little change after the number of grids reaches
673,000. It can be considered that when the number of grids reaches more than 673,000, the
export speed basically becomes consistent. Considering that too many grids will increase
the calculation time, this numerical simulation was conducted with 673,000 grids.

 
Figure 5. The impact of the number of grids on the average exit speed.
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3.4.2. Comparison and Verification of Field Experiments

We verified the effectiveness of the three-dimensional computational domain model by
comparing the simulated carbon dioxide concentration and wind speed with the actual mea-
sured values on site. The simulated CO2 concentrations and wind speeds were compared
with field measurements at 10 sampling points within the study area. The following statis-
tical metrics were used: fractional bias (FB), normalized mean square error (NMSE), and
fraction of predictions within a factor of two of observations (FAC2). For CO2 concentration,
FB = 0.08, NMSE = 0.12, and FAC2 = 0.94. For wind speed, FB = 0.10, NMSE = 0.15, and
FAC2 = 0.91. These values satisfy common acceptance criteria (|FB| ≤ 0.3, NMSE ≤ 1.5,
FAC2 ≥ 0.5) according to Chang and Hanna (2004) [22], confirming that the model is
sufficiently accurate for the purpose of comparing vegetation configurations. A sensitivity
analysis on inlet wind speed (±20%) and vegetation porosity (±10%) showed that the CO2

concentration at the building facade changed by less than ±8%, confirming the robustness
of the model predictions and the ranking of the six configurations.

3.5. Simulation Scenario

This time, simulation scenarios of six plant community combinations were simulated
(Table 3) to evaluate their impact on carbon dioxide distribution in the open road environ-
ment in Shanghai urban area. Before conducting the simulation, we processed the plant
community block (30 m × 15 m) according to the following steps: First, the block was
divided into three parallel planting grooves, each with a size of 30 m × 5 m. The basis for
this setting is that plant community combinations with a width of at least 5 m have been
proven to be effective in reducing air pollution near roads [23]. Then, different plant types
(trees, shrubs, herbs) were planted in each planting tank. When conducting simulations,
we made some reasonable approximations and assumptions, mainly including:

(1) The wind direction blowing from Yanggao Road to the plant communities and build-
ings is vertical.

(2) The vegetation planting in each planting slot is continuous and has a rectangular shape.
(3) For different simulation scenarios, all settings and parameters remain consistent.

Table 3. Plant community combination scene construction.

Simulation Scenario
Planting Mix

0–5 m 5–10 m 10–15 m

1 arbor shrub grass
2 arbor grass shrub
3 shrub arbor grass
4 shrub grass arbor
5 grass arbor shrub
6 grass shrub arbor

These simulation scenarios are constructed based on the actual conditions of open
road environmental measurements in urban Shanghai and cities in China that also adopt
the National Urban Planning and Construction Management Regulations.

4. Conclusions
In the calculation of the difference in carbon dioxide concentration directly in front of

and behind the plant community, it was found that the plant community has a significant
adsorption effect on carbon dioxide. Overall, the introduction of plant communities can
effectively reduce carbon dioxide concentrations between plants and buildings, thereby
reducing the impact of pollution on both sides of open roads to sidewalk users and residents
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around buildings. Further analysis of these data revealed that the adsorption of carbon
dioxide by plant communities is closely related to plant species and community structure.
At a height of 1.5 m from the plant to the building, the tree–shrub–grass combination has
the lowest carbon dioxide concentration, indicating that it has the best adsorption effect,
with a specific value of 0.000392. This result can be visually observed as shown in Figure 6.

Figure 6. CO2 concentration at 1.5 m height under six vegetation configurations. The tree–shrub–
grass configuration (Scenario 1) exhibits the lowest concentration (3.92 × 10−4 volume fraction),
approximately 12% lower than the highest among the six configurations (Scenario 4). The horizontal
dashed line indicates the background CO2 level measured in the field (3.96 × 10−4).

In addition to carbon dioxide reduction, rational allocation of plant community struc-
ture also has multiple other advantages, such as reducing traffic noise, reducing PM2.5

concentration, controlling the urban heat island effect, and reducing runoff. The study by
Ferrini et al. in 2020 confirmed this [24]. The distribution of carbon dioxide concentration
along the vertical height of the building facade is shown in Figure 7. It can be seen from Fig-
ure 7 that for different plant community configurations, the carbon dioxide concentration is
different along the height direction of the building. The combination of trees–shrubs–grass
has the lowest carbon dioxide concentration, indicating that it has the best adsorption
effect. Comparison with previous studies reveals both consistency and novelty. Our finding
that a multi-layer vegetation configuration (tree–shrub–grass) outperforms single-layer
configurations agrees with Ferrini et al. [24], who reported that mixed vegetation types
enhanced pollutant removal. However, unlike previous CFD studies that focused on lateral
vegetation belts, our work demonstrates that the longitudinal order of vegetation types
along the wind path also matters, with the tree–shrub–grass sequence producing the best
performance among the six tested arrangements.

The flow rate has an important influence on the adsorption capacity of carbon dioxide.
Figure 8 shows the intermediate cross-sectional velocity distribution under six working
conditions. Looking at Figure 8, we can see that the tree–shrub–grass plant community
forms a lower velocity area above the building. This phenomenon shows that this plant
configuration has a strong adsorption capacity for carbon dioxide.
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Figure 7. Carbon dioxide concentration distribution along building height.

  

  

  

Figure 8. Speed cloud chart.

Velocity contours (m s−1) on the central vertical cross-section (x–z plane) for the six
vegetation configurations. In the tree–shrub–grass configuration (Scenario 1, bottom-right
panel), a low-velocity zone forms above the building (indicated by the dark blue region),
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which enhances local residence time and pollutant deposition. Other configurations show
more disrupted flow patterns with higher velocities near the building facade.

This study has limitations that should be addressed in future work. First, only the
physical effects of vegetation (flow modification) were modeled; photosynthetic CO2 uptake
would further reduce concentrations, especially during daytime. Second, only one wind
direction and summer conditions were simulated; different seasons or wind speeds may
alter dispersion patterns. Third, only CO2 was examined; traffic emits PM2.5, NOx, and
VOCs, which may respond differently to vegetation barriers. Despite these limitations, the
present findings provide a useful basis for optimizing roadside vegetation layouts.
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