
Academic Editor: Luca Stabile

Received: 15 September 2025

Revised: 23 October 2025

Accepted: 29 October 2025

Published: 31 October 2025

Citation: Li, P.; Qiao, D.; Tai, H.;

Wang, Z.; Ma, F. Research on

Optimization of Urban Commercial

District Layout Based on PM2.5

Diffusion Simulation. Atmosphere 2025,

16, 1255. https://doi.org/10.3390/

atmos16111255

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Research on Optimization of Urban Commercial District Layout
Based on PM2.5 Diffusion Simulation
Peiying Li 1 , Danyang Qiao 1, He Tai 2, Zi Wang 1,* and Fusheng Ma 1,*

1 School of Architecture and Planning, Shenyang Jianzhu University, Shenyang 110168, China;
lipeiying@sjzu.edu.cn (P.L.); 915127@stu.sjzu.edu.cn (D.Q.)

2 Shenyang Geotechnical Investigation & Surveying Research Institute Co., Ltd., Shenyang 110000, China;
kcyjszlb@024gis.com

* Correspondence: rscszk@sjzu.edu.cn (Z.W.); mafusheng@sjzu.edu.cn (F.M.)

Abstract

Atmospheric particulate matter (PM) pollution has escalated into a critical threat to urban pub-
lic health and safety. Among urban functional zones, commercial districts—characterized
by high human exposure—are simultaneously hotspots of pollutant accumulation. Con-
sequently, PM mitigation in these areas has become an urgent challenge for sustainable
urbanization. This study used Computational Fluid Dynamics (CFD) to simulate the dif-
fusion process and vertical concentration distribution of particulate matter in commercial
districts. The results showed that the concentration of PM2.5 decreased with increasing
height, with the highest concentration in the respiratory zone (1.5 m) and basic diffusion
above 50 m; There are significant differences in the concentration changes of pollutants
under different combinations of architectural spaces. By establishing a 20 m block wind
corridor, changing the relationship between the building and the street enclosure, and
adjusting the form of the building podium and overhead design with building height mul-
tiples (6–12 m), strategies can effectively alleviate the accumulation of particulate matter
in commercial blocks. These findings provide quantitative evidence for evidence-based
retrofitting strategies aimed at reducing PM2.5 exposure in high-density commercial areas.

Keywords: PM2.5; dispersion pattern; urban commercial districts; CFD simulation;
morphological optimization

1. Introduction
More than half of humanity now inhabits cities, which occupy < 3% of Earth’s terres-

trial surface [1,2]. This unprecedented spatial concentration has focused research on the
livability of dense urban habitats [3]. Simultaneously, rapid urbanization has elevated am-
bient air pollution—especially PM2.5 (aerodynamic diameter ≤ 2.5 µm)—to a determinant
of public health and environmental quality [4,5]. Epidemiological evidence consistently
links PM2.5 exposure to excess morbidity and mortality from cardiopulmonary patholo-
gies [6,7], while high ambient concentrations degrade perceived air quality and overall
well-being [8–10]. In cores of compact cities, continuous street canyons formed by high-rise
building arrays and heavy traffic suppress mean wind speeds and amplify turbulence,
creating persistent zones of poor ventilation that retard pollutant dispersion and prolong
resident exposure [11].

PM2.5 concentrations in cities exhibit pronounced spatial heterogeneity and tem-
poral variability that are governed by the morphology and metabolic regime of urban
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functional zones [12,13]. Functional zoning—an emergent outcome of land-use allocation,
industrial location, and human activity patterns [14,15]—modulates traffic generation,
energy-demand distribution, and emission profiles, thereby indirectly controlling pollutant
accumulation, dispersion, and deposition pathways within the urban canopy layer [16].
Among these zones, commercial districts concentrate pedestrian and vehicular fluxes to
an extreme degree. Their intricate three-dimensional structure, often characterized by
sub-optimal surface geometries, fosters persistent local maxima of airborne particulates.
Under synoptic conditions that impose perpendicular incident flow, building arrays trigger
lee-side vortices, corner accelerations, and venturi contractions; these micro-scale flow
distortions enhance residence times and create localized hotspots of elevated PM2.5. Con-
sequently, fine-scale morphological attributes of the urban fabric have become a critical
leverage point for neighborhood-scale mitigation of particulate pollution.

A substantial body of literature has elucidated the physico-chemical signatures [17],
source apportionment [18,19], and built-environment controls [20] of urban PM2.5. Con-
centrations are simultaneously modulated by land-use configuration, transport topology,
emission-source distributions, blue–green infrastructure, and synoptic meteorology. Free-
ways and industrial parcels consistently exert negative air-quality externalities [21,22],
whereas water bodies and vegetated patches generate positive, albeit scale-dependent, ef-
fects [23]. At the city scale, ecological corridors, green-way networks, and aggregated green
infrastructure (parks, wetlands, street forests) attenuate particulate loads through enhanced
deposition and reduced resuspension [24]. Building morphology exerts an equally decisive
influence: façade heterogeneity, packing density, and height variability govern ventilation
efficiency, turbulence statistics, and solar access, thereby conditioning the spatiotemporal
evolution of PM2.5 at pedestrian level [25–27]. High-density, deep-canyon geometries are
systematically associated with elevated near-ground concentrations [28], yet the sign and
magnitude of individual morphometric indicators—building height, plan area fraction,
windward-area index, and their respective standard deviations—remain contingent upon
climatic context and ground-cover roughness [29,30].

Critically, the combined disposition of buildings, road grids, and green spaces dic-
tates the formation of ventilation corridors, the emergence of local circulation regimes,
and the net balance between deposition and re-entrainment at street scale [26]. At
broader scales, PM2.5 patterns are further filtered by regional background concentra-
tions and socio-economic gradients (population density, industrial structure, energy
demand) [31–35]. Meta-analyses reveal scale-dependent factor dominance [36–38]: re-
gional [39,40] and city-level [41–44] variability is governed by aggregate urban form,
land-use intensity, blue–green spatial continuity, and macro-scale ventilation networks,
whereas neighborhood-scale heterogeneity [45,46] is controlled by micro-scale building
arrangement, landscape composition, and local transport infrastructure.

Collectively, prior investigations have advanced mechanistic understanding of PM2.5
dynamics across diverse urban contexts. Yet, when the analysis is narrowed to the fine-
grained morphologies that characterize commercial districts, extant knowledge offers
limited actionable guidance for pollution-mitigation urbanism. This study addresses that
gap by integrating high-resolution CFD simulations with parametric urban design to quan-
tify how alternative horizontal interface configurations and three-dimensional building
assemblages modulate PM2.5 dispersion at pedestrian level. The derived morphological
heuristics are translated into evidence-based layout prescriptions capable of reducing ambi-
ent particulate concentrations within commercial blocks. The resultant framework furnishes
both a scientific baseline and a practicable toolkit for the retrofitting and environmental
upgrading of high-density retail cores.
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2. Materials and Methods
2.1. Overview of the Research Area

Shenyang is located in northeastern China, with a warm temperate semi-humid
continental climate, strong sunshine, strong winds, and significant seasonal variations in
atmospheric circulation [47]. The winter season in Shenyang is relatively long, and the long-
term heating demand leads to severe air pollution in the city. The concentration of PM2.5
in the atmosphere is high, and there is a strong demand for ventilation in urban blocks.
Commercial districts, as important public spaces and areas with high pedestrian traffic
in cities, are also the areas where air pollutants are most likely to accumulate. Through
preliminary analysis, it can be found that within a certain area around Taiyuan Street,
the Taiyuan Street area is the block with the highest building density and the strongest
pollution concentration in the entire area. The impact of the surrounding environment
on Taiyuan Street is much smaller than that of Taiyuan Street itself on the surrounding
environment. Therefore, the study chose Taiyuan Street Commercial District in Shenyang
as the research object. The research section includes Zhonghua Road in Taiyuan Street
and Zhongshan Road and Minzhu Road within the research area. Among them, the main
section, Zhonghua Road, is about 910 m long, Zhongshan Road is about 510 m long, and
Minzhu Road is about 580 m long. Through field research, a three-dimensional model
of the urban status quo of Taiyuan Street was built (Figure 1). From the figure, it can be
found that Taiyuan Street has typical urban commercial street characteristics: (1) The block
has diverse building forms and the spatial structure and combination form are complex;
(2) High-rise buildings are dense and irregular; (3) In winter, the wind comes from the
north side, but there is no smooth ventilation corridor in the north–south direction of
the block.

 

Figure 1. Three-dimensional current status model of the building environment in the research area.

2.2. Simulation Condition Setting

When simulating pollutant diffusion, simulation conditions need to be set according
to the situation of the study area. There is a certain correlation between the concentration of
PM2.5 and meteorological elements. Different meteorological elements in different regions
of the same area can cause changes in the concentration of PM2.5. Therefore, studying the
relationship between PM2.5 concentration and meteorological elements such as wind speed,
wind direction, temperature, humidity, and heat islands [48] has guiding significance for
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the selection of simulation parameters and boundary conditions in the digital simulation
process of typical commercial block spaces and overall blocks. By analyzing the monthly
changes in PM2.5 concentration in Shenyang City from 2021 to 2025, it can be found
that the pollution level of PM2.5 throughout the year, from high to low, is as follows:
winter > spring > autumn > summer. Due to the long-term heating demand, the PM2.5
concentration in winter in Shenyang is significantly higher than in other seasons. The
overall concentration of pollutants in the air is higher, and the cold winter climate is prone
to temperature inversion, causing the temperature in the atmospheric troposphere to rise
with height, resulting in a relatively stable atmospheric layer. The airflow movement
inside the block is weak, and pollutants cannot be effectively diffused, leading to severe
urban air pollution. This study mainly analyzes the influence of block building spatial
layout on the diffusion of inhalable particulate matter. Wind direction and speed have a
significant impact on pollutant diffusion, assuming that the temperature and humidity in
the simulation are in a stable state. Based on comprehensive analysis, winter is determined
as the meteorological element, with the dominant wind direction in winter towards the
north as the wind direction element. Due to the large variation in wind speed, the average
wind speed in winter cities is chosen as 3 m/s, and the average temperature is chosen as
−10 ◦C, as the simulation conditions [49,50]. Through monitoring data, it was found that
the concentration of PM2.5 in the study area significantly increases during peak commuting
hours due to the dense flow of people and vehicles. The main sources of PM2.5 are vehicle
exhaust emissions and dust generated by pedestrian and vehicular traffic. Therefore, when
establishing a three-dimensional digital model of typical commercial block spaces and
the overall block, the linear streets within the block are set as the main sources of PM2.5
pollution. In the simulation, the release rate of pollution sources also depends on the
traffic flow and exhaust emission rate on the street. In the calculation process of numerical
simulation, the release speed of the pollution source is also determined based on the street
traffic flow and exhaust emission speed. The pollution source is set as a linear pollution
source with a height of 1 m. The emission mode and concentration of pollutants are stable,
and they are discharged vertically upward from the ground at a speed of 0.5 m/s [51]. The
actual measured pollutant concentration is 80 µg/m3.

2.3. Digital Model Establishment

The establishment of a digital model mainly involves five steps (Figure 2). Step 1: Gam-
bit modeling. Through on-site investigation, a three-dimensional model was established
using Gambit 2.4.6 (CFD pre-processing software) while maintaining the basic external
shape of the building (Figure 2a). According to relevant research, in order to ensure the
full development of the inflow, the calculation area of this experiment is a box space of
1800 m * 1800 m * 300 m (Figure 2b). Step 2: Grid division and boundary condition setting.
To improve the accuracy of experimental simulation, unstructured grid partitioning was
adopted in Gambit, and the main areas near the ground and inside the street valley were
densified to form analysis grids ranging from 10 to 20 m [52–54] (Figure 2c). According
to the climate conditions in Shenyang, the atmospheric inflow wind speed is set at 3 m/s
with an average wind speed of 3 m/s and a turbulence intensity of 2%. The upper bound-
ary is a given symmetrical boundary, and the internal interface of the block is treated
with no slip condition. The wall function method is used to handle the near wall area
to complete the model boundary condition setting. Step 3: Control equation selection.
Import the Gambit built block model into Fluent 6.3 simulation software, set relevant fluid
dynamics conditions, and perform at least 500 iterative calculations. The control equations
used include:
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Figure 2. PM2.5 diffusion simulation flowchart. ((a) establish a 3D model; (b) grid division and
setting boundary conditions; (c) select control equation; (d) fluent simulation process; (e) simulation
result verification).

(1) Continuity equation [54]: For incompressible fluids with constant fluid density, the
equation is simplified as:

∂ρ

∂t
+∇·

(
ρ
→
v
)
= 0 (1)

In the formula, ρ is the fluid density; t is time;
→
v is the velocity vector; ∇ is

divergence operator.
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(2) Momentum equation [55]:

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂τij

∂xj
+ ρgi + Fi (2)

τij = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
ρkδij (3)

In the formula, ρ is the fluid density; τij is a stress tensor; ρgi is the volumetric force
caused by gravity in the i direction; Fi is a source term caused by heat sources, pollution
sources, etc.; µ is viscosity; µi is the velocity in the i direction; δij is a constant.

(3) Energy conservation equation [56]:

∂

∂xi
(ρuih) =

∂

∂xi
(k + kt) +

∂T
∂xt

+ Sh (4)

kt = cpµt/Prt (5)

In the formula, h is the specific enthalpy; k is the molecular thermal conductivity; ki is
the turbulent diffusion thermal conductivity; T is the fluid temperature; Sh is the volume
heat source term; cp is the mass constant pressure heat capacity; µt is turbulent viscosity; Pr

is the turbulent Prandtl number.
Step 4: Fluent simulation process. Import the model into Fluent software for fluid

dynamics condition setting and iterative calculation. When the operation factor tends
to stabilize and converges, the calculation is completed (Figure 2d). Step 5: Verify the
simulation results. In this simulation, the validation data mainly used measured monitoring
data as the simulation validation data. The data validation points were mainly distributed
in the streets and commercial areas within the Taiyuan Street area of Shenyang City. A
total of 8 monitoring points were selected to validate the results of the model simulation
(Figure 2e). By analyzing the root mean square error (RMSE), mean absolute error (MAE),
and mean relative error (MRE) of simulated and measured values as three indicators to test
the accuracy of the model, the accuracy of Fluent’s simulated PM2.5 diffusion distribution
results was compared and analyzed (RMSE = 1.556, MAE = 1.250, MRE = 1.3%). The
validation results indicate that Fluent is feasible for simulating the diffusion distribution of
PM2.5 (Figure 2e).

2.4. Selection of Typical Simulation Spaces

In order to better analyze the diffusion process of PM2.5 in commercial districts,
three typical simulation spaces were set up in the study. Category 1: Horizontal diffusion
simulation of PM2.5 at different heights. At different heights of horizontal cross-sections,
there are significant changes in street space at heights of 1.5 m, 10 m, 30 m, 50 m, and
80 m. Therefore, the above groups of cross-sections are selected as typical horizontal cross-
sections: (1) H = 1.5 m—human respiratory height: the continuity of the building interfaces
on both sides of the street is strong, with almost no open space; (2) H = 10 m—low-rise
commercial building area: the continuity of the building interfaces on both sides of the
street is strong, with almost no open space; (3) H = 30 m—multi-story commercial buildings
and commercial podium areas: the building interfaces on both sides of the street exhibit
intermittent continuity, with some open spaces appearing in dots; (4) H = 50 m—high-
rise building area: there are many open spaces in the streets, and they exhibit a linear
continuous distribution of open spaces; (5) H = 80 m—high-rise building area: there are
almost no continuous building interfaces on both sides of the street, with large open
spaces (Figure 3).
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Figure 3. Different height levels of street space features a schematic cross-section (Red: Street; solid
black line: both sides of the architectural cross-section; gray: open space).

Category 2: Vertical distribution simulation of PM2.5 under different architectural
spatial layout forms. Based on the current spatial layout form, building density, building
height distribution, and pollutant diffusion distribution characteristics at different horizon-
tal heights of Taiyuan Street, 8 typical spaces were selected to analyze and compare the
pollutant concentrations at different heights in each of the 8 typical spaces, and summarize
the pollutant distribution characteristics in the vertical space of the block. Based on the spa-
tial distribution characteristics of Taiyuan Street at different heights, heights of H = 1.5 m,
6 m, 10 m, 30 m, 50 m, and 80 m were selected. Category 3: Simulation of PM2.5 diffusion
in different street cross-section spaces. Eight typical road sections were selected based on
the width of the road and the form and height characteristics of commercial buildings on
both sides of the street (Figure 4). Among them, the width of the street is W = 40 m, and
the buildings on both sides of the street are upstream and downstream of the wind field,
respectively. H1 and H2 are the heights of the buildings on both sides (Table 1).

Figure 4. Schematic cross-section selected(The symbols like 1-1 represent the position of the road
section, and the red dots indicate the position of the measured points.).
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Table 1. Typical cross-section specific information.

Cross-Section 1-1 2-2 3-3 4-4 5-5 6-6 7-7 8-8

H1 10 m 15 m 50 m 80 m 30 m
(Pavilion)

30 m
(Pavilion) 20 m 20 m

H2 10 m 12 m 40 m 20 m 20 m
(Pavilion) 30 m 60 m 20 m

H1:H2 1:1 5:4 5:4 4:1 3:2 1:1 1:3 1:1
W 40 m 40 m 40 m 40 m 40 m 40 m 40 m 40 m

H:W 1:4 ≈1:3 ≈1:1 —— —— 3:4 —— 1:2
Note: When there is a significant difference between H1 and H2, the street aspect ratio is not calculated, and uses
symbols “——” to represent.

3. Results
3.1. Distribution Characteristics of PM2.5 Diffusion Simulation in the Overall Space of
Commercial Blocks

From the analysis of the overall 3D simulation diagram of the block (Figure 5), it can
be seen that as the height increases, the wind speed gradually increases, and the building
density and height reduce the spatial diffusion resistance of pollutants. The vertical spatial
diffusion is centered around the pollution source and spreads towards both sides of the
road. As the height increases, the concentration gradually decreases, but the decreasing
trend is not obvious. The concentration of PM2.5 in the high-rise building area north of
Zhonghua Road is severe, and there is a phenomenon of PM2.5 aggregation, with relatively
high concentrations on both the leeward and windward sides, and the highest PM2.5
concentration is 82.1 µg/m3. At the same time, some building groups have formed PM2.5
retention areas due to the influence of eddy currents.

3.2. Distribution Characteristics of PM2.5 Diffusion in Horizontal Cross Sections at
Different Heights

There are significant differences in customs at different horizontal cross-
sections (Figure 6), and the distribution of PM2.5 diffusion shows obvious
heterogeneity (Figure 7). Based on the simulation results in Figures 6 and 7, the following
can be observed: (1) H = 1.5 m: The building interfaces on both sides of the streets in
sections A, B, and C are continuous, with almost no open space. The wind speed inside
the street changes little and is low, making it difficult for PM2.5 to diffuse, forming a
highly continuous and concentrated pollution area. (2) H = 6–10 m: The interfaces on
both sides of the streets in sections A, B, and C are mostly low-rise buildings and some
building podiums, forming a relatively enclosed street space. Only at very few valley
openings and road intersections, there is a brief change in wind speed and direction, with
local increases in wind speed causing flow into some blocks, which can evacuate some
pollutants, but most pollutants still cannot be transported away. Compared with the height
of H = 1.5 m, the concentration of pollutants has slightly decreased, but it still forms a high
overall concentration of pollutants within the block and presents a very discontinuous
and continuous distribution state. (3) H = 30 m: At this height, intermittent point-like
open spaces begin to appear on both sides of the street interface, and incoming flow to
the block can enter the interior of the street valley along some building gaps. Wind speed
is manifested as the formation of transverse vortices in open spaces, and at continuous
building interfaces without openings, incoming flow is obstructed to form vortices from
the windward side to the leeward side. The local PM2.5 concentration shows a characteris-
tic of spreading upwards and significantly decreasing at the opening of the street valley.
The overall PM2.5 concentration in the block has significantly decreased, and pollutants
have shown a linear distribution pattern in some high-concentration areas. (4) H = 50 m:
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Within this height range, there is a significant increase in open space, with intermittent
and continuous distribution of open space. The number of building interfaces on both
sides of the street is significantly reduced, especially in the H = 50 m height range, where
there is a large range of continuous open space. The incoming flow to the block can fully
enter the inside of the block, forming vortices and taking away most of the pollutants. The
overall concentration of pollutants in the block decreases, and the linear distribution of
high-concentration areas of pollutants disappears, presenting a local point-like distribution.
(5) H = 80 m: There is almost no continuous building interface on both sides of the street,
resulting in a large area of open space. The buildings are distributed in a point-like pattern,
and at this height, they have almost no effect on wind speed. In addition, the distance from
the pollution source is far, and the concentration of pollutants inside the block is extremely
low, without high-concentration pollution.

Figure 5. Distribution map of PM2.5 diffusion in three-dimensional space from different angles
(A. Zhonghua Road; B. Zhongshan Road; C. Minzhu Road).
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Figure 6. Wind vectors under the horizontal section of different heights (A. Zhonghua Road;
B. Zhongshan Road; C. Minzhu Road).

 

Figure 7. Distribution map of PM2.5 diffusion at different heights and horizontal cross-sections
(A. Zhonghua Road; B. Zhongshan Road; C. Minzhu Road).
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3.3. Distribution Characteristics of Vertical Spatial Pollutants in Different Spatial Combinations

In the selected eight typical block spaces, Table 1 shows the concentration changes at
different heights in the vertical direction, and the concentration of pollutants in the block
gradually decreases with increasing height. H = 1.5 m is the place with the highest spatial
concentration value in a block. However, due to the combination of architectural spaces
around the space and the different forms of the buildings themselves in the space, the
concentration distribution and variation trend in the vertical direction of different typical
spaces are significantly different (Figure 8, Table 2). (1) Spaces 2 and 6, with strong enclo-
sure, have significantly higher concentrations of pollutants in the lower layer compared to
other spaces. Within the range of H = 1.5 m to H = 10 m, there is little change in pollution,
and both are high-concentration pollution areas. (2) In the relatively open spaces 4, 5, and 8,
the pollution concentration is relatively high within the height range of H = 1.5 m–H = 6 m,
and shows a clear trend of decreasing concentration at heights greater than 10 m.
(3) There is a significant uneven distribution of pollutants inside spaces 1, 3, and 8,
with significant differences between the buildings on both sides of the space, and pol-
lutants tend to accumulate on the leeward side of upstream buildings. (4) The narrow-slit
space 7 enclosed by high-rise buildings, due to the influence of wind direction and sur-
rounding building environment, as well as being far away from the pollution source,
produces a slit effect between the gaps of high-rise buildings, resulting in a lower overall
pollution concentration.

Table 2. Typical pollution concentration values of different blocks of space in the vertical direction
(µg/m3).

Typical Space/Height 1.5 m 6 m 10 m 30 m 50 m 80 m

1 79 76 68 35 19 0
2 82 79 76 57 32 10
3 63 59 50 42 30 12
4 71 68 57 31 21 8
5 59 48 43 31 21 8
6 82 76 71 32 21 0
7 46 41 35 21 13 2
8 68 63 57 21 13 0

3.4. Comparison of PM2.5 Concentration in Different Road Sections

The typical street sections in the research area are divided into the following three
situations based on the height of buildings on both sides of the street and the different
forms of buildings.

Scenario 1: When the heights of buildings on both sides of the street are similar, i.e.,
H1/H2 = 1:1. (1) If H/W = 1:4 (Figure 9(1-1)), the block space is open, the pollution inside
the block is less, and PM2.5 diffusion is good; (2) If H/W = 1:2 (Figure 9(8-8)), most of
the incoming flow in the block passes through the top of the buildings, and a small part
enters the interior of the block, unable to form a clear vortex. PM2.5 tends to gather at
the bottom of the street valley, forming a higher concentration area; (3) If H/W = 1:1
(Figure 9(3-3)), the incoming flow from the top of the building forms a meandering flow
inside the block and a downwash on the windward side of downstream buildings, resulting
in a slightly lower concentration of PM2.5 on the windward side of the block than on the
leeward side. However, due to the lower airflow entering the block, most of the airflow is
concentrated on the upper part of the building, resulting in a significant accumulation of a
high concentration PM2.5 at the bottom of the block.
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Figure 8. Vertical dispersion distribution map of PM2.5 in eight typical block spaces.

Scenario 2: When there is a significant difference in the height of buildings on both
sides of the street, including two situations. (1) If H1 > H2 (Figure 9(4-4)), it means that the
height of upstream buildings is significantly higher than that of downstream buildings, and
the concentration of PM2.5 accumulates in the block. At the same time, a significant PM2.5
“wall climbing effect” is formed on the leeward side of upstream buildings; (2) If H1 < H2
(Figure 9(7-7)), it means that the upstream buildings are lower than the downstream
buildings, and PM2.5 mainly accumulates on the back of the upstream buildings in the
lower part of the street valley.

Scenario 3: The combination of high-rise buildings and podiums creates a two-level
space in the street valley. Within the high-rise space on the upper level of the podiums, the
concentration of PM2.5 is not high and there is obvious diffusion; in the skirt area, there is
a significant accumulation of PM2.5 concentration (Figure 9(5-5,6-6)).
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Figure 9. Building massing on both sides of the street: particulate matter diffusion schematic.

4. Strategy and Discussion
The airflow movement and the diffusion of inhalable particulate matter within urban

blocks have a significant impact on the internal air quality environment of the blocks [57].
Different spatial layout forms of blocks will form different internal flow fields. Due to
the special nature of commercial blocks, the spatial layout structure of commercial blocks
is complex. Research results have found that the aspect ratio of buildings on both sides
of the street, the height ratio of buildings on both sides of the street, the form of block
buildings, and the combination of building forms all have important effects on the diffusion
of inhalable particulate matter inside the block. By adjusting the structure, building
combination, and architectural form of commercial districts, the concentration of PM2.5 in
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commercial districts can be effectively reduced, providing a healthier living environment
for cities.

4.1. Building Ventilation Corridors

The research area has a high density of buildings and has become a compact and
enclosed structure. Taking the area north of section A as an example, due to the obstruction
of high-rise buildings, wind and clean air cannot enter its interior, resulting in severe air
pollution in the concentrated area of high-rise buildings. Due to the small spacing between
buildings, the migration of pollutants with the flow is weak, resulting in the accumulation
of pollutants, with relatively high concentrations on both the leeward and windward sides.
Due to the differences in the combination of building groups, the dominant wind direction
in the city is not fully taken into account. When the wind carries polluted gases into the
building group, eddy currents are formed due to the obstruction of the buildings. The eddy
currents on the leeward side are prone to form a stagnant area for pollutants, resulting
in a chaotic concentration field and a sharp deterioration of the wind environment inside
the diffusion channel. The stagnant area increases and affects the air quality in the area.
Therefore, constructing a reasonable ventilation corridor can effectively enhance the airflow
movement within the block and effectively alleviate PM2.5 pollution. By optimizing the
building combination form in the area north of section A, a ventilation corridor space
was formed (Table 3). It can be found that using a 20 m ventilation corridor reduces the
horizontal pollution range and significantly enhances the diffusion effect after optimization
(Figure 10, Table 4). In vertical space, the range of PM2.5 concentration decrease for
H = 1.5 m is between 13.23% and 25.32%, while the decrease in PM2.5 concentration for
H = 6 m and H = 10 m is similar, ranging from 22.22% to 31.58% and 24.56% to 36.76%,
respectively. The same form of architecture, due to different combinations of building forms,
will produce different ventilation effects, which can improve the overall environment of
urban areas [58–60].

Table 3. Parameter changes before and after optimization of architectural space combination.

Before the renovation

Architectural composition

Building number 1 2 3 4 5 6 7 8
Dimensions (m) 196 196 196 196 196 108 140 236

After optimization

Architectural composition

Number adjustment 1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2 6-1 6-2 7-1 7-2 8-1 8-2 8-3
Dimensions (m) 88 88 88 88 88 88 88 88 88 88 38 50 70 50 70 50 76
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Figure 10. Block diagram of ventilation corridor before renovation and after optimization.

Table 4. Vertical concentration distribution of the same position before and after corridor optimization
(µg/m3).

Sampling Point/Height 1.5 m 6 m 10 m 30 m 50 m 80 m

1
Before renovation 79 76 68 43 24 8
After optimization 59 52 43 32 21 8

2
Before renovation 82 79 76 49 32 10
After optimization 63 59 50 42 30 10

3
Before renovation 68 63 57 24 13 0
After optimization 59 49 43 21 13 0

4.2. Optimizing Open Space

The distribution of open spaces in urban commercial districts is closely related to
ventilation. The enclosure between buildings and streets, the enclosure method between
buildings, and the formation of fully open spaces and semi-enclosed open spaces will
all change the airflow movement inside the block to varying degrees. Setting up open
spaces at pollutant-gathering areas will significantly enhance the airflow movement at that
location, allowing high-concentration pollutants to be diluted and transported. Research
has found that with a certain width of the street, the wider the street space, the more
favorable it is for the diffusion of particulate matter. Similarly, in the area north of section
A, the width of the street space has been increased by adjusting the building enclosure
form (Table 5). After optimizing the design, the pollution range in the horizontal direction
was significantly reduced, and the diffusion effect was significantly enhanced. In vertical
space, the overall concentration has significantly decreased, with PM2.5 concentrations
decreasing by 14.08–52.94%, 22.22–52.38%, and 24.07–52.63% for H = 1.5 m, H = 6 m, and
H = 10 m. The maximum decrease in PM2.5 concentration after optimization exceeded
50%, achieving a good optimization effect (Figure 11, Table 6).
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Table 5. Parameter changes before and after optimization of open space.

Before the Renovation After Optimization

Architectural composition

Building number 1 2 3 4 5 6 1 2 3 4 5 6
Dimensions (m2) 0 1719 2288 681 2528 3889 1174 2157 2361 1808 3384 3722

 

Figure 11. Block diagram of open space before renovation and after optimization.

Table 6. Vertical concentration distribution of the same position before and after optimization of open
space (µg/m3).

Sampling Point/Height 1.5 m 6 m 10 m 30 m 50 m 80 m

1
Before renovation 68 63 57 43 24 8
After optimization 32 30 27 21 13 0

2
Before renovation 71 68 57 43 32 10
After optimization 52 46 35 24 19 0

3
Before renovation 71 63 54 27 13 5
After optimization 61 49 41 21 13 0

4.3. Adjusting Building Skirts

Most of the streets on both sides of the research area are commercial and service build-
ings with large building volumes (H = 60–80 m) and a combination of podium buildings
(H = 25 m) and high-rise buildings (H = 60–80 m). The combination of high-rise buildings
and podiums creates a two-level space in the street valley. Within the high-rise space on
the upper level of the podiums, the incoming flow of the block forms a meandering flow
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in the high-rise area. After encountering the high-rise buildings, the incoming air flows
downwards to form a downward wash and vortex, making it difficult for particulate matter
to accumulate, resulting in low pollution concentration and significant diffusion. However,
in the podium area, due to the obstruction of the podium, a relatively enclosed space is
formed between the lower podium and the multi-story building, and the upper airflow
cannot enter the lower space of the block. In addition, the continuity of the buildings in
the lower space of the block is strong, with fewer openings, resulting in the accumulation
of a high concentration pollutants (Figure 12a,b). Therefore, in optimization design re-
search, it is necessary to focus on handling the transition space between high-rise buildings
and podiums.

Figure 12. Optimization design of building podium.
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On the premise of ensuring the reasonable use function of the building, in order to
allow the incoming flow to smoothly follow the slope into the interior of the block, the
form of the right-angle building podium on one side of the street section is changed from a
right angle to a slope. The angle between the podium slope and the ground is generally
controlled at 30–60◦, and the height between the bottom of the slope and the ground is
generally a multiple of the building’s floor height, preferably between 6–12 m. The height
of the skirt house is adjusted from 25 m to 12 m, forming a 50◦ angle (Figure 12c). After
optimization, the incoming flow in the street area follows the slope of the downstream
building skirt house to form a clear downward wash inside the block. PM2.5 can be carried
out of the block with the movement of the flow field, completing diffusion and achieving
significant optimization effects.

When the form of the right-angled building podium on both sides of the street section
changes from a right angle to a setback design, the incoming flow from the upper part of the
block can follow the regular changes in the building form and be introduced into the lower
space of the block, carrying away and diluting the pollutants accumulated at the bottom
of the street, achieving a certain diffusion effect of inhalable particles. The height of each
level of setback should be a multiple of the height of the renovated building (6 m or 12 m),
so that the internal space of the renovated building can be used reasonably. The podium
buildings on both sides of the street were designed with a 12 m setback (Figure 12d), and it
was found that the optimized PM2.5 concentration at a height of 1.5 m decreased by 30.43%,
indicating a significant optimization effect(Table 7).

Table 7. Optimization of vertical concentration distribution of pollutants within the front section of
the street (mg/m3).

Street Section/Height 1.5 m 6 m 10 m 30 m 50 m 80 m

Before optimization
Single sided skirt

room 0.082 0.079 0.079 0.065 0.024 0.010

Skirts on both sides 0.082 0.079 0.073 0.057 0.013 0.008

After optimization
Slope optimization 0.071 0.065 0.054 0.030 0.013 0.010

Withdrawal
optimization 0.071 0.054 0.049 0.027 0.016 0.002

4.4. Elevated Design

The bottom floors of the podium buildings on both sides of the street are elevated to
form grey spaces, which can facilitate the flow of the block to form a downward wash on
the windward side of downstream buildings, establishing a wind field circulation between
the podium and the main building. This airflow can carry away pollutants at the bottom
of the block, causing them to be transported and diluted. By comparing and analyzing
the optimized designs under different elevated heights, the elevated height at the bottom
of the podium should be controlled to between 6–12 m. When the elevated height is less
than 6 m, the incoming flow entering the block is obstructed through the bottom space and
cannot form a significant circulation; when the overhead height is greater than 12 m, the
incoming flow cannot form a significant ventilation effect in the building’s “gray space”,
making it difficult for pollutants to spread. As shown in Figure 13a, the bottom of the
building podium is elevated by 8 m and separated from the main building by 8 m. After
optimization, not only is a circulation formed at the bottom of the building, but also a
certain circulation is formed on the leeward side of the upstream building. Although some
pollutants still accumulate, compared with Figure 12b, a certain diffusion effect is formed,
and PM2.5 is reduced by 9.76%, indicating a significant optimization effect. However, for
the partial pollution caused by incomplete diffusion of pollutants that accumulates on the
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leeward side of the street, greening and water body design can be carried out in areas with
higher pollution concentrations to achieve further optimization.

Figure 13. Optimization design of bottom space in buildings.

The podiums on both sides of the street form an open courtyard space, and the
incoming flow creates a clear vortex in the upper space of the podiums, and conforms to
the open space of the lower parts of the buildings on both sides to form a circular flow
again, allowing pollutants at the bottom of the block to diffuse. Considering the usage
nature of commercial buildings and the intensity of airflow entering the block, the height
of the open atrium space should be controlled within H ≤ 6 m, providing a comfortable
spatial experience while ensuring circulation (Figure 13b). Due to the open space of the
upstream building podium being located on the leeward side, pollutants have not been
able to diffuse well, resulting in a certain degree of accumulation. This situation can be
alleviated to a certain extent by combining the design of vertical greening in buildings.

If an elevated space is formed between the high-rise building and the skirt room,
combined with the sloping design of the skirt room, the incoming flow to the block can
follow the sloping surface and enter the bottom of the block, forming a very obvious
disturbance through the gray space between the high-rise part of the building and the skirt
room, and carrying away the accumulated PM2.5 at the bottom. By using the turbulence
generated by the building itself, pollution is carried away from the interior of the building,
achieving the effect of spreading pollution in the internal space of the block. As shown
in Figure 13c, taking into account the building structure and performance, the height
selection for the elevated renovation is based on a multiple of the floor height. A 6 m
elevated structure is formed between the high-rise building and the skirt room, creating a
clear ventilation corridor and generating significant circulation. The optimization effect is
significant, and PM2.5 is reduced by 17.73%.

4.5. Limitations of the Research

Although this study revealed the correlation between the vertical distribution of
PM2.5 in the commercial district of Taiyuan Street in Shenyang and building combinations
through CFD methods, and proposed design strategies such as ventilation corridors and
podium optimization based on this, the multiple assumptions in the simulation inevitably
limit the extrapolation and universality of the conclusions. In the CFD simulation of the
research area, the winter urban average wind speed of 3 m/s and average temperature
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of −10 ◦C were used as simulation conditions. However, in actual blocks, low wind
speed and high-frequency wind direction deviation phenomena may occur during the
heating period, which will increase the residence time of PM2.5 in the street valley [52].
In addition, the emission sources within the block did not take into account the daily
fluctuations during winter traffic peaks in commercial areas, local high-level point sources
during concentrated catering periods, and the potential formation of secondary aerosols in
low-temperature environments, resulting in PM2.5 concentration assessments lower than
the actual situation [61,62]. Therefore, this study has certain limitations when applied to
other seasons, more complex wind fields, or emission scenarios.

5. Conclusions
This study first analyzed the architectural environment characteristics of the Taiyuan

Street commercial district in Shenyang and extracted typical spatial layout forms of com-
mercial blocks. Subsequently, based on the measured PM2.5 data, the diffusion of PM2.5
in commercial districts was simulated using the Fluent model. By analyzing the PM2.5
concentration characteristics of key horizontal sections and different building combinations,
it was revealed that the spatial layout of different districts is related to the distribution
of urban pollutant concentrations. The smooth spatial layout system of the block plays
a crucial role in the natural regulation of the climate environment. It can facilitate air
circulation and allow airflow to reach the interior of the block, especially the lower-level
space, directly affecting the overall air quality of the block. From the perspective of key
horizontal sections, H = 1.5 m is the height of human respiration, with the most severe
pollution and highest concentration; H = 10 m is a low-rise building area, where pollutants
are slightly reduced compared to H = 1.5 m, with a linear distribution and continuous
distribution in most areas; H = 30 m is a multi-story building and podium building area,
and the pollution concentration and range of the block are beginning to decrease. The
pollutants in the area above H = 50 m have basically diffused, with some showing point-like
distribution, and are completely diffused by 80 m. From the perspective of architectural
composition, the wider the street space, the more conducive it is to the spread of pollu-
tion. At the same time, according to the direction of inflow, upstream buildings should be
lower than downstream buildings. Most commercial areas are a combination of high-rise
buildings and podiums. Properly changing the form of podiums can alleviate pollution in
the lower part of the street area. Based on these findings, we propose four optimization
strategies: (1) By segmenting large buildings and constructing ventilation corridors 20 m
wide; (2) Change the enclosure relationship between buildings and streets to form an open
system; (3) Optimize the structure of the building podium based on the multiple of building
heights (6–12 m) for adjustment; (4) Utilize bottom-elevated, atrium-elevated, and high-rise
podium-elevated methods to increase block circulation. The research results can be used for
the environmental renovation and design of commercial districts, and contribute actionable
tools to the promotion of a healthy urban environment, ultimately achieving a sustainable
urban development model.
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