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Abstract: Urban ventilation is being hampered by rough surfaces in dense urban areas, and the mi-
croclimate and air quality of the urban built environment are not ideal. Identifying urban ventilation
paths is helpful to save energy, reduce emissions, and improve the urban ecological environment.
Wuhan is the capital city of Hubei, and it has a high urban built intensity and hot summers. Taking
Wauhan city, with a size of 35 km x50 km, as an example, the built environment was divided into grids
of 100 m x 100 m and included the building density, floor area ratio, and average building height. The
ventilation mechanism of the urban built intensity index has previously been explained. The decrease
in building density is not the sole factor causing an increase in wind speed; the enclosure and width of
the ventilation path and the height of the front building are also influential. Twelve urban built units
were selected for CFD numerical simulation. The ventilation efficiency of each grid was evaluated by
calculating the wind speed ratio, maximum wind speed, average wind speed, and area ratio of strong
wind. The relationship between the urban built intensity index and ventilation efficiency index was
established using the factor analysis method and the Pearson correlation coefficient; building density
and average building height are the most critical indexes of ventilation potential. In addition, the
layout of the building also has an important impact on ventilation. A suitable built environment
is that in which the building density is less than 30%, the average building height is greater than
15 m, and the floor area ratio is greater than 1.5. The urban built intensity map was weighted to
identify urban ventilation paths. The paper provides a quantitative reference for scientific planning
and design of the urban spatial form to improve ventilation.

Keywords: urban built intensity index; ventilation efficiency index; ventilation path; geographic
information system (GIS); computational fluid dynamics (CFD)

1. Introduction

In the urban climate, the intensity of a heat island can reach 12 °C under windless and
minimally clouded weather conditions [1,2]. Good outdoor ventilation can help alleviate
the urban heat island effect. When the air flows are at the height of pedestrians on the
street, the measured temperature is 5 °C lower than that of the urban canopy. The heat
island effect has a particularly obvious effect in Hong Kong [3].

The urban ventilation path is helpful for ventilation in the urban built environment [4,5].
In the urban built environment of Wuhan, there is fresh air in the suburbs and green island,
but the air quality in the densely built environment is poor [6,7], and there is both heat
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and air pollution [8,9]. A ventilation path is a good and effective way to introduce fresh
air located in the suburbs (green and blue places) of the city into the city center. The
exhaust gas of urban pollution can be diluted and discharged with the wind, and thus,
it has an important role in promoting eco-friendly circulation within the city, especially
during the hot summers [10]. Opening ventilation paths in the city can reduce the air
temperature; unobstructed urban ventilation paths are conducive to energy saving and
emission reduction, can make the lives of urban residents more comfortable, and can reduce
the energy consumption activities of urban residents due to resistance to the urban thermal
environment [11]. Therefore, this approach is deemed good for the health of residents.
The research into urban air ventilation is gradually developing toward multisource data
integration and multiparameter quantification. We can use multisource data (such as GIS
data, remote sensing image inversion data, WRF/urban microclimate simulation data,
CFD simulation data, meteorological data, and urban topography, land, road, and building
data) for simulation and analysis to provide recommendations in relation to decision
making [12].

In terms of the quantification of the ventilation potential in the spatial form index,
research mainly focuses on the quantification of multiple parameters. Adolphe uses GIS
technology to propose a set of methods called morphology, which abstracts the complex
urban built environment form into morphological index parameters to establish the quanti-
tative relationship between the thermal environment, urban form, and wind [13,14], How-
ever, while these indicators focus on building morphology, they cannot be well adapted
to urban planning management. Therefore, this study selects three indicators, namely;,
building density, floor area ratio, and building height in the controlled detailed planning,
to study the ventilation value of the intensity indicators as the basis for urban planning
and management.

The urban built intensity indexes are selected as factors of the urban heat island [15].
The significant impact of urban morphology on land surface temperature was observed
in different types of urban functional zones. The built intensity, represented by factors
such as building density, floor area ratio, and building height, has a strong correlation with
urban ventilation in Tokyo [16]. We can change the urban built intensity and optimize a
building’s height, width, and depth to improve ventilation efficiency [17,18]. The urban
built intensity can be used as the basis for ventilation path identification and the design
standard of form optimization [19].

In the identification of the urban ventilation path, urban morphology indicators have
been expanded, the number of morphological indicators increased, and layering carried
out. A relationship between the morphological indicators, wind pressure, and wind speed
was then established via overlay analysis, and the urban morphology design standards
and optimization strategies were effectively proposed [20]. The ventilation weight of the
urban built intensity is different. In this study, grid layer technology was used to perform a
weighted summation of building density, floor area ratio, and building height to obtain a
comprehensive evaluation result.

Zhan Qingming established a comprehensive application of remote sensing inversion
(RS), geographic information spatial analysis technology (GIS), and a climatology and
ecology model (WRF). Remote sensing inversion can identify the function space and
compensation space in an area. GIS quantification can excavate the ventilation path of a
built environment and fit it with the ventilation path analyzed by WRF meteorological
simulation [21]. This study used computational fluid dynamics and geographic information
systems to conduct a comprehensive analysis, focusing on the analysis of the influence
mechanism of urban built intensity changes on the ventilation efficiency by CFD so as to
evaluate the entire urban ventilation system with GIS.

Urban built intensity is an important management basis for urban planning. However,
there is a scarcity of research on the quantitative relationship between urban built intensity
and ventilation potential [22]. There is a lack of spatial optimization technologies and
standards for urban built environments [23]. Moreover, we have to verify the improvement
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of ventilation and heat islands by ventilation paths [24,25]. Taking Wuhan city as an
example, the built environment was divided into grids and included the building density,
floor area ratio, and average building height. The ventilation efficiency of each grid was
evaluated by calculating the wind speed ratio, maximum wind speed, average wind speed,
and area ratio of strong wind. The relationship between the urban built intensity and
ventilation efficiency was analyzed so as to guide the evaluation of ventilation potential
and the identification of ventilation paths in Wuhan.

2. Materials and Methods
2.1. Urban Built Intensity

The urban built intensity indexes of the urban built environment are building density
(BD), floor area ratio (FAR), and average building height (ABH). They are also the control-
ling detailed planning indicators of urban planning. The ventilation efficiency analysis of
urban built intensity indexes can be better understood and applied by planners than the
roughness parameter. Buildings as three-dimensional spaces affect the ventilation envi-
ronment of the city [26]. The urban built intensity index abstracts the three-dimensional
building environment into a two-dimensional area to help us understand the ventilation
mechanism. Field measurement, wind tunnel experiment, weather station data, remote
sensing image inversion [27], weather model, computational fluid dynamics [28,29], and
geographic information system research methods are comprehensively applied to study
the quantitative relationship between urban built intensity and ventilation potential [30].
The equation of urban built intensity is as follows [31]:

Building Coverage Area

Building Density = Area of the Plof 1)
Building Average Height = Average(Building Height) (2)
Floor Area Ratio = W 3)

Area of the Plot

The floor area ratio, building density, and average building height are closely related.
When the building density is constant, the floor area ratio is higher with the increase in the
average building height; when the building average height is constant, the floor area ratio
is higher with the increase in the building density. When the floor area ratio is increasing,
there are two situations of wind speed changing. In a previous study, wind tunnel tests
were carried out on several block plots, the building model was placed in the wind field,
and correlation analysis was conducted on the average wind speed of the building plots
with different building densities and floor area ratios. It was found that building density
was the most important factor affecting the ventilation of the plot [32].

Situation one: The increase in the floor area ratio is due to the large land occupation,
and the building form reduces the air velocity. However, when the building form is
appropriate, for example, when the wind direction is parallel, the wind channel effect is
significant, and the wind speed does not decrease but increases.

Situation two: The increase in floor area ratio is due to the increase in the building
height, and the building form enhances the wind speed in special circumstances, because
the airflow with higher wind speed at a higher height is blocked by the building and
blowing to the ground. However, at the same time, the large wind shadow area also exists.
The higher buildings are panel buildings and tower buildings; panel buildings form a large
area of wind shadow, while the wind shadow of the tower buildings is relatively small.

2.2. Urban Ventilation Potential

The Wuhan urban building environment was abstracted as a two-dimensional grid
(grid-scale was 100 m x 100 m) by the geographic information system (GIS). We can
calculate the morphological parameters of the urban built intensity; the ventilation potential
assessment of the overall built environment can be realized; and the cost of simulation can



Int. ]. Environ. Res. Public Health 2021, 18, 11684 40of 16

be reduced, and it is accurate, conducted in real time, and has full coverage. The wind field
of each grid was simulated by computational fluid dynamics (CFD), and the ventilation
efficiency of each grid was evaluated by calculating the wind speed ratio, maximum wind
speed, average wind speed, and area ratio of strong wind. (1) The wind speed ratio is the
ratio of the air velocity near the ground to the air velocity at the upper level, and the wind
speed decreases when the air passes through the city. (2) The maximum wind speed is
the highest wind speed at the height of 1.5 m in the ventilation grid, and the wind speed
increases because of the physical interaction between the airflow and the building. (3) The
average wind speed is the average wind speed at the height of 1.5 m in the ventilation
grid, which is the overall ventilation level of the ventilation grid. (4) The area ratio of a
strong wind is the ratio of the area with higher wind speed to the area of the total grid. The
equation of the ventilation potential is as follows [33]:

. Vivind speed at 1.5m

@, = 4)
Wind speed ratio VInitial wind speed
Vinaximum wind speed — MAX (Vwind speed at 1.5m) &)
Vaverage = Average(vwind speed at 15m) (6)
Areaying speed above 1m/s
,Barea ratio — (7)

Areayopa) grid

The boundary condition analysis of the ventilation environment was an important
preparatory step, and it mainly consisted of the frequency statistics of wind direction
and wind speed. The purpose of this paper was to obtain the dominant wind direction
in summer in Wuhan city and take it as the initial boundary condition. CFD numerical
simulation analysis of urban form was conducted to analyze the influence of the urban
built intensity on ventilation potential. Fluent aerodynamics software was used to simulate
the outdoor wind environment. The software has high accuracy in simulating the outdoor
wind environment, and the ventilation statistical unit was placed in the center of the plot.
According to the correlation between urban built intensity and ventilation potential indexes,
the Pearson correlation coefficient method was used to calculate the weight of urban built
intensity indexes’ contribution to ventilation potential. Finally, according to the weight of
statistical analysis, the grid layers of BD, FAR, and ABH indexes were weighted and added
to obtain a comprehensive ventilation potential evaluation map, which could be used as
the basis for air path identification.

2.3. Urban Building Data

The data sources of this study mainly included 2010 building census data and 2004-2010
meteorological data. CFD simulation and GIS spatial analysis were used to evaluate ven-
tilation efficiency. CFD simulation software is fluent. In this paper, fluent software was
selected to simulate the typical blocks in the case city, and the spatial morphological index
of the grid was quantified by ArcGIS.

The selected grid scale was 100 m x100 m, and BD, ABH, and FAR indexes were
quantified by ArcGIS. In the CFD simulation, the simulation unit scale was 300 m x 300 m
(including the adjacent units of the grid); the wind data area was 100 m x 100 m (the middle
100 m x 100 m grid was taken as the research object) in the wind field simulation, and the
efficiency ventilation was classified. MATLAB was used for mathematical statistics, and
the quantitative relationship between the index and ventilation potential was established
through spatial analysis, regression analysis, and spatial correlation analysis. Finally, the
overall ventilation potential of the city was comprehensively evaluated by the overlay
calculation technology of GIS. Based on the correlation degree between the urban built
intensity index and ventilation efficiency, this paper classified the overall city ventilation
quantitatively to identify the wind path.
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The spatial structure of Wuhan is a multicenter city. The distribution of the high floor
area ratio in the center is uniform. In the distribution map of building density (as shown
in Figure 1), the building density in the east side of the Qingshan district is the highest.
The maximum building density is more than 80% because of the large number of factory
buildings. The building density along the Yangtze River in the Hankou, Jiangan, and
Jiangan districts is relatively high, and the building density of Donghu Lake in Hongshan
district is relatively low due to the limitation on building construction. In the height
distribution map (as shown in Figure 1), buildings with a height above 75 m are mainly
situated along the Yangtze River in the center of the city, and the average height of buildings
in the Qingshan and Hongshan districts is relatively low. In the distribution map of floor
area ratio (as shown in Figure 1), the intensity of Hankou city is higher than that of
Wuchang and Hanyang, and the floor area ratio of the Qingshan and Hongshan districts is
generally low. The building environment of Hankou is denser than that of Wuchang and
Hanyang, so the ventilation environment of Hankou is relatively poor, representing the
main problem of urban ventilation.
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Figure 1. Distribution and administrative division of development intensity of the main urban area of Wuhan — building
density; — average building height; — floor area ratio; — administrative division of main city area.

2.4. Wind Direction Frequency Data

The climate data of Wuhan (including the wind data of 2009 and 2010) was based on
the wind direction frequency data of summer (June, July, August, and September) and
all-day wind direction frequency data. The prevailing wind directions of Wuhan in summer
are southeast, south, and southwest. The frequency of the southwest direction is higher
than that of the south and southeast directions. The southwest direction, with a frequency
of 16%, was selected as the dominant wind direction in summer (Figure 2) and as the
boundary condition for CFD simulation, GIS evaluation, and path identification.
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2009—2010 Year of All-day Wind Directions in Wuhan in Summer

Southeast  South  Southwest

= 8
Day and night wind direction statistics Daywind direction statistics
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Figure 2. Wind frequency of an entire day in summer.
3. Results

3.1. Ventilation Mechanism of Urban Built Intensity

There is an obvious relationship between building density, floor area ratio, and average
building height. When the floor area ratio is unchanging, the higher the building density,
the lower the average building height; when the average building height is unchanging,
the higher the building density, the higher the floor area ratio; when the building density is
unchanging, the higher the average building height, the higher the floor area ratio. The
simulation condition was the south wind direction, and the wind speed was 5 m/s. The
flow mode in the simulation adopted the turbulent flow mode, and the gravity acceleration
was Z =9.81 (m/s), while the roughness of the land surface « = 0.16, Zy = 10 m.

Therefore, there are five situations with an increase in the building floor area ratio.
The interaction mechanism between urban intensity index and ventilation potential is as
follows (Figure 3):

Situation A: The average building height was unchanged, the building density in-
creased, and the floor area ratio increased. The average wind speed increased. The average
wind speed of case 2 (1.14 m/s) was less than that in case 1 (1.67 m/s), the building density
increased, and wind speed decreased. However, the average wind speed of cases 3 and
4 was higher than that of cases 1 and 2 (Table 1), because the added buildings created a
ventilation path, the wind direction was parallel to the ventilation path, and the buildings
on both sides of the path increased the wind speed due to the wind drive effect.

Situation B: The building density was unchanged, the average building height in-
creased, and the floor area ratio increased. The average wind speed increased. Since the
building density did not change, the height of the building increased, and the building
drew the high-speed wind from the upper floor to the ground, so the wind speed near the
ground increased (Table 1).

Situation C: The average building height decreased, the building density increased,
and the floor area ratio increased. The average wind speed of case 2 (1.77 m/s) was less
than that of case 1 (1.78 m/s), and the average wind speed of case 4 (2.85 m/s) was less
than that of case 3 (2.95 m/s) (Table 1), because the building density increased and the
height of the windward building was high. The average wind speed of cases 3 and 4 was
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higher than that of cases 1 and 2 (Table 1), because the buildings on both sides of the path
increased the wind speed.

(A)

| | - ;
P61 152252354466 568 25> ©5 1 152253 26 4 45
S ) & RS ST Yo' " A T T Y

(B)

(©

BE] A5 263 285
B

(D)

(E)

Figure 3. Ventilation map of building intensity.(A) The average building height is unchanged, the building density increases,
and the floor area ratio increases; (B) the building density is unchanged, the average building height increases, and the
floor area ratio increases; (C) the average building height decreases, the building density increases, and the floor area ratio
increases; (D) the average building height increases, the building density decreases, and the floor area ratio increases; and
(E) the average building height increases, the building density increases, and the floor area ratio increases.
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Table 1. Wind speed of the development intensity index.

Development Intensity Wind Speed (m/s)
Situation Case ABH (M) BD (%) FAR MAX MIN Average Standard Deviation
1 18 16 0.96 5.32 0.35 1.67 1.03
) 2 18 24 1.44 5.83 0.15 1.14 0.77
3 18 32 1.92 6.98 0.09 2.06 1.57
4 18 36 2.16 6.93 0.18 2.12 1.62
1 20 36 2.4 6.78 0.07 2.2 1.58
®) 2 24 36 2.88 7.17 0.12 2.38 1.84
3 28 36 3.36 7.22 0.13 2.61 1.74
4 36 36 4.32 7.78 0.14 2.82 2.04
1 54 16 2.88 6.59 0.17 1.78 1.36
© 2 50 24 4 6.69 0.19 1.77 1.23
3 45 32 4.8 8.06 0.17 2.95 212
4 42 36 5.04 7.80 0.14 2.85 2.13
1 18 36 2.16 6.92 0.16 2.17 1.63
D) 2 21 32 2.24 7.11 0.16 2.36 1.63
3 30 24 2.40 5.85 0.30 1.77 1.25
4 48 16 2.56 6.59 0.14 2.38 1.84
1 18 16 0.96 5.93 0.10 2.14 1.53
®) 2 22 24 1.76 6.17 0.12 1.88 1.46
3 27 32 2.88 7.48 0.08 2.46 1.88
4 32 36 3.92 7.67 0.09 2.76 2.02

Situation D: The average building height increased, the building density decreased,
and the floor area ratio increased. The average wind speed of case 2 (1.77 m/s) was less
than that of case 1 (2.17 m/s), and the average wind speed of case 4 (2.38 m/s) was higher
than that of case 3 (1.7 7 m/s) (Table 1), because the building density decreased and the
height of the windward building was higher. However, the average wind speed of cases 3
and 4 was lower than that of cases 1 and 2 (Table 1), because the width of their ventilation
paths was large, and the wind speed at the wind gap was not high.

Situation E: The average building height increased, the building density increased,
and the floor area ratio increased. The average wind speed of case 2 (1.88 m/s) was lower
than that of case 1 (2.14 m/s), because the building density increased. The average wind
speed of case 4 (2.76 m/s) was higher than that of case 3 (2.46 m/s) (Table 1), because
the height of the windward building was high and the ventilation path was obvious. The
average wind speed of cases 3 and 4 was higher than that of cases 1 and 2 (Table 1). Since
the added buildings created a ventilation path, the wind direction was parallel to the
ventilation path, and the height of the windward building was high.

The urban ventilation environment is closely related to the built environment. Urban
built intensity indexes have different ventilation mechanisms that are related to the urban
built intensity value. In addition to the urban built intensity, building layout forms are
also closely related to ventilation. With the increase in the floor area ratio, the decrease
in building density is not the only factor causing an increase in wind speed. When the
average building height and the height of the windward building increase, the ventilation
path enclosed by the building is parallel to the wind direction, and the width is small, the
wind speed also increases.
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3.2. CFD Simulation of Urban Built Unit

Twelve urban built units in Wuhan city were selected, and the unit size was 100 m x 100 m.
The calculated urban built intensity indexes were building density, floor area ratio, and
average building height. Each urban built intensity index was simulated for four urban
built units. As an example, building density was divided into four zones, namely, building
densities of 20-30%, 30-40%, 40-50%, and 50-60%. Similarly, the floor area ratio was
divided into four zones, namely, floor area ratios of 0.3-0.8, 0.8-1.5, 1.5-3.0, and 3.0-6.0,
and the average building height was divided into four zones, namely, average building
heights of 3-18 m, 18-25 m, 25-50 m, and higher than 50 m.

The initial wind direction was southwest wind (225° from the north), and the initial
wind speed was 5 m/s. The size of the simulated area was 300 m x 300 m (the grid around
the urban built unit was divided into the simulation area, among which the layout form of
the surrounding grid was the same). The distance between the building windward surface
and the boundary in the simulated area was 1.5 times the length of the unit side, and the
distance from the back wind surface to the boundary was 3 times the unit side length.
The size of the grid was kept within 0.05 times the length of each coordinate axis in the
simulated zoom. Here, the wind speed was 5 m/s, and the wind direction was southwest.
The height of the anemometer was 10 m, the topography parameter of the meteorological
station was 0.14, and the thickness of the boundary layer of the meteorological station was
270 m.

The main ventilation potential indexes were the wind speed ratio, average wind speed,
maximum wind speed, and strong wind area ratio. The wind speed ratio was the ratio of
the given nodes’ average wind speed at a height of 1.5 m to the background wind speed
of 5 m/s. The calculation range of average wind speed and maximum wind speed was
the wind field at the height of 1.5 m in the plot. The strong wind area ratio was the ratio
of the area with a wind speed of more than 1 m/s to the total area of the urban built unit
at the height of 1.5 m. To compare the correlation between the ventilation potential and
urban built intensity of each case, four interval cases of 0.2-0.6 were adopted for building
density comparison, four interval cases of 3-50 m were adopted for average building
height comparison, and four interval cases of 0.3-6.0 were adopted for floor area ratio
comparison. The correlation between building density and ventilation potential was the
highest, followed by the average building height, and the correlation between floor area
ratio and ventilation potential was not obvious, as shown in Figure 4 and Table 2. The
variable urban built intensity indexes gradually increased, and the other two urban built
intensity indexes relied on the actual built environment.

3.3. Ventilation Potential and Urban Built Intensity

Via statistical analysis of the correlation between the ventilation potential and urban
built intensity (Figure 5), it was found that building density and ventilation potential were
clearly correlated, but average wind speed was weakly correlated with building density;
the correlated value between the floor area ratio and ventilation potential was less than
0.5; the average building height was generally correlated with ventilation potential, but
the average and maximum wind speed was weakly correlated with average building
height. The correlation between the four ventilation potential variables and the urban built
intensity was inconsistent. To overcome the problem of too many indexes and inconsistent
correlation of the indexes, as well as improving the accuracy and rationality of the analysis
results, the factor analysis method was used to reduce the dimensions of the four ventilation
potential variables, and the correlation between the comprehensive score after dimension
reduction and the urban built intensity indexes was analyzed by weight.
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Table 2. Ventilation of 12 urban built units.

Wind Speed (m/s)
Case BD FAR ABH Wind Speed Ratio  Average Max Strong Area Ratio (%)
BD (0.2-0.3) 0.29 1.48 15.18 0.15 1.13 3.49 0.026
BD (0.3-0.4) 0.34 0.71 6.17 0.13 0.56 3.48 0.018
BD (0.4-0.5) 0.45 1.03 6.79 0.06 0.51 4.23 0.010
BD (0.5-0.6) 0.51 1.24 7.29 0.07 0.46 3.81 0.005
ABH (3-18 m) 0.27 1.57 17.50 0.22 0.77 3.44 0.076
ABH (18-25m) 0.25 1.55 18.44 0.14 0.44 2.44 0.142
ABH (25-50 m) 0.23 1.69 2242 0.16 0.35 2.90 0.316
ABH (>50 m) 0.22 1.85 25.73 0.30 0.87 3.41 0.404
FAR (0.3-0.8) 0.41 0.75 5.48 0.19 0.50 3.33 0.013
FAR (0.8-1.5) 0.31 1.40 13.82 0.19 0.66 3.45 0.121
FAR (1.5-3.0) 0.44 2.68 18.39 0.21 0.74 3.80 0.023
FAR (3.0-6.0) 0.40 3.28 24.64 0.16 0.51 3.90 0.015

Two common factors (F1 and F2) were obtained by selecting the common factor
whose eigenvalue was greater than 1 or the cumulative contribution rate of common factor
variance greater than 80%, and the cumulative contribution rate of common factor variance
reached 80.79%. The percentage of each factor’s variance contribution rate in the sum of
the factor’s variance contribution rate was taken as the weight, and the weighted sum
of each factor’s score was obtained. This allowed us to obtain a comprehensive score of
ventilation potential. The higher the score, the stronger the ventilation potential.

The factor score coefficient matrix was obtained by SAS software. The ventilation
potential value X; of each ventilation unit case was multiplied (Table 2, Equation (8)),
the common factor scores F1 and F2 were calculated, and the percentage of the extracted
variance contribution rate of each factor was taken as the weight in the sum of the factor
variance contribution rate ¢; (Table 3) and according to the factor score coefficient Wj;
(Table 4). These factors were then summed with the common factor scores, resulting in the
comprehensive scores of ventilation potential (Table 5, Equation (9)). The equation is as
follows [34]:

12
j=1
2
E & X F i
=1
Y&
i=1
Table 3. Variance contribution rate (g;).
Ventilation Potential Variance Contribution Rate Cumulative Variance
Variable (%) Contribution Rate (%)
Wind speed ratio 48.446 48.446
Average wind speed 32.349 80.795
Maximum wind speed 12.076 92.870

Strong wind area ratio 7.130 100.000
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Table 4. Common factor score coefficient matrix.

Ventilation Potential Variable F1 F2
Wind speed ratio 0.243 0.453
Average wind speed —0.194 0.664
Maximum wind speed —0.509 0.243
Strong wind area ratio 0.472 0.067

Table 5. Common factor scores and comprehensive scores.

Case F1 (Common Factor1)  F2 (Common Factor2) F (Comprehensive Score)
BD (0.2-0.3) —0.77215 1.37774 0.088631
BD (0.3-0.4) —0.35386 —0.45978 —0.39627
BD (0.4-0.5) —1.43698 —0.73409 —1.15555
BD (0.5-0.6) —0.90534 —1.04852 —0.96267
BH (3-18 m) 0.04791 0.79279 0.346148
BH (18-25m) 1.33318 —1.27336 0.289564
BH (25-50 m) 1.65968 —1.02434 0.585042
BH (>50 m) 1.43338 1.78139 1.572718
FAR (0.3-0.8) 0.05256 —0.3027 —0.08968
FAR (0.8-1.5) 0.18105 0.30656 0.231302
FAR (1.5-3.0) —0.59164 0.75217 —0.0536
FAR (3.0-6.0) —0.64779 —0.16785 —0.45563

The correlation degree between the urban built intensity indexes (building density,
floor area ratio, and average building height) and the ventilation potential comprehensive
score was calculated using the Pearson correlation coefficient method. The calculation
results (Figure 6) were as follows:

(1) The comprehensive score for ventilation potential and building density showed
a strong correlation, and the correlation coefficient was —0.8427. When the building
density was lower than 30%, the comprehensive score of ventilation potential was positive.
(2) The comprehensive score for ventilation potential and floor area ratio showed a weak
correlation, and the correlation coefficient was 0.1661. When the floor area ratio was
more than 1.5, the comprehensive score of ventilation potential was positive. (3) The
comprehensive score for the average height and ventilation potential showed a strong
correlation, and the correlation coefficient was 0.6806. When the average height of the
building exceeded 15 m, the comprehensive score of ventilation potential in most cases
was positive.

According to the correlation coefficient, the weight of the influence of each urban built
intensity index on ventilation potential was calculated. The weight of building density
accounted for 50%, while the weights of the floor area ratio and average building height
were 10% and 40%, respectively.
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Figure 6. Scattered point map of the correlation degree between the comprehensive score of wind ventilation potential and

development strength.

4. Discussion

In the current study, ventilation paths were detected according to the ventilation
mechanism of the urban built intensity. The built environment of Wuhan city center was
abstracted into grid units of 100 m x 100 m. The three indexes of building density, floor
area ratio, and average building height were calculated, making up for the deficiency of
single-factor evaluation and realizing the overall ventilation potential of Wuhan city center.
Based on CFD numerical simulation, the wind speed ratio, average wind speed, maximum
wind speed, and strong wind area ratio were calculated. The strength of the correlation
between urban built intensity indexes and the ventilation potential variable was calculated
using factor analysis and the Pearson correlation coefficient method. On this basis, the
urban built intensity grid layer was reclassified. Using the GIS grid calculator, the urban
built intensity indexes were weighted and summed, and the comprehensive evaluation
map of ventilation potential was calculated.

The grid data of building density in 100 m x 100 m units of Wuhan city were classified
by GIS. Because the building density was negatively related to the ventilation environment,
the building density was defined as 6, 5, 4, 3, 2, and 1, and the floor area ratio and average
building height were positively correlated with ventilation potential. Then, according to the
weight of the relationship between the urban built intensity and ventilation environment,
the ventilation environment evaluation map of Wuhan city was obtained using the grid
calculator. The larger the ventilation environment value, the better the ventilation, and the
values of the ventilation environment are 1-3, 3-5, and 5-6.

We took the southwest wind of Wuhan as the background wind and connected
the grids with good and improved ventilation levels. The streamline conformed to the
southwest-leading wind direction. Path identification was carried out, passing through
the units with lower ventilation levels was avoided, and the main urban ventilation path
of Wuhan was obtained (Figure 7). The ventilation potential of Qingshan district is low,
because its building density is higher than 80%. The ventilation of Hankou district is
relatively bad, because its building density is large, its layout is concentrated, and there is
no ventilation path.
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Figure 7. Identification map of the ventilation path in the main urban area of Wuhan city.

The urban built intensity determines the ventilation efficiency of the ventilation
path [35,36]. As a morphological characteristic of the built environment, the urban built
intensity has an obvious correlation with ventilation potential [37,38]. The characteristics
have significance for urban planning. The urban built intensity determines the layout of
the ventilation path. For example, there is a large difference in ventilation levels between
densely built areas and open-space areas. The analysis of built environment conditions can
determine the ventilation level of the city and identify the urban ventilation path. In the
identification of the ventilation path in the main urban area of Wuhan city, it was found
that the density of the ventilation path in the old urban area of Hankou and Wuchang
was low, the path line was curved, and the ventilation environment was not ideal. The
ventilation paths in other areas were straight, and the line density was higher than that in
the old urban area (Figure 7).

5. Conclusions

Urban ventilation research has significance for urban planning [39,40]. Traditional
urban planning lacks the aspect of climate research, which plays an important role in
the realization of urban sustainable development and in solving urban environmental
problems. Urban built intensity reflects the three-dimensional characteristics of the urban
built environment and is an important index of urban planning and building management.
The mechanism of urban built intensity in the ventilation potential is different. It is of great
significance to identify the ventilation path for the reasonable guidance of urban planning.

Building density and ventilation potential showed an obvious correlation, floor area
ratio showed a weak correlation with ventilation potential, and building height had a
certain degree of ventilation potential promotion. This is because building density is not
the sole factor causing an increase in wind speed. When the average building height and
the height of the windward building increase, the ventilation path enclosed by the building
is parallel to the wind direction, and the width is small, the wind speed also increases.
A suitable built environment is that in which the building density is less than 30%, the
average building height is greater than 15m, and the floor area ratio is greater than 1.5.

It is necessary to identify the existing ventilation paths in the city, as well as to protect
and control such ventilation paths. We can reduce the building density to below 30%,
appropriately increase the building height to 15 m or more, and increase the height of
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landmark buildings in densely built areas. If the street is parallel to the prevailing wind
direction, the street wall can be encouraged, openings can be reduced, and the street width
can be appropriately reduced to form ventilation channels and increase the height of the
buildings on the windward side. Thus, a ventilation system can be formed by connecting
ventilation paths in series.

The building environment of Hankou is more dense than that of Wuchang and
Hanyang, so the ventilation environment of Hankou is relatively poor, representing the
main problem of urban ventilation. Based on the influence of urban built intensity on the
ventilation environment, this study demonstrates the correlation strength between the
building density, floor area ratio, average height of buildings, and ventilation potential,
improves the accuracy of ventilation path identification, and provides a reference for urban
planners and decision makers.
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