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Abstract: Many multi-story residential buildings have been built in villages to improve the living
quality of rural residents in China. Therefore, village morphology has dramatically changed compared
to the past. Since northern China continues to suffer from environmental problems, improving village
ventilation by optimizing village morphology is essential for creating a good rural environment.
In this study, 17 morphology models were categorized based on 383 actual villages in Tianjin.
In addition, the ventilation capacity of courtyards and streets and residents” health risks of different
morphology cases were analyzed. For the northwest wind direction, the ventilation capacity of the
courtyards in the northern part of the village can be improved when there are multi-story residences
in the north or west of the village. Accordingly, in the southeast wind direction, multi-story buildings
in the south or east of the village can improve the courtyard ventilation in the southern part of the
village. In addition, multi-story buildings in the west or east of the village can form ventilation
corridors in the northwest or southeast wind direction. The morphologies without multi-story
buildings in the west or east of the village were recommended to be applied in the village planning
in Tianjin due to good ventilation capacity and low exposure risks.

Keywords: village morphology; ventilation capacity; health risk; CFD simulations

1. Introduction

As China’s economy continues to grow, the scale and morphology of cities have
changed dramatically compared to the past. The city characteristics of the high building
and population density reduce urban ventilation capacity [1,2], accumulate pollutants [3,4],
and increase urban heat island intensity [5,6]. At the same time, the construction of Chinese
villages has been developing rapidly since 2000. Many multi-story and high-rise residential
buildings were built to improve the living environment and quality of rural people. As a
result, the village morphology has changed dramatically. However, the study of the
influence of village morphology on ventilation and residents” health is still very lacking
and unclear. The environmental and health problems caused by rural development need to
be studied to provide suggestions for subsequent rural planning.

Northern China suffers from the problem of haze in winter [7]. In addition to vehicle
exhaust and industrial emissions in cities, winter heating and traditional cooking in the
countryside are also major contributors to haze [8,9]. The emissions of NOx, NMVOCs,
50,, and PM2.5 from rural household heating in Beijing were 11.5 kt, 29.3 kt, 43.1 kt, and
34.7 kt, respectively, while those for household cooking totaled 1.55 kt, 4.02 kt, 6.55 kt, and
3.99 kt [10]. In the Beijing-Tianjin-Hebei region of China, the highest PM2.5 concentrations
have been observed [11]. With the implementation of environmental management policies,
such as coal-to-gas and coal-to-electricity, air quality and other environmental problems in
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rural areas in northern China have improved somewhat [12]. Exploring the optimal village
morphology and rural planning scheme to improve rural ventilation is an effective way to
build a green countryside and livable environment.

In recent years, the influence of morphology on urban wind and thermal environments
has become a research hotspot [13-19]. The correlation analysis between morphological
indices and the wind and thermal environment using ideal or real neighborhood models
can help architects and planners to develop sustainable urban development schemes that
facilitate urban ventilation and mitigate urban heat island intensity. The study of rural
morphologies is more scarce than urban ones. Research on the rural environment is urgently
needed due to the large number of people living in rural areas in China. Previous studies on
the influence of building geometry (roof shape, arcade, lift-up design) [20-26], morphological
parameters (building density, aspect ratio, building coverage ratio, etc.) [27-35] on urban
ventilation do not apply to the countryside, as the shape and scale of the rural house in
northern China are strictly regulated. Therefore, the Chinese countryside morphology needs
specialized study.

Computational fluid dynamics (CFD), geographic information systems (GIS), and
weather research and forecasting models (WRF) have become the primary methods for the
study of urban ventilation [36—41]. GIS is suitable for urban scale studies, which require
dividing the city into 100-500 m resolution grids and calculating morphological indices
and correlation for each grid [42,43]. WRF is applicable to larger-scale regional climate
and atmospheric studies. CFD is more suitable for the analysis of rural problems. The size
of the Chinese countryside is usually less than 1 km?, so the computational cost of the
countryside model is usually appropriate for using CFD. In addition, the CFD method can
easily obtain wind fields and calculate the ventilation index to facilitate a comparison of
different design and planning solutions.

In short, current research has focused on urban morphology and environmental
issues, and very little attention has been paid to the morphology changing of the Chinese
countryside. However, with a large proportion of the population in rural China [44], there
is a need to focus on rural people’s health and environmental issues. In addition, the
impact of countryside morphology variation caused by many new multi-story and high-
rise buildings on the village ventilation is still unclear, and there is a lack of research on
this issue. Therefore, this study categorized the real village morphology in Tianjin into
17 morphology types and analyzed the ventilation capacity and residents” health risk using
the CFD method to guide the sustainable development of Chinese villages.

2. Morphological Analysis
2.1. Study Region

Tianjin is the core city of the economic circle of China’s capital and the second largest
city in northern China, with a population of 13.73 million and an area of 11,966.45 km?.
The traditional North China village consists of hundreds of single-story courtyard houses
arranged in regular rows. Conversely, residential areas in urban areas tend to be multi-story
and high-rise residential buildings. With the rapid development of China’s economy, the
village morphology has changed dramatically compared to the last century. In addition
to the overall demolition of villages, a large number of villages have built multi-story
buildings outside the original village boundaries. New high-rise and multi-story buildings
significantly impact the ventilation and pollutant dispersion in the village. Tianjin has
16 administrative districts. The areas that adopted the development policy of preserving
traditional rural buildings (one story) and building high-rise and multi-story buildings
around villages are mainly in Jinghai, Jizhou, Baodi, and Wugqing districts. These districts
are far from the city center. Because of its proximity to Hebei Province and its cultural
integration with the Hebei region, the Jinghai district represents the general state of rural
development in the Beijing-Tianjin-Hebei region, as shown in Figure 1A.
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Figure 1. Overview of Tianjin village. (A) Study area. (B) Architectural and living space information
in the village.

Jinghai has 383 administrative villages with a resident population of 818,000. Com-
pared with 20 years ago, the village morphology of Jinghai has changed considerably.
Traditional rural architecture in northern China evolved based on Chinese courtyard
houses. Each house consists of the main and wing rooms, as shown in Figure 1B. The main
room faces south with the back to the north. The houses on the west-east street usually
also have south rooms. Each village usually has one or two central streets for commercial
and recreational activities. Therefore, the rooms on both sides of the central street are
generally shops.

2.2. Morphological Statistics

This study investigated and analyzed the morphology and scale of 383 villages in
Jinghai. As shown in Figure 2, the length and width of villages are mainly concentrated
in 400-600 m, accounting for 34.5% and 37.2%, respectively. The highest percentage of
the village area is 200,000-300,000 m? with 27.2%. In addition, the village perimeter is
concentrated in the range of 1500-2000 m. An idealized village model of 432 x 420 m? was
established based on village-scale statistics. Four village morphology types were extracted
from the real villages, as shown in Figure 3. “LL” morphology, which is similar to “L”
morphology, was also investigated in this study. Overall, five morphology types were used
in this study, namely “1”, “L”, “LL”, “C”, and “O”, as shown in Figure 4. In North China,
the building dimensions of the village area are strictly restricted by planning codes (village
houses have almost the same dimensions), resulting in a neat and uniform rural texture.
Therefore, using an idealized model is appropriate for this study.
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Figure 2. Village scale in Jinghai district of Tianjin.
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Figure 4. The idealized village morphology model used in this study.

The dimensions of traditional rural buildings and new multi-story buildings are shown in
Figure 4. The dimensions of a new multi-story buildingare L x W x H=60m x 13.5m x 18 m.
The new multi-story buildings represent typical 6-story residential buildings in the village of
northern China. In addition, the height of traditional residential buildings is 3.5 m. In the
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village, the two central streets are 20 m wide, and the other streets are 10 m wide. A total of 17
morphology models (five types) were used to analyze the effects of different morphologies on
rural ventilation and the residents’ health.

3. Methodology
3.1. CFD Simulation Method

Different village morphologies have different effects on rural ventilation and residents’
health. Therefore, it is essential to obtain the optimal typical village morphology for rural
development by comparing different morphology cases. A total of 34 CFD simulation
cases (17 morphological models x two typical wind directions) were set up in this study.
In Tianjin, southeast winds prevail in summer, and northwest winds prevail in winter.
The monthly average wind speed is 2.3-3.6 m/s annually [45]. Therefore, the wind speed of
this study was set at 3 m/s for both northwest and southeast wind directions. The velocity-
inlet profile was defined using Equation (1):

_ ungL Z+ 2p
u; = kln( Z )

where Uy is the wind speed (m/s) at the height of z (m). z( is the roughness length, z,
was set as 0.03, representing the roughness of farmland. k is the von Karman constant
(0.41) [46]. The friction velocity of the atmospheric boundary layer (U, ;) can be calculated
by Equation (2):

zr+20
20

. kuy
UABL - ln( ) (2)

where U, is the reference velocity (m/s) at the reference height z, (m). The wind velocity
was set as 3 m/s at the reference height of 10 m, according to the meteorological data of
Tianjin. Turbulent kinetic energy (k;, m?/s?) and turbulent dissipation rate (-, m?/s%) were
calculated by Equations (3) and (4):

uleLz
ky = — 2= ®)
V CZ‘
_ Wiy
= kz+20) @

where Cy, is a constant (0.09).

The Reynolds-averaged Navier—Stokes (RANS) equations with a realizable k-¢ turbu-
lence model were used to solve the turbulent wind flow. The standard wall function was
used to solve the flow close to walls. In addition, the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm was used for the pressure-velocity coupling of
the transport equations. The species transport model was used to simulate the inert gas
pollutant dispersion. The second-order schemes were applied to discretize the convection
and diffusion terms. This study assumes convergence criteria for all variables’ residuals
<10~* and a fluctuation range of <5% for parameter values of multiple monitoring sites.

The boundary conditions and computational domains were set, as shown in Table 1
and Figure 5A. The boundary of the calculation domain is 10H away from the building
complex (H is the highest building height), and the blockage rate is <3% according to AlJ
guidelines [47]. This study set up two inlets and two outlets to establish northwest and
southeast wind direction. The symmetry condition was used for the top boundary of the
computational domain. Building surfaces and ground were modeled using the no-slip
wall type.
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Table 1. Boundary condition setting in this study.

Location Type Profiles/Conditions
Inlet Velocity inlet Equations (1), (3) and (4), 3m/s
Outlet Outflow a% and a%(”' v,w,ke)=0
Top Symmetry %(u, v,w,ke) =0
Ground Wall No-slip
Building Wall No-slip

Note: two inlet and outlet boundaries for each simulation case.
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Figure 5. Computational domain and grid sensitivity analysis. (A) Computational domain dimen-
sions and boundary condition settings. (B) Grid sensitivity verification.

3.2. Grid Sensitivity and Validation

ANSYS Fluent Meshing was used to generate the mesh. The grid becomes progres-
sively sparser from the building complex to the edge of the computational domain through
the Body of Influence (BOI) control to achieve a reasonable grid number. BOI1 was set to
X xY x Z=600 x 573 x 20 m?, and BOI2 was set to 660 x 633 x 26 m>, and they extended
20 m and 30 m at the outer edge (XY plane) of the multi-story buildings (morphology O),
respectively. This study created more than five layer grids under pedestrian height level
(Z =1.5m) and ensured the y+ value is less than 300 for the wall-type boundaries. Three
grids were used to investigate the grid sensitivity, and their dimensions in the study area
were 1.5 m, 3 m, and 6 m, respectively. The coarse, standard, and fine grids are 4.14 million,
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7.09 million, and 9.04 million, respectively. As shown in Figure 5B, the wind speed ratios
and mass fractions of C;Hg for standard and fine grids in the two horizontal and two
vertical reference lines can match well. In contrast, the wind speed ratio of the coarse
grid is very different from the other two grids at the L1 location. For the mass fraction of
CyHg, the coarse grid still does not match the other two grids well at the L4 location, with a
maximum difference of 29.5%. Therefore, the standard grid can predict the outdoor flow
field accurately.

Although wind tunnel test data for the same experimental model as this study are
not available, previous experimental studies have provided wind speed and pollutant
data from wind tunnel experiments for the building complex [48,49]. These experimental
data can be used to verify the accuracy of the CFD simulation method used in this study.
The authors used the same turbulence model, boundary conditions, grid size distribution,
and other setup methods as this study verified with these experimental wind speed and
pollutant data in the authors’ previous paper [50-52]. In particular, for the validation
of wind speed, the difference at the highest point of wind speed was only 11.7%, which
is less than the 15% recommended by the Architectural Institute of Japan. In addition,
several statistical metrics were used to quantify the accuracy of the pollutant simulations,
including normalized mean square error, fractional bias, and correlation coefficient. These
statistical metrics met the criterion recommended by Santiago et al. [53]. Therefore, the
CFD simulation setup used in this study is accurate.

3.3. Analysis Indices
3.3.1. Normalized Pollutant Concentration

In order to evaluate the pollutant dispersion and ventilation capacity in different
village morphologies, several analysis indices were applied in this study. The normalized
pollutant concentration (C*) was applied to evaluate pollutant dispersion in different
simulation cases.

_ Cx U x H?

C*
mx Ve

®)
where C is the pollutant concentration (kg/m?). The pollutant uniformly distributed
emission method [54] was used to study the pollutant dispersion and ventilation capacity
with an emission rate (1) of 1072 kg/(m?>-s) (CoHg was assumed). In addition, V, is the
volume of emission zone, which is the 0-2 m zone in the village in this study.

3.3.2. Purging Flow Rate

To quantify the ventilation capacity of different zones, purging flow rate (PFR, m?/s)
was used to analyze the ventilation capacity of the courtyard and street spaces in different
village morphologies. It is worth noting that PFR can only be used to compare the ventila-
tion capacity of the same volume space, such as the courtyard of this study. In addition, the
two central streets were divided into 41 zones with the same volume (20 x 20 x 3.5 m3) to
evaluate the ventilation capacity of the different street zones.

PFR = %VW (6)

where Vy,, is the volume (m?) of the target zones, such as zone S21 in Figure 6. C is the
average pollutant concentration (kg/m?) of the target zone. The numbered naming of the
courtyard and street spaces is shown in Figure 6.
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Figure 6. Schematic of the space naming and analysis index calculation zone.

3.3.3. Intake Fraction

The average values of pollutant concentration at 1.5 m in the courtyard and street
spaces were calculated to evaluate the health risk of residents, as shown in Figure 6.
The individual intake fraction (IF) was calculated using Equation (7) [55].

_ CBR;'T;

IF
E

@)
where BR; is the breathing rate, 2.85 m3/h [56]. T; is the time spent on some activities (h),
and one hour was assumed in this study. E is the pollutant emissions from the study area
(m x emission volume x one hour, kg).

4. Results and Discussion
4.1. Pollutant Field

It can be seen from Figure 7A that pollutants tend to accumulate in the courtyard, and
the pollution level of the different courtyards was analyzed by the ventilation capacity
index (Section 4.2). Therefore, this section only exhibited the pollutant contours of the
central street used for shopping and activities. As shown in Figure 7B, the southern
part of the NS street is more likely to accumulate pollutants under the northwest wind
direction. Morphology 13, L3, LL2, and C2 showed high pollutant concentration zones in
the southernmost street. In addition, L4, LL3, and C3 exhibited high pollutant concentration
zones in the central part of NS street. For WE street (Figure 7C), the pollutant concentration
of morphology I1, LL1, LL4, C2, and C4 in the eastern part of the street is significantly
lower than the other morphologies. Moreover, morphology L4, C1, and O accumulated
higher pollutant concentrations only in the easternmost part. The areas of high pollutant
concentrations in 12-14, L1-L3, LL2, LL3, and C3 are significantly more than in the other
morphologies. For the overall assessment of NS and WE streets in the northwest wind
direction, morphology I1, LL1, LL4, and C4 are beneficial for street ventilation, followed by
morphology L4, C1, and O.
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As shown in Figure 8A, pollutant concentrations are higher in the northwestern part of
the village in the southeast wind direction. The air quality of residential houses downwind
is usually worse. For NS streets (Figure 8B), morphology I1, L1, LL4, and C4 exhibited areas
of high pollutant concentrations in the northern part of the street. In addition, morphology
12, L1, LL4, and C1 have higher pollutant concentrations in the middle of the street than
the other morphologies. As shown in Figure 8C, the street pollutant concentration of
LL4 is significantly higher for WE streets than the other morphologies. In addition, WE
street space pollutant concentrations of morphology I3, LL2, LL3, and C2 are lower than
other morphologies, followed by morphology L2, C3, C4, and O. In conclusion, for the
southeast wind direction, the morphology 13, LL2, LL3, and C2 are more beneficial for
street ventilation.
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southeast wind direction. (A) Morphology O. (B) NS street of different morphology. (C) WE street of
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4.2. Ventilation Capacity
4.2.1. Courtyard

The PFR values of the courtyards of different village morphologies in the northwest
wind direction are shown in Figure 9. Residential houses on the windward side of the
village edge can obtain better ventilation capacity and air quality. The different village mor-
phologies affect the airflow into the village’s interior and, thus, the residential courtyards’
ventilation capacity. Morphology I1, L1, LL1, C1, and O exhibited high PFR values in the
northern part of the village (zones I and II). These morphologies are present in the north of
the village with multi-story buildings, bringing more incoming wind and increasing wind
speed. The presence of new multi-story buildings in the north of the village for morphology
C2 and in the west of the village west for morphology C4 also produces high ventilation
areas in zone I. In addition, morphology L4 and LL4 also have multi-story buildings in
the north or west of the village, and they all obtain high ventilation capacity areas in the
northern part of the village. Morphology 14, LL3, and C3 all form two ventilation corridors,
which help improve the courtyard’s ventilation capacity on this path. Morphology L4, LL4,
C1, C4, and O form not only high ventilation capacity areas but also ventilation corridors.
In general, multi-story buildings in the west of the village are conducive to generating
ventilation corridors.
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Figure 9. Analysis of the ventilation capacity of courtyards under northwest wind direction.

The ventilation capacity analysis of courtyards in the southeast wind direction is
shown in Figure 10. For the presence of multi-story buildings in the village east, mor-
phology L2, LL2, and C2, the southern part of their villages (zone IV), were formed high
ventilation capacity zones. In addition, multi-story buildings in the south of the village,
morphology I3, L3, LL3, and C3, and the southern part of their villages (zones III and IV)
also formed high ventilation capacity zones. When multi-story buildings exist in the village
east, it is easy to develop ventilation corridors to promote courtyard ventilation in one
of the paths parallel to the wind direction. Morphology 12, LL1, and C1 all formed two
ventilation corridors. Morphology L2, LL2, C2, C3, and O have not only high ventilation
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capacity areas but also a ventilation corridor. Therefore, Morphology L2, LL2, C2, C3, and
O are the preferable village development morphology in the southeast wind direction.
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Figure 10. Analysis of the ventilation capacity of courtyards under southeast wind direction.

4.2.2. Street

The distribution of PRF values in street space is shown in Figure 11. In the northwest
wind direction, there is more fresh air inflow in the northern part of NS street and the
western part of WE street, so the PFR value is higher. However, the ventilation capacity
of morphology L4 is poor in the northern part of the NS street. Furthermore, the high
PER zones of morphology LL4, C1, C4, and O are also less than other morphologies. They
exhibited high PFR value zones in the southern part of the NS street, as shown in Figure 11A.
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As shown in Figure 11B, morphology L1-L3, L1, L2, LL1, LL2, and C2 also have not high
PFR zones in the western part of WE streets. These morphologies have a worse ventilation
capacity for WE street in the northwest wind direction.

B

Figure 11. Ventilation capacity of the different zone in the central street. (A) and (B) under northwest
wind direction (NW). (C) and (D) under southeast wind direction (SE).

For the southeast wind direction, the high ventilation capacity zone in the south of
NS street is much less for morphology L2 and LL4. In addition, morphology 12, L2, LL1,
LL2, C1-C3, and O also have one high PFR value zone in the northern part of the NS street,
as shown in Figure 11C. For WE streets, the high PFR value zones of morphology I1, I3,
14, L3, L4, LL4, and C4 are much less. However, morphology 12, L2, LL1, LL2, C1-C3, and
O have 34 high ventilation capacity zones with PFR values greater than 10, as shown
in Figure 11D.

4.3. Health Risks
4.3.1. Courtyard

The IF value map of the courtyards in the northwest wind direction is shown in
Figure 12. Some morphologies have high exposure risk areas, such as morphology 13,
14,12, LL2, LL3, C2—C4, and O. All of these morphologies showed aggregation areas of
exposure risk that were significantly higher than the average IF. However, the low IF areas
of morphology 11, L4, LL1, LL4, and C1 are more predominant. The resident living in these
village morphologies have a healthier environment. Zone IV of the village is more prone to



Buildings 2022, 12, 1393

14 of 21

high exposure risk areas, especially when there are multi-story buildings in the southern
part of the village.
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Figure 12. Analysis of the intake fraction of courtyards in the northwest wind direction. The red
circles are intake fractions greater than 15 x 108, and the blue circles are intake fractions less than
15 x 1078. 15 x 1078 is the average value of intake fraction for all courtyards.

For the southeast wind direction, large areas of low exposure risk exist in the southern
part of the village, as shown in Figure 13. Morphology 11, 12, L4, LL1, LL4, C1, C2,
C4, and O all had high exposure risk areas in the northern part of the village that was
significantly higher than the average IF. The accumulation of pollutants can dramatically
threaten the residents’ health in these areas. However, the low-exposure risk areas of
morphology I3, L2, L3, LL2, LL3, and C3 are more predominant. Although large areas
of low exposure risk exist in morphology C2, C4, and O, they also have high pollutant
concentration accumulation areas. Therefore, the overall exposure risk evaluation of
different morphologies still needs to be further analyzed by the average IF value and the
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percentage of low-risk areas. In addition, for the southeast wind direction, high exposure
risk areas are easily formed when there are multi-story buildings in the northern part of
the village.
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Figure 13. Analysis of the intake fraction of courtyards in the southeast wind direction. The red
circles are intake fractions greater than 15 x 1078, and the blue circles are intake fractions less than
15 x 1078. 15 x 1078 is the average value of intake fraction for all courtyards.

4.3.2. Street

The analysis of the intake fraction for the central street in the village is shown in
Figure 14. For the northwest wind direction, the northern part of NS street and the western
part of WE street has low IF values. In contrast, the southern part of the NS street and the
eastern part of the WE street has low IF values for the southeast wind direction. In addition,
morphology I1, L4, LL4, C1, C4, and O have lower IF value zones for NS streets, and
morphology I1, L4, LL1, LL4, C1, C2, C4, and O have more low IF value zones for WE
streets in the northwest wind direction. In general, the multi-story buildings in the northern
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or western part of the village are conducive to the ventilation of the central street in the
northwest wind direction. For the southeastern wind direction, the percentage of low
exposure risk areas for morphology 12, I3, L2, LL1, LL2, C1, C2, C3, and O is greater than
50%. Morphology 13, L2, LL2, LL3, C2, C3, C4, and O have over 50% low exposure risk

zones in the WE streets.
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Figure 14. Intake fraction of the different zone in the central street. (A) and (B) under northwest
wind direction (NW). (C) and (D) under southeast wind direction (SE). The red circles are intake
fractions greater than 12 x 1078, and the green and blue circles are intake fractions less than 12 x 10~8.
12 x 1078 is the average value of intake fraction for all street zones.

4.4. Development Suggestions

In order to evaluate the overall situation of village ventilation in different village
morphologies to provide village development suggestions, the average PFR values of all
courtyards and streets in a particular wind direction were analyzed, as shown in Figure 15.
For the courtyard space, the average PFR of morphology LL1 is the highest in the northwest
wind direction, 19.9% higher than morphology 12, with the lowest average PFR. In addition,
the average PFR of morphology I1, L1, L4, and C2 was at least 15% higher than that of
morphology I2. In the southeast wind direction, the average PFR of the courtyards for
morphology LL4 is significantly lower than the other morphologies. However, morphology
I3 and LL3 had significantly higher average PFR values of the courtyards than other
morphologies. For the central street space, morphology LL4 also has a very low average
PFR in the southeast wind direction. The average PFR of morphology 12, L2, LL1, LL2, C1,
C2, and C3 are high. For the northwest wind direction, morphology C1 has the highest
average PFR, 56.1% higher than morphology L2, with the lowest average PFR. In addition,
the average PFR of street space for morphology 14, L4, LL3, LL4, C3, and C4 are also high
in the northwest wind direction.
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Figure 15. Average PFR for different village morphologies of the courtyard and street zones.
(A) Courtyard and (B) Street.

The percentage in each case above the average intake fraction of all cases was used
to evaluate how much of the zones were at high exposure risk, as shown in Figure 16.
For the courtyard space, morphology LL4 had the highest percentage of high exposure
risk zones in the southeast wind direction, up to 71.9%. The percentages of high exposure
risk areas for morphology I3 and LL3 are low, both below 40%. For the northwest wind
direction, morphology I1 and LL1 had low percentages of high exposure risk areas, both
below 40%. In contrast, morphology I3 had the highest percentage of high exposure risk
in the northwest wind direction, up to 60%. For the street space, the percentage of high
exposure risk areas for morphology 12, I3, L2, L3, and LL2 is higher in the northwest wind
direction. However, the percentages of high exposure risk areas for morphology 11, L4, LL1,
LL4, C1, and O were all below 45%. In the southeast wind direction, LL4 had the highest
percentage of high exposure risk at 78.6%.
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Figure 16. Percentage of intake fractions for courtyard and street zones with different morphologies
greater than the average value for each wind direction. (A) Courtyard and (B) Street.



Buildings 2022, 12, 1393

18 of 21

This study used star ratings to assess the optimal village morphology, as shown in
Table 2. The average PFR in the top 50% obtained one star, and the percentage of intake
fractions greater than all cases’ average in the bottom 50% obtained one star. Morphology
12,14, L1, and L3 are not conducive to courtyard and street ventilation in the village, and
they all received only one star. However, morphology C2 and C4 both received seven stars.
Therefore, these two morphologies are the best of the typical village morphology from the
perspective of village ventilation and residents” health. In addition, morphology O, C1, and
C3 also obtained high star numbers. Overall, morphology C is more favorable for village
ventilation and residents” health, and morphology C2 and C4 are superior.

Table 2. Comprehensive assessment of village morphology.

Morphology I1 12 13 14 L1 L2 13 14 LL1LL2LL3LI4C1 C2 C3 C4 O

Courtyard (NW) * * *  x * X % *

N Courtyard (SE) * * oK * oK *  x %
PFR Street (NW) * * * ok Kx *  x %
Street (SE) * * * ok * Kk % *
Courtyard (NW) * * % *  x x *  x
Courtyard (SE) * * *  x *x  x KXk
Per_IF Street (NW) * * ok * kK * ok
Street (SE) * * * ok * Kk x ok
Total star number 31 3 1 1 4 1 4 4 4 4 4 5 7 5 7 6

PER is the average PFR of all courtyards or streets in one morphology case. Per_IF is the percentage of intake
fractions for courtyard and street zones greater than all cases” average value for each wind direction; refer to
Figure 16. PFR values in the top 50% obtain one star. Per_IF values in the bottom 50% receive one star.

5. Conclusions

Currently, research on outdoor ventilation and building morphology focus on urban
areas. Rapid economic development leads to the countryside’s morphology changing
dramatically. However, the study of the village morphology is very scarce. This study
contributed to rural morphological studies and provided suggestions for future village
planning in North China. Seventeen typical village morphologies were obtained by in-
vestigating real village morphologies in Tianjin. The authors used CFD simulation results
to analyze the village ventilation and the residents” health risks. Optimal countryside
development morphologies were obtained through analyzing statistical data. The main
study findings are as follows.

1.  For the northwest wind direction, the ventilation capacity of the courtyard in the
northern part of the village can be improved when there are multi-story buildings in
the north or west of the village. For the southeast wind direction, when multi-story
buildings exist in the south and east of the village, the ventilation capacity of the
courtyard in the southern part of the village can be improved.

2. When there are multi-story buildings in the south of the village, the southern part of
the village tends to form a high exposure risk area in the northwest wind direction.
For the southeast wind direction, multi-story buildings in the north of the village are
more likely to form a high exposure risk area in the northern part of the village.

3. Morphology C2 and C4 both obtained seven stars, which are the best of the typical
village morphologies for courtyard and central street ventilation. In addition, mor-
phology O, C1, and C3 also received high star numbers, with six, five, and five stars,
respectively.

4. Morphology C is recommended for constructing multi-story residential buildings in
the countryside of Tianjin. The morphologies without multi-story buildings in the
west only (C2) and east only (C4) of the village are optimal.

5. For a more generalized conclusion of other North China villages with different wind
directions, the windward side of surrounding multi-story buildings increases the
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speed of the village’s incoming winds but also blocks the airflow when located on the
opposite side.

This study provided some suggestions for future village development in Tianjin. Some
multi-story buildings increase the ventilation in the courtyards and central streets due
to their disturbing effect on the airflow, which increases the local wind speed. In the
future, the authors will simulate more realistic rural pollutant dispersion problems, such as
pollutant dispersion from biomass fuel combustion, to provide more suggestions for rural
construction.
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