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Abstract. China’s transportation network is very well developed, and usually, one
or more busy highways pass through villages. Carbon monoxide from vehicle
exhaust has important effects on the residents’ health, such as reducing the ability
of blood to transport oxygen. Therefore, how to plan highways passing through
villages is very important for green village construction and sustainable
development. This study used CFD techniques to simulate the effects of two types
of highways passing through villages and three highway types (two-way two-lane,
two-way four-lane, and two-way six-lane) on pollutant dispersion and the health of
the residents under the most unfavorable risks. The results of the study show that
the highway passing through the middle of the village has a greater impact on the
residents’ health than passing through the edge of the village. The two-lane highway
type passing through the middle of the village and the two- and four-lane highway
types passing through the edge of the village did not result in pollutant
concentrations exceeding 4 mg/m3 in the villages. The higher traffic volume types
with more than six lanes of highway should be built away from the villages, and
auxiliary roads can be constructed to connect the villages to facilitate the residents’
travel.
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1. Introduction

As part of the rural revitalization strategy, it is crucial to address the environmental health
issues prevalent in rural areas [1]. The impacts of traffic pollution, industrial emissions,
and burning on the health of rural residents have received widespread attention [2-3].
China’s well-developed transportation network system allows villages to be surrounded
by one or even more highways with heavy traffic. Vehicle emissions inevitably have an
impact on the health of village residents [4], especially when the village is downwind of
the highway.
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Courtyards and streets are important places for rural residents to engage in activities
such as walking and cooling off in the shade. Therefore, air quality in rural outdoor
spaces is very important for the health of rural residents. In the past, one of the main
sources of air pollutants in the countryside was the burning of firewood [5]. However,
with the implementation of environmental protection policies in northern China, more
and more households are using natural gas as a cooking fuel [6]. Nowadays, the number
of automobiles per 100 households in rural China is 17.4, which is 13.18 times higher
than that in 2000. Therefore, automobile exhaust is another important factor that
threatens the health of urban and rural residents today.

Computational Fluid Dynamics (CFD) has emerged as a valuable tool for studying
pollutant transportation in various environments. CFD method is more cost-effective and
flexible than on-site measurements or wind tunnel experiments [7]. At present, many
researchers have used CFD technology to investigate the impact of building morphology,
traffic pollutants, and greening on the physical environment of urban neighborhoods. Xu
et al. [8] simulated pollutant transport at the urban neighborhood scale and provided
some suggestions for public building design from the perspective of ventilation capacity.
In addition, the design of roadside green belts was quantitatively investigated by
considering traffic heat using the CFD method by Xi et al. [9]. Therefore, CFD
simulations provide insight into the wind flow field and concentration distribution of
pollutants emitted by vehicles.

In order to assess the impact of pollutants from heavy traffic on the health of village
residents, this study investigated the exposure of villages to pollution when they are
located downwind of the highway. Three traffic pollutant source intensities and Two
highway locations were investigated. The conclusions of this study can provide some
suggestions for highway planning around villages and the outdoor activities of residents.

2. Methods
2.1. Description of Case Studies

Tianjin, as the core city of China’s capital economic zone and the second largest city in
northern China, has a population of 13.73 million and covers an area of 11,966.45 square
kilometers. Traditional villages in North China are typically composed of hundreds of
regularly arranged single-story courtyard houses. The courtyards are the main space for
outdoor activities for residents. In addition, streets are outdoor spaces for residents to
shop, such as markets, and to walk after dinner and socialize with other residents [10].
Therefore, the air quality of the rural outdoor environment is very important for the health
of the residents.

Vehicle pollutants are most detrimental to the health of residents when the village is
located downwind of the highway. Therefore, this study summarized two typical types
of village locations downwind of a highway, one where the highway passes through the
village and one where the highway is located at the edge of the village, as shown in
Figure 1(a). As shown in Figure 1(b), two-way two-lane, two-way four-lane, and two-
way six-lane have different traffic volumes, i.e., different areas of automobile emissions
(referred to as the pollutant source intensity in this study). According to the Code for
Design of Urban Road Engineering in China, pedestrian lanes and bicycle lanes are set
to 4 m and 3.5 m, respectively. In this study, the width of one motor vehicle lane is set
to be 3.75 m, so the total width of the two-way two lanes, two-way four lanes, and two-
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way six lanes are set to 7.5, 15, and 22.5 m, respectively, which is the area where the
pollutants are released from the motor vehicles. In summary, six cases were simulated
using the CFD method to obtain the distribution of pollutants in the village and to
evaluate the health impacts on the residents, as shown in Table 1.

)

E
i
&
L
H

B [ B

- Highway & ==

(b) o . Motor vehicle lane

\A i

225m

Figure 1. The investigation cases used in this study include (a) two types of urban highways passing through
the village and (b) three highway types with different lanes.

Table 1. Six cases with different highway locations and highway types were investigated.

Name Highway location Highway type
Case C-2 Center Two lanes
Case C-4 Center Four lanes
Case C-6 Center Six lanes
Case S-2 Edge Two lanes
Case S-4 Edge Four lanes
Case S-6 Edge Six lanes

Note: The Center represents the highway passing through the middle of the village;
the Edge represents the highway passing by the edge of the village.



296 H. Liang et al. / Study on the Impact of Different Traffic Pollutant Sources
2.2. CFD Simulation Method

The boundary conditions of CFD simulation are very important for the accuracy of the
simulation results. Figure 2 shows the computational domain and boundary conditions
of the CFD model. The distance of the building complex from the inlet, outlet, and side
boundaries is 20H (H is the height of the rural building) and the distance from the top
boundary is 5H, which satisfies the wind engineering simulation criteria of the
Architectural Institute of Japan [11]. The wind speed, turbulent kinetic energy (k., m?/s?),
and turbulent dissipation rate (e, m?/s*) at the inlet boundary were defined by Egs. (1)-
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where U. (m/s) is the wind speed at the height of z (m), and zy is the roughness length
(set to 0.03 in this study). £ is the von Karman constant (0.41) [12] and C, is a constant
(0.09). The friction velocity of the atmospheric boundary layer (U"45.) can be calculated

by Eq. (4):
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where U, (m/s) is the wind speed at the reference height z. (10 m). Based on the local
meteorological conditions in the study case, U, was set to 3 m/s. In order to assess the
most unfavorable scenario of pollutants to the village environment, the village was set
downwind from the highway, i.e., the wind direction was perpendicular to the highway
and the village.

In addition, carbon monoxide (CO) was selected as a pollutant emitted from
automobiles on highways. The release areas of pollutant sources differ for the three
different highway types; see Section 2.1. The governing equation of time-averaged CO
concentration is shown as Eq. (5).
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where 1, is the time-averaged velocity component of direction j, and C is the CO
concentration (kg/m?). D,, and D; are the molecular and turbulent diffusivity of pollutants,
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respectively. S is the CO emission rate. S was assumed as 1.25x10° kg/(m?3-s) according
to the realistic emission rate of vehicle-exhausted pollutants [4]. The grid resolution is
also very important for the accuracy of the CFD simulation results. In this study, the
minimum grid size is set to 0.1 m, and the number of grid layers between two edge lines
is at least 5. Boundary layer grids were also added to the wall boundaries to properly
simulate the wind flow field near the wall. Reynolds-averaged Navier-Stokes (RANS)
method is employed to calculate the turbulent wind field with a standard k-¢ turbulence
model. The mass, momentum, turbulent kinetic energy, and turbulent dissipation rate
were discretized with the second-order upwind scheme. The Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm was used for the pressure-velocity
coupling. The residuals for all variables need to be less than 10* to complete the
calculation.

Figure 2. Computational domain dimensions and boundary condition settings.

2.3. Analysis Indices

The average values of pollutant concentration at the pedestrian level (0-2 m) in courtyard
spaces were calculated to evaluate the health risk of residents. The individual intake
fraction (/F) was calculated using Eq. (6) [13].

__ CBR;'T;

IF = =2 (©6)

where BR; is the breathing rate, 2.85 m’/h [14]. T; is the time spent on some activities (h);
one hour was assumed in this study. £ is the pollutant emissions from the study area (S
X emission volume X one hour, kg).
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3. Results and Discussion
3.1. Pollutant Contours

Pollutant contours of villages under the influence of automobile exhaust pollutants are
shown in Figure 3. When the highway passes through the middle of the village, the part
of the village located downwind of the highway is significantly polluted by vehicle
emissions, as shown in Figure 3a, while pollutant concentration upwind of the highway
is almost zero. Different highway types have different levels of pollution in villages, and
the degree of pollution in the part of the village located downwind of the highway is
significantly higher than that in the case of a six-lane highway when the highway passes
through the village than that in the case of a four-lane and six-lane highway. As shown
in Figure 3b, when the entire village is located downwind of the highway, the entire
village is exposed to vehicle exhaust pollutants. However, many areas of the village are
in areas of low pollutant concentrations. In order to precisely evaluate the impacts of
pollutants on the village, quantitative analysis is discussed in Section 3.2.
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Figure 3. Pollutant contours of the study village for (a) highway passes through the village and (b) highway
is located at the edge of the village

3.2. Impacts of Traffic Pollutants on Village

3.2.1. CO Concentration of Courtyard

As is shown in Figure 1, eight courtyard houses form a small cluster in the village of
Tianjin. Thus, a village can be seen as consisting of many courtyard house clusters. In
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this study, the average concentration of pollutants at the pedestrian level of each cluster
was calculated, and the calculation results are shown in Figure 4. The US Air quality
standard is one of the most stringent air quality standards in the world, and it considers
a CO concentration below 4 mg/m? to be good air quality. Using this as a standard to
quantify the impact of the highway on the village courtyard, it is found that CO
concentration in column E of Case C-4 exceeds the air quality standard when the
highway passes through the middle of the village, as shown in Figure 4a. Similarly, for
Case C-6, the CO concentration in column E still exceeded the air quality standard, and
the whole village has a higher concentration of pollutants than in Case C-4.
As shown in Figure 4b, when the highway passes from the edge of the village (i.e.,
the whole village is located downwind of the highway), the CO concentration of Case S-
2 and Case S-4 does not exceed 4 mg/m>. For the six-lane highway type, the CO
concentration of the downwind first column exceeded 4mg/m? but the pollutant
concentration was lower than that of Case C-6. Therefore, from the perspective of CO
concentration, if the highway passes through the middle of the village, only Case C-2
can not make the pollutant concentration of the village courtyard exceed the air quality
standard; if the highway passes through the edge of the village, neither Case S-2 nor Case

S-4 can make the pollutant concentration of the village courtyard exceed the air quality
standard.
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Figure 4. CO concentration of courtyards at the pedestrian level (2 m). (a) highway passes through the
village, and (b) highway is located at the edge of the village
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3.2.2. Intake Fraction of Residents

Similar to the distribution of CO concentration, the IF value in the first column
downwind from the highway has higher IF values. When the highway passes through the
middle of the village, the IF values of courtyards in the village are shown in Figure 5Sa.
The contaminated situations for Case C-6 are higher than those for Case C-2 and Case
C-4. The IF values in column E of Case C-6 are 23% and 59% higher than those of Case
C-4 and Case C-2. Column J has the highest IFs when the highway passes over the edge
of the village, as shown in Figure 5b. The IFs for Case S-6 are significantly higher than
those for Case S-2 and Case S-4. In addition, the IFs for Case S-2 are very low,
significantly lower than those for the other five cases. The maximum IF values for Case
S-6 (column J) and the maximum IF values for Case C-4 (column E) are similar in value.
Overall, highways passing through the middle of villages have a greater impact on the
health of residents than those passing through the edges of villages.
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Figure 5. Intake fraction (IF) of residents for (a) highway passes through the village and (b) highway is
located at the edge of the village
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4. Conclusion

CO in automobile exhaust significantly impacts human health; for example, high
concentrations of carbon monoxide can reduce the ability of blood to transport oxygen
and cause tissue hypoxia. This study used CFD simulation techniques to analyze the
effects of two types of highways passing through the village and three highway types
(two-way two-lane, two-way four-lane, and two-way six-lane) on the air quality within
the village. The CO concentration and intake fraction of village courtyards were analyzed
to quantify the impact on residents’ health. The results of this study can provide a
reference for the future planning and construction of highways around rural areas from
the perspective of pollutant diffusion and residents’ health.

From the perspective of CO concentration, if the highway passes through the middle
of the village, the two-lane highway type does not make the pollutant concentration of
the village courtyard exceed the air quality standard; if the highway passes through the
edge of the village, the two-lane and four-lane road type does not make the pollutant
concentration of the village courtyard exceed the air quality standard. Similarly, the
intake fraction also shows a similar distribution pattern to the CO concentration. The six-
lane highway that passes through the middle of the village poses the greatest risk to
residents. Therefore, traffic routes with traffic flow lower than the requirements of the
above highway types can be built on the edge of the village. For the wider and busier
highway construction needs, the highway can be built far away from the village and
constructing auxiliary roads to the village to meet the travel needs of residents. In
addition, setting up a pollutant insulation panel may also be a good way to insulate the
pollutants. The impact of the isolation panels on highway pollutants will be analyzed in
detail using CFD simulations in the future.
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