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Numerous studies shown that particulate matter in the ambient environment has a significant impact on the health of the respiratory system. To understand the interrelationships between urban built environment, transportation operations and health, this study proposes an innovative approach that uses real-world GPS datasets to calculate energy consumption and emissions from transportation. The experiment used the traffic operation state in the Fourth Ring Road of Beijing as the research object and tested the impact of using the Regional speed optimization (RSO) strategy based on Macroscopic Fundamental Diagram (MFD) on energy consumption and emissions during peak hours. The impact of traffic emission on the health of roadside pedestrians is also considered. Changes in PM2.5 concentrations around four different built-up areas were calculated and compared. The computational experiments indicate that the PM2.5 pollutants exhausted by the traffic on the Ring Road during peak hours can reach up to 250 μg/m3, while the traffic emission on general roads near residential areas is only 50 μg/m3. Adopting Regional speed optimization can reduce the energy consumption of the road network by up to 18.8%. For roadside runners, the PM2.5 inhalation caused by night running in commercial and recreational areas is about 1.3-2.6 times that of night running in residential areas. Compared with morning or night running, the risk of respiratory disease caused by PM2.5 inhalation was about 10.3% higher than commuter running behavior. The research results provide a useful reference for energy conservation and emission reduction control strategies for different road types in cities and help existing cities to establish a traveler health evaluation system caused by traffic operation.
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INTRODUCTION

In the world energy consumption structure, the transportation industry is always an important role (1). The transport sector accounted for 40% of Portugal's final energy consumption in 2013, with the road transport sector accounting for 81% of this energy consumption (2). This is mainly due to the dependence of transportation on fossil fuels. Meanwhile, various types of particulate matter produced during the combustion of fossil fuels are also one of the important sources of air pollution and become one of the hotspots that people pay attention to (3–5). Particulate matter (PM) pollution such as PM10 and PM2.5 have been shown to reduce respiratory function and other adverse health effects, leading to increased mortality (6–10), especially among the infirm and the elderly (11). The study by Chen et al. (12) showed that exposure to environmental PM1, PM2.5 and PM10 pollution had severe adverse effects on hospitalization for ischemic stroke, 3.5, 3.6, and 4.1% of hospital admissions for ischemic stroke could be attributable to PM1, PM2.5 and PM10, respectively. Yang et al. investigated the association between PM1 and PM2.5 and CVD prevalence in Chinese adults by randomly recruiting 24,845 adults aged 18-74 years from 33 communities in Northeast China. The results show that long-term PM1 exposure was positively related to CVD, especially in men and the elder (13). Lu et al. systematically searched the PubMed, Web of Science, and China National Knowledge Infrastructure databases using as keywords names of 127 major cities in Mainland China, Hong Kong, and Taiwan and finally screened 59 articles. Random-effects, fixed-effects models and Meta regression were run to explore the association between exposure to particulate matter with aerodynamic diameters <10 and 2.5 mm and health effects. The result shows that a 10 μg/m3 increase in PM2.5 was associated with a 0.40% (95%CI: 0.22%, 0.59%) increase in total non-accidental mortality, a 0.63% (95%CI: 0.35%, 0.91%) increase in mortality due to cardiovascular disease, and a 0.75% (95%CI: 01.39%, 1.11%) increase in mortality due to respiratory disease (14). Health concerns drive growing awareness of the importance of controlling urban transport energy consumption and emissions (15–17). The study by (18) confirms that in Madrid traffic emissions have a major impact on PM2.5 concentrations in the urban environment. Similar conclusions have also been proved to exist in Toronto by (19). The impact of traffic PM2.5 emissions on human health cannot be ignored. The deposition method of traffic particles is diffusion sedimentation (20). After entering the human respiratory tract fine traffic particles deposited in the deep or pulmonary region of the lungs. The study also shows that people who are located near the road are more susceptible to the effects of fine particulate matter from traffic. Ling et al. proposed a hierarchical analysis framework, which analyzes several problems of different traffic related behaviors from top to bottom, including the purchasing behavior of new energy vehicles, the selection behavior of green travel modes and the behavioral reactions to TDM policies by dividing the management of transportation system into four levels from macro to micro. A useful management insight for traffic managers was provided to guide the design and improvement of sustainable traffic management policies (21). PM pollution in cities also affected by the built environment such as the diversity of urban area land use, street connectivity, building density and accessibility (22–24). Therefore, green buildings that can reduce emissions have also become one of the research hotspots (25). Some previous studies have focused on how driving patterns affect emissions and fuel consumption (26, 27). For example, Brundell-Freij and Ericsson (28) used a dataset of actual traffic driving patterns to assess the impact of parameters such as street characteristics, vehicle performance, driver category on driving patterns as well as emissions and fuel consumption.

Traffic operation have a significant impact on fuel consumption and emissions. Fuel consumption increases in the presence of traffic congestion, which has been found in previous studies (29–31). However, the research on the large-scale urban road network is still insufficient.

Since the traffic operation is always in dynamic change, even on the same road, there are obvious differences in the actual traffic characteristics on the road caused by the traffic demand at different time periods. Therefore, when measuring the emission generated by urban traffic, the dynamic change of road network operation state is a factor that must be considered. In traditional emission estimation of urban road network level, most of them estimate the total energy consumption and emission of the road network through the total number of vehicles. This static calculation method can only not effectively reflect the emission and energy consumption characteristics of traffic between different roads or at traffic nodes in the road network.

To expand the existing research to the road network level and enrich the research content in this field, this study uses vehicle GPS data and built road data to estimate PM2.5 and energy consumption from traffic. Taking the road section as the basic unit for calculating emissions and considering the working state of the engine under factors such as traffic congestion to calculate the emission rate of the road section at the average speed of a certain vehicle. Compared with previous studies (32, 33), this study further refined the PM2.5 impact caused by traffic by considering different urban built-up road traffic conditions, which is helpful to analyze the emission impact and energy consumption of different roads in the urban built-up environment. The main contributions of this study are as follows:

(a) A network-level traffic emission and energy consumption model with traffic operation state as input is established. PM2.5 emissions from traffic operations in urban built environment can be calculated.

(b) According to the characteristics of traffic operation in the city, a Regional speed optimization is proposed based on the above model. This strategy can effectively reduce vehicle energy consumption and PM2.5 emissions. At the same time, the health effects of emissions from traffic in different regions on roadside exercisers (such as joggers) were further analyzed.



METHODOLOGY AND DATA COLLECTION


Methodology

The following section describes the methodology and analysis process applied for this paper (Figure 1). By collecting traffic data such as GPS data of vehicles to obtain the actual city traffic operation state. The temporal and spatial characteristics of traffic operations in the urban road network can be found by analyzing historical data. A RSO strategy based on MFD which can control vehicles at optimized speeds was adopted to reduce transportation energy consumption and emissions across the road network. MFD is a model that shows the relationship between traffic flow and density in large urban networks. The formulations of road flow and density refer to Saffari et al. (34).


[image: Figure 1]
FIGURE 1. Overview of calculation process.


[image: image](t) and [image: image](t) are respectively partial flow and partial density of road i. li represent the length of road i. ni denote the number of lanes of road i. dip(t) and tip(t) represent the travel distance and time spend by vehicle p on road i.
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To obtain the traffic flow and density of the entire road network, it is indispensable to consider the penetration rate of GPS vehicle data. This study assumes the penetration rate ρi of vehicles with GPS. The flow qi(t) and density ki(t) of the complete road i can be calculated. The average traffic flow Q(t) and the average network density K(t) of the road network can be calculated by the following formulas.
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This paper expect to improve the speed of vehicles in the selected areas and ensure that the road capacity is fully utilized through a perimeter control strategy based on MFD.

Jiménez-Palacios (35) used vehicle specific power (VSP) as an intermediate parameter to establish a link between vehicle emissions and vehicle driving conditions, and the scientific and feasibility of this method were also demonstrated in the study. A very important property of this model is that it is measurable from the roadside. It can be used in scenarios where the number of vehicles is enormous, or the detailed information of all vehicles cannot be directly obtained. The simplified model is as follows.

[image: image]

v and a represent the vehicle speed (m/s) and acceleration (m/s2), respectively. A, B, and C all represent vehicle or road-related coefficients, which can be measured experimentally, and the units are kW·s/m, kW·s2/m2, kW·s3/m3. m represents the mass of the vehicle of the specified model, the unit is t. g is the acceleration of gravity. sinθ is the calculated value for the slope θ of the road. Through the parameters, we can find that the engine power of the vehicle is closely related to the speed and acceleration of the vehicle.

Trucks and container ships are only allowed to enter the Sixth Ring Road from 0:00 to 6:00 due to controls on the types of vehicles that travel in Beijing urban areas. To simplify the calculation, this study assumes that the vehicles driving in the urban area are all light-duty vehicles. The simplified formula applicable to light-duty vehicles in VSP methodology is used for the calculation [Equation (6)]. This formula is used by numerous studies (36–38).
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Based on the above theory, this study proposes a road-vehicle specific power model. This model assumes that the road is the basic unit. In this way, the overall traffic operation state of the urban road network can be decomposed into the combination of roads in the road network. The first step is to obtain the historical traffic GPS data of the Ri. The second step is to calculate the average velocity [image: image] and acceleration [image: image] of the vehicle A on each road Ri. With velocity v (unit of velocity v is km/h) as an interval, the vehicle driving data on the road Ri is divided into V (V = velocity limit/v) sets. The third step is to use the vehicle specific power formula to calculate the engine specific power value of each vehicle A traveling in this road Ri. The vehicle specific power value reflects the traffic operation state on the road Ri at velocity V. Finally, divide the interval of the vehicle specific power value according to the step size n. The vehicle specific power distribution curve of the road Ri at vehicle velocity v can be obtained. The distribution curve can effectively reflect the urban traffic operation state on the completed road Ri.

[image: image]

By establishing a corresponding specific power distribution curve for each road Ri, different types of road segments I Ri can be effectively distinguished, and the relationship between urban built roads and traffic operations can be more accurately analyzed.
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[image: image](g/km) is the traffic emission rate of road Ri at the average vehicle speed equal v. [image: image] (g/km) is the vehicle emission rate corresponding to the jth vehicle specific power interval in the specific power distribution curve of road Ri. [image: image] is the percentage of distribution of the jth specific power interval in the specific power distribution of road Ri. δ is a constant with a value of 3600. Emission rates for different vehicle specific power have been well studied by Deng et al. (39). This paper uses the results of the Deng et al. (39) to calculate the road specific power emission rate [image: image]. The average energy consumption rate of road Ri is estimated using the energy consumption rate [image: image] for each VSP mode j. The energy consumption rate corresponding to VSP has been fully studied in the Faria et al. research (2), and results were directly used for the calculation of energy consumption. [image: image] represents the road energy consumption rate of road Ri at speed v.
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This study assumes that the traffic-PM2.5 pollution concentration in a built-up area is represented by the sum of the concentration produced by the four surrounding roads as shown in Figure 2. When joggers are running on the roadside of this area, this value is the PM2.5 value that affects the health of joggers.


[image: Figure 2]
FIGURE 2. Regional emission concentration and road structure.




Data Collection

The vehicle GPS data time used in this study is from January 1 to 31 in 2021 of Beijing. The data content includes vehicle number, vehicle running state (driving or stopped), vehicle driving direction, vehicle speed, GPS coordinate point, time, and other information. The time interval for each GPS data is 3–5 s. In January 2021, the new crown pneumonia epidemic also occurred in China, so the traffic operation state reflected by the GPS data of vehicles may be different from the normal urban traffic operation state. The vehicle GPS data used in this study comes from our long-term collection and some data from the Beijing Municipal Transportation Administration.

According to the existing built roads in Chinese cities, they can be divided into four levels: expressways, main roads, arterial roads, and general roads. Beijing was selected as our research object city. The Ring Road is one of the characteristics of urban built roads in Beijing (Figure 3). The Ring Road is divided into main road and auxiliary road. There are 7-8 lanes in a single direction, and it has great traffic capacity. The arterial road (Figure 4) has 2-3 lanes in a single direction, and there are dedicated bike lanes. A general road with only one lane in one direction or two lanes but no dedicated bike lanes (Figure 5). There are also differences in the maximum speed limits allowed and vehicle capacity on different classes of roads. The main reason for choosing Beijing as a case study is that Beijing has tens of thousands of online ride-hailing vehicles in operation in daily life. From the perspective of data acquisition, it is more convenient and can provide enough data to cover the entire road network of the city. Our method can be used in any other city if it is supported by sufficient vehicle data.


[image: Figure 3]
FIGURE 3. Structure of ring-road.



[image: Figure 4]
FIGURE 4. Structure of arterial road.



[image: Figure 5]
FIGURE 5. Structure of general road.





CASE STUDY AND RESULT ANALYSIS


Case Description

As a super metropolis city with a population of more than 20 million, Beijing has a complex urban road structure and different urban built environments. Four typical urban areas as research objects to discuss the impact of traffic energy consumption and emissions on residents' health in different urban built environments. The four regions represent residential, commercial, entertainment, and park areas in the built environment of the city (Figures 6, 7). A brief introduction to the area is shown in Table 1.


[image: Figure 6]
FIGURE 6. The location of the four areas and the names of the surrounding roads.



[image: Figure 7]
FIGURE 7. Four different area types and their surrounding roads. (A) Residential area-S Luogu Ln. (B) Sports area-nation stadium. (C) Shopping/entertainment area-sanlitun. (D) Business area-international trade centre.



Table 1. The name and structure of the built roads in the area.

[image: Table 1]

Gulou E Ave is one of the oldest neighborhoods in Beijing, with traditional Beijing Hutong-style buildings. The area is about 1,000 meters long in the east-west direction and 800 meters in the north-south direction. There are about 8,500 permanent residents in the community, most of whom are over 60 years old, and the number of tourists is about 20,000 every day. Most of the internal roads in this area are pedestrian roads, and the number of vehicles entering the interior is negligible. This area can be considered as a representative of the urban residential area.

The Guomao area is the CBD of Beijing, and the area selected in this study is a part of the CBD, with a length of about 500 m in both the east-west and north-south directions. There are over 40-story commercial office buildings in the area, such as Central World Trade Center, Jianwai SOHO and Beijing Yintai Center. The people in this area are mainly businesspeople who commute in the morning and evening.

TaiKoo Li Sanlitun is a prosperous entertainment area. The length of the area is about 420 m in the east-west direction and about 250 m in the north-south direction. There is a bar street in the area that is still very lively at night and traffic jams. There are also residential communities in this area, which is a mixed commercial and residential area.

The Olympic Sports Center is a large urban park. The area selected for this study is a small part of the Olympic Park, with a length of 1.2 km east-west and about 1.1 km north-south. The Water Cube and Bird's Nest are located here. The above-ground department in this area prohibits the passage of outside vehicles. It is one of the important places for urban residents to exercise and exercise.



Median Speed Distribution of a Typical Road

By filtering the vehicle driving data of the selected road section, the median value of the vehicle speed on the road at half-hour intervals is obtained to represent the carried traffic operation state. Compared with the average speed, the median speed can better reflect the real situation of road driving. The result is shown in Figure 8. According to the traffic regulations formulated by Beijing, the speed limit on arterial and general roads is 60 km/h, the speed limit on Ring Roads is 80 km/h. Data that exceeds the maximum speed limit is culled from processing.


[image: Figure 8]
FIGURE 8. Median speed values for some typical roads in four regions.


In Figure 8, the red and the blue curves represent the two driving directions of the same road, respectively. Solid and dashed lines are used to indicate the difference between working days and non-working days.

The surprising result is that the traffic operating state on the same road is also very different. Both the E 3rd Ring Road and N 4th Ring Road are part of Beijing Ring Road and have the same number of lanes, but have completely different median speed distributions during the day. On weekdays, the ring road, as the main traffic road in the city, starts to drop in speed from 6:00 in the morning, and the median speed drops rapidly between 7:00 and 9:00, which is also the early morning rush hour in Beijing. The minimum speed of the N 4th Ring appears in the east to west direction, about 12 km/h, which is lower than the 28–35 km/h of the E 3rd Ring. However, in the west to east direction of the Middle N 4th Ring, the minimum speed is about 36 km/h at about 8:30, and then quickly recovers to about 50 km/h within half an hour, which shows that the traffic in the west to east direction of the Middle N 4th Ring Congestion is more serious than west to east and lasts longer, and there is a tidal traffic phenomenon caused by commuting factors on the N 4th Ring during the morning rush hour. Through the median speed of the two driving directions during the evening rush hour (17:00 to 19:00) of the N 4th Ring Middle Road, it is found that during the evening rush hour, the congestion in the west-to-east direction is more serious than that in the east-to-west direction, which further confirms that this is due to the tidal phenomenon of traffic flow caused by commuting demand. This tidal phenomenon does not appear on the Middle E 3rd Ring. After 19:00 on the Middle E 3rd Ring, the speed of the south-to-north direction quickly rose to more than 30 km/h, while the middle of the north-to-south direction continued to maintain a low speed until 22:30. Middle E 3rd Ring has more demand to leave the core city at night, which is also in line with the characteristics of commuting.

On non-working days, the median speed of E 3rd Ring is almost the same as that on weekdays, which shows that E 3rd Ring is the main traffic artery in the city's road network. On the N 4th Ring, the median vehicle speed is above 40 km/h between 7:00 and 9:00 in the morning because there is no need for commuting on weekdays. This obvious tidal phenomenon on weekdays shows that this road section is not only the main arterial road in the city, but also a key road for urban commuting.

Di'anmen E Ave and Workers' Stadium North Road both have three lanes and have similar road structures. The median speed has a similar trend of change, but there are numerical differences. It can be seen from the Figure 8 that on weekdays, both roads start to drop in speed at around 6 o'clock and are in a state of low speed during the activity time. But on Di'anmen E Ave, after 10 o'clock, the median speed of the road is in a relatively balanced state, there is no strong fluctuation, only the east to west direction, there is a drop in speed during the evening rush hour, it is obvious that it is affected by the traffic flow in the evening rush hour, but the influence of the evening rush hour in another form direction is not obvious. On the North Road of the Workers' Stadium, the speed of the vehicle continued to drop from the beginning of people's activities, and maintained a low speed after 14:00, around 15 km/h, and continued to be below 20 km/h until 22:00, indicating that this road section at night, the speed of the car is slow, and it is more congested than Di'anmen E Ave, which is also closely related to Sanlitun being a commercial street. And from 19:00 to 22:00, there are differences in the driving directions of the two lanes, and the speed of the east-to-west direction is significantly lower than that of the west-to-east direction, indicating that there are more vehicles passing in this direction in the interval.

On non-working days, the speed of the east to west direction of Di'anmen E Ave decreases significantly between 11:00 and 18:00. This phenomenon occurs because although the Gulou E Ave area is an old Hutong block. The commercial pedestrian street attracts many tourists on weekends, so the increase in demand for rides in this direction leads to a decrease in the median speed.

Xindong Road is located on the west side of the Sanlitun area. It can be seen from the picture that there is a significant speed difference between the two driving directions of this road section, indicating that the traffic flow between the two driving directions of this road section is not balanced, and it is always in the south to north direction. The traffic flow is greater than the north-south direction.

Jianguomen Outer St is located on the extension line of the central axis of Chang'an Avenue and within the Second Ring Road, which belongs to the central area of Beijing. From the distribution of the median speed pair in the Figure 8, it can be found that the obvious tidal phenomenon between the two driving directions of this road section is even more serious than some sections of the N 4th Ring. As can be seen from the Figure 8, the speed of the east to west direction is significantly lower than that of the east to west direction, especially starting at 6:00 in the morning on weekdays, and starting at 8:30 in the morning on non-working days, within half an hour the vehicle speed will increase from 60 km/h rapidly dropped below 20 km/h, and the congestion formed rapidly within half an hour and continued until after 20 pm. In the west to east direction, although it also drops to 30 km/h from the morning peak period, the congestion is far less than that in the east to west direction. During the evening rush hour on weekdays, the east-west direction dropped rapidly from 30 km/h to 13 km/h and began to rapidly recover to 40 km/h after 19:00, indicating the impact of the increased traffic flow in the evening rush hour on the speed of the west-east direction. From the above results, we can conclude that for the Jianguomen Outer St section, whether it is the commuter flow on weekdays or the travel passenger flow on non-working days, the passenger flow into the city is the most important factor affecting the speed of this section, and because this section is in the second In the central area of the ring, the congestion began to gradually recover around 19:00 in the evening, and the recovery time was earlier than that of the third and fourth rings in the out-of-city direction (west to east).



Emissions and Energy Consumption Characteristics of Typical Roads

Through the comparative analysis of the existing classification methods, this paper decides to use 1kW/t as the step size to compare the power for interval division. For light-duty vehicles in the urban road network, 99% of the vehicle specific power is distributed in the range of (-30, 30) kW/t, so the upper and lower limits of the vehicle specific power range (VSP bin) are set as−30kW, respectively /t and 30kW/t and divide the entire specific power range into 60. The specific power distribution curve of the road can reflect the traffic operating state of the road. The coordinate axes at the bottom are the traffic speed and specific power range of the vehicle, respectively.

From the specific power curve of the above roads (Figure 9), it can be found that although the structures of the built roads may be similar, there are obvious differences in the specific power distribution curve on the roads due to different traffic operation states carry. For instance, the E 3rd Ring and the N 4th Ring Middle Road belong to the Ring Road. Most of the vehicles on the E 3rd Ring are in the low-speed operation area, and a considerable number of them are in the high-speed operation area of 60–80 km/h. However, on the section of the N 4th Ring Middle Road, there are fewer low-speed sections, and the distribution in the 20–80 km/h section is relatively even. This means that most of the time, the traffic operating state of the two roads is quite different. The specific power distribution curve of Workers' Stadium North Road and Xindong Road are similar, indicating that vehicles operating on the two road sections have similar traffic conditions and have similar traffic emission. Similar to the low-speed section of the Middle E 3rd Ring. The only difference is that the high-speed section is missing. This is due to the difference caused by the completion of the road structure. Since the road structure of the ring road is isolated (there is an isolation barrier from other roads), the maximum speed limit of the road is 80 km/h. On the other hand, roads such as Workers Stadium North Road and Xindong Road are mixed with pedestrians and non-motorized vehicles. To ensure safety, the speed cannot exceed 40 km/h.


[image: Figure 9]
FIGURE 9. VSP distribution curve for some typical roads in four regions.


Jianguomen Outer St is relatively evenly distributed in the range of 0–80 km/h. Though the low-speed range of 0–20 km/h accounts for the most, but each speed accounting for <3%. However, compared with the road section of the N 4th Ring, because the low-speed sections account for more, there are more inefficient driving states, so the emission intensity of the road section is also higher than that of the N 4th Ring.

Correlations between vehicle speed and energy consumption rate, vehicle speed and emission rate were obtained by using the VSP methodology shown in Figure 10. Among them, the VSP distributions of Xindong Rd and Gongrentiyuchang N Rd are similar, so Gongrentiyuchang N Rd is used to represent roads with similar VSP distributions.


[image: Figure 10]
FIGURE 10. Relationship between PM2.5 emissions and energy consumption at different velocity.


Using the VSP methodology enabled correlating the average traffic emissions and fuel consumption of the road with each VSP mode and analyze speed bins at 1 km/h intervals. The maximum speed limit of the Ring Rd is 80 km/h, and the rest of the roads are limited to 60 km/h. Data on overspeed situations are excluded, and extreme low speed situations with vehicle speeds <5 km/h are also excluded. With the increase of driving speed from low speed to high speed, vehicle emissions and energy consumption have a trend of decreasing first and then increasing. The results of this study are corroborated by the conclusions of previous studies (2, 40). However, despite the same trends, the emissions and energy consumption of different roads differ significantly. This is due to the road structure of different roads, the importance of the road in the road network and the actual traffic operation state. Therefore, by using the method of this study, the relationship between speed and emissions and energy consumption can be established for each road in the road network using real data, which allows for large-scale driving monitoring activities at the urban road network level.

Figure 11 shows the emissions for selected road on weekdays, where traffic-related emissions from different driving directions of the road are superimposed to represent the overall emissions for that road segment. It can be seen from the Figure 11 that in the six roads, emissions began to rise at 6:00 in the morning. At this time, the morning commute began to appear, the speed of the road section began to drop, and the traffic flow increased significantly. Among them, the emissions of Middle E 3rd Ring, Middle N 4th Ring and Jianguomen Outer St have increased significantly, exceeding 100 g/km. This is also since the three roads have more lanes and undertake the main commuting function. From the emission curve of the N 4th Ring Middle Road, the emission during morning and evening peaks are more obvious. The maximum emission value of the morning peak is 162 g/km, which is slightly higher than that of the evening peak (148 g/km). Although there is an obvious commuter tidal traffic flow in this section on weekdays, However, in the morning and evening rush hour, the impact of the two driving directions of the road is relatively close. The highest emission value of the E 3rd Ring is close to 250 g/km, which occurs at 18:00 in the evening. The reason for this phenomenon is that the median speed of the East Third Ring Road is lower in the evening rush hour compared with the morning rush hour, and the congestion is more serious. PM2.5 emissions from traffic during evening rush hour are almost double those during morning rush hour. The emission from Jianguomen Outer St section began to rise rapidly from the time of residents' activity in the morning and remained between 120 and 135 g/km during the whole daytime. At 18:00 in the evening peak, it exceeded 150 g/km and began to decline continuously, indicating that this road section was active in the entire resident activity. It can be found from Figure 8 that the road also has obvious tidal phenomena, and in the period of daytime activity, the discharge from west to east is always higher than that from west to east. This result shows that the role of this road section in the entire traffic network is mainly to carry the traffic demand flowing to the city center.


[image: Figure 11]
FIGURE 11. Working day traffic emissions from selected typical roads in four regions.


The other three roads also have lower emissions than the above three roads due to the smaller number of one-way lanes. Gongrentiyuchang N Rd is close to the bustling shopping and entertainment district of Sanlitun, so the road speed is always low during the day. This resulted in emissions exceeding Xindong Road and Di'anmen E Ave.



Application of Regional Speed Optimization Strategy

In this study, the MFD of four areas in Beijing is calculated by combining the vehicle GPS data, the fixed detectors data and video data on part of the networks. More details are given in Sarvi et al. (41). Utilizing the GPS data of actual driving vehicles is conducive to the establishment of a MFD that is closer to the actual road network traffic operation. Edie's generalized definitions (34) are used to calculate road flow and density.

Zhong et al. (42) investigated the dynamic system optimum (DSO) problem which simultaneous route and departure time assignments for a general traffic network partitioned into multiple regions. In this paper, MFD systems were constructed with the abscissa as the cumulative number of vehicles in the road network and the ordinate as the completed flow of the road network. The curve is represented by the third-order function of the cumulative number of vehicles in the road network, and its mathematical expression is:

[image: image]

where G(n(t)) is the completed flow of the road network, and n(t) is the cumulative number of vehicles in the road network. a, b, c, d are the fitting parameters of the curve.

In this study, four different types of areas were selected, and a simulation environment was built by VISSIM software to simulate the road traffic state of each area to calibrate the MFD system, and then obtain the best critical point for the cumulative number of vehicles in the road network. The estimated MFD systems for the four areas are shown in Figure 12. After that, a PID controller is used to control the cumulative number of vehicles in the road network around the optimal critical point. By controlling the number of vehicles entering each area, the speed of vehicles in the area is increased. The median speeds of the four areas before and after control are presented in Figure 13. It can be seen that the median speeds of the four areas are improved by the perimeter control strategy based on MFD. However, due to the constraints of the overall traffic flow in the road network (including the areas outside the control areas), the speed during peak hours cannot be increased to the level of off-peak hours. From the emissions and energy consumption results (Figure 10), low-speed operation caused by traffic congestion is a key factor affecting road energy consumption and emissions, especially during the morning and evening rush hours. By applying the RSO strategy to optimize the traffic operation status of the road network in different regions, the energy consumption of vehicles on the road network can be effectively reduced.


[image: Figure 12]
FIGURE 12. The estimated MFDs for the four regions.



[image: Figure 13]
FIGURE 13. Median speed of the four regions before and after control.


From the simulation results in Figure 14, it can be found that the energy consumption in the National Stadium area is highest (of the four areas) during the weekday evening peak hours. This is due to the traffic congestion caused by the excessive traffic demand on the N 4th Ring Road in the evening peak (17:00–19:00). After using the RSO strategy, vehicles flowing into the area from the surrounding area are controlled. The traffic flow in the area decreased and the driving speed increased. The overall energy consumption of road network traffic in the region fell by about 18.8%, the largest drop among the four regions. The second is the international trade area, where the overall energy consumption has dropped by about 15%. S Luogu Ln and Sanlitun area cities have few lanes in the built road network, the RSO strategy has limited improvement in the vehicle traffic capacity of the road network. The reduction in energy consumption decreased by about 11.7 and 7.5%, respectively. In the urban road network construction structure, the area with the greater traffic capacity, the more obvious the energy consumption reduction effect after using the RSO strategy.


[image: Figure 14]
FIGURE 14. Four types of regional energy consumption results before and after RSO strategy optimization.


Roadside jogging is one of the typical behaviors of roadside pedestrians (43, 44), and getting too close to the road is more susceptible to traffic-related PM2.5 emissions. To explore the impact of traffic emissions on the fitness activities of residents on the PM2.5, this paper calculated the PM2.5 inhalation during jogging activities in different functional areas at different times of the working day. We assume that there are three types of runners: morning runners, night runners, and commuter runners. Different types of running times were obtained by reading the literature (45, 46). The morning jogging is from 6:00 to 7:00 in the morning, and the night jogging is from 20:00 to 21:00. For those who commute by running, it is assumed that the commute time is 1 h in the morning and evening, between 7:00 and 8:00 in the morning, and between 18:00 and 19:00 in the evening (47). The concentrations of morning and evening commuter runs were then averaged and compared to those who only ran in the morning or evening. Running and inhalation studies were used to estimate inhalation in jogging behavior (48). The average speed during jogging behavior was 8 km/h and the inspiratory rate was 1.62 m3/h. The calculation results are shown in Figure 15. Through calculation, it can be found that the changes in traffic emissions suffered by physical exercise in different regions and time periods are different.


[image: Figure 15]
FIGURE 15. PM2.5 inhalation caused by jogging on some typical roads in four regions.


When runners jogged around four different types of zones, the cumulative PM2.5 concentrations they were exposed to within 1 h were significantly different. The International Trade Centre area is a CBD with busy business activities. From the previous median speed results, it can be found that because the selected area is close to the Middle E 3rd Ring, the traffic flow in this area is large, and the passing vehicles are huge. So the value of PM2.5 concentration is also the highest among the four areas. The PM2.5 concentration generated by traffic during night jogging activities in this area is 1.32 times that of morning jogging activities. It is 2.65 times that of night running in the S Luogu Ln area (residential living area).

In the commuting and running behavior in the International Trade Centre area, the cumulative amount of PM2.5 inhaled by runners exceeds 800 μg. Combined with previous research, running in this polluted environment is more harmful to health than exercise. The shopping malls, gourmet shops and bars in the area make the Sanlitun area more active at night than during the daytime. Therefore, the PM2.5 inhalation of night jogging (190 μg) in this area is higher than that of morning jogging (150 μg). In the S Luogu Ln area, whether it is morning or night jogging, the PM2.5 inhalation was almost the same, 135 μg and 137 μg, respectively. Due to the small traffic capacity of the built roads in the residential area, the emission from traffic is small, which is the main factor for the small fluctuation of the PM2.5 concentration value around the residential area. To sum up, jogging exercise is best done around residential areas without major urban roads. Other exercise methods such as cycling or walking have breathing rates of 0.63 and 0.70, respectively, which are much lower than running (49). Therefore, engaging in lower-breathing exercise activities can help your health when exposed to polluted outdoor environments. For runners, try to run in residential areas and avoid jogging activities in commercial areas and main roads. And take precautions to reduce PM2.5 inhalation while jogging. Of course, the most ideal sports venue is the professional track and field ground.




CONCLUSIONS

Although the built roads have the same number of lanes, there are obvious differences in the traffic operating state on the road because they are in different areas of the urban road network. One of the reasons is the tidal phenomenon of traffic flow caused by different commuting needs. By using the emission and energy consumption model proposed in this study, the energy consumption and emission results of roads in four different regions are calculated. Compared with the maximum hourly emission of PM2.5 generated by traffic on weekdays, the East Third Ring Road is 1.66 times that of the N 4th Ring Road. Therefore, the emissions and ambient PM2.5 concentrations of roads that play an important role in the road network deserve further study. We will study this aspect in depth in the future. In addition, this study found that the PM2.5 inhalation of commuter running is about 2-3 times that of morning or night runners alone. Traffic emissions and energy consumption can be effectively reduced by increasing vehicle speed during evening rush hour. By simulating the road network in four regions, energy consumption can be reduced by up to 18.8% Through the method proposed in this study, the RSO strategy can be extended to the entire road network, which can effectively reduce the energy consumption and emissions of urban traffic.

According to the study of Lu et al. (14), if jogging on the roadside for a long time, even in a residential area, the PM2.5 generated by traffic can increase the risk of commuters jogging suffering from respiratory related diseases. About 10.3% higher risk than just jogging in the morning or evening. Commuter runners should take some precautions to reduce the impact of PM2.5 emissions from traffic. We strongly recommend that runners avoid arterial urban roads as much as possible. Try to avoid the rush hour of traffic in the choice of time. It is best to run in a dedicated stadium.

This paper may provide valuable information for the study of the relationship between the urban built environment and the health of urban residents.

Our findings may provide valuable information for the study of the relationship between the urban built environment and the health of urban residents. It can also play a role in helping to formulate sustainable air pollution control policies to protect the health of future urban residents. Nevertheless, this study still has some limitations that need to be further expanded in the future. In the emission research at the level of urban road network, a larger amount of data and more detailed vehicle driving data are helpful to describe the traffic operation state and improve the accuracy of emission calculation more accurately. More data needs to be collected for analysis and research. Sophisticated wearable detection equipment is also helpful to analyze the impact of traffic emissions on particulate matter inhaled by roadside pedestrians. These issues will be further improved in future research.
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