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Abstract

:

One of the main environmental problems we are currently facing is air pollution. Air quality models calculate how much pollution is emitted and dispersed into the atmosphere. This research presents a Computational Fluid Dynamic model using a real urban geometry for the analysis of CO contamination with a three-dimensional model. This method includes a procedure of calculating emissions using different types of vehicles. CO Measurements are obtained from a Wireless Sensor Network to validate the models. The present study analyzes six representative real cases of different traffic situations and climatic conditions plus 3 hypothetical cases in a hotspot area in the city center of Valencia. The results show what influences pollution levels the most is the wind direction, which influences the generation of velocity patterns. In the validation cases, the real wind direction is used and a slight change produces great differences in both velocities and CO concentration. In the hypothetical cases, parallel and perpendicular winds are defined to observe the differences when this ideal situation is applied. In conclusion, the mixing and transport of air pollutants are closely related to the structures of velocity and turbulence that occur in the air, which depends strongly on the wind direction.
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1. Introduction


One of the main environmental problems affecting big cities today is air pollution. This pollution of the lower layers of the atmosphere in cities is mainly due to the emission of gases from internal combustion engines (passenger cars, motorcycles, etc.), as well as certain appliances (heating) or industries [1]. The pollutants are released in the form of gases, vapors, and even solid particles that can remain in suspension, being able to reach damaging levels posing a danger to human, plant, and animal health. Environmental problems that involve the discharge of pollutants into the air are very serious, increasingly important in aspects related to the health of city dwellers [1,2,3,4,5]. Nevertheless, between the years 1990–2014 a CO reduction of 83% in European countries has been achieved according to European Environment Agency [6].



The direct pollutants emitted by transport are nitrogen oxides (NOx), Sulfur Dioxide (SO2), Volatile Organic Compounds (VOCs), Carbon Monoxide (CO), suspended particles, and greenhouse gases. CO is the pollutant most produced by vehicles. It is produced by the incomplete combustion of fuel caused by the lack of oxygen.



The amount and manner in which a pollutant is emitted and dispersed to the atmosphere can be modeled by different methodologies and models. Some research tries to compare different models to analyze the deviation with experimental data, such as the Japan case [7]. The most widespread models are those of dispersion, due to their robustness, speed and complete parameterization of variables. The most used is the Danish Operational Street Pollution Model (OSPM), which has been validated in many cities and for different situations and pollutants (CO, NOx, PM10 and PM2.5) [8].



The integration of spatial information into pollutant dispersion models allows the integration, analysis, and simulation of spatial and temporal data while allowing the calculation of past, present, and future conditions, including the integration of intensity and emission information of traffic [9]. The analysis of spatial information for air quality has been used significantly in recent years [10,11,12]. Models that include the spatial component include techniques that are not always appropriate due to limitations, such as interpolation models.



For this reason, in recent years there has been a great advance in the numerical methods applied to the dispersion of pollutants [13]. Thanks to the increase in computational speed and capacity, numerical methods such as computational fluid dynamics (CFD) allow the development of complex system simulations. Its application in the dispersion of pollutants is widespread [14,15,16,17,18,19,20,21]. The main variables studied in the literature are; (i) the relationship between height and separation of buildings (H/W) [22,23]; (ii) modeling real buildings with complex geometries [24,25,26,27,28]; and (iii) the influence of the wind direction and velocity [29,30].



Among urban areas, urban canyons are geometries of great interest in the study of pollutant dispersion. An urban canyon can be defined as a narrow street confined between buildings, which can be composed of different geometries and aspect ratios [15]. It is characterized by the width of the street (W), the length of the street (B), and the height of the buildings (H), defining two different aspect ratios, W/H and B/H. CFD models have been often used in urban canyons over the last years, mainly because of the impact of pollution on human health [31]. The configurations of urban canyons have focused the attention of many CFD research projects, using Direct Numerical Simulations [32], Large Eddy Simulations [13], or Reynolds-Averaged Navier-Stokes models [33]. The physics of the flow in urban canyons is complex, presenting a wide variety of physical features including vortexes and acceleration patterns, and are eminently three-dimensional [34]. Vardoulakis et al. [14] studied the influence of the length of the urban canyons in the vortex generation. They observed that in short canyons (B/H ≈ 3) there was not enough space to create a stable vortex perpendicular to the street in the mid-section. Chan et al. [35] found that pollutant concentration can also be influenced by this B/H ratio. In Reference [36], they observed that one of the main factors which effects pollution is the vortices at the street ends. Furthermore, it is important to note that the use of realistic geometries can affect all these flow patterns as shown in References [37,38].



Moreover, among CFD modelers, there is a great concern of achieving grid independency [39] minimizing numerical diffusion errors. This goal is achieved by a great effort to create meshes based on a hexahedral element, even in complex geometries. Hefny and Oka [40] showed that it is recommended to use hexahedral elements since they reduce numerical errors, which influence greatly the pollutant dispersion modelling. This goal requires a balance between using high-quality grid resolution and an affordable number of cells reducing the computational needs.



In any case, one of the unknowns that all studies must address is the estimation of the emission coefficient of the fleet of vehicles circulating through city streets, specifically the emission of carbon monoxide (CO). One of the options recommended by the European Commission is the reverse modeling application, where air quality models are coupled to measured concentrations to strengthen the emission calculation [10,41,42]. The other option commonly used is to calculate the average emission using the vehicle’s inventory of the city [43,44,45].



In the present work, CO contamination in a realistic urban canyon in a hotspot area of Valencia is analyzed by experimental analysis and modeling with CFD. The real geometry of the buildings has been taken into account and the emission coefficient has been obtained averaging different types of vehicles’ emissions. The aspect ratio, the realistic geometry, and the climatological influence have been studied in this paper. Moreover, this research is motivated by the importance of analyzing the flow physics in a hotspot area of the city of Valencia (Spain) due to the large number of pedestrians and the impact of pollution on human health. The study has served as a validation of the use of a RANS model to simulate through numerical methods the influence of pollutants from vehicles.




2. Materials and Methods


2.1. Study Area


For the selection of the study space, the morphological conditions of the urban topology, the traffic intensity, and the practical possibilities of sensor location were considered. The area of Colon Street, located in the center of the city, was selected due to its high traffic intensity, its morphology, and its location in a significant commercial area that could generate interest in health entities for research into possible respiratory diseases.



The area of study is marked in Figure 1a, and adjoined an area around the intersection of Colon and Pizarro Streets. One sensor was suspended from a traffic light approximately 3 m high. The study area can be defined as an urban canyon (schematized in Figure 1b), which is described by its aspect ratio as a long urban canyon (B/H = 8) [31], although it is asymmetric because on the left side there are two blocks of buildings with a skimming flow regime due to W/H = 1 [46].




2.2. Experimental Data


A wireless sensor network (WSN) was used to acquire the experimental variables of interest. Due to its flexibility, scalability, and autonomy [47], WSN has been used in multiple applications, among them, environmental monitoring and specifically those connected to air quality monitoring [48]. Its application has also allowed the validation of CFD models [49]. The wireless communication of the WSN implemented was generated under the IEEE 802.15.4 standard, integrating Digi Xbee PRO 802.15.4 commercial modules. An Atmel microcontroller reference Atmega1281 (Figure 2) was selected for each node, with 72 h of autonomy using a lithium-pol battery with a capacity of 2200 mAh at 3.7 V. Each node also had a 2 GB micro-SD memory to store locally the sensor data and its generation time. The integrated transducers were temperature, relative humidity, carbon monoxide, carbon dioxide, and volatile organic compounds.



The data were collected between November 23 of 2010 and November 28 of 2010, recording a set of working days and holidays. The sampling time was established between 10 to 15 s, seeking to obtain five readings per minute. A modular electronic card was coupled to the transmission card, allowing the signal conditioning of the Carbon Monoxide (CO) and temperature sensors. Because the technology of the selected sensors is based on the principle of the physical functioning of the semiconductors, which reduces the costs of the devices and the same implementation, data processing and filtering were required, without losing the representativeness of the samples about the measured variables. Moreover, the climatic data were obtained from the weather station from the Spanish Meteorology National Agency located in a Garden less than 1 km away from the city center of Valencia.




2.3. Numerical Model


STAR-CCM + is an interactive software designed to simulate physical processes in engineering (fluids or solids). This platform is an interactive interface that has implemented various models and algorithms allowing, within a relatively friendly environment, to develop computational models from previously preconceived conceptual models [50]. The code used the finite volume method (FVM) to solve the Reynolds-averaged Navier-Stokes equations (RANS). For the advective and diffusive terms, a discretization of the finite volume equations with central second-order differences is used, as recommended by Blocken [39]. The computational simulations in this study have been carried out following the recommendations of COST action 732 (European Cooperation in the field of Scientific and Technical Research) [51]. The standard k—ε turbulence was used for the closure of the governing equations [52].



Furthermore, some boundary conditions have been applied, among which are the model of the free surface at the top of the domain, a boundary layer model for the walls of buildings, and the street and the passive scalar model for injection and subsequent diffusion of the contaminant. The injection of the scalar from the vehicles in the domain was carried out by defining the cells of the lanes of the streets through which the vehicles passed.



In relation to the discretization of the domain, the simulations for the different cases have been carried out with a computational domain with the following dimensions: 77.6 m (LX) in the longitudinal direction of the X coordinate (UTM coordinates), 219.8 m (LY) in the Y direction (UTM) and 50 m (LZ) in the vertical Z (UTM), using said global coordinate system for calculations and analysis of results. A detail of the mesh used can be observed in Figure 3. The size of the cells in the mesh increases to achieve a better resolution near the wall. The growth rate of the cells does not exceed 4% in any of the cases. Table 1 shows the size of the mesh, as well as the maximum and minimum cell sizes. This mesh configuration follows the recommendation of skewness and accuracy by Blocken [39].




2.4. Studied Cases


In the present work, the flow has been simulated in a section of Colon Street at the intersection with Pizarro Street in the commercial center of Valencia (Spain). For the validation, six representative cases of different traffic situations and climatic conditions were selected (Table 2).



Within the framework of the investigation, one of the objectives is the study of the pollutant dispersion according to different wind directions. In this way, 3 hypothetical cases were defined for parallel (cases hv1 and hv2) and perpendicular (case hv3) wind directions to Colon Street. The cases were simulated with the highest traffic conditions, as shown in Table 3.




2.5. Emission Factor


For the calculation of the emission factors, the equations proposed by Parra Narváez were used [53]. These functions calculate the emission factor depending on the type and velocity of the vehicles. The number of vehicles in each case was collected from automatic traffic counts recording hourly flows of Traffic Management Center of the city of Valencia, although the vehicle type was not registered along with the traffic counts. Furthermore, the vehicles travelled a distance of 0.234 km in the section studied, at an average speed of 50 km/h.



Moreover, two different situations were considered in order to calculate the emission factor. First, an estimation was carried out of those vehicles that emitted the maximum levels of emissions and secondly those that emitted the minimum. Finally, a more realistic emission factor was estimated by using a uniform distribution of all types of vehicles. In Table 4, the three emission factors used for the validation are shown. Furthermore, the more realistic emission factor considering the types of vehicles is equal to 5.32 g km−1 veh−1. This value is in the same order of magnitude of others obtained in different locations, such as Rouen −7.5 g km−1 veh−1 [54], Copenhagen −11.0 g km−1 veh−1 [55] or Valencia −11.6 g km−1 veh−1 [10], all using an inverse model approach or the case of Lebanon −6.19 g km−1 veh−1 [45] using the inventory fleet of vehicles.





3. Results


3.1. Model Validation


For the validation of the numerical model, simulations cv1 to cv6 were used to compare the results with in-situ concentrations of CO measured by means of a sensor placed at a traffic light on the street. The simulations were performed with the average, maximum, and minimum values of the emissions calculated in Table 4. The results show a good correlation between the simulations and the sensor measurements since in all the cases studied the value measured in the real traffic and wind conditions is between the maximum and minimum limits obtained in the numerical results (Figure 4) and close to the average value. However, we can observe that the experimental data is in most cases above the numerical result using the average emission factor, which can mean that the real emission factor is higher than the average one. Nevertheless, considering this slight limitation, it can be concluded that the simulations are correctly representing the mixing process in the urban canyon.




3.2. CO Dispersion in Real Cases


If we carried out a more in-depth analysis of the CO dispersion processes in these real cases, it is worth noting the great differences in aerodynamic and mixing behavior depending on the characteristics of the case. Traffic intensity and wind velocity affected the magnitude of the phenomena, but wind direction is clearly observed as the most influential parameter in the physics of the flow within the urban canyon. In Figure 5 and Figure 6, horizontal planes for each case showing velocity contours, streamlines, and CO concentration contours are presented. The results are shown in a plane located at a height of 1.5 m. Traffic and wind characteristics are marked with red and blue arrows, respectively.



In more detail, when the wind blows from directions close to the north-east entrance of the Colon Street, as it is the case cv1, cv2, cv4, cv5 and cv6, a very interesting flow pattern occurred. First, for case cv4 where the wind direction is almost parallel to the street, there is a more uniform distribution of CO concentration as observed by Thaker and Gokhale [38] and a jet in the middle of the canyon appears towards the south-west exit of Colon Street. However, a slight change in wind direction produces a big difference in the flow structures. First of all, in cases cv2, cv5, and cv6 where the wind direction is more northern, a separation and recirculation appear at the west sidewalk of the beginning of Colon Street which implies a larger concentration of CO in the east sidewalk influenced by the acceleration produced in the separation process. This effect is stronger in case cv6 because of a higher wind velocity which defines a clearer separation process. These cases (cv2, cv5, and cv6) also produce a strong current towards the south-west exit of Colon Street reducing the accumulation of CO within the urban canyon. Nonetheless, case cv1 is also interesting because its direction is from the east, producing a vortex in the east side of the north-east entrance of Colon Street. In this case, there is a lower acceleration process within the urban canyon, with less advection, which produces higher concentrations of CO along the street.



Furthermore, flow patterns and CO concentrations are completely different in case cv3 where the wind direction blows closer to the south-west exit of Colon Street. This effect causes the streamlines to go from south to north, opposite to the traffic direction. This situation produces an accumulation of CO concentration near the north entrance of the urban canyon, which will be explored in more detail in Section 3.3.1.



In order to understand the three-dimensional behavior of the flow, three cases, cv1, cv3, and cv5, are analyzed in more detail in Figure 7. We can observe that the effects described previously are highly three-dimensional and occupied the critical zone for human health, between 0.25 and 3 m height. It is also clear that for cases cv1 and cv5, the recirculation patterns near the north entrance of Colon Street show their maximum around 1 to 1.5 m, decreasing their magnitude above that height. On the other hand, cv3 shows a more uniform longitudinal behavior along Colon Street, with the appearance of two clockwise recirculation vortex in the north entrance and the intersection with Pizarro Street. The presence of these structures clearly affects the CO concentrations in the vertical profiles. This is shown in Figure 8, where the double averaged (in time and space) profiles proposed by Nikora [56] are presented. It can be seen how the differences previously explained are summarized in these vertical profiles. On the one hand, in case cv3, the concentration is higher because of the previously explained effect of the wind flowing in the opposite direction to the traffic. Moreover, the other 5 profiles have similar characteristics with a decrease of CO, and differences in magnitude could be explained by the wind velocity. The highest value of 2.05 m/s corresponding to case cv6 produces the highest mixing and the lowest CO concentration. Case cv2, on the other hand, has the smallest values, corresponding to the lowest wind velocity.



It can be concluded from this first analysis in real and experimental conditions studied that the direction of the wind clearly effect the flow structures and the behavior of mixing and transport of the pollutant (CO) in both Colon Street and Pizarro Street. Therefore, in Section 3.2, this influence will be further explored by simulating controlled conditions for parallel and perpendicular winds to Colon Street.




3.3. Effect of Wind Direction


For a better understanding of the effect of wind direction, a sensitivity analysis was carried out studying three different options, two parallel wind directions and one perpendicular to Colon Street. Thus, the case hv1 has a north-east direction and the case hv2 has a south-west direction, both parallel to the Colon Street, while hv3 has a south-east direction, perpendicular to the Colon Street. For each case, different wind velocities were studied with a constant emission and traffic intensity. The differences between the three cases are significant due to the variations in transport processes that are closely related to recirculation and vortices in the study domain, also observed in [27].



3.3.1. Parallel Winds


It might be observed in Figure 9 that, for the first direction -hv1, the highest concentrations occur in the Colon Street in the area of the west sidewalk (where the experimental sensor is located) and in the area of Pizarro Street because the velocity is very low, producing a large concentration of CO emitted by the vehicles that circulate in that area. The main reason could be explained by the great influence of Pizarro Street in the simulation, changing the flow pattern with a concentration of streamlines near the conjunction towards Pizarro Street. This effect produces a higher concentration on the west sidewalk of Colon Street. In this case, an increase of wind velocity produces a displacement of the maximum concentration towards the end of Colon Street. This effect is three-dimensional, as explained in the previous section, with a maximum value of around 1.50 m.



On the other hand, for the hv2 case, a very different effect is produced since the wind flows against the direction of the vehicles so that there is a greater CO concentration towards the center of Colon Street and it is focalized in the crossing with Pizarro Street (Figure 10). This situation is similar to the case described by Thaker and Gokahle [38] which obtained an analogous distribution of CO. Moreover, as wind velocity increases, the maximum values move towards the northeast entrance of Colon Street due to the thrust exerted by the flow that accumulates CO against the direction of circulation of the vehicles. In this case, there is also a higher concentration of CO in the north sidewalk of Pizarro Street due to the recirculation that occurred when the flow enters this street.




3.3.2. Perpendicular Winds


Finally, the third situation (hv3) is the most contrasting of the three since the wind direction is perpendicular to the direction of movement of the vehicles. In this latter case, the highest concentrations also occur at the junction between the two streets (Figure 11). This produces a peculiar effect since the flow is much more complex so that the areas of maximum concentrations occur in the recirculation that appears in the domain creating dead zones of low speed and reducing the mixing process. In this direction, the effect of wind velocity is more difficult to analyze and is less influencing. The concentration is strongly correlated with the recirculation that occurs in the confluence zone between Pizarro and Colon Streets (similar to Reference [27]). These two recirculation zones near Pizarro Street were also observed by [31], although in our case, they are a bit displaced by the presence of the street intersection, an effect which is clearer for low wind velocities. However, it is true that the recirculation expands and increases with greater velocities, favoring the CO mixing processes.




3.3.3. Three-Dimensional Flow Pattern


Furthermore, double-averaged concentration profiles have been calculated in each of the cases studied (Figure 12). It is interesting to observe that case hv2, wind direction parallel to Colon Street and opposite to traffic direction, is the one with more CO concentration in the domain. Moreover, this effect is similar to the one observed in the cv3 real case, which indicates a greater accumulation in case hv1 of CO inside the domain. These effects have also been observed in References [25,30].



Finally, the iso-surfaces of CO concentration are shown in Figure 13 for the hv1 case, a wind velocity of 0.5 m/s, and three different traffic intensity (500, 1500, and 2500 vehicles). The results show the three-dimensional behavior of the CO transport with the influence of the secondary structures and the advection processes within the urban canyon. The influence of this characteristic is noticeable in the west sidewalk of Colon Street, and also the complex behavior in the intersection with Pizarro Street is clearer for the case of 2500 vehicles.






4. Conclusions


In this study, the application of a three-dimensional CFD model in a realistic urban canyon is presented. The focus is to determine the influence of wind direction in the flow patterns within a real urban canyon and its influence on CO concentration in pedestrian zones (between 0 to 3 m height).



First of all, the emission factor used in this paper was obtained using an average of emissions from different types of vehicles (motorbikes, cars, and trucks). The results show that the emission factor underestimates the experimental results, which were closer to those obtained using inverse modelling, reinforcing the recommendations of using this kind of methodology in the air pollution processes. However, the procedure presented in this paper is much easier and can be used without the need for a large series of data.



From the results, we can conclude that the mixing and transport of air pollutants are closely related to the structures of velocity and turbulence that occur in the urban canyon. Therefore, recirculation and turbulent structures that occur at the entrances to the streets or at the top of the buildings affect the pollution levels considerably. The results show that the advective transport, in the cases where wind velocity is parallel to the Colon Street, has a great impact on CO concentration and also that the recirculation patterns that occur when wind direction is perpendicular to the urban canyon seriously effects the CO diffusion, presenting zones with higher concentrations which could have an important impact on pedestrians.



In our study, the most unfavorable case is that of a wind direction coming from the south-west exit of Colon Street that causes high concentrations in the central part of the domain. The most favorable case is that of a direction from the north-east entrance of Colon Street that causes greater mixing and transport of the pollutant, limiting the values that affect pedestrians in the area.



The CFD model applied does not require a great computational effort due to its relatively coarse mesh and the usage of a RANS turbulence model, but this simplicity does not jeopardize its accuracy, and besides it is validated with experimental data of CO measurements. Its simplicity without risking the feasibility of the model guarantees his usage in different scenarios which can lead to making decisions in urban mobility or traffic to limit levels of CO concentration or other polluting gases. Nonetheless, this work can be used by public bodies to locate sensors in hotspots analyzed in this paper, controlling real concentrations in the influence area of pedestrians.
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Figure 1. (a) Limits of the urban canyon studied in this paper; (b) vertical and horizontal schematics of the urban canyon analyzed in this study. 
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Figure 2. Block diagram with a WSN’s node parts. 
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Figure 3. Detail of the grid used in the CFD model: (a) general view; (b) detail near the wall in a vertical section. 
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Figure 4. Comparison between experimental CO concentration (ppm) and numerical results at the control point used to validate the model for the six validation cases. 
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Figure 5. Contour velocity planes (a,d,g), streamlines (b,e,h) and contour planes of CO concentration (c,f,i) for cv1, cv2 and cv3 validation cases, respectively. The planes were located at 1.5 m of height. Traffic and wind direction are marked with red and blue arrows, respectively. Traffic intensity and velocity are specified in their respective arrows. 
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Figure 6. Contour velocity planes (a,d,g), streamlines (b,e,h), and contour planes of CO concentration (c,f,i) for cv4, cv5, and cv6 validation cases, respectively. The planes were located at 1.5 m of height. Traffic and wind direction are marked with red and blue arrows, respectively. Traffic intensity and velocity are specified in their respective arrows. 
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Figure 7. Streamlines at different heights: 0.25 m (a,b,c); 1.00 m (d,e,f); 1.50 m (g,h,i); and 3.00 m (j,k,l) for cv1, cv3 and cv5 validation cases, respectively. 
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Figure 8. Double averaged profiles of CO concentration normalized with the total emission for the six validation cases. 
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Figure 9. CO concentration contours (ppm) and streamlines in the hypothetical case hv1 for 2 m/s in (a,b) and for 0.5 m/s in (c,d). Traffic and wind direction are marked with red and blue arrows, respectively. 
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Figure 10. CO concentration contours (ppm) and streamlines in the hypothetical case hv2 for 2 m/s in (a,b) and for 0.5 m/s in (c,d). Traffic and wind direction are marked with red and blue arrows, respectively. 
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Figure 11. CO concentration contours (ppm) and streamlines in the hypothetical case hv3 for 2 m/s in (a,b) and for 0.5 m/s in (c,d). Traffic and wind direction are marked with red and blue arrows, respectively. 
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Figure 12. Double averaged profiles of CO concentration in the 3 hypothetical cases with wind velocities of 0.5 and 2 m/s. 






Figure 12. Double averaged profiles of CO concentration in the 3 hypothetical cases with wind velocities of 0.5 and 2 m/s.



[image: Atmosphere 11 00693 g012]







[image: Atmosphere 11 00693 g013 550] 





Figure 13. Iso-surfaces of CO concentration (blue 0.35 ppm and green 0.7 ppm) in the h1 case and a wind velocity of 0.5 m/s for a traffic intensity of (a) 500 vehicles, (b) 1500 vehicles, and (c) 2500 vehicles. 
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Table 1. Grid information.
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	Computational Domain (m)
	Number of Cells
	Total Grid Cells





	General dimensions
	77.6 × 219.8 × 50
	213 × 74 × 80
	1,616,160



	Axis
	Cell number
	Min. length (m)
	Max. length (m)



	X
	213
	0.38
	2.90



	Y
	74
	0.75
	1.25



	Z
	80
	0.10
	1.00
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Table 2. Validation cases (CV) used in the study.
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	CASE
	Number of Vehicles
	Average Wind Velocity (m/s)
	Average Wind Direction (°)





	cv1
	2270
	0.75
	96



	cv2
	2105
	0.80
	12



	cv3
	228
	1.35
	263



	cv4
	1165
	1.08
	38



	cv5
	1845
	1.63
	348



	cv6
	2129
	2.05
	15
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Table 3. Hypothetical cases (hv) with parallel and perpendicular wind directions.
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	CASE
	Nr. Vehicles
	Average Wind Velocity (m/s)
	Average Wind Direction (°)





	hv1
	2270
	From 0.5 to 2
	46



	hv2
	2270
	From 0.5 to 2
	226



	hv3
	2270
	From 0.5 to 2
	149
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Table 4. Emission factors by different hypotheses: maximum, inventory and minimum scenarios.
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	CASE
	Emission Factor (g km−1 veh−1)





	Maximum emission
	29.2



	Minimum emission
	0.47



	Average emission
	5.32











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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