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Abstract

:

Air pollution represents one of the most complex problems of humanity. Traffic contributes significantly to this by emitting large amounts of harmful gases. This problem is particularly pronounced at urban intersections due to frequent changes in vehicle movement dynamics. This paper primarily presents the influence of intersection geometry on pollutant emissions levels. In addition, the influence of various traffic policies promoting greater use of public transport and zero-emission vehicles is also examined. The research combines the field part of recording existing intersections in Sarajevo, Bosnia and Herzegovina with traffic microsimulation. Detailed data on vehicles’ movements were obtained by advanced video processing using the DataFromSky tool, while the PTV Vissim 2022 and Bosch ESTM (2022) software were used to simulate traffic and estimate emissions at geometrically different intersections. The results showed that, in saturated traffic conditions, signalized intersections cause up to 50% lower emissions compared with two-lane and turbo roundabouts and that the impact of the geometric change is more significant than the impact of zero-emission vehicles. In unsaturated conditions, the differences in emissions at different intersections are negligible, with the highest reductions in pollution achieved by using zero-emission vehicles.
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1. Introduction


Air pollution is one of the biggest problems facing modern humanity, causing many premature deaths and severe health problems, and negatively affecting the overall quality of life [1,2]. Although efforts to reduce air pollution in the last two decades have led to a global decrease in the concentration of certain pollutants in the air, especially in developed countries, the number of premature deaths has not significantly decreased [2]. At the same time, developing countries, one of which is Bosnia and Herzegovina, are recording an increased level of urbanization and economic development, which causes more significant air pollution and higher population mortality. While the European Union member states strive to reduce greenhouse gas emissions by 95% by 2050, road traffic contributes 71% of emissions [3,4]. Regarding the share of its contribution of individual pollutants, road traffic in the EU was responsible for 21% of carbon monoxide (CO), 39% of nitrogen oxide (NOx), and 10% of particulate matter (PM10 and PM2.5) emissions in 2019 [5]. Therefore, air pollution is a central topic for the future of the transport sector to achieve sustainable transport.



According to the annual Federal Hydro-Meteorological Institute report [6], the air quality in all parts of Bosnia and Herzegovina, especially in Sarajevo, the capital and largest city, has been seriously impaired for years, with a significant concentration of particulate matter, nitrogen oxide, and ozone. The most significant pollution causes are wood and coal burning used for heating, fossil fuel combustion, heavy industry, and energy production in thermal power plants. In addition, the lack of dispersion due to the specific location of Sarajevo in a valley contributes to the high concentration of pollutants. The presence of particulate matter has been the most characteristic form of air pollution for years. At all measuring points in Sarajevo, its concentration is higher than the legal limit (40 μg/m3 for PM10 and 25 μg/m3 for PM2.5, which aligns with the EU directive [7]). In 2021, the maximum hourly concentration of PM10 was 673 μg/m3, with the daily concentration exceeding the limit 86 days a year. At the same time, the highest hourly concentration of PM2.5 was 297 μg/m3, and the daily concentration was exceeded for 62 days [6]. Research conducted in Sarajevo [8] during the winter months of 2020 and 2021, when the concentration of pollutants is the highest, based on the examination of the chemical composition of particulate matter, indicates that road traffic is the cause of 23% of this type of pollution. The problem is even more critical because these particles have the most significant and direct negative impact on people’s health [9]. Despite this problem, in the winter months, citizens avoid alternative transport modes (walking, cycling, electric scooter use, etc.) and use personal cars even more, creating a never-ending negative cycle.



Measures to reduce air pollution in urban areas can be infrastructural at different levels (planning, designing, and management) and legal at the national level in terms of promoting the use of zero-emission vehicles and reducing the use of fossil fuel cars with low emission standards. These measures do not have the same efficiency, speed of action, or cost of implementation, and may or may not be justified by the level of pollutant emission reduction. Infrastructural changes often solve not only traffic jams but also the problem of traffic safety. However, they can also affect the reduction or increase in emissions of harmful gases from traffic [10,11].



The emissions from traffic and fuel consumption depend on: the vehicle type and age, fuel type, driver characteristics, and vehicle movement dynamics; the geometric characteristics of the road; and atmospheric conditions [12,13]. In addition, it also depends on road class (i.e., local road, urban road, or highway), which is also related to the dynamic characteristics of vehicle movement. Frequent speed changes with many accelerations, brakings, and stops contribute significantly to emissions [13,14,15,16,17,18,19]. Field measurements performed in Germany [20], using three different Euro 6 standard vehicles equipped with Portable Emission Measurement System (PEMS), showed that driving at a constant speed in the range of 40–140 km/h leads to a reduction in NOx emissions by 69% compared with driving at a constant speed in the range of 20–40 km/h. At the same time, driving at a constant speed of more than 140 km/h increases NOx emissions by 200%. In addition, regardless of size, vehicles emit 650% more NOx while accelerating compared to vehicles at a constant speed in the range of 0–20 km/h, and 400% more than vehicles at speeds of 25–100 km/h and greater than 100 km/h. Generally, it can be concluded that the acceleration state, regardless of driving speed, leads to 490% higher NOx emissions than driving at a constant speed [20].



Intersections are spots in a road network with the most significant number of stops and driving dynamics changes, making them places with the highest concentration of pollutants [12,14,21,22,23,24]. By correctly choosing the type of intersection and traffic control, it is possible to influence the nature of traffic flow and, thus, the level of emissions [14]. An optimal intersection should allow vehicles to move at a moderate constant speed, without significant oscillations—even though decelerations and accelerations are inevitable—and without unnecessary stops. Of course, this choice is not simple or unique and depends on traffic volume, vehicle type composition, and the movement distribution at the intersection. Saturated traffic conditions imply the movement of vehicles in stop-and-go mode with frequent speed changes, so that the basic efficiency measures (i.e., average delay, queue length) are in direct correlation with the level of pollutant emissions.



Environmental impact is often neglected when choosing the optimal type of intersection, and the focus is on delay calculation and safety [24]. Existing methodologies for intersection analysis (e.g., US Highway Capacity Manual) also do not provide recommendations regarding this impact. Although the scope of research on the influence of the intersection type on emissions levels has increased in the last ten years, there is still no single conclusion as to which typed of intersection can contribute to the reduction of total emissions from traffic. Considering the general increase in the construction of new roundabouts in the last two decades, primarily due to their advantage in terms of safety compared with signalized intersections [15,25,26], the advantage in terms of pollutant emissions is also often highlighted. This conclusion is primarily because roundabouts do not necessarily require vehicles to stop, and vehicles spend less time in the mode of movement with constant braking and acceleration [17,19,27,28,29]. In addition to the analysis of classic roundabouts, existing research also includes the analysis of their alternative type, i.e., a turbo roundabout. The turbo roundabout was invented in the Netherlands, primarily to reduce the number of conflict points compared with the two-lane roundabout [25,30,31,32]. Namely, when vehicles leave a two-lane roundabout from the inner lane, their visibility is reduced, which causes a conflict with vehicles in the outer lane. In a turbo roundabout, vehicles should choose the desired direction before entering the intersection so that there is no intertwining of traffic flows in the roundabout. The characteristic spiral shape of the turbo roundabout directs the vehicles to the desired exit, and divided curbs (delineators) mark the permitted paths [33,34]. Although the main focus of existing research has been on safety improvements, turbo roundabouts can also be analyzed from the aspect of impact on the emission level compared with other types of intersections.



Developing countries, such as Bosnia and Herzegovina, still do not have a significant number of registered zero-emission vehicles. However, there are frequent changes in the geometry of existing intersections, primarily due to safety and delay issues. The government finances such interventions as public investment, which costs less than the total amount of individual investments in terms of changing the composition of the traffic flow, which also requires a change in drivers’ habits. For this reason, it is necessary to investigate how geometric changes in intersections can reduce the emission of harmful gases. Bearing in mind that the areas around urban intersections are very densely populated, reducing pollution becomes even more critical. This paper presents research conducted at six intersections of different types in Sarajevo (two-lane roundabouts, signalized, and two-way yield-controlled intersections). At each of the analyzed locations, at least two alternative intersection types were proposed, and CO, CO2, NOx, and PM emissions and fuel consumption were determined by a combination of field research and microsimulations. Field research was done with advanced processing of video recordings, where the trajectory of each vehicle was analyzed in detail. Vehicle trajectories contain data on vehicles’ speed and acceleration at the second-by-second level, and they were used for the detailed calibration of microsimulation models. The obtained results can serve as guidelines for a complete analysis of different intersections and the choice of the optimal type, including environmental impact. The results also show to what extent a geometric change of intersection is a more efficient solution than traffic flow composition modification, such as introducing zero-emission vehicles or reducing the use of personal cars.




2. Literature Review


Previous research on the road infrastructure’s impact on pollution differs significantly in the approach and the methodologies used. In the following, we have described the most relevant existing research that treated the influence of intersection type on pollution.



Mądziel et al. [27] investigated the impact of replacing the existing two-lane roundabout with a turbo roundabout in terms of emissions from traffic, both for the case before and after the COVID-19 pandemic. The research combines field pollution measurement with a PEMS device installed on 14 vehicles and microsimulation models created in PTV Vissim (2022) software. Field data on vehicle speed and acceleration were used to calibrate microsimulation models, while the VERSIT+ pollutant dispersion model was used to estimate pollutant emissions. The results showed a reduction in CO2 and PM10 emissions by 23% and NOx by 16% at the turbo roundabout for the case of maximum hourly traffic load, before the pandemic. The improvements were less significant, but again on the side of the turbo roundabout, for the scenario with fewer vehicles during the pandemic.



Using the same methodology and research location, Mądziel et al. [35] found that replacing 25% of the existing fleet with electric cars results in a 30% reduction in PM10 emission.



Analyzing the operational differences between an existing one-lane and a planned two-lane roundabout, Tenekeci [36] concluded that the construction of a two-lane roundabout significantly reduces delays and the number of stops, but also the emission of pollutants: CO2 (up to 32%), NOx (up to 34%), and PM10 (up to 26%). The research was done with a combination of macroscopic modeling (for prediction of traffic distribution in the future), microscopic modeling (for modeling and calibration of the existing intersection), and the instantaneous emission model EnViver VERSIT+ to estimate the level of pollutant emission.



Using the PEMS system installed on nine passenger cars of different EURO standards, Jaworski et al. [9] collected data on pollutant emissions on different parts of the road network (five roundabouts, urban and rural roads, and a motorway). The highest CO2 emissions and fuel consumption were recorded on the highway, while, as expected, the lowest emissions were recorded for EURO 6 vehicles with diesel engines. Considering intersections only, higher fuel consumption and CO2 emissions were noticeable at roundabout entries, during circular driving, and at the exits. Based on all collected data and using regression analysis, they proposed a model for emission estimation at roundabouts called the RoundaboutEM application.



The same group of authors published research [15] comparing emission levels on an existing two-lane roundabout and a planned turbo roundabout using the microsimulation software PTV Vissim, EnViVer Versit+, and the mesoscopic model “Computer Program to Calculate Emissions from Road Transport” (COPERT 5). According to this study, turbo roundabouts reduce NOx emissions by 31% and PM10 emissions by 26%.



Meneguzzer et al. [14] compared pollutant emissions at a signalized intersection and a roundabout planned at the exact location. Emissions were determined by the PEMS system installed on one EURO 4 standard vehicle. The results showed lower CO and CO2 emission levels at the roundabout, while lower NOx emission was measured at the signalized intersection.



Mauro R. and Guerrieri M. [37] did a comparative life-cycle analysis for different roundabouts. Using the COPERT IV model, they concluded that, in a period of 30 years, turbo roundabouts generate 10% fewer emissions compared with two-lane roundabouts. At the same time, changing the vehicle volume did not result in significant differences in the emission of individual pollutants on two-lane and turbo roundabouts. A similar study, using the same theoretical models of different roundabout types and the COPERT IV model, was published by Tollazzi et al. [28], with the conclusion that there are no significant differences in terms of emissions between the classic one-lane and two-lane roundabouts and alternative types such as “target” or “flower” roundabouts. The COPERT IV model was also used in a study by Gokhale [38] to determine pollution at a roundabout and a signalized intersection.



By combining field measurements on three two-lane and turbo roundabouts, and the vehicle-specific power (VSP) methodology, Fernandes et al. [39] compared emission and capacity results. The speed and acceleration profiles were obtained by test-driving a EURO 5 standard vehicle with a GPS device, while the emission level was determined for different traffic load scenarios. They concluded that, in the case of a traffic demand of less than 800 veh/h, emissions of the most critical pollutants (NOx, PM, CO2, and CO) are higher on average by 12–20% on turbo roundabouts compared to two-lane roundabouts. For higher traffic volume (>1200 veh/h), the difference in emissions becomes even more significant, up to 29%.



In papers published by Fontes et al. [40], Song et al. [41] and Borrego et al. [42], the VSP methodology in combination with microsimulations (PTV Vissim) was also used to estimate emission levels from traffic on the urban road network, while Salamati et al. [43] used only the VSP methodology to determine pollutant emissions on existing two-lane roundabouts.



Based only on a microsimulation approach using PTV Vissim and EnViVer Versit+ 3.0 Pro software, Giuffrè and Canale [16] compared four types of intersections: unsignalized, signalized, one-lane roundabout, and turbo roundabout. Applying several scenarios with different traffic volumes, they concluded that the highest emission levels were at the signalized intersection, while the lowest were at the one-lane roundabout and unsignalized intersection. The difference in emission level is more evident for higher traffic volumes and with a dominant number of left turns. The same methodology, but on an existing signalized intersection, was applied by Chauhan et al. [44]. Their results showed that by choosing the optimal cycle length, the emission level could be reduced up to 7% (depending on pollutant type).



Using the COPERT IV model for emission estimation and theoretical scenarios of traffic volume, movement distribution, traffic flow composition, and characteristics of intersections, Guerrieri et al. [45] concluded that classic one-lane roundabouts are the optimal solution in terms of emissions for lower traffic volumes, up to 1300 veh/h, and the worst for volumes greater than 2500 veh/h. At the same time, classic two-lane roundabouts represent a better solution than turbo roundabouts in capacity and emissions for all higher traffic volumes.



Salamati et al. [26] applied the VSP methodology to almost 2000 trajectories at existing signalized intersections and roundabouts. Their findings suggest that emission rates are generally higher at signalized intersections under unsaturated flow conditions. However, with an increase of saturation level over 0.7, pollutant emissions are higher at roundabouts, especially in the case of favorable progression at signalized intersections. When demand reaches capacity, emission rates increase sharply at signalized intersections and moderately at roundabouts.



The opposite conclusion was reached by Gastaldi et al. [24], analyzing a one-lane roundabout and a signalized intersection. They used microsimulation software Paramics (2012) and AIRE (Analysis of Instantaneous Road Emissions) (2011) to determine the emissions. The obtained results showed that the travel time is significantly reduced by using a signalized intersection. However, the emission rates are reduced by only 2–5% depending on the specific pollutant type. Furthermore, roundabouts are a more favorable solution regarding emissions only for higher demand levels.



Vasconcelos et al. [46] researched an existing one-lane roundabout and planned two-lane and turbo roundabouts. Using Aimsun microsimulation software and the VSP methodology, they determined the emission level at each intersection for different traffic distribution scenarios. Compared with a one-lane roundabout, the emission on a two-lane roundabout was lower by 15–22%, depending on traffic volumes and the pollutant type. The turbo roundabout also showed a lower emission level than the one-lane roundabout, but slightly higher than the two-lane roundabout, for CO2 and NOx.



Roundabouts cause 7% higher CO and 9% NOx emissions in contrast to a signalized intersection, in a study published by Chamberlin et al. [47]. The results were obtained by combining the microsimulation software Paramics and two pollutant emission estimation tools, MOtor Vehicle Emission Simulator (MOVES) and Comprehensive Modal Emissions Model (CMEM), with a theoretical assumption about the vehicle volume and movement distribution, and geometric characteristics of intersections. They obtained similar results regardless of the traffic volume size.



Hallmark et al. [19] published one of the first studies in which the PEMS system was used to determine on-road emissions. The research was carried out on two corridors with a total of seven intersections of different types (roundabout, signalized, and four-way stop). Data on emissions were collected by two drivers driving the same vehicle. The limitations of the research are that it was conducted only in unsaturated traffic conditions and that only straight movement through intersections was considered. The results do not lead to a unique conclusion in terms of emission level and depend on the location of the intersection and driving style. However, it can be concluded that CO, CO2, and NOx emission is the lowest at the four-way stop intersection. Also, in most cases, the emission of these pollutants is lower at a signalized intersection than at a roundabout.



Ahn et al. [29] determined the differences in vehicle emissions using an existing two-way-stop-controlled intersection and models of a signalized intersection and a roundabout. They used microsimulation software INTEGRATION and PTV Vissim to model alternative intersection solutions, while emissions were estimated using the VT-Micro model and Comprehensive Modal Emissions Model (CMEM). Both methodologies gave consistent emission results. For all pollutants, the roundabout represented the worst solution and the stop-controlled intersection the best, although the roundabout application resulted in less delay and queue length.



Unlike previous research that primarily focused on individual locations, Sharifi et al. [10] analyzed the road network of 72 stop intersections in El Paso (TX, USA) and their conversion into multi-lane roundabouts. Using the mesoscopic dynamic traffic assignment model and the U.S. Environmental Protection Agency’s MOtor Vehicle Emission Simulator (MOVES), they determined that roundabouts reduce CO2 emissions by more than 50 tons.



Fernandes et al. [32] investigated pollutant emissions along turbo roundabout corridors. By applying microsimulations and the VSP methodology for emission calculation, they concluded that the highest emissions occur at the downstream segments of turbo roundabouts, not at the entrance or when passing through intersections. Compared to classic two-lane roundabouts, no statistically significant differences in emissions were obtained, although the travel time was longer in the case of turbo roundabouts. They also concluded that it could not be claimed that turbo roundabouts would have a positive impact on emissions in the case of a saturated traffic flow.



A review of existing research makes it clear that there is no single conclusion regarding the influence of intersection geometry on emission levels. Different approaches are used to determine the level of vehicle emission, which can generally be divided into three groups: field determination, traffic simulations, and a combination of the first two approaches. The PEMS system guarantees the most accurate emission results regarding on-road tests. The main disadvantage of this approach is that the results refer only to the vehicle on which this device is installed, so, for a reliable conclusion, which must include different vehicles and driving styles, a large number of samples is required. This is difficult to achieve in actual conditions because it is time-consuming and financially demanding. Traffic simulations are often used to overcome a problem like this. Emissions can be estimated at different levels using macroscopic or microscopic models. Macroscopic models like COPERT apply to regional or road-network-wide research. However, they cannot reliably estimate the emissions at intersections because they rely on average traffic flow speed instead of individual vehicles’ characteristics. On the other hand, microsimulation models can simulate the movement of individual vehicles, solving sample size and reliability problems. The critical step in creating reliable microsimulation models and obtaining accurate emission results is their proper calibration based on actual traffic data.



From the previous two chapters, it is clear that the problem of traffic pollution is a very current topic worldwide, especially concerning climate change and the seriousness of the consequences of long-term exposure to such pollution. On the other hand, different methods of traffic regulation can significantly affect the emission levels, but this assessment is often inadequate or insufficiently detailed.



The main goal of this research is to determine the impact of intersection geometry on air pollution in urban areas by applying advanced data collection and traffic simulation techniques. The research was carried out at six existing intersections in Sarajevo, covering all standard types of intersections. Previous studies were usually based on only one intersection type (signalized or roundabout) and only on one intersection. The data collection problem was solved using advanced video processing, where all vehicles moving through intersections were analyzed. At least two alternative types are proposed for all existing intersections to compare emission results. The emission assessment was performed using Environmental Sensitive Traffic Management (ESTM) by Bosch, which represents an instantaneous emission model calibrated based on actual traffic flow structure data. In addition to the influence of intersection geometry, the impact of different traffic policies promoting greater use of public transport and zero-emission vehicles on the emission level was also examined. The research results can be used twofold: primarily, to select the optimal intersection type, regarding emissions, which can be applied in the design and planning phase of the road network; and secondly, to determine the most appropriate long-term approach to solving traffic pollution more strategically.




3. Materials and Methods


The research methodology presented in this work is shown in Figure 1.



Six existing intersections of different geometric layouts were selected for the field part of the research and data collection. In Table 1, the basic characteristics of these intersections are presented. Each intersection is assigned a unique ID number (1 to 6), making the rest of the analysis easier to follow. Figure 2 shows the geographical locations of the analyzed intersections, while Figure 3 shows their layout. All intersections are located in the urban part of the city. Intersection 1 is a classic two-lane roundabout with all two-lane entries and exits. The dominant movements on three out of four approaches are through and right. Intersection 2 is also a two-lane roundabout, with all one-lane entries and exits. Near this location (<120 m), there is a three-leg signalized intersection, which was also taken into account during the research because it significantly affects the operational characteristics of the roundabout due to the dominant movement of vehicles from the roundabout towards this intersection.



A two-lane roundabout with four approaches—three two-lane and one single-lane—was analyzed at the third location. Dominant movements at the intersection are from all approaches towards the single-lane exit. Intersection 4 is a signalized intersection at the cross of a four-lane main road and a two-lane minor road with additional left-turn lanes. Through movements are dominant on all approaches. Intersection 5 is a yield-controlled intersection with an atypical shape because the streets do not cross at right angles, nor are they symmetrical concerning the axis of the intersection. Three streets are two-lane, while the fourth street is four-lane. Two-lane roads with dominant through movement represent the main traffic direction. The sixth intersection is signalized with three two-lane streets, two of which have additional left-turn lanes and represent the main direction, and the fourth approach is a four-lane street. There is also a fifth connection at the intersection, serving as a right-turn bypass. Dominant movements at the intersection are through and left from the main direction.



The intersections were chosen to cover most of the city’s urban part, with sufficient physical space at each location for their modification. It was also taken into account that such modification, as an alternative type of intersection, corresponded to the broader road network and that geometric changes are planned in the future or have already been made at these locations.



The traditional way of collecting traffic data involves two approaches: observing vehicles at just one moment, i.e., at the place of a stationary radar or pneumatic tubes, or a GPS device installed in a test vehicle that moves through the research area. Both approaches have severe limitations regarding the collected data, directly affecting the research quality. With the first approach, it is possible to observe many vehicles over a longer time period. However, in this way, data is obtained at only one point in time, and it is not possible to obtain vehicle trajectory, which contains both spatial and temporal changes in vehicle movement. The second approach provides a precise trajectory of the vehicle’s movement with all the necessary data, but the disadvantage is the sample size. In most cases, when this method is used, the sample is minimal and maintains only the characteristics of the test vehicle and one or two different drivers.



In this research, we used a drone to make traffic videos at all intersections. Data collection was conducted in the periods September–October 2021 and April–May 2022. The traffic recording at each intersection was carried out two days in the same week, for one hour each in the morning and afternoon, the busiest traffic periods. In this way, a total of 24 h of video recordings was obtained. Table 1 shows the maximum hourly traffic volume at each location, which was used in the rest of the research. It should be noted that the number of heavy goods vehicles and pedestrians at all intersections was negligible, and they are excluded from the analysis.



Traffic videos are the most valuable data source on vehicle movement, as they contain complete space-time trajectories of all vehicles in the area covered by the video and all movement data (speed, acceleration, deceleration, headway, etc.) of each vehicle. However, the problem is post-processing the videos and gathering all the necessary data from them. New innovative technologies based on artificial intelligence enable deep footage analysis and extraction of vehicle trajectory for each detected vehicle. In that sense, one of the currently most advanced tools, DataFromSky, was used in this research to process video recordings. This technique ensures 100% recognition of all vehicles in the video, their classification, and detailed movement analysis. The selected resolution of data extraction on speed, acceleration, travel time, and distance traveled of each vehicle was one second. These data were exported to a .csv file and additionally processed in a suitable form for the subsequent creation and calibration of microsimulation models. Figure 4 shows the steps of traffic video processing.



In the second part of this research, at least two alternative types of intersections were designed at each analyzed location, respecting existing conditions and limitations. The total number of analyzed intersections, including the existing layouts, was 19. At Intersections 1, 2, and 3, a turbo roundabout and a signalized intersection were considered as an alternative, noting that Intersections 2 and 3 were previously signalized intersections and subsequently reconstructed into two-lane roundabouts. Turbo roundabouts represent the most common modification of the standard two-lane roundabout because of their advantages described in the introduction of this paper. The first standard turbo roundabout was recently built in Bosnia and Herzegovina, so their operational characteristics still need to be researched in actual traffic conditions. At Intersections 4, 5, and 6, the alternative geometric solutions were two-lane and turbo roundabouts. In addition, a signalized solution was also analyzed at Intersection 5, a two-way yield intersection. It is necessary to emphasize that all analyzed roundabouts are two-lane, with all two-lane entries and exits that correspond to the configuration of existing roads.



3.1. Microsimulation Models


Dynamic characteristics of vehicle movement significantly influence the level of emitted pollutants. Frequent speed changes with frequent accelerations, decelerations, and many stops increase emissions [13,41]. For this reason, the models used to simulate vehicles’ movements and estimate emissions must be sufficiently sensitive to these changes and reliably replicate them, which a proper model calibration can ensure.



When creating microsimulation models in practice, it is often attempted to simulate vehicle numbers and travel times that correspond to actual conditions. At the same time, little or no attention is paid to the calibration of achieved speeds and accelerations. Such calibration requires more time and detailed processing of a large amount of data. Moreover, required calibration goals can be achieved by changing different model parameters, which means that different vehicle trajectories can result in the same travel time and number of simulated vehicles [12]. In order to create a model that will reliably estimate the emissions level from traffic, it is necessary to calibrate vehicle trajectories and verify that their characteristics correspond to the actual vehicle movement [12,13,26,27,29,48].



The microsimulation software PTV Vissim 2022 was used to simulate the vehicles’ movements and estimate the emissions. The calibration of the existing intersection models was performed by adjusting four fundamental parameters that are crucial for describing the way the vehicle moves: (1) desired speed distribution, (2) desired acceleration function, (3) maximum deceleration function, and (4) desired deceleration function [27,49]. In PTV Vissim, all four parameters are defined as distributions or functions, not fixed values.



Desired speed distribution is determined by measuring the free-flow speed on approaches to the intersection. Given that we analyzed intersections within urban conditions, high speeds and their large oscillations cannot be expected, as on rural roads. The free-flow speed limit is set at 40 km/h, measured for vehicles moving with more than 5 s headways. Figure 5 shows the cumulative probability distribution of the desired speeds for all analyzed intersections.



The functional dependencies of speed/acceleration/deceleration were the basis of the stochastic representation of the vehicle’s movement [13]. For each acceleration and deceleration function, it was necessary to define three curves for the maximum, mean, and minimum values. Based on the trajectories of all recorded vehicles, the model calibration of all six analyzed intersections was performed to obtain a unique set of desired speeds and acceleration functions for each location. Each vehicle’s speed, acceleration, and deceleration were recorded in time intervals of 1 s, corresponding to the resolution of the microsimulation. These speeds were divided into 5 km/h range classes, from 0 km/h to the maximum recorded speed. The maximum, minimum, and mean values were determined for each speed class and acceleration/deceleration within that class. The maximum deceleration function was determined using 5% of the highest deceleration values, while the remaining values were used to determine the desired deceleration: the 5th percentile for the maximum curve, the 52.5th percentile for the mean curve, and the 100th percentile for the minimum curve. In the desired acceleration function the maximum curve was determined as the 95th percentile of all values, while the mean and the minimum curves depended on the probability of reaching the desired acceleration, which increases linearly with increasing speed. The maximum probability of reaching the desired acceleration occurs when the desired speed is reached. The calibration method adopted in this research is also explained in detail elsewhere (e.g., [13,49]). Figure 6 shows the default and calibrated acceleration and deceleration functions used to create the microsimulation models. The displayed curves also maintain different movement patterns at three different types of intersections. It can be noticed that the curves for Intersections 1 and 3 significantly deviate from the others, which corresponds to the highest level of saturation and the most congested traffic conditions.



After the calibration, the observed and simulated values of speed, acceleration, and deceleration were compared, and obtained deviations were quantified by chi-square error (X2) using the following equation:


    X   2   =   ∑   i = 1    N              f    i , observed    −   f    i , simulated        2       f    i , observed           



(1)







Table 2 shows the X2 values for all analyzed locations, where it is evident that its values decrease drastically after calibration. Besides the fact that the default and observed acceleration and deceleration values differ significantly, during simulations with default values, a large number of unrealistically high acceleration (>4 m/s2) and deceleration values (>8 m/s2) appear. These values result from the default curves shown in Figure 6 and do not represent a realistic picture of vehicle movement.



Figure 7 shows the differences between the measured, calibrated, and default values of speeds and accelerations for all classes for only one intersection (Intersection 2). Differences for other intersections have similar trends. The stochastic nature of traffic was successfully replicated by analyzing the trajectories of all vehicles, including hundreds of drivers with different characteristics, their reactions in different traffic conditions, and at geometrically different intersections.




3.2. Emission Estimation


After the calibration of microsimulation models of the existing intersections, models of alternative solutions were created at each location according to the geometric shapes described in chapter 3. The following figures (Figure 8, Figure 9 and Figure 10) show all created models for the analyzed locations.



As we previously stated, choosing an instantaneous emission model, which depends on the dynamics of each vehicle’s movement, is essential to estimate emissions at the local, i.e., micro, level. Environmental Sensitive Traffic Management (ESTM) by Bosch, directly incorporated into PTV Vissim, was used in this analysis for CO2, NOx, CO, and particulate matter (PM) emission assessment and fuel consumption. Tools like EnViVer VERSIT require a separate file from the microsimulation software with trajectory data and re-input of that file. The Bosch ESTM emission model is based on cloud technology, so the emission estimation continues directly in PTV Vissim after the end of the traffic simulation. This is a relatively new emission model integrated into the latest version of PTV Vissim. It was created based on field tests during which the PEMS system was installed on more than 100 vehicles of all fuel types and EURO classes. Measurements were made on vehicles with a mileage of approximately 50,000 km and under an ambient temperature of 20–25 °C, representing standardized conditions for this type of measurement. Part of the data collected in the field were used to calibrate the simulation model, while the rest were used for validation. Model validation confirmed its accuracy in over 85% of cases and successful detection of 95% of emission hotspots [50,51,52,53].



Besides vehicle movement dynamics, reliable pollutant emissions must include accurate data on traffic flow structure. Bosch ESTM requires an input of vehicle composition via emission class distribution for different types of fuel and EURO class standards. For this research, we analyzed official data on registered vehicles in Bosnia and Herzegovina in 2021 [54]. Only passenger cars registered in the Sarajevo area (administrative unit Sarajevo Canton) were considered. The total number of analyzed vehicles was 136,204. The average age of these vehicles was 13.5 years, while only 1.56% of vehicles were less than a year old. Diesel vehicles, with a 75% share, dominated regarding fuel type. At the same time, the number of registered electric vehicles was only 0.02%, while the total number of hybrid vehicles, regardless of age, was 0.36%. These numbers can hardly be compared with more developed countries because the average share of zero-emission vehicles (battery electric vehicles and hydrogen vehicles) in the total number of newly registered vehicles in EU countries in 2019 was 5.6%. In Norway, that share was even 54.3% [4]. The data on the high average age of vehicles, the significant ratio of lower EURO classes, and the negligible number of vehicles powered by alternative modes are the main reason for high pollution emissions from traffic in Bosnia and Herzegovina. Figure 11 shows the composition of analyzed vehicles according to fuel type and EURO emission standard directly applied in Bosch ESTM for emission assessment.



Each microsimulation model was simulated with different seed numbers ten times to obtain reliable average results. Simulation time was 4200 s, with the initial 600 s of the warm-up period.



In addition to the analysis of geometrical configuration impact on emission level, the traffic microsimulation allowed us to test different scenarios, changing traffic flow composition and observing the impact of that change on the emissions. For the models of existing intersections, two scenarios were created. In the first scenario, a different share of zero-emission vehicles (5–20%) replaced an identical percentage of vehicles with the lowest EURO standard. In the second scenario, the total traffic volume was reduced by 10 and 20%, maintaining the existing traffic flow composition. Results from all simulations were used to compare the impact of different traffic and geometric measures on emissions and to propose, in the end, an optimal solution.





4. Results and Discussion


The results of the total CO2, NOx, PM, and CO emissions and fuel consumption for the existing layout of intersections and all alternative solutions are shown in Figure 12. The highest emission level was recorded at intersections with the highest traffic demand (i.e., Intersections 1, 2, and 3). The existing two-lane roundabouts are generally a much less favorable solution in terms of emissions compared to signalized intersections and turbo roundabouts, except in the case of Intersection 3, where the turbo roundabout is the worst solution. The results for the first three intersections and highest traffic volumes show that signalized intersections generate 50–53% fewer emissions (depending on pollutant type) for Intersection 1, 12–15% for Intersection 2, and 30–39% for Intersection 3. At the same time, the turbo roundabout at the first and second location represents the best solution, reducing emission levels up to 55% (Intersection 1) and 31% (Intersection 2). At Intersection 3, the turbo roundabout causes 16–24% higher emissions and fuel consumption than the existing two-lane roundabout. Although the turbo roundabout, in most scenarios for the other intersections, proved to be a better, or at least equal, solution to the signalized intersection, at Intersection 3, its poor performance can be attributed to the distribution of traffic movements. As we emphasized earlier, at this intersection, vehicles from the three busiest entries take the same one-lane exit, causing vehicles to stop inside the roundabout and at the adjacent entrance. This is why a signalized intersection is a better solution than any type of roundabout at this location. The obtained results confirm the claims from previous studies that two-lane roundabouts generate higher emissions than other types of intersections in the case of saturated flow. Given that there is no control of vehicles entering the intersection, nor their equal distribution as in turbo roundabouts, vehicles in a two-lane roundabout remain trapped, with new vehicles entering very slowly and in a constant start and stop mode, contributing significantly to the high emission level. In the case of Intersection 2, despite the lower traffic demand compared to Intersections 1 and 3, vehicles also remain trapped in the roundabout due to the adjacent signalized intersection because the regulation method of one intersection directly impacts the operational characteristics of another intersection type.



In unsaturated traffic conditions, such as at Intersections 4 and 5, the results show an almost identical emission level for all intersection types. At signalized Intersection 4, the current emission level is slightly lower than at the two-lane roundabout (2–8%, except for CO2) and turbo roundabout (5–8%). A similar trend can also be observed at yield-controlled Intersection 5, where the existing layout is the best solution, while the signalized intersection is the worst. However, the differences between variants are much smaller than in the case of the first three intersections. At Intersection 6, the total emission level is higher than at Intersections 4 and 5, and lower than at Intersections 1 and 3, which is in line with the traffic demand. All three geometrical variants have an almost equal impact on the emissions, with mutual differences in the range of 1–3%.



The presented results correspond to the average delay and the total number of vehicle stops. Therefore, at all analyzed intersections, the highest emission level was recorded in the variants with the most stops and the highest average delay and saturation level. A similar conclusion can be found in some previous research indicating that, on multi-lane roundabouts with high demand, vehicles often move in a queue, with many stops and restarts [27,55,56,57]. For this reason, their construction is only recommended when the conditions of continuous flow are met, i.e., when the saturation level is less than 0.85 [27,58]. Furthermore, the application of turbo roundabouts, as a modification of the classic two-lane roundabout, is not recommended for a total traffic volume greater than 4500 veh/h [27,59] or more than 1000 veh/h per lane [34].



Figure 13 shows the CO2 emission map for the existing and alternative layouts at location 3. In the same way, all emission results, as well as fuel consumption and average speeds on all models, were displayed, but they are not presented in this paper. The difference in emissions is clearly visible between different layouts of the same intersection. The approach with the most vehicles, which remains blocked at the entrance due to the adjacent one-lane exit, is the most responsible for the high emissions in the case of two-lane and turbo roundabouts. This problem has been successfully overcome at a signalized intersection. The highest emissions occur in smaller zones in front of the intersection, where vehicles only occasionally stop due to a red traffic light.



The simulation results showed that the influence of zero-emission vehicles is almost the same for all existing intersections. The emission level decreases from 20% for CO2 and fuel consumption to 29% for NOx and 45% for particulate matter. By increasing the share of these vehicles in the overall traffic flow structure, the emission level decreased almost linearly.



On the other hand, the impact of reducing the vehicle volume is different for all existing intersections. This scenario caused the most significant reduction of emission levels and fuel consumption at Intersections 1, 2, and 3, which also showed the highest emission levels in actual conditions. The emission at these intersections is lower by 40% on average for the case of 20% less traffic demand. However, the influence is less pronounced at Intersections 4, 5, and 6, where emissions are reduced by 22% on average.



Figure 12 and Table 3 indicate that for saturated traffic flow (Intersections 1, 2, and 3), geometric modification leads to fewer emissions of most pollutants (except PM for Intersections 2 and 3 and CO for Intersection 2) to a greater extent than the traffic flow with 20% zero-emission vehicles. At intersections where unsaturated conditions prevail (Intersections 4, 5, and 6), only 5% of zero-emission vehicles outweigh the effect of any geometrical change of existing intersections.



At Intersections 1, 2, and 3, the effect of vehicle volume reduction by 20% on CO2, NOx and CO emission, and fuel consumption is higher than the effect of a zero-emission vehicle. For the same pollutants, the emission reduction is almost the same in both scenarios at Intersections 4, 5, and 6. PM reduction for all intersections is the largest with a high share of zero-emission vehicles.




5. Conclusions


Air pollution represents one of the most complex problems of humanity. Traffic contributes significantly to this by emitting a large number of harmful gases. The impact of traffic on pollution can be analyzed at different levels, and accordingly, different measures for its reduction can be proposed. This paper’s primary objective was to present the impact of intersection type on the emission level through the analysis of existing intersections and microsimulation models of their alternative solutions. The research focuses on intersections, which, in urban environments, due to changes in driving dynamics, usually represent emission hotspots.



The results show that by an appropriate geometrical change of the intersection, in conditions of saturated traffic flow or of several intersections at a short distance, the total emission level of various pollutants can be reduced by more than 50%. Such conditions were at three analyzed two-lane roundabouts, the replacement of which with a signalized intersection or a turbo roundabout achieves a significantly more favorable situation in terms of emissions. While our results indicate that the application of a signalized intersection for saturated traffic conditions is always a better solution than a two-lane roundabout, the positive effect of a turbo roundabout largely depends on its type and the distribution of traffic movements.



In unsaturated traffic conditions, the research results showed minimal differences between different types of intersections regarding emissions. However, even in these situations, a signalized intersection was a better solution at two of the three remaining analyzed locations.



Besides the influence of the intersection geometry, the impact of two alternative traffic policies on emission reduction was also assessed. In the first scenario, traffic flow was partially replaced with the same percentage of zero-emission vehicles, while total vehicle volume was reduced in the second. In saturated traffic conditions, the impacts of both scenarios were smaller than the impact of the geometry change. Comparing these two scenarios, the benefit of a reduced volume was generally more significant than the share of zero-emission vehicles. For unsaturated conditions, the situation was the opposite, so these two scenarios result in a significantly greater emission reduction than geometry’s influence. Their impact is almost the same for all pollutants except particulate matter emissions, which are the lowest in a scenario with zero-emission vehicles.



In future research on intersection type, it is necessary to analyze the influence of pedestrians and cyclists on emissions. Given that no built turbo roundabouts were available for this analysis, it is necessary to investigate them in detail under actual conditions and for different traffic volumes. This paper determines pollutant emissions based on the maximum traffic demand, while future research may also include an analysis of a longer period, because the total daily emission at different intersections may differ from the results in the peak period.
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Figure 1. Research steps. 
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Figure 2. Geographical location of the analyzed intersections in Sarajevo, Bosnia and Herzegovina. Note: 1 to 6—intersection ID (Table 1). 
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Figure 3. The existing layout of the analyzed intersections. (a) Intersection 1; (b) Intersection 2; (c) Intersection 3; (d) Intersection 4; (e) Intersection 5; (f) Intersection 6. 
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Figure 4. The process of data collection and video processing. 
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Figure 5. Cumulative probability distribution of the desired speeds for analyzed intersections. 
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Figure 6. Acceleration and deceleration functions for analyzed intersections. 
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Figure 7. Measured, calibrated, and default values of speeds and accelerations for Intersection 2: (a) speed; (b) acceleration/deceleration; (c) cumulative probability distribution of the acceleration/deceleration. 
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Figure 8. Microsimulation models of Intersection 1 (left) and Intersection 2 (right). 
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Figure 9. Microsimulation models of Intersection 3 (left) and Intersection 4 (right). 
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Figure 10. Microsimulation models of Intersection 5 (left) and Intersection 6 (right). 
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Figure 11. Structure of registered vehicles in the Sarajevo region [54]. 
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Figure 12. Emission results for all analyzed intersections. Note: TLR—two-lane roundabout, S—signalized, TR—turbo roundabout, UNS—unsignalized (two-way yield-controlled). 
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Figure 13. CO2 emission map for Intersection 3; (a) existing layout; (b) signalized intersection; (c) turbo roundabout. 






Figure 13. CO2 emission map for Intersection 3; (a) existing layout; (b) signalized intersection; (c) turbo roundabout.
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Table 1. Basic information about the analyzed intersections.






Table 1. Basic information about the analyzed intersections.





	Intersection ID
	Type
	Latitude Position
	Longitude Position
	Inscribed Circle Diameter (m)
	Central Island Circle Diameter (m)
	Vehicle Count (veh/h)





	1
	Two-lane roundabout
	43.836032
	18.343790
	46.70
	30.00
	3321



	2
	Two-lane roundabout
	43.853831
	18.364815
	42.40
	26.00
	1839



	3
	Two-lane roundabout
	43.857741
	18.391305
	36.30
	20.20
	2888



	4
	Signalized
	43.850920
	18.393635
	n/a
	n/a
	1720



	5
	Two-way yield-controlled
	43.853913
	18.378102
	n/a
	n/a
	1384



	6
	Signalized
	43.840160
	18.348958
	n/a
	n/a
	2270
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Table 2. Chi-square error (X2) for default and calibrated values.






Table 2. Chi-square error (X2) for default and calibrated values.





	
Intersection

	
Speed

	
Acceleration




	
Default

	
Calibrated

	
Default

	
Calibrated






	
1

	
0.1089

	
0.0501

	
0.4367

	
0.0744




	
2

	
0.9288

	
0.0220

	
2.3717

	
0.1101




	
3

	
0.0817

	
0.0383

	
0.1496

	
0.0900




	
4

	
0.4669

	
0.1730

	
0.5821

	
0.0556




	
5

	
3.9600

	
0.1937

	
0.5623

	
0.0932




	
6

	
0.2829

	
0.0355

	
0.7195

	
0.0644
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Table 3. Reduction (%) of emission levels in the case of alternative traffic policy scenarios.






Table 3. Reduction (%) of emission levels in the case of alternative traffic policy scenarios.





	
Emission

	
CO₂

	
NOx




	
Alternative Policy

	
Zero-Emission

Vehicles (%)

	
Reduction of Traffic Load (%)

	
Zero-Emission

Vehicles (%)

	
Reduction of Traffic Load (%)






	
Intersection

	
5

	
10

	
15

	
20

	
10

	
20

	
5

	
10

	
15

	
20

	
10

	
20




	
1

	
3

	
8

	
12

	
17

	
25

	
41

	
3

	
11

	
18

	
25

	
21

	
37




	
2

	
4

	
9

	
13

	
18

	
21

	
40

	
7

	
12

	
19

	
26

	
19

	
37




	
3

	
1

	
5

	
10

	
15

	
32

	
45

	
2

	
8

	
16

	
24

	
28

	
41




	
4

	
7

	
11

	
16

	
21

	
13

	
21

	
9

	
13

	
20

	
29

	
12

	
21




	
5

	
5

	
10

	
15

	
20

	
10

	
20

	
8

	
12

	
20

	
28

	
10

	
20




	
6

	
5

	
10

	
15

	
20

	
13

	
23

	
7

	
12

	
19

	
29

	
12

	
23




	
Emission

	
PM

	
CO




	
Alternative Policy

	
Zero-Emission

Vehicles (%)

	
Reduction of Traffic Load (%)

	
Zero-Emission

Vehicles (%)

	
Reduction of Traffic Load (%)




	
Intersection

	
5

	
10

	
15

	
20

	
10

	
20

	
5

	
10

	
15

	
20

	
10

	
20




	
1

	
18

	
25

	
33

	
43

	
21

	
37

	
12

	
17

	
24

	
29

	
20

	
35




	
2

	
20

	
25

	
34

	
43

	
20

	
36

	
12

	
20

	
26

	
31

	
17

	
37




	
3

	
16

	
22

	
32

	
41

	
30

	
42

	
11

	
16

	
20

	
27

	
25

	
37




	
4

	
21

	
26

	
35

	
45

	
12

	
21

	
11

	
20

	
25

	
25

	
13

	
21




	
5

	
22

	
25

	
35

	
45

	
10

	
21

	
11

	
21

	
23

	
25

	
10

	
18




	
6

	
20

	
25

	
34

	
45

	
13

	
23

	
9

	
19

	
23

	
25

	
14

	
24




	
Fuel Consumption




	
Alternative Policy

	
Zero-Emission Vehicles (%)

	
Reduction of Traffic Load (%)




	
Intersection

	
5

	
10

	
15

	
20

	
10

	
20




	
1

	
3

	
8

	
12

	
17

	
25

	
41




	
2

	
4

	
9

	
13

	
18

	
21

	
40




	
3

	
1

	
5

	
10

	
15

	
32

	
45




	
4

	
7

	
11

	
16

	
21

	
13

	
21




	
5

	
5

	
10

	
15

	
20

	
10

	
20




	
6

	
5

	
10

	
15

	
20

	
13

	
23
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