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SUMMARY  

To alleviate the increasing pressure brought by road transport on urban traffic system, development of 

the public transport has been emphasized a lot in many places. Especially the development of bus 

priority has become the guiding ideology of urban transportation development (Ye & Ma, 2013). Among 

different bus priority measures implemented around the world, the dedicated bus lane is one of the most 

effective, convenient and cost-efficient approaches to realize the bus priority by providing buses with 

road rights, especially an exclusive lane, over private traffic. Although the bus lane system succeeds in 

significantly improving the performance of bus services, enhancing public transit attractiveness and 

further encouraging transport participants to switch from passenger cars to public transport, the concern 

about the overemphasis on the public transport and its excessive occupation of road resources has been 

rising in recent years (Anderson & Geroliminis, 2020; Princeton & Cohen, 2011; Xie et al., 2012). 

Therefore, an appropriate discussion on the opening degree of the bus lane, namely the balance between 

private and public transport, has been performed in this research with the main research question:  

How to evaluate the bus lane policy based on data from different sources through simulation 

methodology?  

In this regard, an evaluation of the bus lane policies was defined as the research objective and the 

research goals were summarized as: establishing an integrated framework coupling several models; 

evaluating the bus lane policy alternatives from multiple perspectives; finding a more competitive 

scenario that improves the private traffic performance while maintains the current bus service 

performance. 

In order to identify appropriate simulation tools, a thorough literature review has been performed 

regarding three different types of simulation models: traffic flow simulation, vehicle emission 

simulation, and air quality simulation. Not only the state-of-the-art of each simulation theory was 

reviewed but also the experiences from other studies about the integration of simulation models were 

summarized. Most microscopic traffic flow models were usually coupled with instantaneous emission 

models, but the trend changed when the air quality simulation was included in the integration that 

researchers preferred to use average-speed emission models and near-source dispersion models but no 

preference was shown in terms of traffic flow simulation. Based on the exploration on the existing 

studies and the research goals, selection standards of simulation models have been determined: firstly, 

the simulation tools should be open-source and can provide the necessary functions to achieve an 

accurate simulation; secondly, the selected tools could reflect the characteristics of the study case; finally, 

the correlation between selected models should be significant and reliable so that they can be integrated. 

Thus, research gaps regarding lack of diversity in bus lane policies; insufficient adoption of data; limited 

expansion based on instantaneous emission models; and lack of framework analysis have been identified. 

With a strong theoretical basis and clear guidelines, an open-source architecture that couples three 

models: a microscopic traffic simulator (SUMO), a Dutch instantaneous emission model (VERSIT+) 

and a pollutant concentration simulator (GRAL) was presented as the principle research methodology. 

The integrated modelling framework was set up based on data from both external data sources and 

internal simulated results. The former one included multiple sources for each simulation model: network 

configuration, traffic demand (of public and private transport) for traffic simulation, emission class and 

emission factor of Dutch vehicles for vehicle emission simulation, and meteorological parameters (wind 

speed and wind direction) and infrastructure design parameters (roadside buildings and vegetations) for 

air quality modelling. The latter one acted as the key components to link three models that total driven 

mileage imported information of traffic modelling to vehicle emission modelling, and emission source 

intensity used outputs of traffic and vehicle emission modelling to generate input for air quality 

modelling. As the main contribution of this research, the integration system successfully connected three 

simulation models from different fields based on a reliable data flow through microscopic simulation 

methodology. 

After mapping out the appropriate simulation flow, a case area was selected to study the current bus lane 

policy and its influence on urban traffic, vehicle emissions, and roadside air quality. As a critical urban 
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arterial in the Eindhoven urban area, the Veldmaarschalk Montgomerylaan street and its neighbouring 

blocks which account for around 2.2 square kilometres were chosen. The road connected the city centre 

with the Woensel area and bore a traffic volume of thousands of passenger cars per day. There were 

seven bus lines (i.e., line 2, 3, 9, 322, 400, 405, 406) and five bus stops on the road, and hundreds of bus 

trips passed through the road every day. The traffic situations in this small area have been simulated 

from 06:30 to 19:00 on a typical weekday, covering peak and daytime off-peak hours. At the same time 

vehicle emissions were calculated on those streets where vehicles passed, and the air quality 

computation was performed at two road segments (street canyons) and one intersection on the 

Veldmaarschalk Montgomerylaan street. Generally speaking, under the current bus lane policy, the 

traffic flow did not fluctuate much before evening peak but experienced a dramatic increase around 18 

oôclock, which brought the corresponding lowest average speed. Although the computed vehicle 

emissions could not show the variation in time series, the simulated emission results have indicated that 

the Veldmaarschalk Montgomerylaan street suffered more vehicle pollution than other roads. 

Furthermore, the roadside air quality of the Veldmaarschalk Montgomerylaan street was represented by 

the distribution of pollutant CO concentrations and implied that the air quality in the intersection area 

was better than that of the two street canyons and the closer to the city centre, the more polluted the 

streets would be. Moreover, the simulation results based on the current bus lane policy have been 

validated by actual situations from the perspectives of bus operating deviation time and monitored air 

quality. With the successful adoption of the integrated modelling framework, the baseline scenario in 

the selected modelling domain with high spatial resolution under the current bus lane policy has been 

set up. 

Different traffic management scenarios have been distinguished and compared with the introduction of 

the dynamic bus lane (DBL) and adaptive traffic light (ATL) strategies to discuss the necessity of the 

current bus lane policy. Both strategies were developed from the traffic simulation perspective and were 

implemented through modifying parameters in SUMO. The first strategy, dynamic bus lane, was 

designed to change the accessibility of the dedicated bus lane to passenger cars by allowing them to 

drive on the lanes during specific periods of a day. It was therefore able to change the route choices of 

passenger car drivers. Moreover, the second strategy, adaptive traffic light, aimed to improve the 

efficiency of vehicles to pass through the intersections by considering the traffic volume in different 

directions. The DBL strategy has explored the potential of road capacity while the ATL system was 

used as a compensation measure to mitigate the impact of additional vehicles on buses. The simulation 

results of the baseline scenario, as well as other five designed scenarios were then reviewed and 

compared from two perspectives: (a) traffic situations and (b) vehicle emission and air quality situations: 

the traffic situations about the traffic volume and average speed in time series of the whole road network, 

and also the private and public transport performance on the Veldmaarschalk Montgomerylaan road 

have been extracted and investigated under each scenario. Furthermore, the vehicle emissions and air 

quality in selected modelling domains on the Veldmaarschalk Montgomerylaan road were presented as 

supplementary evidence. For the selected urban road network, the scenario which allowed private traffic 

to access the bus lane during off-peak hours and employed the adaptive traffic light system was the most 

feasible schema which found a balanced resource allocation point between public and private transport 

and improved the traffic flow performance and air quality. The findings of the research also proved that 

the dedicated bus lane policy was not suitable for every area. By repeating the established simulation 

flow under different traffic management scenarios, it has also been proved that the integrated framework 

permitted the prediction of changes in urban traffic, vehicle emissions, and air quality. 

To summarize, this thesis started with a daily phenomenon of inefficient use of bus lanes and attempted 

to debate the necessity of completely separating buses and cars under the current bus lane policy. This 

goal was achieved by setting up an evaluation framework based on the microscopic simulation 

methodology, and review and comparison of alternative bus lane policies. With the findings of the thesis, 

it can be conclusively stated that before implementing public transport priority measures (the dedicated 

bus lane), a careful analysis must be carried out.  
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ABSTRACT 

The impact of public transport priority measures, especially the dedicated bus lane, on urban traffic is 

an increasing topic of interest. This paper contributed to discuss the necessity of the dedicated bus lane 

on an urban arterial. In order to comprehensively evaluate the current bus lane policy, three different 

perspectives, namely traffic flow, vehicle emission, and air quality, were identified. Correspondingly, 

three microscopic simulators (SUMO, VERSIT+, and GRAL) were chosen. Based on the reliable data 

flow and efficient data preparation, an integrated modelling framework was introduced which can 

generate various measurement indices such as traffic volume comparison, bus deviation time, street 

vehicle emissions, and pollutant concentration distributions. Afterwards, an urban road in Eindhoven, 

the Netherlands, that includes the dedicated bus lane was selected to set up the baseline scenario. Bus 

trips and car trips were simulated from 06:30 to 19:00 on a typical weekday, as well as the corresponding 

vehicle emissions and air quality. Furthermore, by changing the accessibility of the bus lane to private 

vehicles and setting up the adaptive traffic lights, in total five possible bus lane policy alternatives were 

created and analyzed. By comparing the performance from different perspectives under each scenario, 

a significant improvement regarding the traffic performance and matching vehicle emissions and air 

quality in the modelling domain was found when the bus lane was set as a dynamic bus lane and the 

adaptive traffic light system was employed. 

 

Keywords: Dynamic bus lane, Adaptive traffic light, Microscopic simulation methodology, SUMO, 

Urban traffic, Vehicle emission, Air quality 
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 RESEARCH ON THE NECESSITY OF BUS LANE POLICY 

1.1 BACKGROUND 

With the worldwide deepening of urbanization, road transport in urban areas is facing increasing 

pressure, which has caused not only the traffic congestions but also brought an adverse impact on the 

environment.  

Due to these reasons, public transport has been emphasized a lot with the expectation to alleviate and 

reverse both adverse trends. Among the public transport planning measures, the development of bus 

priority has become the guiding ideology of urban transportation development (Ye & Ma, 2013). A 

considerable number of different bus priority schemes have been implemented in many urban areas 

around the world to enhance bus attractiveness and improve its competitiveness over private traffic 

(Shalaby, 1999). Basically, these traffic management measures, including bus gates, transit malls, 

dedicated bus lanes, priority signals, and etc., aim to offer priority treatment to the movement of public 

transport, especially buses through the road network. (Alam et al., 2014; Ben-Dor et al., 2018; KIM, 

2003).  

Among these schemas, the dedicated bus lane is one of the most effective, convenient and cost-efficient 

approaches to realise the bus priority (KIM, 2003; Ye & Ma, 2013). By providing buses with road rights, 

especially a dedicated lane, over private traffic, the bus lane system can significantly improve the 

performance of bus services and enhance transit attractiveness while encouraging transport participants 

to switch from passenger cars to public transport. Consequently, the performance of the region traffic 

system can be improved by reducing travel times, improving traffic efficiency, relieving urban 

congestions, and reducing vehicle emissions (Ben-Dor et al., 2018; Y. Chen et al., 2016; Xu et al., 2013). 

However, every coin has two sides and so does the public transport system. Many researchers have 

pointed out that the excessive investment of road resources in public transport can cause a series of 

problems. Princeton & Cohen (2011) found in their case that the operation of dedicated bus lane on an 

urban motorway could not achieve its goal, i.e., reducing travel times for taxis and buses, which was 

caused by the fact that these vehicles still entered in pre-existing congestions on the dedicated lane. Xie 

et al., (2012) argued that dedicated bus lanes have certain limitations because the lane reduction limits 

the available capacity for the general traffic and turned to the dynamic lane allocation strategy which 

was called bus lanes with intermittent priorities (BLIPs) to improve bus transit. Anderson & Geroliminis 

(2020) stressed that complete separation of buses and cars may not be necessary particularly when the 

frequency of buses is not high and mixed traffic operation can work reasonably well until the road 

becomes congested. 

In other words, circumstances exist where buses would take up too much road space but underutilize it 

in some regions of low bus frequencies, which is also seen in the study area on the bus lane of 

Veldmaarschalk Montgomerylaan road in Eindhoven. Therefore, an appropriate discussion on the 

opening degree of the bus lane, namely the balance between private and public transport, is conducted 

in this research, aiming to provide buses with the benefits of the current bus lane policy while reducing 

its intrusion on private traffic resources. Moreover, the research goals can be summarized as: 

¶ Establish an integrated framework coupling several models; 

¶ Evaluate the bus lane policy alternatives from multiple perspectives; 

¶ Find a more competitive scenario that improves the private traffic performance while maintains 

the current bus service performance. 

Based on the discussion above, the research object is defined as the evaluation on the bus lane policies, 

while the impact of these traffic management schemas on the traffic performance as well as the ambient 

environment will be measured and compared. In addition, to mitigate the deteriorating effect by 

introducing additional vehicles in the bus lane, one public transport priority measure, priority signal, 

will be adopted as a compensation measure. 
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1.2 RESEARCH QUESTION 

The balance between public transport and private traffic, especially the overemphasis on the priority of 

public transport, has attracted a lot of interests, which brings the main research question in this research:  

How to evaluate the bus lane policy based on data from different sources through simulation 

methodology? 

Following sub questions are proposed to answer the main question::  

1. From what perspectives can the impact of the bus lane policy be evaluated? What simulators 

are present in the market that are suitable for the research? 

2. How to establish an integrated framework based on the selected simulation models? 

3. What available data sources are suitable to be used, and how can the data be prepared? 

4. What is the situation under the current bus lane policy in the simulation environment? 

5. Is there any suitable alternative policy can be established in the microscopic simulation, and 

what are the impacts of these alternatives compared with the current bus lane policy? 

Content-wise, the study will be constructed by answering these questions. Namely, the literature review 

can answer the first sub-question to lay the theoretical foundation and indicate the proper simulation 

tools. Next, aiming at the second question, the methodology chapter gives the description of the general 

approach of the research and focuses on explaining the way of coupling simulation models based on the 

integrated modelling framework. For the third sub-question, the process of data preparation will be 

discussed thoroughly to find suitable data sources. Afterwards, to answer the fourth question, the 

established framework will be put into practice to set up the baseline scenario after designating the study 

area. The fifth  question can only be answered by conducting a scenario analysis which considers five 

additional traffic management scenarios to predict the changes in traffic flow, vehicle emissions, and air 

quality. Finally, the concluding chapter will be given to answer the main research question by 

summarizing all the sub-questions. 

By fulfilling the questions, the main contributions of the paper include: 

¶ An integrated framework for coupling microscopic traffic model, vehicle emission model, and 

air quality model is generated. It identifies multiple external data sources for each simulator and 

includes equations for computing total driven mileage (including vehicle count and street length) 

and emission source intensity (consists of average emission rate and emission modulation 

factors). The framework connects three models to simulate different traffic behaviours in the 

network and corresponding vehicle emissions and air quality. 

¶ For a small urban traffic network, different traffic scenarios (based on the combination of the 

dynamic bus lane and adaptive traffic light strategies) are distinguished and compared. The 

traffic situations about the traffic volume and average speed with time series in the whole study 

area and also the private and public transport performance on the Veldmaarschalk 

Montgomerylaan road are extracted and investigated under each scenario. Furthermore, the air 

quality in selected modelling domains on the Veldmaarschalk Montgomerylaan road is 

presented as supplementary evidence. 

1.3 READING GUIDE 

The remainder of the thesis is organised as follows: Chapter 2 (literature review) starts from the 

methodology perspective to describe the state-of-the-art traffic flow modelling, vehicle emission 

modelling, and a necessary extension, air quality modelling. In addition, the current research progress 

of the integration of the simulation models is discussed and the research gaps are summarized. In order 

to clarify the key components of the thesis, Chapter 3 (methodology) illustrates the general approach of 

the thesis and explains the integrated framework which couples all simulation models and generates 

various measurement indices. Chapter 4 (data preparation) points out the appropriate external data 

sources for each simulation model. By designating a study area, Chapter 5 (case study) explains the 
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detailed process of implementing the integrated framework and generating simulation results to set up 

the baseline scenario. With the successful implementation of the framework, five additional scenarios 

are simulated in Chapter 6 (scenario analysis) based on the dynamic bus lane and adaptive traffic light 

strategies. Lastly, the conclusions and discussions are presented in Chapter 7. The flow chart below 

indicates the research process.  

Literature Review
[Research Question 1]

Data Preparation 
[Research Question 3]

Case Study 
[Research Question 4]

Scenario Analysis 
[Research Question 5]

NO

Research on traffic flow 
modelling

Research on vehicle emission 
modelling

Research on air quality 
modelling

Vehicle emission modelling (VERSIT+)Microscopic traffic modelling (SUMO)

Application of integrated framework

Road network data; 
Traffic demand data; 

Additional data

Total driven mileage;
Emission class;
Emission factor

Framework validation

Simulated results

Scenario development

YES

OpenStreetMap;
Albatross; 

Bus schedules

Air quality modelling (GRAL)

Emission source intensity; 
Meteorological parameter;

Infrastructure design 
parameter

Traffic modelling output; 
VERSIT database

Traffic & emission modelling output;
KNMI database;
3D BAG database

Research on integration of 
simulation models

Result analysis

Introduction

Conclusion & Discussion 
[Main Research Question]

Dynamic bus lane
Adaptive traffic light

Methodology
[Research Question 2]

General approach Integrated modelling framework Measurement indices

 
Figure 1 The research process. 

  



 

5 | P a g e 

 

 Chapter 2 Literature Review 

 

 

 

 

 

Chapter 2 Literature Review 

 
This chapter introduces the state-of-the-art of modelling traffic flow, vehicle emission and air 

quality separately and the integration of these simulation models. Section 2.1 paves the 

background for traffic modelling theories, including classification of traffic simulation models, 

the introduction of two microscopic modelling tools (VISSIM and SUMO) and the fundamental 

theories for traffic modelling. Next, section 2.2 elaborates the detail of vehicle emission models 

and emphasizes on the HBEFA and VERSIT+ model. The theory of another crucial expansion, 

air quality modelling, is introduced in section 2.3 with a brief introduction on its classification 

and one open-source model, GRAL. After establishing the basic concepts of traffic, emission 

and air quality modelling, section 2.4 first gives a review of relevant research on coupling traffic 

and emission simulation models; and then includes the air quality modelling into the integration 

framework; followed by emphasizing the importance of introducing external data sources 

(meteorological data and infrastructure design parameters) based on the experience from other 

projects. Next, section 2.5 summarizes the research gaps based on the discussions above. Lastly, 

a conclusion part is given to discuss the findings from the literature research. 

¶ 2.1 Traffic Flow Modelling 

¶ 2.2 Vehicle Emission Modelling 

¶ 2.3 Air Quality Modelling 

¶ 2.4 Integration of Simulation Models 

¶ 2.5 Research Gaps 

¶ 2.6 Conclusion 
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2.1 TRAFFIC FLOW MODELLING 

2.1.1 Classification of Traffic Modelling 

Based on the level of detail, traffic modelling can be categorized as microscopic, mesoscopic, and 

macroscopic (Jamshidnejad et al., 2017) (see Table 1).  

Table 1 Characteristics of different traffic models (adapted from Pinto et al., 2020). 

Category Level of detail Representation of traffic Traffic flow variables Examples  

Macroscopic  Low Traffic flow Aggregated METANET, NFD 

Mesoscopic  Medium  Driver-vehicle entity Aggregated DTA Lite, VISUM 

Microscopic  High Driver-vehicle entity Individual SUMO, VISSIM 

When the traffic simulation can present more details and take into the consideration of the behaviour of 

each individual vehicle in the simulated network, it is classified as microscopic traffic model (see 

examples in Chen et al., 2016; Lopez et al., 2018; Ma et al., 2014; Osorio & Nanduri, 2015; Samaras et 

al., 2018; Ye & Ma, 2013). In microscopic models, each driver-vehicle entity is treated and simulated 

explicitly, and each retains all attributes of simulated movement (e.g., vehicle trajectories, speed profile) 

modelled by the system.  

On the other hand, traffic flows can be modelled macroscopically from an aggregated point of view 

based on a hydrodynamic analogy by regarding traffic flows as a particular fluid process whose state is 

characterized by aggregate macroscopic variables: density, volume, and speed (Barceló, 2010). The 

macroscopic traffic models usually depict the average behaviour of the traffic flow without describing 

the dynamics of individual vehicle in the traffic network (see examples in Bandeira et al., 2011; 

Nejadkoorki et al., 2008; Sider et al., 2013; Zegeye et al., 2013). This kind of models, contrary to 

microscopic simulations, usually show the spatial and temporal evolution of the aggregated traffic flow 

through a given road network. With this regard, the traffic flow is considered as fluid, which means 

vehicles are usually neglected at the individual level and for variables such as counts (Pinto et al., 2020). 

Due to the low level of detail, macroscopic simulations have low flexibility but a computational 

advantage in terms of the running speed. 

Furthermore, efforts are made to choose and combine some characteristics of the above two models, and 

thus the level of detail for a mesoscopic traffic model is less than a microscopic model and greater than 

a macroscopic model (see examples in Borrego et al., 2004; Jamshidnejad et al., 2017; Lin et al., 2011; 

Zhou et al., 2015). In this kind of models, vehicles can either be grouped (into platoons) or either 

emulated individually and their behaviour rules in both situations are specified in the form of probability 

distribution functions of the flow/capacity relationship (Pinto et al., 2020). The mesoscopic traffic 

analysis is designed to focus more on the constitutes of traffic streams. It seeks to explain the spatial and 

temporal behaviour of vehicles based on the traffic flow dispersion theory. 

Due to different level of detail contained by each kind of model, Zegeye et al., (2013) pointed that one 

thing that needs to be thought twice before choosing among traffic simulation models is the trade-off 

between simulation speeds and the accuracy of estimated traffic states (or traffic phenomena).  

However, three main advantages were proposed by Krajzewicz et al., (2016) of using microscopic 

simulation methods over macroscopic ones when benchmarking environmental measures by simulation 

methods: first, microscopic simulations contain greater detail of road layout and infrastructure unit 

representations; second, microscopic models have the possibility of distinguishing different types of 

vehicles. Combined with lane restrictions, it allows regulating the priority of specific vehicle types; the 

third and probably the most important advantage is the availability of acceleration and speed profiles of 

simulated vehicles for all simulation steps within microscopic simulations. Therefore, traffic flow 

modelling using microscopic approach can include and generate more information which can act as the 

input for other simulation models. 

In the field of traffic planning, great value and potential of microscopic traffic simulation have been 

seen in traffic safety analysis (see reference by Archer & Young, 2010; So et al., 2015) and public 

transport priority studies. It is noteworthy that evaluating public transport priority studies by 
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microscopic traffic simulation increasingly attracted the attention of academia in recent years. That is, 

modelling the impact of public transport on other traffic participants or the other way around to evaluate 

public transport priority measures. Papageorgiou et al., (2009) assessed many dedicated bus lane priority 

scenarios via the microscopic simulation model (VISSIM) in terms of the effect on the traffic network 

considering congestion and travel times; Zyryanov & Mironchuk (2012) adopted AIMSUN simulation 

tool intending to know the advantages and limitations of intermittent bus lanes at different volume of 

background traffic and bus signal priority; Y. Chen et al., (2016) took the Beijing southwest third ring 

expressway, for example and built the microscopic simulation model by Paramics to evaluate the 

performance of bus lanes on this specific transport infrastructure. 

2.1.2 Microscopic Traffic Simulation Tools 

Microscopic traffic simulation models have been known since the 1950s (Lighthill, F.R.S., & Whitham, 

1955), which has been developed as a tool accepted by both academia and commercial users so far. 

Many microscopic simulation models have been built up at varying levels of complexity and network 

size, and most of them can support the different transportation modes, including road vehicles, bicycles, 

public transport, pedestrians, and more. In this section, two chosen microscopic simulation tools, 

VISSIM and SUMO, are discussed as follows: 

VISSIM 

VISSIM is a microscopic, discrete, behaviour-based multi-purpose traffic simulation to analyze and 

optimize motorway traffic as well as urban traffic operations. It generates trajectories for each vehicle 

within a specified link, the sequence of links or sub-network and therefore offers the possibility of 

estimating traffic flows from a microscopic perspective.  

VISSIM has a long history since it was developed based on a psycho-physical car-following model 

presented by Wiedemann (1974). The basic idea of the Wiedemann model is the assumption that a driver 

can be in one of four driving modes: free driving, approaching, following and braking (Fellendorf & 

Vortisch, 2001). Since then, it has been improved and expanded step by step and is deployed in over 

2,500 cities worldwide and has already become the standard for traffic simulation in many countries 

(PTV Group, n.d.-b). Nowadays, about one-third of the users are within consultancies and industry, one-

third within public agencies, and the remaining third is applied at academic institutions for teaching and 

research (Fellendorf & Vortisch, 2010). 

In the VISSIM simulation, the position of each vehicle usually is recalculated and recorded every 0.1-

1s. The system can be used to investigate private and public transport as well as pedestrian trajectories. 

In addition, it can also estimate vehicles transit under the effects of traffic restrictions like traffic lights, 

traffic composition and public transport stops (Quaassdorff et al., 2016). Prominent examples developed 

by other researchers, using VISSIM include corridor studies on the influence of access traffic on the 

operational efficiencies of public transport lanes and the main road (Ye & Ma, 2013); studies on truck 

platooning on other vehicles in terms of traffic efficiency and safety (Kuijpers, 2017); analysis on the 

energy efficiency of electric vehicles considering the impact of external variables (Donkers, 2019). 

VISSIM does include several characteristics which make it the most popular microscopic traffic 

simulation tool (PTV Group, n.d.-a): first of all, it can give a realistic and detailed overview of the traffic 

status with the possibilities to define multiple what-if scenarios; secondly, due to its timely upgrades, it 

is now flexible and can be seamlessly coupled with other PTV Traffic Suite (for example VISUM) and 

also other external applications; thirdly, it has been adopted in practice and proved as valid by many 

academic researchers and commercial users. Besides, it can also provide animation capabilities in 3D 

simulation to show the simulated results more vividly (Choa, Milam, & Stanek, 2003). 

SUMO 

As a simulation informatic tool, Simulation of Urban MObility (Eclipse SUMO) is a free, open-source, 

highly portable, microscopic road traffic simulation package designed to handle large road networks 

since 2001 (German Aerospace Center (DLR), 2019c, 2019h). Since the creation, SUMO has evolved 

into a full-featured package of traffic modelling utilities, including a road network importer capable of 
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reading different source formats, demand generation and routing utilities, which use a wide variety of 

input sources (traffic networks, origin-destination matrices, traffic counts, traffic light plans, and more) 

(Krajzewicz et al., 2012). 

SUMO offers various features such as microscopic traffic simulation; multimodal simulation (including 

road vehicles, public transport, pedestrians); automatic generation of time schedules of traffic lights; 

evaluation of eco-aware routing based on pollutant emission and investigations of autonomous route 

choice on the overall network (Behrisch et al., 2011).  

Moreover, with an extension called Traffic Control Interface (TraCI), SUMO as a network simulator 

can act as a server which is interlinked by a client (German Aerospace Center (DLR), 2020f). It permits 

us to control the behaviour of the simulated object, such as pedestrians, vehicles, traffic lights, and etc. 

during the simulation period, and consequently to better understand the influence of any changes on 

traffic patterns. More details on the application of TraCI can be found in the scenario analysis chapter. 

Because of the versatility  of SUMO, it has been used for answering a large variety of research questions 

that fall into these topics: vehicular communication, route choice and dynamic navigation, traffic light 

algorithms, evaluation of surveillance systems (Krajzewicz et al., 2012). For example, testing and 

optimizing the effectiveness of environmental zones or traffic light control algorithms in a simulation 

before being deployed in the real world (German Aerospace Center (DLR), 2019c); providing a 

simulation framework which makes it possible to investigate the impacts on V2X communication 

strategies and reroute vehicles over bus lanes using V2X communication (Bieker & Krajzewicz, 2011).  

Morenz (2007) pointed out that the main drawback of SUMO is the lack of model flexibility, i.e., it is 

not possible to dynamically adapt the traffic flows in a simulation at that time. However, two advantages 

are identified: first, it is an open-source software and available under the GNU general public license 

(GPL), giving the full access to the source code and allowing for compensating the missing features; 

second, all input and output files in SUMO are in a well-documented XML format, making the data 

human-readable and allowing for the possibility of reproducing by other programs. 

2.1.3 Traffic Modelling Fundamentals 

After having the basic idea of traffic simulation models, the fundamental theories of these models have 

to be explained thoroughly since the traffic simulation will be the foundation of the whole research. Two 

categories of fundamental core models, namely the driving behaviour model and the demand generation 

model, are presented as follows: 

2.1.3.1 Driving Behaviour Models 

Driving behaviour models capture driversô tactical manoeuvring decisions in different traffic conditions 

(Toledo, 2007). These models adopt mathematical tools to depict the vehiclesô trajectories in a two-

dimension way and are therefore essential to traffic simulation methods. The driving behaviour model 

can be categorized as the acceleration model and lane-changing model which explain vehiclesô 

longitudinal movement and lateral movement through the road network, respectively. 

Acceleration Model 

According to Toledo (2007), acceleration models can be briefly defined as car-following models and 

general acceleration models. The difference between them is if the simulated vehicles are closely 

following their leaders (the car in front). The primary principle in the acceleration model is to prevent 

vehicle collisions: the car driver would keep a safety gap with the vehicle ahead, and his/her speed is 

therefore determined by the vehicle in front.  

Lane-changing Model 

Similar to the acceleration model, the lane-changing model also uses the collision-free principle that 

lane changes only occur if the gap on the aimed lane is big enough for the vehicle to safely swap lanes 

(Morenz, 2007). The lane-changing model usually consists of two steps: the lane-selection process, i.e., 

the decision to consider a lane change and the lane choice, and the decision to execute the lane change 
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(Toledo, 2007). Drivers are assumed only to make lane changes when driving in another lane can bring 

advantages (i.e., the front vehicle is too slow, and the speed limit is not yet reached).  

2.1.3.2 Demand Generation Models 

With the concept of modelling the trajectory of one vehicle, it is time to consider further modelling route 

choices made by a group of vehicles within a specific geographic scale. In this section, two fundamental 

traffic demand generation models are introduced: 

Origin-Destination Matrix Model 

Origin-destination (O/D) matrices are usually used in modelling large-scale areas, which gives the 

information about the number of vehicles that leave an ñoriginò traffic analysis zone (TAZ) for travelling 

to a ñdestinationò TAZ (Krajzewicz et al., 2016). O/D matrices are often built based on the four-step 

modelling approach (McNally, 2008). In brief, this approach starts with the estimated number of daily 

trips based on statistics to compute the participantsô routes using specific algorithms given their trip 

purposes and traffic model choice. The result is then a collection of predicted route choices made by 

traffic participants in a specific area, including the origin TAZ, destination TAZ, and transportation 

mode within a predefined amount of time. 

Agent-based Model 

Another approach for modelling the traffic demand is called the agent-based or activity-based demand 

model. Different from modelling the aggregate population for each TAZ in O/D matrix model, in the 

agent-based model, every agent is modelled individually being described by a set of attributes and keeps 

a record of its trip including necessary information of behaviours, such as lane changing or gap 

acceptance (Krajzewicz et al., 2016; Nagy & Simon, 2018). The traffic participants are characterized by 

their gender, age, income, car ownership, driving license holding, employment status, and more, which 

promises the model to be intrinsically sensitive to a large number of factors. To summarize, agent-based 

models give insights of individual agentsô behaviour and how the agents interact with each other 

considering different built environment conditions. 

2.2 VEHICLE EMISSION MODELLING 

2.2.1 Classification of Vehicle Emission Modelling 

Vehicle emission models are mostly developed based on laboratory and on-road measurements. These 

model generally takes into account four types of inputs (Huang & Ma, 2009): 

¶ Vehicle technology specifications such as vehicle type, length and fuel type (gasoline or diesel), 

and etc.; 

¶ Vehicle status such as vehicle age; 

¶ Vehicle operating conditions, such as engine speed, physical speed, acceleration and others; 

¶ External environment conditions, such as temperature and road geometric conditions. 

They are designed to provide the estimate of vehicle emissions in a traffic network based on the 

operating conditions of vehicles (Zegeye et al., 2013). Regardless of the specific implementation 

adopted by different models, they all aim to provide appropriate Emission Factors (EFs), i.e., empirical 

functional relations between vehicle emissions and the activity that causes them, for further calculations 

(Franco et al., 2013). 

Similar to traffic flow models, vehicle emission models can also be categorized based on the used 

modelling approaches. Smit et al., (2010) proposed a detailed classification framework according to the 

incorporated driving behaviour as well as the required input variables: (a) average-speed models, where 

EFs are a function of the mean travelling speed, including COPERT, MOBILE, EMFAC, and etc.; (b) 

traffic-situation models, where EFs are determined by description of a particular traffic situations (e.g., 

óstop-and-go-drivingô, ófree-flow motorway drivingô), including  HBEFA, ARTEMIS, and etc.; (c) 

traffic-variable model, where EFs are defined by traffic flow variables such as average speed, traffic 

density, queue length and signal settings, including TEE, Matzoros, and etc.; (d) cycle-variable models, 
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where EFs are a function of various driving cycle variables (e.g., idle time, average speed, positive 

kinetic energy) at high resolution (seconds to minutes), including MEASURE, VERSIT+, and etc.; (e) 

modal models, where EFs are produced via engine or vehicle operating models at the highest resolution 

(one to several seconds), including PHEM, CMEM, and etc. In summary, these models range from those 

which only require average travelling speed or use particular traffic situations (i.e., qualitative 

description of driving conditions) to predict emissions, to those which ask for various driving cycle 

variables at high resolution, like instantaneous data on speed, acceleration and road gradient, to generate 

detailed emission data based on complex driving profile. 

Therefore, one simplified categorization scheme is introduced by Csikós & Varga (2012) and Fontes et 

al., (2015) (see Table 2). The former group of researchers came up with the idea of separating emission 

models into macroscopic and microscopic models, and the latter group divided emission models into 

instantaneous and average-speed models. These two classifications on emission models are similar 

because microscopic models use detailed traffic data (e.g., speed, acceleration or vehicle trajectories) to 

estimate instantaneous emission rates of individual vehicles (e.g., PHEM, CMEM, VERSIT+). In 

contrast macroscopic models (COPERT, MOBILE, HBEFA) adopt aggregated traffic variables (trip-

based average speed or a description of the traffic situation) for a large-scale estimation during a given 

period. 

Table 2 Characteristics of different vehicle emission models. 

Category Input Examples  

Average-speed  Aggregated traffic variables COPERT, MOBILE, HBEFA 

Instantaneous Vehicle operating conditions PHEM, CMEM, VERSIT+ 

Average-speed models are more coarse than instantaneous models and compared with the instantaneous 

emission models, they are easier to be used and allow for faster emission computations. Zegeye et al., 

(2013) explained that because the input for instantaneous models is the operating condition of individual 

vehicles, the computation time required is proportional to the number of vehicles. However, speaking 

of the average-speed model, the situation has changed, and their input is the average operating conditions 

of a group of vehicles. Hence, the computation time required by the average-speed model is much less. 

However, one drawback of average-speed models is that they cannot capture the vehicle emission caused 

by the speed variation of the traffic because they only take the average velocity as inputs (Zegeye et al., 

2013) while this is the main strength of instantaneous models over average-speed models. 

2.2.2 Vehicle Emission Modelling Tools 

In order to fully consider different types of vehicle emission models, two different tools are discussed 

in this section. As pointed by the review research of Smit et al., (2010), five emission models are 

validated by researchers frequently, namely MOBILE, COPERT, HBEFA, EMFAC and ARTEMIS, 

among which, HBEFA has been proven to be able to cooperate with SUMO reasonably (Krajzewicz et 

al., 2014), and it is therefore chosen to be discussed. VERSIT+, contrary to HBEFA, is an instantaneous 

emission model which will be elaborated as well.  

HBEFA 

The Handbook of Emission Factors for Road Transport (HBEFA) is a database application that provides 

emission factors for all relevant vehicle categories in road transport (passenger cars, light-duty vehicle, 

high-duty vehicles, urban buses, coaches and motorcycles) (Notter et al., 2019). The first version 

(HBEFA 1.1) was published in December 1995, an update (HBEFA 1.2) followed in January 1999. 

Version HBEFA 2.1 was available in February 2004, HBEFA 3.1 followed in Jan. 2010, HBEFA 3.2 

dates from July 2014, HBEFA 3.3 was released in April 2017. The current version HBEFA 4.1 dates 

from August 2019 (iNFRAS, 2019). It was initially  developed on behalf of the Environmental Protection 

Agencies of Germany, Switzerland and Austria. Afterwards, other countries (Sweden, Norway and 

France), as well as the JRC (Joint Research Centre of the European Commission) also came to support 

the development of HBEFA (Sun et al., 2014).  

HBEFA provides emission factors, i.e., the specific emission in g/km for all current vehicle categories, 

each divided into different size classes and for a wide variety of traffic situations (Sun et al., 2014). 
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HBEFA is mostly meant for use at finer geographical scales (down to street levels), needs a more-in-

depth knowledge of traffic details and is mostly used in the DACH-NL-S European countries (Germany, 

Austria, Switzerland, Netherlands and Sweden) (Franco et al., 2012). 

HBEFA usually estimates traffic emissions in three large blocks, namely hot emissions, cold-start and 

warming-up effects and evaporation emissions (Franco et al., 2012). Total emission is calculated as the 

combination of vehicle fleet and activity data selected by the user and emission factors calculated by the 

model. Several examples are found in the literature research process where HBEFA has been widely 

used for various purposes. Sun et al., (2014) succeed in adapting HBEFA to the local traffic situations 

in China and have developed a bottom-up emission model for urban transport for several Chinese cities, 

which facilitates a reliable estimation of fuel consumption and CO2 emissions of urban road transport. 

Kickhöfer (2016) described a tool which calculates warm and cold start exhaust emissions for private 

cars and freight vehicles by linking the MATSim simulation output to the detailed HBEFA database. 

Samaras et al., (2018) used the HBEFA model to reproduce the results as a validation part for their 

research. 

The HBEFA method has gradually earned popularity among the academia. There must be several 

reasons behind it: one of the advantages of HBEFA is that it is particularly suitable for city traffic 

simulation as it provides emission factors for different road types (such as expressways, trunk roads or 

branch roads) and different levels of traffic situations (such as free-flow or stop-and-go traffic) as well 

as for different vehicle categories and sizes (Sun et al., 2014). Secondly, HBEFA itself is adaptable for 

different situations, like the successful case implemented in China mentioned above, it can be partly 

customized and is applicable for various simulation situations. Furthermore, HBEFA is not only an 

emission factors database but also a toolbox for calculating vehicle emissions at various geographical 

levels. 

VERSIT+ 

To predict traffic emissions in the Netherlands, the Netherlands Organisation for Applied Scientific 

Research (TNO) has developed VERSIT based on vehicle type, velocity and acceleration from 1987 

(Smit et al., 2007). The model initially  predicted vehicle emissions as a function of propulsion energy 

using Euro test emissions data (Van Helden, 1994). Due to the need for greater predictive accuracy and 

versatility, Smit, Smokers, & Schoen (2005) has designed VERSIT + LD model (VERSIT + light-duty) 

which aims to imitate traffic stream emissions for light-duty vehicles in any particular traffic situation. 

Since then, VERSIT+ has been refined continuously, and it is capable of providing vehicle emission 

prediction for other types of vehicles (Geilenkirchen et al., 2020).  

The VERSIT+ model includes two main parts: VERSIT class (emission class) and emission factors. The 

first component describes the vehicle categories based on several factors such as vehicle type, fuel type, 

environment-class, and more In total, more than 200 VERSIT classes have been defined in the VERSIT+ 

model (Klein et al., 2019); the second part is the most important result of this model that since 2005, 

TNO uses the VERSIT+ emission model to calculate the emission factors per VERSIT class and road 

type for NOx, NO2, PM10, PM2.5, VOC (HC), NH3 and CO (Geilenkirchen et al., 2020).  

With VERSIT+, emission factors can be calculated for different transport situations and scale levels. 

The following formula is used to determine the emission factors per vehicle class and road type: 

ὉάὭίίὭέὲ ὊὥὧὸέὶὄὃὛύὄὃὛύzὃὋὉύρ ὖὉὙὅὧzὄὃὛὧzὃὋὉὧ ς ρ 

Where 

BASw - emissions per vehicle kilometre travelled for a hot engine, excluding the effect of 

ageing; 

AGEw - the effect of ageing on ñhot drivingò, depending on the year of use; 

PERCc - the average number of cold starts per kilometre travelled; 

BASc - total extra emissions caused by driving with a cold engine; 
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AGEc - the effect of ageing on the extra emissions caused by ñcold startò, depending on the 

year of use. 

Similar to the HBEFA model, these parameters all represent effects of different emission factors, BASw 

quantifies the hot engine basic emission factors, BASc and PERCc represent the production of cold-start 

emissions, AGEw and AGEc serve as the impact of vehicle ageing.  

Additionally, from 2014 on almost all emission factors for road vehicles are determined in on-road 

testing and monitoring conducted by TNO. The analysis of the measurement data determines if 

systematic effects, for cold start and other conditions are found, and need to be corrected for 

(Geilenkirchen et al., 2020), which ensures the validity and accuracy of the adopted emission factors. 

Several projects are found that they did the vehicle emission forecast with the help of VERSIT+. 

Madireddy et al., (2011) deployed VERSIT+ in an integrated model to calculate the instantaneous CO2 

and NOx emission of each vehicle and measure the effects of two traffic management measures in the 

chosen area of Antwerp, Belgium. Quaassdorff et al., (2016) combined VERSIT+ with VISSIM to 

evaluate the exhaust pollution, specifically NOx and PM10, from traffic flows based on twelve different 

scenarios in a high-density urban area of Madrid, Spain. The calculated results, especially emission 

factors, were compared to those obtained with COPERT (mesoscale model previously evaluated for the 

Madrid area). Their results indicate that the emission factors calculated by VERSIT+ and COPERT are 

in a reasonable agreement that VERSIT+ emissions range between -6% and 31% compared to COPERT 

results, and present a mean normalized bias error of 14% (taking COPERT as a reference). 

In conclusion, VERSIT+ model is based on data that includes a large number of emission measures 

covering a range of distinctive speed-time profiles and uses a large sample of Dutch vehicles that reflect 

the actual fleet composition (Smit et al., 2007). The large test sample used by VERSIT+ model happens 

to be the most significant advantage over other models (Trachet et al., 2010), which considers the 

complex driving behaviour of modern Dutch vehicles. According to the way it works, it can be expected 

that speed-based emissions can be precisely predicted while the emissions that depend strongly on 

engine dynamics can most probably not be forecasted accurately. 

2.3 AIR QUALITY MODELLING 

As increasing attention is paid to the publicôs health, air pollution, especially in the domain of road 

transport, has been emphasized more and more by academia with the aim of explaining the impact on 

transportation participants. However, air quality modelling is a complex science and the models can be 

very computationally intensive (Forehead & Huynh, 2018). It is therefore not sufficient to understand 

the vehicle-induced emissions and the related air pollution problem in urban areas with two models 

introduced in the previous sections.  

For this purpose, there is a growing trend to link the air quality model with the traffic and emission 

models. Traffic simulation models, vehicle emission models and air quality models that are initially 

developed and evolved separately are now applied in one framework, to first characterize the traffic 

flows, and then to quantify the emission amounts, and finally to evaluate the air quality in the ambient 

area by the distribution of pollutant concentrations. Air quality models, mainly dispersion models, aim 

at using mathematical equations to simulate the dispersion process of the pollutants emitted by stationary 

(such as power plants, oil refineries, industrial facilities, and factories) and mobile pollution sources 

(such as cars, buses, planes, trucks, and trains). Consequently, it can describe the atmospheric transport 

process and chemical and physical transformation processes, and calculate pollutants concentrations and 

deposition fluxes between the point(s) of emissions and the receptor location(s) at various locations and 

times (Fallah Shorshani et al., 2015; Holmes & Morawska, 2006). 

Within the scope of this study, the research object is limited to the air pollution caused by road traffic 

consisting of motor vehicles, which accounts for a signigicant part of mobile pollution sources. The 

addition of the air quality model, therefore, could help to understand the distribution of traffic pollutant 

concentrations in the urban environment to characterize the nature of risk to other traffic participants 

(mainly pedestrians and cyclists) and residents in the chosen area (Misra et al., 2013). 
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The major input data for the air quality model is usually spatially-distributed and temporally-resolved 

emissions provided by the emission model, meteorological inputs (i.e., wind, turbulence, pressure, 

temperature, relative humidity, solar radiation, cloud cover), and background concentrations, source 

emissions, physiographic data (i.e., building configuration, street geometry), and more It is also useful 

to have input data from the traffic model for dispersion models that account for vehicle-induced 

turbulence (VIT) (Lim et al., 2005). As for the output, the air quality model usually generates 

concentrations and atmospheric deposition fluxes along the model trajectories or near sources at 

specified receptor locations to visualize certain pollutant dispersion process (see Figure 2). 

 
Figure 2 Example output from air quality models - NOx concentration map (Retrieved from Misra et al., 2013). 

2.3.1 Classification of Air Quality Modelling 

Similar to traffic flow and vehicle emission modelling, in order to better clarify the differences between 

air quality models, and the development of air quality models, several classification theories can be 

found in the literature: 

One popular scheme proposed by Zannetti (1990) was to classify the air quality models based on their 

scales, and they can be categorized as near-field (<1 km), short-range (<10 km), intermediate transport 

(10-100 km), long-range (>100 km), and global effects. The scale has also been simplified by (Tiwary 

& Colls, 2010) as macroscale (measured in more than 100 kilometres and days), mesoscale (measured 

in 10-100 km and hours), and microscale (measured in less than 1 km and minutes). 

According to adopted computational approaches, Holmes & Morawska (2006) proposed another 

mainstream classification that categorizes most air quality models into Box models, Gaussian models, 

Lagrangian/Eulerian models, Computational Fluid Dynamics models and models which include aerosol 

dynamics. Based on previous works, Fallah Shorshani et al., (2015) gave a refined classification 

approach which has only three categories: Chemical Transport Models (CTM), Near-source dispersion 

models and CFD models. However, this framework overlaps with the former one a lot: CTM models 

compose of Lagrangian models, Eulerian models and part of Plume-in-Grid models, Near-source 

dispersion models composed of part of Plume-in-Grid models, Gaussian models and Street-canyon 
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models and CFD models are more independent in both two classification frameworks. See the summary 

in Table 3. 

Table 3 Characteristics of different air quality models (adapted from Fallah Shorshani et al., 2015). 

Category Inputs Solution methods 
Application 

domain 
Examples  

Chemical 

Transport 

Models 

(CTM)  

meteorological data, initial 

and boundary concentrations, 

emissions, physiographic data 

Lagrangian models; 

Eulerian models; Part of 

Plume-in-Grid models 

urban to 

global (from 1 

km to several 

hundred km) 

VADIS, 

QUIC,  

Micro-Swift-

Spray, GRAL 

Near-source 

Dispersion 

Models  

local meteorological data, 

background concentrations, 

source emissions, 

physiographic data 

Gaussian models; 

Street-canyon models; 

Part of Plume-in-Grid 

models 

local impacts 

(up to 50 km) 

AERMOD, 

CALPUFF, 

URBAIR, 

STACKS 

Computational 

Fluid 

Dynamics 

(CFD) 

emissions, physiographic 

data, initial and boundary 

conditions for meteorology 

and concentrations 

Direct Numerical 

Simulation (DNS); 

Large-Eddy Simulation 

(LES); 

Reynolds-Average 

Navier-Stokes (RANS)  

complex 

environment, 

local scale (up 

to 10 km) 

PHOENICS, 

Fluidity, 

ENVI-met 

Another method to classify pollutant concentration models is using the employed deterministic methods, 

and according to this, models can be defined as mathematics-based, statistic-based, and physics-based 

modelling (Khare & Sharma, 2002).  

In this research, the classification proposed by Fallah Shorshani et al., (2015) is chosen. Near-source 

dispersion models use the parameterization approach to represent the transport and dispersion of 

pollutants from one or a selected number of sources (Fallah Shorshani et al., 2015). This type of models 

are composed of Gaussian models which consist of plume and puff approaches. Plume approaches 

assume steady-state conditions while puff approaches simulate instantaneous releases in a changing 

environment and are computationally more demanding (Forehead & Huynh, 2018). Usually, a 

combination of plume and puff methods could give a more accurate result (Fallah Shorshani et al., 2015).  

Computational Fluid Dynamics (CFD) models had emerged since the 1990s when the continuous 

increase of hardware capabilities and the optimization of numerical methods occurred. As an accurate 

tool for simulating fluid flow, chemical species dispersion and reaction and heat transfer, and offering 

the possibility to generate unstructured meshes on the local scale, CFD models are appropriate for small 

scale urban areas because of its sophisticated process (Vardoulakis et al., 2003). Moreover, there has 

been an increasing popularity of CFD models such as PHOENICS and FLUIDITY over the conventional 

Gaussian-type dispersion models recently (Forehead & Huynh, 2018). The reason is that a CFD 

emission model can show more details like eddies generated by cross-streets and increased 

concentrations of pollutants in the lower leeward sides of street canyons (Mumovic et al., 2006). 

The last type of air quality models, Chemical Transport Models (CTM), mainly contains Lagrangian 

models and Eulerian models. In short, they can reflect changes in concentration caused by mean fluid 

velocity, wind turbulence, and molecular diffusion (Holmes & Morawska, 2006). With the consideration 

of homogeneous properties volume (air pollutant concentrations, meteorological variables),  CTM 

models study the flow of those variables through a 3D gridded mesh, i.e., grid cells (Fallah Shorshani 

et al., 2015). In this category, a specific model has to be introduced, i.e., the GRAL simulation model. 

2.3.2 GRAL 

The Graz Lagrangian model (GRAL) which was initially developed in 1999 by the Institute for Internal 

Combustion Engines and Thermodynamics of TU Graz, has been used extensively in regulatory 

assessments and scientific studies (TU Graz, 2020). The model was developed with an initial aim of 

dealing with the meteorological conditions in the inner-Alpine basins of Austria. 

Over the years of development, the functions of GRAL have been extended dramatically and the current 

version of the model is able to compute the results such as: 
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¶ dispersion of chemically non-reactive pollutants; 

¶ dry and wet (only in transient mode) deposition and sedimentation; 

¶ dispersion from road tunnel portals; 

¶ dispersion over the full range of wind speeds without any lower threshold, and for all stability 

conditions; 

¶ dispersion in built-up areas, including building downwash effects; 

¶ dispersion of stack emissions, taking temperature and exit velocity into account; 

¶ dispersion in complex terrain, allowing for the effects of buildings; 

¶ decay rates (e.g., bacteria die off, radioactive decay) 

¶ flow and dispersion within vegetation layers. 

All in all, the main function of the GRAL dispersion model is still calculating the distribution of particle 

concentrations in the defined modelling area. In most cases, particle concentrations are computed by 

using equations below: 

ὅ
ά ȟ

ὨὠϽὝ
Ὠὸ ς ς 

Where  

mp is the mass of one particle defined by the total emissions per time unit within the model 

domain divided by the total number of released particles per time unit; 

R is the total number of integration steps; 

dV is the volume of one cell. 

The total number of released particles per time unit is defined by: 

ὔ
Ὕ ϽὨὲ

Ὠὸ
ς σ 

Where 

 dn/dt is the user-specified released particles per second; 

Tges is the averaging time for the concentration computation defined by the user (usually 1800 s 

or 3600 s). 

Based on equation [2-3], GRAL is able to provide two options for time series computation: steady-state 

(standard) mode and transient mode. More details can be referred to the GRAL documentation (Öttl, 

2020). 

In brief, GRAL is an open microscale Lagrangian particle model with a Graphic User Interface (GUI) 

available in both Linux and Windows systems. It can be employed in both flat and complex terrain as 

well as the built-up area. The scale of the model ranges from streets (e.g., street canyons) to city-scale 

which may up to several dozens of kilometres. Moreover, at all scales the effects of buildings, vegetation 

and topography (e.g., cold air drainage flows) on dispersion can be considered by GRAL.  

It should be noted that one drawback of the GRAL model is it is not possible to include chemical 

reactions (TU Graz, 2020). The conversion of NO to NO2 for example, cannot be computed under the 

default settings. 

2.4 INTEGRATION OF SIMULATION MODELS 

2.4.1 Integration of Traffic and Vehicle Emission Models 

With the purpose of calculating the road-side exhaust pollution, vehicle emission prediction would be a 

multiple-step process. Usually, vehicle emission models could provide applicable Emission Factors (EFs) 
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which can express the mass of pollutant emitted per unit distance (g·km-1), time (g·s-1) or mass of fuel 

burned (g·kg-1). After generating EFs from the first step, detailed emission prediction from traffic is 

estimated by multiplying EFs with corresponding activity data which follows the units like vehicle 

kilometres travelled (VKT) or total time spent in particular driving conditions (e.g., idling) (Smit et al., 

2010). 

However, based on the level of detail of the emission prediction approaches, the required output from 

the traffic simulation varies a lot: on one hand, for average-speed based models, traffic flow attributes 

like vehicle population, mileage, speed, ambient temperature, road grade, and more are required for a 

specific area/region. On the other hand, Cen et al., (2016) argued that modelling vehicle emissions from 

the instantaneous perspective is an elaborated process, as it entails not only traffic flow characteristics, 

but also vehicle parameters (e.g., weight, drag coefficient) and the corresponding emission standards of 

the technology (such as EURO III, IV, and V). Therefore, average-speed vehicle emission models are 

in principle used with macroscopic traffic flow models, and instantaneous emission models are usually 

coupled with microscopic traffic flow models (Zegeye et al., 2013) 

Table 4 listed the most relevant studies coupling traffic flow with vehicle emission modelling. As the 

table indicates, most researchers combined microscopic traffic flow modelling tools and instantaneous 

emission modelling tools to investigate the environmental influence brought by traffic flow in the case 

studies (see examples in Abou-Senna & Radwan, 2013; Csikós & Varga, 2012; Hirschmann et al., 2010; 

Madireddy et al., 2011). Only a few studies were conducted using the integrated toolbox built based on 

macroscopic or mesoscopic traffic modelling and average-speed based emission modelling. 
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Table 4 Review of relevant studies on the integration of traffic flow and vehicle emission models. 

Reference 

Traffic Flow Models Vehicle Emission Models 

Metrics Country  
Macroscopic Mesoscopic Microscopic Instantaneous 

Average-

speed 

Abou-Senna et 

al., (2013) 
  VISSIM MOVES  

CO, CO2, 

NOx, PM2.5, 

PM10 

USA 

Ahn (1998)   INTEGRATION 

Non-linear multiple regression 

models
1
, neural network 

models 

 CO, HC, NOx USA 

Bartin et al., 

(2007) 
  Paramics  Mobile 6.2 

CO, HC, NOx, 

PM10 
USA 

Chen  et al., 

(2007) 
  VISSIM CMEM  CO, HC, NOx China 

Csikós et al., 

(2015) 
NFD   VERSIT+micro  CO Hungary 

Csikós et al., 

(2012) 
  VISSIM VERSIT+micro  

CO, CO2, 

PM10, NOx 
Hungary 

Fontes et al., 

(2015) 
  VISSIM VSP 

EMEP/ 

EEA 

CO, HC, NOx, 

PM 
Portugal 

Hirschmann et 

al., (2010) 
  VISSIM PHEM  

CO, HC, NO, 

NO2, PM, PN 
Austria 

Hülsmann et al., 

(2011) 
  MATSim  HBEFA NOx Germany 

Int Panis et al., 

(2006) 
  DRACULA 

Non-linear multiple 

regression
2
 

 
CO2, NOx, 

PM, VOC 
Belgium 

Jamshidnejad et 

al., (2017) 
S-model   VT-micro  CO, HC, NOx Netherlands 

Krajzewicz et al., 

(2016) 
  SUMO PHEMlight HBEFA NOx Germany 

Lin et al., (2011)  DynusT
3
  MOVES  CO2-eq USA 

Madireddy et al., 

(2011) 
  Paramics VERSIT+  CO2, NOx Belgium 

Quaassdorff et 

al., (2016) 
  VISSIM VERSIT+micro  NOx, PM10 Spain 

Samaras et al., 

(2018) 
  AIMSUN AVL CRUISE  CO2 Italy 

Sider et al., 

(2013) 
VISUM   MOVES  NOx Canada 

Tomàs Vergès, 

(2013) 
  SUMO  HBEFA NO2, PM10 Germany 

Zegeye et al., 

(2013) 
METANET    VT-macro CO, HC, NOx Netherlands 

Zhao et al., 

(2013) 
  Paramics MOVES  CO, NOx USA 

Zhou et al., 

(2015) 
 DTA Lite  MOVES Lite  

CO, CO2, HC, 

NOx 
USA 

Among these popular microscopic traffic simulation models, each traffic simulation model has advanced 

features. As pointed by Kokkinogenis et al., (2011), VISSIM has developed parameters and function 

flexibility, Paramics adapts to use all the distributed machine resource available, AIMSUN provides 

different forms for the extension, SUMO has a flexible architecture. In addition, Hülsmann et al., (2011) 

added that MATSim is originally agent-oriented and consists of an iterative loop, Int Panis et al., (2006) 

illustrated that DRACULA can represent individual vehicle movements through a network and record 

and update individual drivers' experiences and perceptions of the network. Furthermore, Ratrout & 

Rahman, (2009) explained that INTEGRATION is potentially useful for Intelligent Transportation 

System (ITS). 

Apart from using formulated and developed traffic simulation models, another option adopted by some 

researchers is gathering the traffic flow data directly from the reality or test data (e.g., local driving cycle 

tests including accurate GPS data), like the work done by Alam et al., (2014); N. Ligterink et al., (2009); 

Perugu (2019); Rodríguez et al., (2016); Ryu et al., (2015); Sun et al., (2014). These studies are not 

listed in the table above. 

Similar to the situation happened in traffic flow modelling, most analyzed studies tend to use 

instantaneous emission simulation models, like CMEM model by Amirjamshidi et al., (2013); K. Chen 

 
1 The non-linear multiple regression models in this research were established by the author based on the Oak Ridge 

National Laboratory raw data. 
2 This instantaneous emission model was developed based on actual measurements with several instrumented 

vehicles driving in real urban traffic situations (Int Panis et al., 2006).  
3 DynusT (Dynamic Urban Systems in Transportation) is a simulation-based DTA model system. 
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& Yu (2007); Misra et al., (2013); VERSIT+ model by Csikós et al., (2015); Madireddy et al., (2011); 

Quaassdorff et al., (2016); MOVES model by Abou-Senna & Radwan (2013); Lin et al., (2011); Sider 

et al., (2013); Zhao & Sadeka (2013); Zhou et al., (2015). The fact that most popular models are 

categorized as instantaneous models is not a coincidence. Kousoulidou (2011) explained this 

phenomenon as EFs derived from instantaneous data allow for the simulation of vehicle emission for 

any driving pattern and vehicle configuration. Osorio & Nanduri (2015) pointed out the potential reason 

could be that this integration usually considers the following factors: 

(i) detailed vehicle-to-vehicle and vehicle-to-supply interaction; 

(ii)  instantaneous speed and acceleration information; 

(iii)  vehicle-specific attributes (e.g., vehicle type, age). 

Based on the discussion above, microscopic traffic simulation models coupled with instantaneous 

vehicle emission models are able to provide the highest-resolution approach. However, every coin has 

two sides, coupled microscopic traffic-emission models show their disadvantages in the complexity and 

computational efficiency. Due to this, their use is mostly limited to what-if analysis, i.e., to evaluate the 

performance of a pre-determined small set of transportation schemes, rather than to perform 

optimization (Osorio & Nanduri, 2015). 

Nevertheless, many examples of coupling microscopic traffic flow models and instantaneous emission 

models were proposed by previous work (see an integration framework example introduced by Ma et 

al., (2014) in Figure 3).  

Microscopic Traffic Simulator

Vehicle and Traffic Output Information 

Communication Wrapper

Vehicle Information Update

Individual Vehicle Property and Trajectory

Micro-scale Emission Models

Instantaneous Emissions (CO, NOx, HC, PM etc.)

Network

Traffic Demands

Driver Behaviour Parameters

Traffic Control Parameters

Simulation Runs

Client Side

Server Side

 
Figure 3 An integration framework example proposed by Ma et al., (2014). 

Comparing different integration frameworks, the emphasis of different methodological frameworks 

varies depending on their research objects: some highlighted the importance of traffic demand 

generation part, e.g., Krajzewicz et al., (2016); some pointed out the need of complete data for accurate 

estimation, validation as well as adjustment, e.g., Yang et al., (2020); some extended the framework to 

include air quality model, e.g., Dias et al., (2014); Forehead & Huynh, (2018). Considering the research 

goals, air quality model will also be involved as a further adoption to imitate the pollutant dispersion 

process and evaluate the impact of roadside pollutions influenced by different bus lane scenarios on 

potential victims. 
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2.4.2 Integration of Traffic, Vehicle Emission and Air Quality Models 

If the air quality model is considered, the literature on the integration of the three models shows a 

different situation. Table 5 lists a number of studies which discussed the integrated framework of traffic, 

emission and air quality models. From the analyzed studies, researchers tend to use macroscopic and 

microscopic traffic models than mesoscopic models (only two studies used mesoscale models). 

Similarly, this situation also applies to the vehicle emission and air quality models that average-speed 

emission models and near-source dispersion models attracted more attention from the academia (11 out 

of 14 and 8 out of 14 respectively). 

Possible reasons are: for emission modelling average-speed based models require less accurate 

information than instantaneous models, which makes the emission prediction more feasible when there 

is not too much input data; for air quality modelling, near-source dispersion models (mainly Gaussian 

models) have more practical use cases and longer development history (Johnson et al., 1973) compared 

to CFD models (Baskaran & Kashef, 1996); for situations in both modelling theories, although models 

that can provide a high-resolution description of emission prediction or pollution dispersion like 

instantaneous emission models and CFD models, they do require higher computational resources which 

set limitations for application both in academia and industry. 

Table 5 Review of relevant studies on the integration of traffic flow, vehicle emission and air quality models. 

Reference 

Traffic Flow Models Emission Models Air Quality Models  

Metrics Country  
Macroscopic Mesoscopic Microscopic Instantaneous 

Average-

speed 

Near-

source 

dispersion 

CFD CTM  

Amirjamshidi 

et al., (2013) 
  Paramics CMEM  

Gaussian 

plume 

model 

  

CO, 

HC, 

NOx 

Canada 

Bandeira et 

al., (2011) 
TRANUS    TREM  TAPM  

CO, 

PM10 
Portugal 

Borrego et 

al., (2003) 
 VISUM   TREM   VADIS CO Portugal 

Csikós et al., 

(2015) 
METANET    COPERT 

Gaussian 

Plume 

Model 

  

CO, 

HC, 

NOx 

Hungary 

Dias et al., 

(2014) 
  VISSIM  TREM URBAIR   CO Portugal 

Ghermandi et 

al., (2019) 
  

Direct field 

measurement 
 Tier 3   

Micro-

Swift-

Spray 

NOx Italy 

Gulliver et 

al., (2005) 

SATURN 

system 
   

SATURN 

system 

ADMS-

Urban 
  

CO, 

PM10, 

NOx 

UK 

Hatzopoulo 

et al., (2010) 
  TASHA  Mobile6.2C CALPUFF   NOx Canada 

Jeģek et al., 

(2018) 
  

Direct field 

measurement 
 EMISENS 

Simplified 

Gaussian 

Model 

  

Black 

Carbon 

(BC), 

NOx 

Slovenia 

Landolsi et 

al., (2017) 
CTM/DNTM    COPERT 

Line 

Gaussian 

Dispersion 

Model 

  
CO, 

NOx 
Tunisia 

Misra et al., 

(2013) 
  Paramics CMEM  AERMOD  QUIC 

CO, 

NOx 
Canada 

Mumovic et 

al., (2006) 

SATURN 

system 
   EFT 2e  PHOENICS  CO UK 

Woodward et 

al., (2019) 
  VISSIM 

Non-linear 

multiple 

regression
4
 

  Fluidity  NOx UK 

Yang et al., 

(2020) 
 

Smart City 

Model 
  COPERT  ENVI-met  NOx China 

Such a need exists and requires efforts to be made to integrate traffic data into emission models to 

improve air quality modelling results using better traffic flow representations (Pinto et al., 2020). Ideally, 

the traffic data flow starts from external databases to generate travel demands (usually in the form of 

road network contains travel demands at each link) as input for the traffic simulation model, the travel 

activity data (the accuracy depends on the type of simulation models) is then fed to the emission 

prediction model which includes its own emission factors database as an important part of the calculation. 

The calculated mobile source emission is now able to be imported into the pollutant dispersion model 

 
4 The regression equations were developed by Int Panis et al., (2006). 
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which can simulate the diffusion process of vehicle emissions, calculate the specific concentration of 

pollutant and visualize the impact of road transport on the ambient air quality. 

Air Quality

Traffic Emission

Modelling

Flow, behaviour 
and network

Spatial and time 
distribution

Accuracy

Consistent 
emission 
factors

 
Figure 4 Relations between traffic, emission and air quality modelling (retrieved from Pinto et al., 2020). 

Figure 4 describes the relations between the three modelling theories. As mentioned earlier, the most 

difficult decision to be made when choosing a modelling tool is the trade-off between the estimation 

accuracy and the level of detail in model inputs. Higher simulation accuracy normally means a higher 

level of detail in model inputs, which requires more resources to collect and prepare the input data. 

Nevertheless, highly accurate models are complex but are supposed to describe reality more accurately, 

whereas simpler models are usually used in real-time applications such as proactive traffic management 

(Madireddy et al., 2011). Therefore, descriptive and predictive accuracy must be weighed against the 

need for fast simulations.  

Another note from the literature is that there is no such thing as the best or perfect traffic-emission-air 

quality integration model that is suitable for every case. The integration framework has to be adapted to 

aggregate research object, research goal, scientific treatment, adopted approaches, available data, and 

the content and the way to present the final results to decision-makers. In conclusion, the integration of 

these models should aim to help understand the relationship between the sources of pollutant emissions 

(road transport in this study) and their impacts on the ambient air quality. 

2.4.3 Influence of External Data 

It is noted by Huang & Ma (2009) that of the four types of input data in vehicle emission modelling, 

vehicle operating conditions are in principle the most crucial inputs while external environment 

conditions can be introduced as secondary important inputs. The former data is usually retrieved from 

simulated traffic models and the external data means the information obtained from exogenous databases. 

Similar situations also apply to traffic flow modelling and air quality modelling. Two types of exogenous 

parameters often considered by such simulation studies are introduced in this section. 

Influence of Meteorological Data 

Meteorological data in the domain of air pollution usually refers to air temperature, humidity, wind 

direction, and wind speed (Tiwary & Colls, 2010), which has been considered in many emission and air 

quality modelling tools. For instance, Johnson et al., (1973) proposed a relatively simple near-source 

dispersion model for calculating urban carbon monoxide (CO) concentrations as a function of local wind 

direction and speed and the distribution of traffic; when using the dispersion modelling tool, AERMOD, 

Misra et al., (2013) also adopted meteorological data comprising surface and upper-air data for the study 

period and hypothetical weather station location from external sources; Alam et al., (2014) suggest using 

additional inputs of meteorology including temperature (°F) and relative humidity (%) for accurate 

emission rate estimations (g/h) in MOVES; some studies, like the research accomplished by 
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Amirjamshidi et al., (2013), even extended the integration framework further by employing professional 

meteorological model (e.g., AERMET) to obtain wind rose patterns for the investigated period. 

Examples of using meteorological data for emission and air quality modelling can be seen in many 

studies. Possible reasons are: the deeper understanding of pollution dispersion theories; the increase in 

accuracy demands of simulation tools, which makes the further applications possible; the internal 

compatibility of including calculations that account for meteorology in most emission and air quality 

models (Forehead & Huynh, 2018). However, it is noted that meteorological data such as wind velocity 

and direction, temperature, relative humidity, and more, require rigorous validation before being used 

in pollution dispersion models (Pinto et al., 2020; Tiwary & Colls, 2010).  

Influence of Infrastructure Design Data 

Infrastructure design factors vary significantly in terms of research topics. In the domain of traffic-

emission-air quality modelling, it comprises factors like land use, transportation infrastructure, ambient 

building geometry, and more.  

A number of studies have highlighted the substantial influence infrastructure design factors can have on 

traffic-emission-dispersion modelling. Misra et al., (2013) argued that emission prediction models 

should require data such as geographic terrain of the network that may influence vehicle power demand 

and thus vehicle emissions; another important factor is the traffic control measure which can change the 

road design, like bus priority lanes, traffic light, traffic limit, and more. These controls will limit the 

vehicle's driving trajectory and driving speed and therefore affect vehiclesô hot emissions (Alam et al., 

2014; Int Panis et al., 2006; Krajzewicz et al., 2005; Rehimi & Landolsi, 2013; Sentoff et al., 2015; 

Wyatt et al., 2014). One factor influencing the pollutant dispersion process considered by many 

researchers is the height of surrounding buildings in a street canyon. The work done by Aristodemou et 

al., (2018) showed clearly how the building height affects the surrounding air flows and dispersion 

patterns (see Figure 5). 
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Figure 5 The impact of building height on turbulent air flows and pollutant dispersion within a neighbourhood: Left column, 
the iso-surfaces in concentration simulation for Cases 1, 2 and 3, showing how the presence of tall buildings affects pollution 
dispersion within a local neighbourhood. Right column, concentration maps in the horizontal plane (x-y) view for Case 1, 2, 
and 3. The effect of the taller buildings is clearly seen.(retrieved from Aristodemou et al., 2018). 

2.5 RESEARCH GAPS 

After reviewing the current literature on the traffic flow, vehicle emission, and air quality modelling as 

well as the integration of models, several research gaps can be identified: 

First of all, as an important practical application of traffic simulation, public transport priority measures 

have been investigated by many studies, especially those related to bus lane measures (Ben-Dor et al., 

2018; KIM, 2003; Koryagin, 2015; Thamizh Arasan et al., 2010; Xu et al., 2013). However, most 

research listed here only considers the adoption of fixed bus lane policy, which provides room for 

exploring more alternatives. 

Secondly, plenty of research has demonstrated the necessity and feasibility for using external data like 

infrastructure design factors and meteorological data in simulating traffic flows, vehicle emissions and 

pollutant dispersion process. However, most research on simulating dedicated bus lanes does not always 

consider external data sources as a valuable input like studies mentioned in section 2.4.2. Although the 

real traffic flow, emission production and pollution dispersion process can never be simulated as the 

same as the reality, valid external information would help increase the credibility of the research.  

Thirdly, as illustrated in section 2.4.1 and 2.4.2, it can be observed that most analyzed cases are using 

instantaneous emission models in the integration of only traffic and emission models while the trend is 
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changed to the opposite situation that nearly 80% of investigated research adopts average-speed based 

emission models when the air quality model is also included. Such a result can be firstly explained by 

the difficulties to transpose the information from the vehicle, used by the microscopic traffic models, to 

road links, required by the air quality models (Fontes et al., 2015). Secondly, another reason is that much 

additional work in the instantaneous emission modelling is required in order to accurately assess the 

environmental impacts of vehicle emissions. In addition, higher requirements for input data and 

computational resources would be another obstacle for using the instantaneous approach in such a 

framework. Nevertheless, the more accurate the input data for air quality models, the more credible the 

results can be used to assess the human health impacts. Therefore, using instantaneous emission models 

to link road traffic and air quality models, which has not been well addressed in the literature. 

Lastly, all simulation models (traffic, vehicle emission, and air quality) have uncertainties (i.e., 

inevitable errors) that are reflected in the accuracy and results (Pinto et al., 2020), which essentially 

causes the accumulation of errors in the traffic-emission-air quality modelling framework. For instance, 

one of the critical issues in traffic modelling is the travel demand generation in the road network; when 

limitations and uncertainties exist in producing demand, the uncertainties in the travel activities are, 

therefore, propagated to emission rate in the emission modelling and further total amount of pollutants 

in air quality modelling. However, this chain reaction within the framework has not been discussed 

broadly in the literature. 

2.6 CONCLUSION 

As the characteristics of various traffic simulation approach summarized in section 2.1, macroscopic 

traffic modelling tends to use coarser and aggregated variables to describe the traffic flow in a larger 

scope while microscopic methods typically take the attributes of each individual unit into account for 

generating more accurate outputs. Considering the necessity of representing different vehicle types (at 

least passenger vehicles and buses), road configuration and most importantly, road restriction policies, 

microscopic traffic simulation is more suitable for simulating the traffic flows influenced by bus priority 

policies in a micro traffic network. Between the two discussed traffic simulation tools, SUMO, as an 

open-source tool, is less polished compared with the commercial software package VISSIM. However, 

its openness and compatibility also bring more potentials due to its decent cooperation with the TraCI 

controller. Efforts are expected to be made in this research to explore and discuss the potentials of this 

open-source traffic simulation tool. 

The second section mainly elaborated the basic theories of vehicle emission modelling. It started with 

categorising most popular vehicle emission models into average-speed models and instantaneous models. 

The most apparent difference between two types of the model was the granularity of adopted variables 

that the instantaneous model uses detailed traffic activity data to estimate emission rates while the 

average-speed model uses aggregated traffic variables for a large-scale emission estimation during a 

given period. Logically, that the average-speed model consumes fewer computation resources since it 

only considers the average traffic characteristics of the whole flow, but the computation time required 

by the instantaneous model is proportional to the number of vehicles. However, speaking of specific 

emission modelling tools, the required computation resource was only one factor that determines the 

suitable tool.  

On the other hand, the ability to accurately evaluate vehicle emissions in the study area was another 

important factor that needed to be considered. Although HBEFA has been included internally in SUMO 

since the creation of this traffic simulation tool (German Aerospace Center (DLR), 2019d), it mainly 

uses the traffic data measured in Germany, Austria, Switzerland, France, Sweden and Norway to 

generate the emission factor database, concerns exist that emission factors may vary from the actual 

traffic-induced emission rates happened in the Netherlands. In order to reduce the uncertainty of the 

integrated framework essentially, VERSIT+ is more suitable for the experiments carried in this research 

because this model was built based on a reliable database that covers more than 20,000 driving cycles 

and 3,200 different vehicles performed in the Netherlands in a period over twenty years (N. E. Ligterink 

& de Lange, 2009; Trachet et al., 2010).  
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Next, a necessary extension, air quality modelling, was introduced in section 2.3 as a response to the 

increasing emphasis on the publicôs health. As a sufficient tool to describe the atmosphere, dispersion 

and chemical and physical processes at various locations, three classical types of the air quality model, 

namely CTM model, near-source dispersion model and CFD models, were explained. Furthermore, the 

characteristics of one open-source dispersion model, GRAL, was also presented. 

In terms of the integration of simulation models, Zegeye et al., (2013) argued that microscopic traffic 

flow models were usually coupled with instantaneous emission models. From the broad literature 

research, the same conclusion can be drawn from Table 4. Additionally, most researchers preferred to 

combine these two specific types of simulation approaches to investigate the environmental influence 

brought by traffic flows. However, when the air quality modelling was also included in the integration 

framework, researchers were fonder of using average-speed emission models and near-source dispersion 

models instead, but they do not show a preference for any branch traffic flow models (see Table 5). 

Reasons were summarized as follows: average-speed models require less computational resources; near-

source dispersion models have provided more successful use cases. In this regard, the discussion on the 

remaining categories was not enough, namely the instantaneous emission model and CTM dispersion 

model. Thus, the exploration of the other models would be one sub-goal of this research. Besides, 

according to the wide adoption of external data in other projects, additional external information that 

relates to meteorological data and infrastructure design parameters was introduced. 

In the end, the research gaps between the current literature and proposed research goals haven been 

concluded from various perspectives: lack of diversity in bus lane policies; insufficient adoption of data; 

limited expansion based on instantaneous emission models; and lack of framework analysis.  

In conclusion, three types of simulation theories, including traffic flow modelling, emission modelling 

and air quality modelling, and their specific simulation tools were thoroughly discussed in this chapter, 

providing the theoretical support for the following chapters. 
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This chapter aims to illustrate the methodology, including the general approach for the whole 

thesis, the integrated modelling framework based on the selected simulation models and the 

calculation methods of measurement indices. Section 3.1 elaborates the research process 

composed of three main stages to clarify the general approach. Next, the main research 

contribution, the integrated modelling framework based on three simulation models as well as 

the data flow behind it, is illustrated in section 3.2. Lastly, the indicators for evaluating designed 

scenarios, including traffic efficiency index and vehicle emission index, are explained in section 

3.3. 

¶ 3.1 General Approach 

¶ 3.2 Integrated Modelling Framework 

¶ 3.3 Measurement Indices 

¶ 3.4 Conclusion 
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3.1 GENERAL APPROACH 

This section presents the general approach proposed in this study, which involves three stages (see 

Figure 6). In the flow chart, blue boxes indicate the main steps implemented during the research process, 

and white boxes demonstrate the supplementary information about specific steps.  

Data preparation for simulation models

Development of microscopic simulations

Application of integrated framework

Scenario development

Result analysis

Development of integrated framework

Framework validation

Extracting from external data sources

Using SUMO, VERSIT+ and GRAL

Linking models by internal data

Developing scenarios based on dynamic bus lane and 
adaptive traffic light

Comparing scenarios based on modelled traffic 
situation, vehicle emission and air quality results

Setting up the baseline case

Validating by bus schedule and monitored air quality

Stage 1

Stage 2

Stage 3

 
Figure 6 General approach. 

Stage 1: Microscopic simulation modelling. The simulation flow framework, which consists of three 

different microscopic simulation models (SUMO, VERSIT+ and GRAL) is established at first. Data 

from external sources is imported into the simulation to keep it consistent with the microscale. Besides, 

the internally generated data is used to connect three models, which is explained in section 3.2. 

Stage 2: Case study. A microscopic baseline road network based on a real case is simulated by applying 

the integrated framework. The simulated results include the fluctuations of traffic volume and vehicle 

speed with time, vehicle emissions per street as well as the distribution of pollutant concentrations in 

the modelling domains.  Among the range of traffic-induced pollutants, CO is chosen as an example 

indicator since it typically originates from incomplete combustion of carbon fuels, such as that which 

occurs in car engines and power plants. The simulation result is then validated by comparisons with 

actual bus schedules and monitored air quality data, after which the model is adjusted. 

Stage 3: Scenario analysis. After setting up the baseline simulation environment, we zoom into the bus 

lane on the main road, and model the impact of different traffic management schemas that are based on 

two strategies (dynamic bus lane and adaptive traffic light) on urban traffic flow and roadside air quality 

(in this case, refers to CO concentration). The microscopic simulation results in terms of the traffic 

situation, vehicle emission and air quality are used for evaluating the efficiency of various scenarios 

through indices like traffic volume, bus deviation time and street vehicle emissions. The explanations 

on the measurement indices can be found in section 3.3. 
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3.2 INTEGRATED MODELLING FRAMEWORK 

As explained in the general approach, one of the main contributions of this research is an integrated 

modelling framework which connects three simulation models. Besides, the data flow behind the 

integrated system is also important since the framework is established based on external data sources 

and is connected by two important data links.  

In this section, the integrated modelling framework is presented first, and the method of calculating two 

connection datasets are explained in the second part, while the data preparation process based on external 

data sources related to the baseline scenario will be introduced in the next chapter.  

3.2.1 Integrated Framework 

The integrated framework which couples microscopic traffic, vehicle emission and air quality modelling 

can be drawn (see Figure 7). It illustrates the procedure to link the selected simulation models and the 

main data input and output of each model. 

Firstly, information related to the road network configuration, traffic demands, and additional data will 

be collected from different external data sources and used to set up the microscopic traffic simulation 

environment in SUMO. The outputs of this model, including road network and traffic volumes, are 

converted to total driven mileage per street (highlighted in orange in Figure 7). It is then used with the 

combination of emission class and emission factor from the VERSIT+ database as inputs for vehicle 

emission calculation to quantify the street vehicle emissions of the investigated road segments. At last, 

the GRAL model is applied based on the emission source intensity (generated from both traffic and 

vehicle emission modelling results and highlighted in orange in Figure 7) and external environmental 

data (infrastructure design parameters and meteorological parameters), the distribution of pollutant 

concentrations can be then computed to show the roadside air quality in the modelling domains. 

Road network;
Traffic volumes

Microscopic traffic 
model (SUMO)

Emission model 
(VERSIT+)

Air quality model (GRAL)

Street vehicle emissions
Distribution of 

pollutant concentrations

TRAFFIC MODELLING
VEHICLE EMISSION 

MODELLING
AIR QUALITY MODELLING

INPUT

MODEL

OUTPUT

Validation:
Bus schedules

Validation:
Air quality

Data collection:
¶ Meteorological parameters
¶ Infrastructure design parameters
Emission source intensity:
¶ Average emission rate
¶ Emission modulation factors

Data collection:
¶ Emission class
¶ Emission factor
Total driven mileage:
¶ Vehicle count
¶ Street length

Data collection:
¶ Network configuration
¶ Traffic demand (OD 

matrices & bus schedules)
¶ Additional data

 
Figure 7 The integrated framework based on the traffic, vehicle emission and air quality models (connection data is highlighted 
in orange). 



 

28 | P a g e 

 

 RESEARCH ON THE NECESSITY OF BUS LANE POLICY 

The established framework successfully integrates the traffic, vehicle emission and air quality models 

based on a reliable data flow, which explains how the integration framework can permit the prediction 

of urban air quality influenced by different traffic management scenarios. With the change in any 

parameters in the framework, it allows to create various scenarios, generate the corresponding 

simulation results, and therefore evaluate these scenarios based on various indices. Two validation parts 

that related to the baseline case will be illustrated after establishing the baseline scenario in section 5.5. 

3.2.2 Data Links Between Simulation Models 

As emphasized by the integrated framework, the key to link three different simulation models is the two 

mentioned internal datasets. To clarify this reasonable information flow, the methods of generating the 

internal data connections are explained as follows. 

3.2.2.1 Linking Traffic and Vehicle Emission Models 

In the vehicle emission modelling, to calculate the traffic-induced emissions per street, the output of 

traffic simulation, i.e., total driven mileage by passenger cars (vehicle kilometres travelled, VKT) on 

the investigated streets, is needed. However, the current SUMO does not have the ability to generate 

such output directly. Instead, two sub-datasets, vehicle count and street length, that can constitute the 

total driven mileage per street will be retrieved.  

Vehicle Count 

The first retrieved component is vehicle count which gives the number of passenger cars that have 

travelled through each street in the simulation period. An XML script is prepared as below. It will be 

invoked by SUMO during the traffic simulation to compute the number of passed vehicles in the 

designated simulation period. 

<additional xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" 
xsi:noNamespaceSchemaLocation="http://sumo.dlr.de/xsd/additional_file.xsd"> 
 <edgeData id="Measurement_whole_simulation_period" file="edge_output_car_06.30-19.00.xml" 
begin="23400" end="68400" excludeEmpty="True" vTypes="car"/> 
</additional> 

Several attributes are defined in the counter: the attribute excludeEmpty is set TRUE to exclude those 

streets that were not used by any car during the simulation period. The attribute vTypes is specified in 

the detector to count only passenger cars. Begin and end are the attributes to specify the time to start and 

end writing (only the cars travelled in the interval are recorded). 

After running the traffic simulation by SUMO, the computed information summary on a certain edge 

has values like id, travelTime, density, occupancy, waitingTime, speed, departed, arrived, entered, left, 

and etc. Noted that these values can only describe the situation by macroscopic mean values such as the 

mean vehicle speed, the mean density, and more. The detailed explanations to these values can be 

referred to the SUMO documentation (German Aerospace Center (DLR), 2020d). Next, another python 

script shown below will be invoked to convert SUMO output files (.xml) into editable data sheet files 

(.csv) with chosen attributes, id, departed, arrived, entered, and left. 
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# import the library 
import csv 
import sumolib 
 
with open ('edge_vehicle count_06.30-19.00.csv','w',newline='') as csvfile: 
 fieldnames = ['edge_id','edge_departed','edge_arrived','edge_entered','edge_left',] 
 thewriter = csv.DictWriter(csvfile,fieldnames=fieldnames) 
 thewriter.writeheader() 
 # parse all edges in the edge data (meanData) file 
 for interval in sumolib.output.parse("edge_output_car_06.30-19.00.xml", "interval"): 
  for edge in interval.edge: 

thewriter.writerow({'edge_id':edge.id,'edge_departed':edge.departed,'edge_arriv
ed':edge.arrived,'edge_entered':edge.entered,'edge_left':edge.left}) 

Id indicates the specific street, departed and arrived gives the number of vehicles that launch or finish 

their routes on this street within the simulation period, entered and left store the information about the 

number of vehicles that have entered or left the street within the period. Based on SUMO's default 

settings, a vehicle begins its trip from the upstream end of the street when calculating departed, and 

arrives at the downstream end when calculating arrived. Besides, when a car is about leaving from this 

street it always starts its journey from the upstream end and, when it enters the street, it always reaches 

the downstream end (see Figure 8).  

 
Figure 8 The upstream end and downstream end of a street. 

Therefore, to avoid double counting on vehicle numbers, vehicle count is computed to use the value of 

departed+entered or arrived+left. Here, vehicle count chooses to use the sum of departed and entered. 

Street Length 

As the name indicates, this data extracts the length of the investigated streets. It represents the average 

distance travelled by vehicles on the street. Since cars are free to change lanes, turn around, park at 

roadsides (where traffic rules permit), they are probably to travel slightly different distance on the same 

road in real traffic conditions. But from a macroscopic perspective, the average mileage of a large 

number of cars on a normal road would be close to the street length since most cars would travel from 

the beginning to the end. It is therefore reasonable to use street length for the average mileage of the 

investigated streets in the calculation. 

It is done by extracting the length information of all edges first and then matching the investigated streets 

with edges by their unique Ids. The python script below is invoked to convert the road network file 

(.net.xml) to retrievable edge length dataset (.csv) which contains only two types of information, edge.id 

and edge.length. 
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