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PREFACE

Dear reader,

| amglad you could take some time to read my thesis which represents nmgs$inighs amasterstudent
from Construction Management and Engineem@gindhoven University of Technology. In the past
two years, frona strangeto this countryat the beginningp graduallygot toknowpeople andind what

| want to dojt was growth filled withexcitementaindchallengesThrough the way of doing this reseh,

it istruly a process to think about the relation betwpeopleand cites and thisis wheremy interest
lies. Innovativetechnologes are alwaysthere but they can only make values wiieey are actually
used bysmart cities.

This work would not have beerdone without help from many people. Firstl, wish to thank my
supervisors, Dr. Dujuan Yangahdr . Mi | o ot dhly forttheir caticail féedback and assistance
on the thesis but also for their sincere consanm encouragements as friends. Without them, this work
would not be achieved in any way. Besides, | also want to thaniS@&reon Kimfrom the Urban
Plaming group who helped me to extract valuable distareover, | would like to thank my CME
fellows and friendsHua Du,Jianli Zhai,Siddharth PanjwaniXiuxian Huang, an&Xingyu Piao, for
their comments on the thesis. The insights and experfemtethesepeopleadded considerable value
to the work Last | want toexplicitly express my gratitude to the people | love, my faraitgl my
girlfriend Kexin, their strong support stimulates meatecomplistthis. Thank you!

This year is an unusual year whichudl bf unexpected things. We experience together, suffer together,
overcome together, and grow together, which | will never forget in myBlifeone thing without doubt

is that | amreally lucky to meetso many kindhearted and sincere people to helpehewgr all the
troubles, such as this master thesis.

Finally, | hope you could get some inspirations from this wiarkoy!

Eindhoven, September 2020
Haoke Ji
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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 trartspion developmerflre & Ma, 2013) Among

different bus piority measures implemented around the world, the dedicated bus lane is one of the most
effective, convenient and cesfficient approaches to realize the bus priority by providing buses with
road rights, especially an exclusive lane, over private tra&fibough 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 he overemphasis on the public transport and its excessive occupation of road resources has been
rising in recent yearAnderson & Geroliminis, 2020; Princeton & Cohen, 2011; &ieal, 2012)
Therefore, an appropriate discussion on the opening degrezlmigHane, 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 regad, an evaluation of the bus lane policigas defined as the research objective and the
research goals were summarized aaldisting an integrated framework coupling several models;
evaluatng the bus lane policy alternatives from multiple perspectifi@sling 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 diffent types of simulation models: traffic flow simulation, vehicle emission
simulation and air quality simulation. Not only the staibthe-art of each simulation theomnyas
reviewed but also the experiences from other studies about the integrationlatisimmodels were
summarized. Mosmicroscopic traffic flow modelsvereusually coupled with instantaneous emission
models but the trend changed when the air quality simulation was included in the integhation
researchers preferred to use aversggped emission models and nsaurce dispersion models but no
preference was shown in terms of traffic flow simulatiBased on the exploration on the existing
studies and the research goals, selection standards of simulation models have been ddiestlyined:
the simulation toolshouldbe opersource anctan provide the necessary functions to achiewe
accurate simulation; secondly, the selected tomlédreflect the characteristics of the stuzsefinally,
thecorrelation between selected modsisuld be significant and relialde that they can be integrated.
Thus, research gaps regardiagk of diversity in bus lane policies; insufficient adoption of data; limited
expansion based on instantaneous emission models; and ferkeivork analysibave been identified.

With a strong theoretical basis and clear guidelines, am-sgurce architecture that couples three
models: a microscopic traffic simulator (SUMO), a Dutestantaneous emission moq®ERSIT+)

and a pollutant carentration simulator (GRALWas 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 inctheiltiple sources for eacimsulation 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 dirgaon) and infrastructure design parameters (roadside buildings and vegetations) for
air quality modelling. The lé&r one acted as the key components to link three mode®thladriven
mileageimported information of traffic modelling to vehicle emigsimodelling, ané&mission 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 modeldrom different fields based on a reliable data flit\iough 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 ssionsand roadside air qualityAs a criticalurban
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arterial in the Eindhoven urban arél@e Veldmaarschalk Montgomerylaan street its neighbouring
blockswhich account for around 2.2 square kilometres were chdbkerroad conneetlthe city centre

with the Woenselarea and tre a traffic volume of thousands of passenger cars perTdarewere
severbus lineqi.e.,line 2, 3, 9, 322, 400, 405, 406) and five bus stops on theanddhundreds of bus

trips pasedthrough the road every dayhe trdfic situations in this small areaave beersimulated

from 06:30 to 19:00 on a typical weekday, covering peak and daytinpealkf hoursAt the same time
vehicle emissions were calculated on those streets where vehicles, pasdade air quality
computation was performed at two road segments (street canyons) and one intesedtien
Veldmaarschalk Montgomerylaan stre@enerally speaking, under the current bus lane policy, the
traffic flow did not fluctuate much before evening peak but expeeié a dramatic increase around 18
odbcl ock, whi ch brought the corresponding | owest
emissions could not show the variation in time series, the simulated emission results have indicated that
the Veldmaarschalk Magomerylaan street suffered mokehicle pollution than other roads.
Furthermorethe roadside air quality of théeldmaarschalk Montgomerylaan streets represented by

the distribution of pollutant CO concentrations and implied tiagir qualityin the intersection area

was betterthan that of the two street canyons and the closer to the city centre, the more polluted the
streets would heMoreover the simulation results based on the current bus lane policy have been
validated by actual situations frothe perspectives of bus operating deviation time and monitored air
guality. With the successful adoption tife integrated modelling framewgrihebaseline scenario in

the selected modelling domain with high spatial resolutioder the current bus lapelicy 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 policyBoth strategiesvere developed from the traffic simulation perspectivevesrd
implemented through modifying parameters in SUMO. The first strategy, dynamic buswise,
designed to change the accessibility of the dedicated bus lane to passenger davgrgythkm 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, gerond strategy, adaptive traffic liglaimed to improve the
efficiency of vehicles to pass thrglu the intersections by consideritige traffic volumein different
directiors. The DBL strategyhasexplored the potential of road capacityhile the ATL system was

used as a compensation measure to mitigate the impact of additional vehicles ohHmsasilation

results of the baseline scenaras well as other five designed scenarios ween reviewed and
comparedrom two perspectives: (a) traffic situations and (b) vehicle emission and air quality situations
the traffic situations about thaffic volumeandaverage speei 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 scdnatioermorethe vehicle emissions and air
guality in selected modelling domains on the Veldmaarschalk Montgomerylaaweospresented as
supplementary evidence. For the selected urban road network, the sadrctriallowedprivate traffic

to access the bus ladaring offpeak hours and emplegithe adaptive traffic light system was the most
feasible schema whidbund a balanced resource allocation point between public and private transport
and improved the traffic flow performance and air quality. The findifiglse research also proved that

the dedicated bus lane policy was not suitable for every Byegepeating the established simulation

flow under different traffic management scenarios, it has also been proved that the integrated framework
permitted theprediction of changes in urban traffic, vehicle emissiand air quality.

To summarize, this thesis started with a daily phenomenon of inefficient use of bus lanes anddattempt
to debate the necessity of completely separating buses and cars undeetitebas lane policyThis

goal was achieved by setting up an evaluation framework based on the microscopic simulation
methodologyand review and comparison of alternative bus lane pol\igh.the findings of the thesis,

it can be conclusively statedat before implementg public transporpriority measureg¢the dedicated

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

The impact of public transport priority meassirespecially the dedicated bus lane, on urban traffic is
an increasing topic of interest. This paper contriébtwediscuss 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 emissiand air qualitywereidentified Correspondinty,

three microscopic simulators (SUMO, VERSIT+, and GRMerechosen. Based on the reliable data
flow and dficient datapreparation, an integrated modelling framewwrés introduced whichcan
generate various measurement indices sudnaffic volume ©mparison, bus deviation time, street
vehicle emissiog) andpollutant concentration distributions. Afterwards, @ban roadn Eindhoven

the Netherlandghatincludesthe dedicated bus lameasselected to saip the baseline scenaridus

trips and catripswere simulated from 06:30 19:00 on a typical weekdgas well aghecorresponding
vehicle emissions and air qualityurthermorepy changing the accessibility of the bus lane to private
vehicles and setting up the adaptive traffic lightgotal five possible bus lane policy alternatiwesre
createdandanalyed By comparing the performance from different perspectives under each scenario,
a significant improvement regarding the traffic performance and matching vehicle emissions and air
qualty in the modelling domainvasfound when the bus langasset as a dynamic bus laaad the
adaptive traffic lighsystemwasemployed.

Keywords Dynamic bus laneAdaptive traffic light,Microscopic simulation methodologgUMQ

Urban traffic, Vehicle emission, Air quality
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I RESEARCH ONTHE 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 baoaglverse impact on the
environment.

Due to these reasons, public transport has begrhasizé a lot with the expectation to alleviate and
reverse both adverse trends. Among the public transport planning measures, the develbpoent
priority has become the guiding ideology of urban trartsion developmentYe & 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, thesdraffic managemenmeasures, includinpus gate, transit mak,
dedicated bus lasgpriority signas, andetc., aim to offer priority treatment tbe movemenof public
transport, especially busésrough the road networkAlam et al., 2014; BerDor et al.,2018; KIM,

2003)

Among these schemas, the dedicated bus lane is one of the most effective, convenienefiiciesust
approaches to realise the bus priofi€§M, 2003; Ye & Ma, 2013)By providing buses withoad rights,
especiallya dedicatedlane, over private traffic,the bus lane systeman significantly improve the
performance of bus services and enhance transit attractiveness while encouraging transport participants
to switch from passenger cars to public transport. Consdgutd performance of the region traffic
system can be improved by reducing travel times, improving traffic efficiency, relieving urban
congestios, andreducing vehicle emissiofiBenDor et al., 2018; Y. Cheet al, 2016; Xuet al, 2013)

However, every coin has two sides and so does the public transport system. Many researchers have
pointed out thathe excessivanvestmentof road resourcem public transport can cause a series of
problems Princeton & Cohen (201Xpund in their case that the operation of dedicated besdaran

urban motorway could not achieve its goal, ireducing travel times for taxis and buses, which was
caused by the fact that these vehicles still entered iayisting congestions on the dedicated latie.

et al.,(2012)argued that dedicated bus latese certain limitationbecause the lane reduction limits

the available capacity fahe generatraffic andturned to the dynamic lane allocation strategy which

was called bus lanes with intermittent priorities (BLIf@s)mprove bus transifnderson & 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 operat@m work reasonably well until the road
becomes congested.

In other words, circumstances exigterebuses 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 bdis lane o
Veldmaarschalk Montgomerylaan road in Eindhoven. Therefore, an appropriate discussion on the
opening degree of the bus lane, nanikl/ balance between private and public transgrionducted

in this research, aiming to provide buses with the berafitse currentbus lanepolicy while reducing

its intrusionon private traffic resources. Moreover, the research goals can be suathasi

9 Establish an integrated framework coupling several models;

1 Evaluate the bus lane policy alternatives fromitiple perspectives;

1 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 defitedeasluation on thieus lane policies,

while the impact of these traffic management schemas on the traffic performance as welirdse¢he
environment will be measured and compared. dditeon, 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 RESEARCHQUESTION

The balance between public transport pridate 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 polibgised ordata from different sourcabroughsimulation
methodology?

Following sub questions are proposed to answer the main question:

1. From what perspectives can the impact of the bus lane policy be eva@Wsted simulators
are present in the market that are suitable for the research?

How to estélish anintegrated framework based on thelected simulation models
What available data sources are suitable to be paed how carthe databe prepare@
What is the situation under the currdnis lanepolicy in the simulation environment?

o~ DN

Is thereany suitablealternative poligy can beestablishedn the microscopic simulatigrand
what are the impacts of these alternatives comguaiith thecurrentbus lanepolicy?

Contentwise, the study will be cotrsicted by answering these questions. Namely, the literature review
can answer the first sujuestion to lay the theoretical foundation and indicate the proper simulation
tools. Next, aiming at the second questtbie, methodology chapter gives the desipof the general
approaclof the research and focusesexplainingthe way of coupling simulation models based on the
integrated modellingramework.For the third sulmuestion,the process of data preparation will be
discussed thoroughly to find suila data sourcedAfterwards, to answer thfourth question, the
established framework will be put into practice to set up#selinescenario after designating the study
area. Thdifth question can only be answered by conducting a scenario analysls eamsiders five
additionaltraffic management scenaritspredictthechanges in traffic flow, vehicle emissions, and air
quality. Finally, the conclding chapter will be given to answer the main research question by
summarizing all the sufuestions.

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

1 Anintegrated framework for coupling microscopic traffic model, vehicle emission naouel
air quality model is generated. It identifies multiple external data sofmceach simulatoand
includes equations for computit@al driven mileagé¢includingvehicle counandstreet length
and emission source intensifgonsists ofaverage emission ratand emission modulation
factorg. The frameworkconnects three models simulatedifferent traffic behaviours in the
networkand corresponding vehicle emissions and air quality.

1 For a small urban traffic network, different traffic scenarios (based on the combinattan of
dynamic bus lan@nd adaptivetraffic light strateges) are distinguishednd comparedThe
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 extractedianvestigatedindereach scenarid=urthermorethe air
quality in selectedmodelling domains on the Veldmaarschalk Montgomerylaan road is
presented as supplementary evidence.

1.3 REeADING GUIDE

The remainder of the thesis is organised as folldWsapter 2 (terature review)starts from the
methodology perspective to describe the stétthe-art traffic flow modelling, vehicle emission
modelling, and anecessargxtension, air quality modellingn addition thecurrent research progress
of the integration the simulation models is discussed andrészarch gapsre summasged.In order

to clarify thekey components of the thes@hapter 3 (methodologyljustrates the general approach of
the thesis and explainthe integrated framework which couples all simulation modetégenerates
various measurement indiceShapter4 (data preparationpoints out the appropriatexternaldata
sources foreachsimulation modelBy designating a study are@hapter5 (case widy) explains the
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detailed process of implementing the integrated framework and generating simulatiortoesailtsp

the baseline scenariwVith the successful implementation of the framework, five additional scenarios
are simulated itChapteré (scen&o analysis)ased on the dynamic bus lane addptivetraffic light
strategies. Lastly, the conclusgand discussiahare presented i€@hapter7. The flow chartbelow
indicates the research process.

Introduction
Y
Literature Review Research on traffic flow | | Research on vehicle emissip Research on air quality Research on integration o
[Research Question 1 modelling modelling modelling simulation models
A 4
Y
MethOdOIOgy. General approach Integrated modelling framework Measurement indices
[Research Question 2
A
OpenStreetMap; . . Traffic & emission modelling outpuf;
Albatross; Tra@%gg:ﬂgg tl));gzut KNMI database
Bus schedules 3D BAG database
A 4 issi i ity:
- Road networldata; Total driven mileage; 525;:22) Si(();;c:r:rf;?ty'
Data Preparation Traffic demandiata; Emission class InfrastrScturZ design ¢
[Research Question 3 Additional data Emission faair parameter

v v Y

Microscopic traffic modelling (SUMO Vehicle emission modelling (VERSIT]

F

Air quality modelling (GRAL)

Y

4’| Application of integrated framework |
v v

Case Study NO | Simulated results |
[Research Question 4

- io dvelopment = |- --- Dynamic bus lane
Scenario Analvsi | Scenario dvelopment | | Adaptive traife ght |
i ysis
[Research Question 5 +

| Result analysis |

A 4

o/ Conclusion & Discussio
"\ [Main Research Questio

Figurel The research process.
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Chapter 2 Literature Review

This chapter introduces the statethe-art of modelling traffic flow, vehicle emission and air
quality separately and the integration of these simulation models. is&cfiqpaves the
background for traffic modelling theories, including classification of traffic simulation models,
theintroduction of two microscopic modelling tools (VISSIM and SUMO) and the fundamental
theories for traffic modelling. Next, secti@? elaborates the detail of vehicle emission models
andemphasizesn the HBEFA and VERSIT+ model. The theory of another crucial expansion,
air quality modellng, is introduced in sectidh3with a brief introduction on its classification

and one opesource model, GRAL. After establishing the basic cotxceptraffic, emission

and air quality modelling, secti@first gives a review of relevant research on coupling traffic
and emission simulatiamodels; 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, sectioB.5summarizes the research gaps based on the discussions above. Lastly,
a conclusion part is given to discuss the findings frleenliterature research.

1 2.1 Traffic Flow Modelling

1 2.2 Vehicle Emission Modelling

1 2.3 Air Quality Modelling

1 2.4 Integration of Simulation Models
1 2.5 Research Gaps

M1 2.6 Conclusion
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2.1 TRAFFICFLOW MODELLING
2.1.1 Classificationof Traffic Modelling

Based on the level of detail, traffic modelling can be categorized as microscopic, mesoscopic, and
macroscopi¢Jamshidnejaét al, 2017)(seeTablel).

Tablel Characteristics of different traffic modd€kdapted from Pint@t 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 sinated network, it is classified as microscopic traffic model (see
examples irChenet al, 2016; Lopezt al., 2018; Mat al, 2014; Osorio & Nanduri, 2015; Samaras et

al., 2018; Ye & Ma, 2013 In microscopic models, each driveehicle entity is treated and simulated
explicitly, and each retains all attributes of simulated movementyetgcle trgectories, 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
chaacterized by aggregate macroscopic variables: density, volume, and(Bpeeeld, 201Q) 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 exampleBaimdeiraet al, 2011;
Nejadkoorkiet al, 2008; Sider et al., 2013; Zegegt al.,2013. This kind of models, contrary to
microscic 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 levelfandariables such as couriinto 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 combime sbaracteristics of the above two mogdehsl

thus the level of detail for a mesoscopic traffic model is less than a microscopic model and greater than
a macroscopic model (see exampleBamrego et al., 2004; Jamshidnejad et al., 2017gLal, 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 relationgh{Pinto et al., 2020)The mesoscopic traffic
analysis is designed to focus more on the constitutes of traffic strié@eeks to explain the spatial and
temporal behaviour of vehicles based on the traffic flow dispersion theory.

Due to diferent level of detail contained by each kind of modeljeye et al(2013)pointed that one
thing that needs to be thought twice befon@osingamong traffic simulation models is the traafé
between simulation speeds and the accuracy of estimated traffic states (or traffic phenomena).

However, three main advantagesre propsed byKrajzewicz et al., (2016) of using microscopic
simulation methods over macroscopic ones when benchmarking envirohmeasarres 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 lanrestrictions, it allows regulating the prioritysgfecificvehicle 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 sitians. Therefore,traffic flow
modelling using microscopic approachininclude and generataore informatiorwhich canact as the

input for other simulation models.

In the field oftraffic planning great value and potential of microscopic traffic simulatene been
seenin traffic safety analysis (see reference Axgher & Young, 2010; So et al., 2018nd 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 receniTears,
modelling the impact of public transport on other traffic participants or the other way around to evaluate
public transport priority measurd®apageorgioet al.,(2009)assessehany dedicated bus lane priority
scenarios via the microscopic simulation model (VISSIM) in terms of the effect on the traffic network
considering congestion and travel timggryanov & Mironchuk (2012adopted AIMSUN simulation

tool intending to knowthe advantages and limitations of intermittent bus lanes at different volume of
background traffic and bus signal priority; Chenet al.,(2016)took the Beijing southwest third ring
expresway, 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 sinc& #@s(Lighthill, F.R.S., & Whitham,

1955) which has been developed asoal 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 suppb#gdifferent transportation modes, including road vehiclesdbes,

public transport, pedestrianand more In this section, two chosen microscopic simulation tools,
VISSIM and SUMO, are discussed as follows:

VISSIM

VISSIM is a microscopic, discrete, behavidaased multpurpose traffic simulation to analy 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 -sgtwork and therefore offers the possibility of
estimating traffic flows from a microscopic geective.

VISSIM has a long history since it was developed based on a ppygisical caiffollowing model
presented bWiedemann (1974)he basic idea of the Wiedemann model is the assumption that a driver
can be in one of four driving modes: free driving, approachwitpwing and brakingFellendorf &
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 stafolatcaffic simulation in many countries

(PTV Group, n.db). Nowadays, about ortlird of the users are within consultancies and industry, one
third within public agencies, and the remaining third is applied at academic institutions fandesaathi
researcl{Fellendorf & Vortisch, 2010)

In the VISSIM simulation, the position of each vehiatiallyis recalculated and recordedery 0.1

1s. The system can be used to investigate private and public transport as well as padgstt@ies

In addition, it can also estimate vehicles transit under the effects of traffic restrictions like traffic lights,
traffic composition angublic transport stop@uaassdorff et al., 20L& rominenexamplesievelopé

by other researcherasing VISSIM include corridor studies on the influence of access traffic on the
operational efficiencies of public transport lanes @rednain road’Ye & Ma, 2013) studies on truck
platooning on other vehicles in terms of traffic efficiency and sgfétjjpers, 2017) analysis on the
energy efficiency of electric vehicles considering the impact of external var{@uekers, 2019)

VISSIM does include several characteristics which make it the most popular microscopic traffic
simulation tooPTV Group, n.da): first of all, itcangive a realistic and detailed overview of the traffic
status with the possibilities to define Itiple whatif scenarios; secondly, due to its timely upgrades, it

is now flexible and cabe seamledy coupled with other PTV Traffic Suite (for example VISUM) and

also other external applications; thirdly, it has been adopted in practice and prodid &y ynany
academic researchers and commercial users. Besides, it can also provide animation capabilities in 3D
simulation to show the simulated results more vivi@oa, Milam, & Stanek, 2003)

SUMO

As a simulation informatic tool, Simulation of Urban MObility (Eclipse SUMO) is a free,-sparce,
highly portable, microscopic road traffic simulation package designed to Hangkeroad networks
since 2001German Aerospace Center (DLR), 2012@19h) Since the creation, SUMO has evolved
into a fultfeatured 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, whiclwide\ariety d
input sources (traffic networks, origdtestination matrices, traffic counts, traffic light plagsd morg
(Krajzewiczet al, 2012)

SUMO offers various features such as microscopic traffic simulation; multimodal simulation (including
road vehicles, public transport, pedestrians); automatic gesremaititime schedules of traffic lights;
evaluation of ec@ware routing based on pollutant emission and investigations of autonomous route
choice on the overall netwo(Behrischet al, 2011)

Moreover, with a extensiorcalled Traffic Control Interface (TraCl), SUMO as a netvsimulator

canact as a server which is interlinked by a cligerman Aerospace Center (DLR), 2020fpermits

us to control the behaviour of the simulated object, such as pedestriginksydraffic lights andetc.

during the simulation period, and consequently to better understand the influence of any changes on
traffic patterns. More details on the application of TraCl can be found in the scenario analysis chapter.

Because of theersdility 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 syste(Ksajzewicz et al., 2012)For example, testing and
optimizing the effectiveness of environmental zones or traffic light control algorithms in a simulation
before being deployeth the real world(German Aerospace Center (D),R2019c) providing a
simulation framework which makes it possible to investigate the impacts on V2X communication
strategies and reroute vehicles over bus lanes using V2X communi@&igkar & Krajzewicz, 2011)

Morenz (2007)pointed out that the main drawbagkSUMO is the laclof 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 opesource software and available under the GNU general public license
(GPL), givingthe full access to the source code and allowing for compensating the missing features;
second, all input and output files in SUMO are in a weltkumented XML format, making the data
humanreadable and allowing for the possibility of reproducing by othegrams.

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
categoies of fundamental core models, namely the driving behaviour model and the demand generation
model, are presented as follows:

2.1.3.1 Driving Behaviour Moded

Driving behaviour models capture driversd tactic

(Toledo, 2007) These model s adopt mat hemat i cal ttool s t
dimension way and are tlefore essential to traffic simulation method@ke driving behaviour model
can be categorized abke acceleration model and laseh angi ng model which ex

longitudinal movement and lateral movement through the road netrespectively.
Accekration Model

According toToledo (2007) acceleration models can be briefly defined adafowing 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 drér would keep a safety gap with the vehicle ahaad his/her speed is
therefore determined by the vehicle in front.

Lanechanging Model

Similar to the acceleration model, the last®nging model also uses the collisioee principle that

lane changesnly occur if the gap on the aimed lane is big enough for the vehicle to safely swap lanes
(Morenz, 2007) The lanechanging model usually consists of two steps: the-$atection 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 ortlymake lane changes when driving in another lane can bring
advantages (i.ethe front véicle is tooslow, and the speed limit is not yet reached).

2.1.3.2 Demand Generation Modgl

With the concept of modelling the trajectory of one vehicle, it is tincetsidefurther modelling route
choices made by a group of vehicles within a specific geograpale. 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 acgée areas, which gives the
information aboutthe numberoévhi cl es t hat | eave an Aorigino traf
t o a #fAdest(Krajzzwidz etralg 20T6)0ID matrices are often built based on the {fetep

modelling approacfMcNally, 2008) In brief, this approach starts with the estimated number of daily
trips based on statistics to compute the partic
purposes and traffic model choice. The result is then a collectioredicprd 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.

Agentbased Model

Another approach for modelling the traffic demand is called the dgesatd or activisbased demand

model. Different from modelling the aggregate population for each TAZ in O/D matrix model, in the
agentbased model, every agent is modelled individuading described by a set of attributes and keeps

a record of its trip includingnecessanjinformation of behaviours, such as lane changing or gap
acceptancéKrajzewicz et al., 2016; Nagy & Simon, 2018he traffic participants are characterized by

their gender, age, income, car ownership, dgJicense holding, employment stataad morewhich

promises the model to be intrinsically sensitive to a large number of factors. To semageinbased

model s give insights of individual agent sd behes
considering different built environment conditions.

2.2 VEHICLE EMISSIONMODELLING
2.2.1 Classification of Vehicle Emission Modelling

Vehicle emission models are mostly developed based on laboratory -aoadomeasurements. These
model generally takes into accodiotir typesof inputs(Huang & Ma, 2009)

1 Vehicle technology specifications such as vehicle type, length and fuel type (gasoline qr diesel)
andetc.;

1 Vehicle status such as vehicle age;

1 Vehicle operatig conditions, such as engine speed, physical speed, acceleration and others;

1 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 t
operating conditions of vehicl€Zegeye et al., 2013)Regardless of the specific implementation
adopted by differeammodels, they all aim to provide appropriate Emission Factors (EFsg¢npirical
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 approacheSmitet al.,(2010)proposed a detailed classification framework according to the
incorporated driving behaviour as well as the required input variables: (a) aspepgemodels, where

EFs are a function of the me#&ravelling speed, including COPERT, MOBILE, EMFAg&hdetc.; (b)
traffic-situation models, where EFs are determined by description of a particular traffic situations (e.qg.
Ostaomdgodr i vi ngdbowomoeer way drivingé), andetc;l(chdi ng
traffic-variable model, where EFs are defined by traffic flow variables such as average speed, traffic
density, queue length and signal settings, including TEE, Matzomndsic.; (d) cyclevariable models,
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where EFs are a function of varodriving cycle variables (e,gdle time, average speed, positive

kinetic energy) at high resolution (seconds to minutes), including MEASURE, VER&1@¢1c.; (e)

modal models, where EFs are produced via engine or vehicle operating models at thedsghgtion

(one to several seconds), including PHEM, CMEBNKetc. In summary, these models range from those
which only require average travelling speed or use particular traffic situationsq(iaditative
description of driving conditions) to pretliemissions, 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 categoation scheme is introduced Bgikds & Varga (2012xndFonteset

al., (2015)(seeTable2). The former group of researchers came up with the idea of separating emission
models into macroscopic and microscopic madmhel the latter group divided emission models into
instantaneos and averagspeed modelsThese two classifications on emission models are similar
because microscopic models use detailed traffic datagpeagd, acceleration or vehicle trajectories) to
estimate instantaneous emission rates of individual vehielgs PHEM, CMEM, VERSIT+) In
contrastmacroscopic models (COPERT, MOBILE, HBEFA) adopt aggregated traffic variables (trip
based average speed or a description of the traffic situation) for estaigeestimation during a given

period.
Table2 Characteristics of different vehicle emission models.
Category Input Examples
Averagespeed Aggregated traffic variables COPERT, MOBILE, HBEFA
Instantaneous Vehicle operating conditions PHEM, CMEM, VERSIT+

Averagespeed models araore coarse than instantaneous models and compared with the instantaneous
emission modelghey are easier to be used and allow for faster emission computZibgeye et a).
(2013)explained that because the input for instantaneous models is the operating condition of individual
vehicles, the computation time required is propori to the number of vehiclddowever,speaking

of theaveragespeed model, the situation ledmngedandtheir input is the average operating condigion

of a group of vehicledHence, the computation time required by the avespged model is much ks
However, one drawback of averagigeed models is that they cannot capture the vehicle emission caused
by the speed variation of the traffic because they only take the average velocity af&Ziegeys et al.,
2013)while this is the main strength of instantaneous models over avegpagd models.

2.2.2 Vehicle Emission Modelling Tools

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

in this section. As pointed by the review researclswiit et al., (2010) five emission models are
validated by researchers frequently, namely MOBILE, COPERT, HBEFA, EMFAC and ARTEMIS
among which, HBEFA has been provienbe able t@wooperate with SUM@easonablyKrajzewiczet

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 Trans@HBEFA) is a database application that provides
emission factors for all relevant vehicle categories in road transport (passenger cedstyigkhicle,
high-duty vehicles, urban buses, coaches and motorcy(&stjer 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 Febry&004, 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 2019iINFRAS, 2019) It wasinitially developed on behalf of the Environmental Protection
Agencies of Germany, Switzerland and AustAdterwards, 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 HBEFASun et al., 2014)

HBEFA provides emission factyri.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 situéd8anset al., 2014)
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HBEFA is mostly meant for use at finer geographical scales (down to street levels), nezdsra
depthknowledge of traffic details and is mostly used in the DASIHS European countries (Germany,
Austria, Switzerland, Btherlands and Swedeffrancoet al, 2012)

HBEFA usually estimates traffic emissions in three large blocks, namely hot emissiorstacoihd
warmingup effects and evaporation emissighsanco et al., 2012Y otal 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 foundhe literature research proceseereHBEFA has been widely
used for various purposeSunet al.,(2014)succeed in adapting HBEFA to the local traffic situations

in China and havdeveloped a bottorap emission model for urban transport for several Chinese cities,
which facilitates a reliable estimation of fuel consumption and é&fissions of urban road transport.
Kickhofer (2016)describe a tool which calculates warm and cold start exhaust emissions for private
cars and freight vehicles by linking the MATSim simulation output to thelddttiBEFA database.
Samara®t al.,(2018) used the HBEFA model to reproduce the results as a validation part for their
research.

The HBEFA method has gradually earned populantomrg the academiahere 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
branchroads) and different levels of traffic situations (such asftme or stopandgo traffic) as well

as for different vehicle categories and sig&sn et al., 2014)Secondly, HBEFA itself is adaptable for
different situatbns, like the successful case implemented in China mentioned aboag, iepartly
customizd andis applicable for various simulation situatioaurthermore HBEFA is not only an
emission factors database but also a toolbox for calculating vehiclsi@msist 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
(Smitet al, 2007) The modeinitially predicted vehicle emissions as a function of propulsion energy
using Euro test emissionstd@van Helden, 1994)Due to the need for greater predictive accuracy and
versaility, Smit, Smokers, & Schoen (200%s designed VERSIT + LD model (VERSIT + lighity)

which aims to imitate traffic stream emissions for lighty vehicles in any particular traffic situation.
Since then, VERSIT+ has been refined continuquetyl itis capable of providing vehicle emission
prediction for other types of vehicl€Seilenkirchen et al., 2020)

The VERSIT+ model includes two main parts: VERSIT c{assission classind emission factors. The

first componentescribeshe vehicle categories based on several factors such as vehicle type, fuel type,
environmeniclassand mordn 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 VEIR&&nd road

type for NOx, NQ, PMio, PM:5, VOC (HC), NH 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 eoad typ

04 Qi ("OéCEd €610 "YU 6 YO 6 "000p 0 O'Y&&HO "¥d "0O0® ¢ p
Where

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

AGEw-t he effect of agei mgonthewedidfose; dr i vi ngo, de
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-t he effect of ageing on the extra emissi
year ofuse.

Similar to the HBEFA model, these parameters all represent effects of different emission factors, BASw
guantifies the hot engine basic emission factors, BASc and PERCc represent the productiestaiftcold
emissions, AGEw and AGEc serve as the impaehicle ageing.

Additionally, from 2014 on almost all emission factors for road vehicles are determinedaadn
testing and monitoring conducted by TNO. The analysis of the measurement data determines if
systematic effects, for cold start and otlwnditions are found, and need to be corrected for
(Geilenkirchen et al., 2020)vhich 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+
Madireddyet al.,(2011)deployed VERSIT+ in an integrated model to calculate the instantaneeus CO
and NQ emission of each vehicle and measure the effects of two traffic maaagemasures in the
chosen area of Antwerp, BelgiurQuaassdorfiet al., (2016) combined VERSIT+ with VISSIM to
evaluate the exhaust pollution, specifically N@d PMo, from traffic flows based on twelve different
scenarios in a highensity urban area of Madrid, Spain. The calculagsdilts, 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 agreememat VERSIT+ emissions range betweé% 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
coveing a range of distinctive spedithe profiles and uses a large sample of Dutch vehicles that reflect
the actual fleet compositiq®mit et al., 2007)The large test sample used by VERSIT+ model happens

to be themost significantadvantage over other moddlErachetet al., 2010) which considers the
complex driving behaviour of modern Dutch vehicles. According to the way it works, it can be expected
that speedbased emissions can ppeeciselypredicted while the emissions that depetigbngly on

engine dynamics can most probably not be forecasted accurately.

2.3 AIR QUALITY MODELLING

As increammgatt enti on is paid to the publicds health,
transport, has beesmphasizd more and more by acadenwith the aim of explaining the impact on
transportation participants. However, air quality modelling is a complex science and the models can be
very computationally intensiv@-orehead & Huynh, 2018}t is therefore not sufficient to understand

the vehicleinduced emissionandthe relatedair pollution problemin urban agaswith two models

introduced in the previous sect®n

For this purpose, there is a growing tréondink the air quality model withthe traffic and emission
models.Traffic simulation models, vehicle emission models and air quality models thatitzaty
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 conterions. 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 mobiléogn sources

(such as cars, buses, planes, trucks, and tr&ngsequentlyit candescribehe atmospheric transport
process and chemical and physical transformation processes, and calculate pollutants concentrations and
deposition fluxes betweendtpoint(s) of emissions and the receptor location(s) at various locations and
times(Fallah Shorsharet 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 faignigicantpart of mobile pollution sources. The
addition of the air quality model, thereforeuti 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 chose(Miseaet al.,2013)
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The major input data for the air quality model is usually spatdiiyributed and tempoigtresolved
emissions provided by the emission model, meteorological inputswired, turbulence, pressure,
temperature, relative humidity, solar radiation, cloud cover), and background concentrations, source
emissions, physiographic data (ileuilding configuration, street geometr@nd mordt is also useful

to have input data from the traffic model for dispersion models that account for viadicbed
turbulence (VIT)(Lim et al, 2005) As for the output, the air quality model usually generates
concentrations and atmospheric deposition fluxes along theslntiajectories or near sources at
specified receptor locations to visualize certain pollutant dispersion preeesigure?2).

ug/m?
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Figure2 Example output from air quality modelslOx concentration map (Retrieved frdvisra et al., 2013

2.3.1 Classificationof Air Quality Modelling

Similar to traffic flow and vehicle emission modelling, in order to better clarify the differences between
air quality modelsandthe development of air quality models, several classification theories can be
found inthe literature:

One popular scheme proposed4annetti (1990was to classify the air quality models based on their
scalesand they can be categorized as ffedd (<1 km), shorrange (<10 km), interméate transport

(10-100 km), longrange (>100 km), and global effects. The scale has also been simplifi€aiviayy

& Colls, 2010)as macroscale (measured in more than 100 kilometres and days), mesoscale (measured
in 10-100 km and hours), and microscale (measurdelss than 1 km and minutes).

According to adopted computational approachesimes & Morawska (2006proposed another
mainstream classification that categorizes most air quality models into Ba{snGdussian models,
Lagrangian/Eulerian models, Computational Fluid Dynamics models and models which include aerosol
dynamics.Based onprevious works,Fallah Shorshanet al., (2015) gave a refined classification
approach which has only three categories: Chemical Transport Models (CTMydueee dispersion
models and CFD models. However, this framework overlaps with the former oieCIM models
compose of Lagrangian models, Eulerian models and part of Ru@ed models, Neasource
dispersion models composed of part of Plim&rid models, Gaussian models and Strsatyon
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models and CFD models are more independent in botblagsification frameworks. See the summary

in Table3.
Table3 Characteristics of different air quality models (adapted ffeatiah Shorsharmit al.,2015).
Category Inputs Solution methods Qppllgatlon Examples
omain

Chemical meteorological data, initial ~ Lagrangian models; urban to VADIS,
Transport and boundary concentrations Eulerian models; Part ol global (from 1 QUIC,
Models emissions, physiographic da Plumein-Grid models  km to several Micro-Swift-
(CT™M) hundred km) Spray, GRAL
Nearsource  local meteorological data, Gaussian models; local impacts AERMOD,
Dispersion background concentrations, Streetcanyon models; (up to 50km) CALPUFF,
Models source emissions, Part of Plumen-Grid URBAIR,

physiographic data models STACKS
Computational emissions, physiographic Direct Numerical complex PHOENICS,
Fluid data, initial and boundary Simulation (DNS); environment, Fluidity,

Dynamics conditions for meteorology  LargeEddy Simulation local scale (up ENVI-met
(CFD) and concentrations (LES); to 10 km)
ReynoldsAverage

Navier-Stokes (RANS)

Another method to classify pollutant concentration models is using the employed deterministic methods
and according to this, models can be defined as matherbasesl, statistibased, and physidsased
modelling(Khare & Sharma, 2002)

In this researchthe classification proposed allah Shorsharet al.,(2015)is chosenNearsource
dispersion models use the parameterization approach to represent the trardmigparsion of
pollutants from one or a selected number of souifeaéah Shorshani et al., 2019his type of models

are composd of Gaussian models which consist of plume and puff @ggres. Plume approaches
assume steadstate conditions while puff approaches simulate instantaneous releases in a changing
environment and are computationally more demandirgrehead & Huynh, 2018)Usually, a
combination of plume and puff methods could give a more accurate(fegldh Shorshani et al., 2015)

Computational Fluid Dynamics (CFD) modelsdhamerged since the 1990s when the continuous
increase of hardware capabilities and the optimization of numerical methods ocAsresdaccurate

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

the possibility to generate unstructured meshes on the local scale, CFD models are appropriate for small
scale urban areas because of its sophisticated préaskoulakiset al, 2003) Moreover, there has

been an increasing popularity of CFD models such as PHOENICS and FLUIDITY oventteational
Gaussiartype dispersion models recentfiforehead & Huynh, 2@). The reason is thaa CFD
emission modelcan show more details like eddies generated by esteets and increased
concentrations of pollutants in the lower leeward sides of street cafijansovic et al.,2006)

The last type of air qualitynodels, Chemical Transport Models (CTM), mainly contains Lagrangian
models and Eulerian models. In short, tlkapreflect changes in concentration caused by mean fluid
velocity, wind turbulenceand molecular diffusiofHolmes & Morawska, 2006With the consideration
of homogeneous properties volume (air pollutant concentrations, meteorological variables),
models study the flow of those variab through a 3D gridded mesh, i.e., grid c@fiallah Shorshani
et al., 2015)In this category, a specific model has to be introducediieeGRAL simulation model.

2.3.2 GRAL

CT™M

The Graz Lagangian 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 studied Graz, 2020) The model was developed with an initial aim of
dealing with themeteorological conditions in the inratpine basins of Austria.

Over the years of development, the functions of GRAL have been extended drameatidi/current
version of the model is able to compute the results such as:
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dispersion of chemically nereactive 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 builup 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.ghacteria die off, radioactive decay)

flow and dispersion within vegetation layers.

= =4 -8 -8 -9 = =4 —a -9

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
usng equations below:

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;

Ris the total number dhtegration steps;
dVis the volume of one cell.
The total number of released particles per time unit is defined by:
Y D¢
Q0o
Where
dn/dtis the userspecified released particles per second;

TgesiS the averaging time for the concentration computation defined by the user (usually 1800 s
or 3600 s).

Based orequation [23], GRAL is able to provide two options for time series computation: stetaty
(standard) mode and transient mode. More details can be referred to the GRAL docum@pithtion
2020)

In brief, GRAL is an open micros@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 builup area. The scale of the model ranges from streetsqeagt canyondp city-scale

which may up to several dozens of kilometres. Moreover, at all scales the effects of buildings, vegetation
and topography (e.gcold air drainage flows) on dispersion can be consideredRALG

It should be noted that one drawback of thRAE model is it is not possible to include chemical
reactionTU Graz, 2020) The conversion of NO to NGor example, cannot be computed under the
default settings.

2.4 INTEGRATION OFSIMULATION MODELS
2.4.1 |Integration of Traffic an&/ehicle Emission Models

With the purpose of calculatinberoadside exhaust pollution, vehicle emission predictravuld be a
multiple-step proces#Jsually, vehicle emission models could provide applicable Emission Factors (EFs)

15|Page



I RESEARCH ONTHE NECESSITY OF BUS LANE POLICY

which can express the mass of pollutant emitted per unit distarkea{jg time (gs?) or mass of fuel
burned (gkg?). 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 (VKTpr total time spent in particular driving conditions (eidling) (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 aversggeed based rdels, traffic flow attributes

like vehicle population, mileage, speed, ambient temperature, road gnadenoreare required for a
specific area/region. On the other ha@dnet 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 (eweight, drag coefficient) and the corresponding emission standards of
the technology (such as EURO I, IV, and V). Therefore, avespged vehicle emission models are

in principle used with macroscopic traffic flow models, and instantaneous emissiefsrapel usually
coupled with microscopic traffic flow modelgegeye et al., 2013)

Table4 listed the most relevant studies coupling traffic flow with vehicle emission modelling. As the
table indicates, most researchers combined microscopic traffic flow modelling tootstrdaneous
emission modelling tools to investigate the environmental influence brought by traffic flow in the case
studies (see examplesAbou-Senna & Radwan, 2013; Csikés & Varga, 2012; ¢firsanret al, 2010;
Madireddy et al., 2001 Only a few studies were conducted using the integrated toolbox built based on
macroscopic or mesoscopic traffic modelling and avespged based emission modelling.
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Table4 Reviewof relevant studies on the integration of traffic flow and vehicle emission models.

Traffic Flow Models Vehicle Emission Models
Reference ) ) - . Average Metrics Country
Macroscopic | Mesoscopic Microscopic Instantaneous speed
CO, CQ,
Abou-Sennaet VISSIM MOVES NOx, PMzs, USA
al., (2013) PMuo
Non-linear multiple regression
Ahn (1998) INTEGRATION modelsl' neural network CO, HC, NQ USA
models
Bartinet al., . . CO, HC, NQ,
(2007) Paramics Mobile 6.2 PM1o USA
Chenetal., .
(2007) VISSIM CMEM CO, HC, NQ China
Csikoéset al., .
(2015) NFD VERSIT+micro co Hungary
Csikoset al., . CO, CQ,
(2012) VISSIM VERSIT+micro Pho, NO. Hungary
Fonteset al., EMEP/ CO, HC, NG,
(2015) VISSIM VSP EEA PM Portugal
Hirschmanret CO, HC, NO, .
al., (2010) VISSIM PHEM NO», PM, PN Austria
Hulsmanret al., )
(2011) MATSIm HBEFA NO« Germany
Int Paniset al. Nontlinear multiple CO, NOK .
! DRACULA ! ! Belgium

(2006) regressiof PM, VOC d
Jamshidnejaét .
al., (2017) S-model VT-micro CO, HC, NQ | Netherlands
Krajzewiczetal., SUMO PHEMIight HBEFA NOx Germany
(2016)
Lin et al.,(2011) DynusT MOVES COpeq USA
Madireddyet al., . K
(2011) Paramics VERSIT+ COz, NO Belgium
Quaassdorfét . ]
al., (2016) VISSIM VERSIT+micro NOx, PMio Spain
Samaragt al.,
(2018) AIMSUN AVL CRUISE CO. Italy
Sideret al.,
(2013) VISUM MOVES NOx Canada
Tomas Verges,
(2013) SUMO HBEFA NOz, PMio Germany
(Zzeogg/)eet al., METANET VT-macro CO, HC, NQ Netherlands
Zhaoet al., .
(2013) Paranics MOVES CO, N& USA
Zhouet al., . ) CO, CQ, HC,
(2015) DTA Lite MOVES Lite NO. USA

Among these popular microscopic traffic simulation models, each traffic simulation model has advanced
features. As pointed biokkinogeniset 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 additidsmanret al.,(2011)

added that MATSim is originatlagentoriented and consists of an iterative lolop,Paniset al.,(2006)
illustrated that DRACULA can represent individual vehicle movements through a network and record
and update individual drivers' experiences and perceptions of the nefwotkermore Ratrout &
Rahman, (2009gxplained that INTEGRATIONSs 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 dptbo¢al driving cycle

tests including accurate GPS data), like the work dorfddoy et al, (2014); N. Ligteink et al, (2009);

Perugu (2019); Rodriguez al, (2016); Ryuet al, (2015); Sun et gl(2014) These studies are not
listed in the table above.

Similar to the situation happened in traffic flow modelling, most aealystudies tend to use
instantameous emission simulation models, like CMEM modeRbyirjamshidiet al.,(2013); K. Chen

! The nonlinear multiple regression models in this research were established by the author bas@hkRikge

National Laboratoryaw data

2 This instantaneous emission model was developed based on actual measurements with several instrumented
vehicles driving in real urban traffic situatioifgt Panis et al., 2006)

3 DynusT (Dynamic Urban Systems in Transportatisrg simulatiorbased DTA model system.
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& Yu (2007); Misraet al.,(2013) VERSIT+ model byCsikos et al.(2015); Madireddy et al(2011);
Quaassdorff et gl(2016) MOVES model byAbou-Senna & Radwan (2013); Lin et ,g2011); Sider

et al, (2013); Zhao & Sadeka (2013rhou et al. (2015) The fact that most popular models are
categorized as instantaneous models is not a coincidéfmesoulidou (2011)explained this
phenomenon as EFs derived from instantaneous data allow for the simulation of vehicle emission for
any driving pattern and vehicle configurati@sorio & Nanduri (2015pointed out the potential reason

could be that this integration usually considers the following factors:

(1) detailed vehiclgo-vehicle and vehicl¢o-supply interaction;
(ii) instantaneous speed arataleration information;
(i) vehiclespecific attributes (e.gvehicle type, age).

Based on the discussion above, microscopic traffic simulation models coupled with instantaneous
vehicle emission models are able to providehighestresolution approach. However, every coin has

two sidescoupled microscopic traffiemission models show their disadvantages in the complexity and
computational efficiency. Due to this, their use is mostly limited to Aiftzatalysis, i.e.to evaliate the
performance of a prdetermined small set of transportation schemes, rather than to perform
optimization(Osorio & Nanduri, 2015)

Neverthelessnany examples afoupling microscopic traffic flow models and instantaneous emission
models were proposed by previous work (see an integration framework example introditeeétby
al., (2014)in Figure3).

Simulation Runs
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Instantaneous Emissions (CO, NOx, HC, PM etc.) Server Side
___________________________________ Jd

Figure3 An integration framework example proposedMu 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.gKrajzewiczet al.,(2016; some pointed out the need of complete data for accurate
estimation, validation as well as adjustment,,&/gng et al., (2020 sane extended the framework to
include air quality model, e dDias et al., (2014); Forehead & Huynh, (2D1Bonsidering 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 breidiffaus 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 considergthe literature on the integration tfe three models shosva
different situationTable5 lists a number of studieghich discussed the integrated frameworkraffic,
emission and air quality models. From the amedystudies, researchers tend to use nsaomic and
microscopic traffic models than mesoscopic models (dnly studies used mesoscale models).
Similarly, this situation also applies to the vehicle emission and air quality models that ssprade
emission models and nesource dispersion modeattracted more attention from the academia (11 out
of 14 and 8 out of 14 respectively).

Possible reasons are: for emission modelling avespged based models require less accurate
information than instantaneous models, which makes the emission medncre feasible when there

is not too much input data; for air quality modelling, rReaurce dispersion models (mainly Gaussian
models) have more practical use cases and longer development Historgan et al., 1978pmpared

to CFD modelsBaskaran & Kashef, 1996for situations in both modelling theories, although models

that can povide a highresolution 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.

Table5 Review of relevant studies on the integration of traffic flow, vehicle emission and air quality models.

Traffic Flow Models Emission Models Air Quality Models
Near- .
Reference Macroscopic | Mesoscopic| Microscopic | Instantaneous A\éefgf source CFD CT™M Metrics | Country
p dispersion
- - Gaussian CoO,
Qﬂ{'?@s{g' Paramics CMEM plume HC, Canada
’ model NOx
Bandeira et CO,
al, (2011) TRANUS TREM TAPM PMio Portugal
Borrego et
al., (2003) VISUM TREM VADIS | CO Portugal
- Gaussian CO,
(Czi)lligi etal. | yeTANET COPERT | Plume HC, Hungary
Model NOx
Dias et al.
(2014) VISSIM TREM URBAIR CO Portugal
. . X Micro-
Ghermandi et Direct field Tier 3 Swift- NOx Italy
al,, (2019) measuremen
Spray
Gulliver et SATURN SATURN ADMS- gl\c/)l UK
al.,, (2005) system system Urban N Om’
X
Hatzopoulo .
et al, (2010) TASHA Mobile6.2C | CALPUFF NOx Canada
R Black
, . X Simplified
Jegek f Direct field EMISENS | Gaussian Carbon Slovenia
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Such a need exists and requires efftotde made to integrate traffic data into emission models to
improve air quality modelling results using better traffic flow representatiRint et al., 2020)deally,

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 stionlanodels) 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

4The regression equations were developethbanis et a).(2006)
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which @an 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.

Modelling

Consistent
emission
factors

Figure4 Relations between traffic, emission and air quality modelling (retrieved Rioto et al., 202

Figure4 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-bHdeetween the estimation
accuracy and the level 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 deatitjipmore accurately,
whereas simpler models are usually used intiesd applications such as proactive traffic management
(Madireddy et al., 2011)Therefore, descriptive andgglictive accuracy must be weighed against the
need for fast simulations.

Anothernote from the literature ithat there is no such thing e best or perfect traffiemissiorair
quality integrationmodelthat issuitable for evergase Theintegrationframework has to be adapted to
aggregate research object, research goal, scientific treatdeptedapproaches, available data, and
the content and the way to present the final results to degisaders. In conclusion, the integration of
these models should aim to helipderstandhe relationship between the sources of pollutant emissions
(road transpdrin this study) and their impacts on the ambient air quality.

2.4.3 Influence of External Data

It is noted byHuang & Ma (2009}hat 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 usigllsdrétom

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 bylssanulation studies are introduced in this section.

Influence of Meteorologicdbata

Meteorological data in the domain of air pollution usually refers to air temperature, humidity, wind
direction and wind spee(Tiwary & Colls, 2010) which has been considered in many emission and air
quality modelling tools. For instancéphnsoret al, (1973)proposed a relatively simple neswurce
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 modellifgEBMOD,

Misra et al, (2013)also adopted meteorological data comprising surface and-apkata for the study
period and hgothetical weather station location from external soursiesn et al, (2014)suggest using
additional inputs of meteorology including temperature (°F) and relative hyn{¥dix 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 gAERMET) to obtain wind rose patterns for the investigated period.

Examples of using meteorological data for emission and aiitgumabdelling 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 ncluding calculations that account for meteorology in most emission and air quality
models(Forehead & Huynh, 2018However, it is noted that meteorological data such as wind velocity

and direction, temperature, relative humidapd moreyequire rigorous validation before being used

in pollution dispersion mode(®into et &, 2020; Tiwary & Colls, 2010)

Influence of Infrastructure Desigbata

Infrastructure design factors vary significantly in terms of research topics. In the domain of traffic
emissiorair quality modelling, it comprises factors like land use, trartapion infrastructure, ambient
building geometryand more.

A number of studies have highlighted the substantial influence infrastructure design factors can have on
traffic-emissiondispersion modellingMisra et al., (2013) argued that emission prediction models
should requirelatasuch ageographic terrain of the netwadthkat may influence vehicle power demand

and thus vehicle emissioranother important factor is the traffic control measure wbatchange the

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

vehi cle's driving trajectory and dri viAlmgetalpeed an
2014; Int Panis et al., 2006; Krajzewicz et al., 2005; Rehimi & Landolsi, 2013; Sentaiff 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 carty@mworkdoneby Aristodemouet

al., (2018) showed clearly how the building heighfeafts the surrounding air flows and dispersion
patterngseeFigure5).
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Figure5 The impact of buildingeighton turbulent air flows andollutant dispersion within a neighbourhodgeft colunn,

the iso-surfacesn concentrationsimulationfor Cases 1, 2 and 3, showing how the presence of tall buildings affects pollution
dispersion within a local neighbourhoodRight columngoncentration maps in the horizontal planeyxview forCase 1, 2,

and 3.The effect of the taller buildings is clearly séetrieved from Aristodemou et al., 2018)

2.5 RESEARCHGAPS

After reviewingthe current literature on the traffic flow, vehicle emission, and air quality modelling as
well as the integrationf models, several research gaps can be identified:

First of all, & an important practical application of frafsimulation, public transport priority measures
have been investigated by many studies, especially those related to bus lane rfBesideset al.,
2018; KIM, 2003; Koryagin, 2015; Thamizh Arasat al, 2010; Xu et al. 2013) However, most
research listed here only considers #umption offixed bus lanepolicy, which provides room for
exploring more alternatives.

Secondly, fenty of research has demonstrated the necessity and feasibility for using externkédata li
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 valuaplg like studies mentioned in sectidrt.2 Although the

real traffic flow, emission production and pollution dispersion process can never be simulated as the
sameas the reality, valid external information would help increase the credibility of the research.

Thirdly, as illustrated in sectio@.4.1and2.4.2 it can be observed that most arzaly cases are using
instantaneous emission models inititegration 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 adoptsspesddmsed
emission models when the air quality model is astuded Such a result can be fisexplained by

the difficulties to transpose the information from the vehicle, used by the microscopic traffic models, to
road links, required by the air quality mod@tentes et al., 2015pecondlyanother reason is thatuch
additional work in the instantaneous emission modelling is reqinredderto accurately assess the
environmental impacts of vehicle emissioms addition, higher requirements for input data and
computational resources wouli another obstacle for using the instantaneous approach in such a
framework. Nevertheless, the more accurate the input data for air quality models, tlueadiitethe

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

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

Lastly, dl simulation models (traffic,vehicle emission, and air quality) have uncertainties ,(i.e.
inevitable errors) that are reflectedthe accuracy and resufiBinto et al., 202Q)which essentially
causes the accumulation of errors in the tradfiissionair quality modelling framework. For instance,

one of the critical issues in traffic modelling is the travel demameigation 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 quaity 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 surpedaim sectior2.1, macroscopic
traffic modelling tenlsto use coarser and aggregated variables to describe the traffic flow in a larger
scope while microscopic methotigically 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 megsthicigs,
microscopic traffic simulatiois 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
opensource tooljs less polishedomparedvith the commercial software package VISSIM. However,

its openness and compatibility alsing more potentialsdue to its decent cooperation with the TraCl
controller. Effortsareexpected to be made in this research to explore and discussehtg® of this
opensource traffic simulation tool.

The second section mainly elabodhtee basic theories of vehicle emission modelling. It ethsith
categorising most popular vehicle emission models into ave@ard models and instantaneous nedel

The mostapparentifference between two types thie modelwasthe granularity of adopted variables

that the instantaneous model sisketailed traffic activity data to estimate emission rates while the
averagespeed model useaggregated traffic varidds for a largescale emission estimation during a
given periodLogically, that the averagepeed 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 resonesonly one factor that determines the
suitabletool.

On the other hand, the ability to accetatevaluate vehicle emissions in the study avaaanother
important factor that needto be considered. Although HBEFA has been included internally in SUMO
since the creation of this traffic simulation t¢@erman Aerospace Center (DLR), 2019t)mainly

uses the traffic data measured in Germany, Austria, Switzerland, France, Sweden and Norway to
generate the emission factor database, concerns exist that emistios ffiaay 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 modelas 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 twent{N:darkigterink

& de Lange, 2009; Trachet et al., 2010)
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Next, anecessargxtension air quality modellingwasintroduced in sectio.3 as aresponséo the
increasing emphasisn t h e p u.lA$ d safficient tbok tedéstribe the atmosphere, dispersion
and chemical and physical procesdegagious locationsthree classical types the air quality model
namelyCTM model, neassourcedispersion model an@FD modelswereexplained Furthermorethe
characteristics abne opersource dispersion model, GRAWwas also presented

In terms ofthe integration of simulation modelBgegeyeet al.,(2013)argued that micrampic traffic

flow modelswere usually coupled with instantaneous emission models. From the broad literature
research, the same conclusion can be drawn Trabte 4. Additionally, mog researchers prefedto
combine these two specific types of simulation approaches to investigate the environmental influence
brought by traffic flows. However, when the air quality modellivasalso included in the integration
framework, researchevgerefonder of using averaggpeed emission models and neaurce dispersion
models insteadbut they do not show a preference for any branch traffic flow modelsT¢dge 5).
Reasonsveresummarzed as followsaveragespeed models require less computational resources; hear
source dispersion models have provided more successful uselcaissregard, the discussion on the
remaining categoriewasnot enough, namely the instantaneous emission model and CTM dispersion
model. Thus, the exploration of the other models would be one-gudd of this research. Besides,
according to the wide adoption of external data in other projects, addigxteahalinformation that
relates taneteorological datandinfrastructure desigparametersvasintroduced.

In the endthe research gaps betweéme currentiterature and proposed research goals haven been
concluded from various perspectiviek of diversity inbus lanepolicies insufficient adoption of data;
limited expansion based on instantaneous emission maaelisick of framework analysis.

In conclusion, three types of simulation theories, including traffic flow modelling, emission modelling
and air quality modelling, and their specific simulation tasdgsethoroughlydiscussed in this chapter,
providing the theoretical support for tfal owing chaptes.
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Chapter 3 Methodology

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. Se@idnelaborates 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 illustratedsection3.2 Lastly, the indicators for evaluating designed
scenarios, including traffic efficiency index and vehicle emission index, are explasextion

3.3

1 3.1 General Approach

1 3.2 Integrated Modelling Framework
M1 3.3 Measurement Indices

1 3.4 Conclusion
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3.1 GENERAL APPROACH

This section presesitthe general approach proposed iis gtudy, which involves three stages (see
Figure®6). In the flow chart, blue boxes indicate thain steps implemented during tlesearclprocess
and white boxedemonstratéhe supplementary informati@boutspecificstefs.

Data preparation for simulation models Extracting from external data sources

Development of microscopic simulations Using SUMO, VERSIT+ and GRAL

Development of integrated framework Linking models binternal data

Application of integrated framework Setting up the baseline case

Framework validation Validating by bus schedule amtbnitoredair quality

Developingscenarios based on dynamic bus lane
adaptive traffic light

>

Scenario development

Comparing scenaridsased ormodelled traffic
situation, vehicle emission and air quality resultg

Figure6 General approach.

Stage 1 Microscopic simulatioomodelling. The simulation flowframework which consists of liree
different microscopic simulation modeglSUMO, VERSIT+ and GRA) is establishedt first Data
from exernal sources is imported into thienulationto keep itconsistent with the microate Besides,
the internally generated data is useddanect three models, which is explained in se@i@n

Stage 2 Case studyA microscopidiaseline road netwolkased ora real case is simulated applying

the integrated frameworR he simulated results includiee fluctuations of traffic volume ancehicle
speed with timeyehicle emissios per street as well as the distribution of pollutant concentsdtion
the modelling domaie. Among the range of traffilnduced pollutantsCO is chosen as an example
indicatorsince ittypically originates fronincomplete combustion of carbon fuels, such as that which
occurs in car engines and power plafitse simulation result is then validated by comparisons with
actualbus schedules amdonitoredair quality data, after which the model is adjusted.

Stage 3 Scenario analysisAfter setting up the baselirgmulation environment, we zoom intwe bus
laneon the main rogcandmodel the impact dfifferent traffic management schenthat arebased on
two strategiesdynamic bus lane and adaptive traffght) onurban traffic flow and roadside air quality
(in this case, refers to CO concentratioff)e microscopic simulation resulits terms ofthe traffic
situation vehicle emission and aguality are used for evaluating the efficienof/various scen&s
throughindices liketraffic volume,busdeviation timeandstreet vehicle emissisnTheexplanatios
on themeasurement indicesin be found isection3.3,
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3.2

As explained in the general approaohe ofthe main contributiosof this research ianintegrated
modelling framework which connects three simulation modBésides,the data flow behind the
integrated system imlsoimportantsincethe frameworkis established based on external data sources
andis connected by two important ddiaks.

INTEGRATEDMODELLING FRAMEWORK

In this sectiontheintegrated modelling framework is presentiest, andthe method of calculatinigvo
connectiordatasets are explaingdthe second panvhile the data preparation procéssed on external
data sourcerelated tahebaseline scenariwill be introduced in the next chapter.

3.2.1 Integrated Framework

Theintegrated framework which couplescroscopic traffic, vehicle emission and air quality modelling
can be drawn (sdeigure?). It illustratesthe proceduré¢o link the selected simulation models ahd
main data input and output of each model.

Firstly, information related to the road network configuration, traffic demamdsadditional data will

be collected from differergxternaldata sources and used to set up the microscopic traffic simulation
environmentin SUMOQ. The outputs of this modeincludingroad network andraffic volumes, are
converted to total driven migeper streethighlighted in orange ifrigure?). It is then used with the
combination of emission class and emission fafttan the VERSIT+ databases inputs for vehicle
emissioncalculationto quantify the street vehicle emissiafgheinvestigatedoad segments. At last,

the GRAL model is applied based on the emission source integsiterated fronboth traffic and
vehicle emission modellingesultsandhighlighted in orange ifrigure7) and external environmental
data (infrastructure design parameters and meteorological parametersistribution of pollutant
concentratioacan be thewomputed to show th@adsideair quality in themodelling domains.

VEHICLE EMISSIO

TRAFFIC MODELLI MODELLING

AIR QUALITY MODELLI

Data collection: Data collection:
1 Emissiortlass 1 Meteorologicalparameters
1 Emissiorfactor T Infrastructure design parameter

| |

— T~

Data collection:

1 Network configuration

i1 Traffic demand (OD
matrices & bus schedules)

1 Additional data

|

_— T~ _— T
“/ Microscopic traffic\\‘ / Emission model\“

\\ model (SUMO)/’

\\ (VERSIT+) /

Validation: ‘//@‘ {/\:‘ Validatic_)n:
Bus schedules \§:;—;// —/ Air quality

—— Air quality model (GRAL)

Road network;
Traffic volumes

OUTPUT {

\F

Street vehicle emissions

i

Distribution of
pollutant concentrations

Figure7 Theintegrated framework based ahe traffic,vehicleemission and air quality modgktonnectiordata is highlighted

in orange)
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The established framework successfully integrates the traffic, vehicle emission and air quality models
based on aeliabledata flow, which explains how the integration framework can permit the prediction

of urban air qualityinfluenced bydifferent traffic managemenscenariosWith the change in any
parametersin the framework it allows to create various scenariggenerate the corresponding
simulation resultsandtherefore evaluate these scenakiased on various indicéBwo validation parts

that rehted to thévaselinecasewill be illustrated after establishing thaselinescenario in sectioh.5.

3.2.2 DataLinks BetweenSimulationModels

As emphasizé by the integrated framework, the key to link thdiéerentsimulation modelss thetwo
mentioned internal datase® clarify this reasonablénformation flow,the methods of generatiripe
internal dataonnectionsare explained as follows

3.2.2.1 Linking Traffic andVehicle EmissionModels

In the vehicle emission modellinty calculate theraffic-induced emissions per stretite output of
traffic simulation, i.e.total driven mileagéy passenger cars (vehicle kilometteavelled VKT) on

the investigatedstrees, is neededHowever, the current SUMO does not have the ability to generate
such output directly. Instead, tvgoib-datasetsyehicle counandstreet lengththatcan constitute the
total driven mileaggerstreetwill be retrieved.

Vehicle Count

The first retrieved component ighicle countwhich gives the number of passenger cars that have
travelled through each street in the simulation period. An XML sigiptepared as below. It will be
invoked by SUMO during the traffic simuilah to compute the number ghassedvehicles in the
designatedimulation period.

<additional xmlns:xsi="http://www.w3.0rg/2001/XMLSchesimstance”

xsi:noNamespaceSchemalocation="http://sumo.dlr.de/xsd/additional_file.xsd">
<edgeDatdd="Measurement_whole_simulation_period" file="edge_output_car_0613000.xml"

begin="23400" end="68400" excludeEmpty="True" vTypes="car"/>

</additional>

Several attributes are definedthre counter the attributeexcludeEmptys set TRUE to exclude those
streets that were not used by any car during the simulation period. The attfippésis specified in
the detector to count only passenger daeginandendare the attributes to specify the time to start and
end writing(only the cars travelled in the interval are recorded).

After running the traffic simulatioby SUMO, the computed information summary on a certain edge

has values likéd, travelTime, density occupancywaitingTime speeddeparted arrived, enteredl left,

andetc. Noted that these values can only describe the situation by macroscopic mean values such as the
mean vehicle speed, the mean densityd more.The detailed explanations to these values can be
referred to the SUMO documentati@erman Aerospace Center (DLR), 2020¢xt, anothepython
scriptshownbelowwill be invokedto convert SUMQoutput files (.xml) into editable data sheet files

(.csv) with chosen attributeisl, departed arrived, entered andleft.
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# import the library
import csv
import sumolib

with open (‘edge_vehicle count_06.3®.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(tge_output _car_06.309.00.xml", “interval"):
for edge in interval.edge:

thewriter.writerow({'edge_id"edge.id,'edge_departed':edge.departed,'edge_a

ed".edge.arrived,'edge_entered':edge.entered,'edge_left':edge.left})

Id indicates the specific streetlepartedandarrived gives thenumberof vehicles that launch or finish

their routes on this street within the simulation peremgteredandleft 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 veahle begins its trip from the upstream end of the street when calcutipeayted and

arrives at the downstream end when calculadimiyed. Besides, when a car is abdeavingfrom this

street it always starts its journey from the upstream endadveh itentersthe streetit always reaches

the downstream end (sEgure8).

Figure8 The upstream end and downstream end of a street.

Therefore, to avoid double counting on vehicle numbetsiclecountis computed to use the value of
departed+enteredr arrived+left. Here vehiclecountchoosedo use the sum afepartedandentered.

Steet 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 rulegmnit), 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 sinceraegbuld travel from

the beginning to the end. It is therefore reasonable tetuset lengthfor 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¢bggated streets
with edges by their uniquels The python script below is invoked to convert the road network file
(.net.xm) to retrievableedge lengtliataset.csy which contains only two types of informati@dge.id
andedge.length
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