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“Simulation is a powerful tool, and like all powalftools it can be dangerous in the
wrong hands. The increased emphasis on simulatimies and the corresponding lack
of experience on the part of some people who attémnapply the method can lead to a
type of pseudo simulation. Pitfalls exist in sintigla as in every human attempt to
abstract and idealize. Some rules to follow in diray these pitfalls are no assumption
should be made before its effects are clearly ddfimo variables should be combined
into a working system unless each one is propeqbifagned and its relationships to the
other variables are set and understood, and ittrbesremembered that simplification is
desirable but oversimplification can be fatal.”

Drew (1968)

Transportation Modelling for Environmental Impactsg®ssment 12



Vi ACKNOWLEDGMENTS

ACKNOWLEDGMENTS

This master dissertation is the result of one yafaintense research in the theme
proposed, having had the opportunity of workingaphisticated software’s and models,
studying a theme and a scenario that is very mgénito me.

The first acknowledgement must go to my supervisbvgould like to thank Professor
Alvaro Costa and Professor Margarida Coelho fodigig me through this project and for
always backing me up in the natural doubts thad Huring this year of intense study
and research. My special thanks to Pedro Abramtegeching me a lot about transport
modelling and for encouraging me to always go frtm my investigation and for
teaching me how to interpret results and modelwstd'd like to give special thanks to
Sandra Melo, Patricia Carvalhido, Ricardo Cardéssjro Moia, Frederico Moura e S4,
Manuel Guimaréaes, Ayca Kolukisa and all FEUP ingedton team, for always listening
to my doubts and helping me out with the day by @eks. Last, but not least, | would
like to acknowledge my dear family for the suppand constant presence during this
year of hard but fulfilling work.

Transportation Modelling for Environmental Impacts®ssment 13



vii ABRACT

ABSTRACT

Large scale urban transportation planning models@rognized as an essential input in
the decision making processes of the majority ef uhban planning. One of the main
challenges is to find ways to use these sophisticttols to provide a relevant policy and
timely set of meaningful outputs that can accomnmdiae diverse set of stakeholders
needs.

The developments of transportation and emissionefsduave always followed separate
routes, these models have been conceived for tifereht purposes and this fact
explains the current difficulty using these modelan integrated way. In broad terms the
transportation models have been built considerangal aspects of the same problem
(mobility), while the emission models have beendleped under the incentive of air
pollution, to forecast the emissions produced lffgint sources.

The main objective of this research is to presenteerview of the role that integrated
transportation and emissions models (including yamal of multi-modal factors of
mobility and road network assignment) can playhm énvironment impact assessment of
transportation related policy instruments and othen-transportation instruments.
The model (which relates urban mobility and emissityom private and public transport
vehicles) is developed usifMME/3transport planning software and intends to analyze
the mobility environmental impacts induced by theajon regional development
tendencies and policies in the Porto Metropolitaead

The main conclusions of this dissertation focustloe methodology proposed and the
opportunities of improving the interaction betwedransportations models and

environment models.

Transportation Modelling for Environmental Impacts®ssment 14



Viii RESUMO

RESUMO

A utilizacdo de modelos de planeamento de transpalé escala urbana € reconhecida
como um importante contributo para os processas@®us do planeamento urbano. Um
dos principais desafios é encontrar formas dezatilessas ferramentas sofisticadas para
fornecer respostas relevantes e oportunas, adegjuaslanecessidades dos agentes
decisores. O desenvolvimento dos modelos de traiespe dos modelos ambientais
(emissdes atmosféricas) tém seguido caminhos skysaraestes modelos foram
concebidos para duas finalidades diferentes efaste explica a actual dificuldade em
utilizar esses modelos de forma conjunta. Em tergesais, os modelos de transporte
foram concebidos considerando diversos aspectasedmo problema (a mobilidade),
enquanto os modelos de emissGes foram desenvolpiai@s a previsdo das emissdes
produzidas por diferentes fontes.

O principal objectivo deste trabalho € apresentaa wisédo geral do papel integrado que
os modelos de transportes e os modelos de emigsdkendo a analise de dos factores
multi-modais e factores de afectacdo de redes)npodiesempenhar na avaliagédo do
impacto ambiental do transporte relacionando instntos politicos e ndo politicos de
avaliacao.

O modelo (que relaciona mobilidade urbana e de séiass de veiculos de transportes
privados) é desenvolvido utilizando o softwBMME/3de planeamento de transportes, e
entende analisar os impactos ambientais induziétss principais tendéncias politicas
do desenvolvimento regional na Area Metropolitaod@drto.

As principais conclusdes deste trabalho focalizanma metodologia proposta e as
oportunidades de melhoria na relacao entre modeedsansportes e modelos ambientais.

Transportation Modelling for Environmental Impacts®ssment 15



CHAPTER 1 - INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 Background

Over the past decades, transportation demand beesaged dramatically in the European
Union (EU). Growth rates vary significantly betweprevailing transportation modes.
Road usage increased exponentially, while the usenland waterways and rail
decreased. The European Commission (EC) and thslatge body in the EU, is
concerned that the trend will continue in the abserof timely intervention.
The EC currently intervenes in the organizatiorEafopean transportation by imposing
fuel taxes, and designing environmental guideliaed regulations. The EC proposes to
further alleviate the problems by means of new sindter common transport policies,
which, in essence, pass on polluters the true dostsociety and the environment.
Therefore, public authorities, assisted by urbaanpérs and road managers, are faced
with extremely complex operational, design and nmnganzent challenges.
Traffic congestion makes cities less pleasant addiges the efficiency of the transport
system by increasing journey time, fuel consumptiand driver stress. Thus,
environmentally, economically and politically, & important that the transport system is
designed and used in the most effective way saittisatisfies the needs for personal and
freight transport without creating unacceptabledittons. Its costs must be kept in check
and its adverse effects on the natural and antlogmal environment should be
minimized.

Pure intuition is no longer sufficient to elaborgtebal solutions, the need for dedicated
models, helping to understand the complex mechanafithe system and to evaluate the
impacts of several policies is essential. A modeh de defined as a simplified
representation of a part of the real world whicmaantrates on certain elements
considered important for its analysis from a patc point of view (Ortuzar and
Willumsen, 1994). In this context, the representats built from mathematical equations

that are claimed, under some assumptions, to rapeod part of reality.

Transportation Modelling for Environmental Impactsgssment 16



CHAPTER 1 - INTRODUCTION

The problems must be addressed with a consistent@nprehensive approach and with
planning methodology that helps to design stratefpe sustainable cities. This includes
an integration of socio-economic, environmental texhnological concepts to improve
forecasting, assessment and strategic policy l@seision support. The use of transport
equilibrium modelling to evaluate alternative tpaogation policies, including multi-
modal systems, technological development and semamomic development, and spatial
and structural urban development in general, cagramvne potential misleading in
transportation planning. The combined use of trarigmodels and emissions models, to
understand the impact on emissions due to mobildaye always followed separate
routes; these models have been conceived for tifereit aims and this fact explains the
current difficulty using them in a joined way:

Transport modelfiave been built considering several aspects okdémee problem: the

mobility. These models, dealing with transport dachand its effects as congestion, are
used as to forecast the demand of new infrastrestas to understand how the users
utilizes the actual infrastructures. This is dookofving the principle that the users want
to minimize their travel cost. This one (generaiz®st) is intended as the sum of the
operating cost of the vehicle and the cost of thed time. So, it seems to be clear that
the main and last purpose of the past and preseudlels) has been to solve traffic
congestion: the vehicles must circulate in a noigested stream and this means to give
the correct supply to the users. This argument iders the resources as they were
infinite and the only restraint is the road capacithis is a mechanism that leads to the
building of new transport infrastructures that indunew traffic (induced traffic);

Emission modelfave been developed under the incentive of growingollution, to

forecast the emissions produced by different ssurbtobile sources and, particularly,
the road transport give an important contributaitgollution, overall in respect of GO
CO, NG and VOCs. This study will be conducted considenegv constraints in urban
planning: the environmental road capacity. So, fite# step should be to quantify the
emissions produced by traffic, the emissions inmgnt

Transportation Modelling for Environmental Impactsgssment 17



CHAPTER 1 - INTRODUCTION

1.2 Aims and Objectives

The decline of urban air quality has induced poehtgkers to make great efforts to
determine the best policies to adopt in order t@rowe environmental conditions,
especially in urban areas. Policy choices needetddsed on the verification of the
sustainability of the alternatives. In European riewand cities, one of the biggest
problems is air pollution produced by urban traffithis means that traffic control
measures and urban traffic planning should be exadnin terms of their impact on
environment. The quantity of pollutants producedgbsen traffic conditions have to be
calculated in order to understand the best pobcydopt.

The aim of the present dissertation is to give supjp policy-makers and technicians in
the evaluation of the consequences of their charcésrms of urban traffic, and has four

main objectives:

1 - Define a methodology for developing an integfapplication for the evaluation of the

emissions impact using transport modelling;

2 - Apply the computer application thus defined] aarry out an evaluation of pollutant

emissions caused by different scenarios in Porttvd@elitan Area;

3- Understand what rule transportation modelling gday in the assessment of the

emissions impact of transport related policy instents;

4- Determine the major pitfalls of the proposedhoédblogy and potential improvements
in both transport and emission models.

Transportation Modelling for Environmental Impactsgssment 18



CHAPTER 1 - INTRODUCTION
1.3 Study Area

Porto is located in the Northwest of Portugal, loa North bank of the Douro River, on
the European Atlantic coast. The city has approtetge800.000 inhabitants (INE, 2002).
However, accounting with the various satellite tswthe population of Greater Porto
raises to approximately 1.5 million people, in amaaof approximately 817 Knand a
population density of 1835 people/k@iNE, 2002).

The territory of Porto Metropolitan Area (PMA) isostly urban and dense, and
comprises a group of municipalities (9 municipah)i, as demonstrated in figure 1, which
have been generating new focuses of centraliteliation with the traditional centre of
the city of Porto. Without a basic structuring cij the metropolitan areas have been
taking advantage of the opportunities afforded bg European Community funds,
central government programs or occasional initegtitaken by their own municipalities.
In the case of Porto an “opportunistic” strategys Haeen developed by means of
complementary relations between municipalities rmigg inter-mobility or the
environment, which consolidates the idea of “netnagglomeration”.

The period between 2001 and 2005 was marked by @t sgerventions that consolidate
this strategy. Programs like the Porto Light Ragthd, Porto 2001, the Polis Program
and the Euro 2004 complement the urban policieently being discussed, and place on
the local agenda the public transport, mobilityigoland the environment. The project
for the light rail metro network in Porto was th&sf step towards possible
complementary efforts between municipalities by pmsing a new network which
provides support to fast transport between theouarcentres, thus assuring that desired
inter-mobility is achieved. Being mainly a surfatght rail train, it is capable of
competing directly with some bus services alreadylace. In consequence, PMA is
currently witnessing a major restructure of its lpukbransport system, prompted by the
construction of the®1stage of its light rail train network and the oduction of complete
fare integration. Until now, its public transpostseem consisted of an extensive bus
network (S.T.C.P — Sociedade de Transportes Cotectio Porto) several small/medium
private companies and three suburban railway lihégh regard to physical integration,

S.T.C.P has been re-designing its network to opgnmtegration with the new mode,
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eliminating redundant routes, and improving theamimg bus services. The introduction
of a light rail metro network brought significantcassibility improvements to the
transport system, changing the mobility patternsthe metropolitan area with its
environmental consequences. This recent integratiopolicies that should increase
personal travel choices by improving alternativ@shie individual transport (car) and to
secure mobility that would be sustainable in thegléerm are the centre of a new and
more embracing concept of “desire for integratiamdt only between modes of transport
and other government policies, including environtakrmpolicies, but also between

transport planning and land use planning.

~ N
’[" Povom\

GONDOMAR

VILA NOVA DE GAIA

Figure 1: Porto Metropolitan Aré& (+ Trofa) and Porto City

@ During the rest of this dissertation the referetmethe Porto Metropolitan Area will include Trofa
municipality. This is due to the fact that the spart model was build to give responses to the msipa of
the light rail metro network including the expamsio Trofa municipality.
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1.4 Dissertation Outline

This dissertation deals with the modelling of védiemissions, fuel consumption and the

possibility of using emissions/energy and transpuddels in an integrated way. A

critical review of the currently available models ¢onsidered in detail, including a

discussion on the factors affecting vehicle emissiand fuel consumption, a description

and evaluation of macroscopic emission/fuel congionpmodelling techniques and the

integration with the transport models available fbis project dissertation, figure 2

shows the scope of this dissertation underlinecedyflow boxes.

Regional Growth Models
v

Population and
Employment Forecast

v
Land Use Mode

y v

Travel Demand Mode Traffic Simulation Model

I |
y

Traffic Volumes and
Vehicle Activity Levels

v v
Emission Model Energy Model
v v
Vehicle Emission Energy Consumption
v
Dispersion Mode
v

Pollution Concentratic

Figure 2: Dissertation scope diagram.
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1.5 Dissertation Layout and Contents

Chapter 1
Introduction

Chapter 2
Literature Review

Chapter 3
Methodology

Chapter 4
Case Study Results and Analysis

Figure 3: Dissertation layout

As showed in figure 3, the dissertation layoutiigdid in five chapters and starts with
an introduction and the definition of the disseaiatobjectives. Then, in Chapter 2, a full
review in emission models and transport modelliaghhiques considering all well-
known authors and the main approaches that have s over the years. A specific
review of the models that have joint transport n®dwith emission and fuel
consumption is also carried out. In the end of thiapter there is a summary of findings
of the literature review that summarizes the stdtéhe art in transport modelling and
emission/energy models.

Chapter 3 explains the methodology of emission emergy consumption considering a
specific methodology for the introduction of tBOPERT IV(Ntziachristos and Samaras,
2000) in the transport model that is going to bal@ated. There is then an explanation of
all the variables that are needed to relate thesson and energy models with the
transport model used, and also a demonstrationeofvay it is going to be implemented
in theEMME/3 (INRO Consultants). The PMA model is then expldiaad the variables
used and the subsequent sub-models that are usad the transport modelling process

are demonstrated.
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Chapter 4 gives the results of the case-study,idensg the methodology proposed in
Chapter 3. During this chapter a number of sceraai@ evaluated concerning several
aspects of transport planning that can have impaemissions and energy variables.
Finally, during Chapter 5 the conclusions are agtd and discussed, considering all the
scenarios that were tested and all the conclustbas can be extracted from the
methodology proposed. This chapter ends with s@o@mnmendations for future work in

the theme proposed.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Decline in the quality of the environment has inetligpolicy-makers to make great
efforts to determine the best policies to adoptomder to improve environmental
conditions, especially in urban areas. Policy cb®ioeed to be based on the verification
of the sustainability of the alternatives. The $port sector is still considered to be a
burden to the environment in spite of progress made number of areas over the last
decades. More success has been achieved in imgrth@renvironmental performance of
vehicles than in addressing the ever increasimgpart demand.

The vehicle emission control progrdfhhas achieved considerable success in reducing
carbon monoxide (COY, oxides of nitrogen (NQ “ and volatile organic compounds
(VOCs) ®). Cars coming off today's production lines typigasimit 90 percent less CO,
70 percent less NOand 80 to 90 percent less VOCs over their lifetintigan their
uncontrolled counterparts of the 1960°s (EEA, Eessop Environment Agency).
In transport policy, environmental indicators areceiming more important in the
assessment of current local transport policiesiartie development of future policies

and programmes.

@ Motor vehicle emissions have originally been tatad by Directive 70/220/EEC and 88/77/EC and
amendments to those directives. A whole seriest@draiments have been issued to stepwise tighten the
limit values. The Auto-Oil Programme focused on #missions of carbon monoxide (CO), Volatile
Organic Compounds (VOCSs), nitrogen oxides (N@nd particles. It resulted in the Euro 3 and Ediro
stages for light-duty vehicles as laid down in Dtiree 98/70/EC and in the Euro Il and IV standafols
heavy duty vehicles (Directive 1999/96/EC, now &dpd), as well as the fuel quality Directive 98HO!

@) CO - Carbon monoxide is responsible for health fenmls, where it can exacerbate cardiovascular
disease and contribute to respiratory conditionsoimbination with other pollutants.

@ NOy - Nitrogen oxides cause national and transnatipoHiition, contributing to acid deposition and, in
combination with ozone, the formation of secondpojlutants, which give rise to photochemical smog.
®) vOCs - Volatile organic compounds comprise a \grief chemical compounds. The major
environmental impact of VOCs (other than methand,)Cies in their involvement in the formation of
ground-level ozone, which can affect human heaith@damage plants.

Transportation Modelling for Environmental Impactsgssment 24



CHAPTER 2 - LITERATURE REVIEW

Because of the limited data and resources avaifablenonitoring, it is crucial that the
environmental indicators, which are collected andnitored, are representative of
environmental impacts, widely available, inexpeasand easy to collect.

A first step in reducing the impact of the trangpbon sector on the environment is to
predict the amount of fuel consumed and pollutamgted from motor vehicles based on
representative travel characteristics. The objeabifvthis chapter is to provide the reader
with a background of the current state of the asiaw in a number of transport
modelling techniques and emission and fuel consiompinodels. These modelling
techniques are evaluated in terms of the capalfisimulating the effect of traffic flow
on emission and fuel consumption levels. But fingt factors affecting vehicle emissions

and fuel consumption are discussed in a concise way

2.2 Factors Impacting Vehicle Emissions and Fuel @sumption

Motor vehicle emissions and fuel consumption dependa large number of factors
which can be grouped into two broad categoriesk€14998): technical factors related
with the design and engineering of the vehicle;rapenal factors related with the way in
which the vehicle is used.

The more important technical factpesnong many others include Epgine type Diesel

engines emit less CO, VOC, and N&ut more particulate (Saleh, 1998) @hgine size
(capacity) - Engine capacity has been found to mengportant parameter affecting
pollutant emissions and fuel consumption. (Exhaust after treatment Pollutant
emissions rates can be reduced by introducing ethafter treatment devices such as
catalytic converter and particulate traps. Catalgbnverters remove CO, HC as well as
NOy from the exhaust gas after it leaves the engiagid@late traps are used for diesel
vehicles to remove exhaust particles (Cheung, 1888)(iv)Age and distance travelled
Older vehicles generally produce higher emissioelie

The more significant vehicle operating factorgacting emissions and fuel consumption

include (i) Average speed and speed variatiolThe average speed over a trip is a

dominant factor in estimating emissions and fuehstmnption (Joumard, 1995).
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However, there can be significantly different enass results for cycles with
approximately the same average speed (Joumard,);1@95nstantaneous speed and
acceleration- the acceleration rate is a direct measuremeningtintaneous speed
variations (Joumard, 1995). Contribution of accsien rate on vehicle emissions and
fuel consumption should be significant at signahtodlled junctions, where frequent
stops and starts are likely to happen; and ie@hicle driving mode Vehicle emissions
and fuel consumption behave differently at varionsdes, e.g., idling, accelerating,
cruising and decelerating (Cernuschi, 1995). Temsimodes (e.g. acceleration and
deceleration) are generally more polluting thamdyestate driving modes (e.g. idling and
cruising). Matzoros and Vliet (1992) stated thatissions and fuel consumption are
higher near junctions than at mid-links and Coedhal. (2005a, 2005b, 2006) estimated
the emissions increased in traffic interruptionbeve the vehicles are subjected to stop

and go situations and accelerations and decelesatio

2.2.1 Cold Start Emissions

Total emissions are calculated by the sum of eonssifrom three different sources,
namely the thermal stabilised engine operation)(tilboé warming-up phase (cold start or
excess start emissions) and the fuel evaporationcéhtrations of most pollutants during
the warm-up period are many times higher than duhiot operation and a different
methodological approach is required to estimate exw@ssions. This is caused mainly by
the ineffectiveness of vehicle emission controlides (such as catalytic converters) and
incomplete fuel combustion at start-up. Excesst starcold start emissions are an
important part of emissions inventory models coesity two principal reasons: the
average trip length of passenger cars in Europbosit 5 to 8 km (Laurikket al, 1989),
whereas urban trips are even shorter (2 to 4 knordow to Andréet al., 1999).
Consequently, a high proportion of distance carditdeen under cold start conditions;
secondly, the engine temperature affects the eomissite, and the ratio of cold start
emissions to hot start emissions has been showvanp between around 1 and 16
according to the vehicle technology, the pollutamig other parameters (Joumatdal,
1995).
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2.2.2 Evaporative Emissions

Hydrocarbon emissions occur as a result of evajporéitom the fuel system, especially
for petrol vehicle. Evaporative emissions occuaassult of the volatility of the fuel and
the variations in temperatures during a 24-houiopleor the temperature changes in the
vehicle's fuel system which occur during normalvithg. Evaporative losses from
vehicles are known to depend on four major facteekicle technology (equipped or not
with carbon canisters); ambient temperature andiutgnal variation; gasoline volatility
(depending on the temperature variation); drivingnditions (average trip length,
parking, time, etc).

2.3 Empirical Base on Emission Models

Emission models are developed from several typesragsion measurements. There are
different emission measurement methods availabdenety laboratory engine bench
testing, laboratory chassis dynamometer testingroad measurements and road
measurements. These methods and their use witleatesp emission modelling are

briefly reviewed:

a) Laboratory Measurements:

When exhaust emissions are measured in a laboraamshicle is fixed to and operated
on a chassis dynamometer according to a specifiingrcycle, which simulates certain
driving conditions (in an urban area). A drivingcleyis a predefined driving pattern in
which operating conditions in terms of instantareespeed, and in some cases gearshift
points, are purposely defined. Driving cycles aredels of driving behaviour that are
thought to be representative of certain conditiang which are developed for a specific
class of vehicles and for a specific period ofdag (e.g. entire day, peak hour). The test-
driver “drives” the vehicle in such a way that thpeed-time profile follows, within
specified tolerances, the driving cycle that iptiiged on a driver's aid placed in view of

the driver.
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b) On-Board Measurements:

In addition to dynamometer testing, researcher ieeen using vehicles with on-board
measurement systems to collect emissions and aatie time driving pattern data. In
this way real-world exhaust emissions may be ctdbcby on-board measurement
instruments (Freyet al, 2001; Rouphaikt al Unal et al, 2002) or in a sample bag
(Brown, 1998), which can be analysed after comptetf the trip to obtain average
emission rates [g/km]. Alternatively, emissions niegyanalysed and data processed and
stored in real-time to obtain instantaneous envissites [g/s]. Real world vehicle
emissions have been used in the development okeEmimodels, such as EPA MOVES
model (EPA, 2004) based on the Vehicle Specific &oWNVSP) methodology
(Methodology for Developing Modal Emission Rates #©PA’s Multi-Scale Motor

Vehicle and Equipment Emission System).

c) Road Measurements:

Three types of road measurements were identifietthenliterature: remote-sensing; in-
traffic emission sampling; and fixed-point emissgampling. Remote-sensing provides a
practical approach to routinely measure instantapean road exhaust emissions from
large fleets of individual vehicles at certain Iboas in the road network resulting in
fuel-based emission factors, i.e. g/kg of fuel @hat al, 1995). Remote sensing has
contributed to an increased understanding of realdremission behaviour of vehicles
and it is a promising technique for emission modsidation purposes (Sjédin, 1996).
In-traffic emission sampling was reported in onhecstudy (EPAV, 1999). A vehicle in a
moving traffic stream was used to sample air aldbuheter above the vehicle and
emissions computed by making assumptions aboutageefuel consumption and the
ratio of pollutant concentrations to @OThis approach was an innovative way of
determining average vehicle fleet emissions, lsutdcuracy limited by its assumptions
and its application limited to a few road secticarsd operating conditions. It may
therefore be most useful as a validation tool. Hgeint emission sampling has been
used for indirect estimation of mean emission factwom traffic streams (“inverse”

dispersion modelling). Ambient air pollutant contrations are monitored at the kerbside
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(e.g. Zweidingeeet al, 1988) or at a point above the road (e.g. Moravetkal, 2001).

2. 4 Considerations in Emissions Modelling

Vehicle exhaust emissions and fuel consumptionsraie dependent on a range of
technical and operational factors. Clearly, it & oost-effective to take into account all
factors at the same time. Therefore, it is impdrtandentify those that are most related
to modelling emissions and fuel consumption ingport models.

Much of the international research so far has coinated on the effects of factors such
as engine capacity, fuel type, speed and rate adlex@tions. It is recognised that cold
start and evaporative emissions can be signifisader certain conditions. The cold start
period and the amount of evaporative emissionslependent on the ambient conditions
and the period of parking, which is out of the seop this study, considering the lack of
consistent information. Moreover, the cold starigubis not well-defined in terms of the

transition to hot emissions (Cloke, 1998). Therefagmissions and fuel consumption

considered in this study case are from hot staoilengines only.

2.5 Emission Modelling Approaches

The general approach in estimating emissions aeldclansumption from road traffic is
the sum of the product of emission or fuel consuompfactors and the traffic variables
(Cloke, 1998). There has been an array of emissminfuel consumption models derived
for different spatial and temporal requirements.igsmon models can be categorized into
three main groups: Emission factor mod@<%.1), Average speed models (2.5.2) and
Modal models (2.5.3).
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2.5.1 Emission Factor Models

Emission factor models employ single emission factor individual types of vehicles
operating in a particular type of driving conditsofe.g. urban driving). The emission
factors are calculated as a mean value of repeag¢adurement of total emissions over a
given driving cycle, which are usually expressetemms of the mass of pollutant emitted
per unit distance travelled (e.g. g/vehicle.km)eTherman-Swiss model (Hasstlal,
1993) is the result of a five year joint German/&wiesearch project undertaken in order
to determine the emissions of all relevant cate&gooif road vehicles in the two countries.
The results of the German/Swiss model in termsmésion factors can be used in a wide
range of applications. These models are designegrowide emission inventory
information on a large spatial scale, such as natiand regional levels, where there is
little detail on traffic flows and operation. Thepproach is easy and simple to apply in
emission estimation, but the major disadvantagésaisthese models are not sensitive to

a vehicle's operating modes.

2.5.2 Average Speed Models

The average speed approach is the most commordynushod for estimating emissions
from road traffic, like theCOPERT IV(Computer Program to Calculate Emissions from
Road Transport) data base (Ntzachristos and San088). COPERT IVis a software
programme aiming at the calculation of air polldatamissions from road transport. The
development ofCOPERT has been financed by the European Environment égen
(EEA), in the framework of the activities of the lBpean Topic Centre on Air and
Climate Change (EIONET). These tools allow foransparent and standardised, hence
consistent and comparable data collecting and @nssreporting procedure in
accordance with the requirements of internatiormventions and protocols and EU
legislation. This model is based on the emissiadesragenerated for various driving
patterns. The average emission rate for each dripaitern as a whole is measured, and
assigned to the mean speed of the driving patterguestion. The measurements for

several vehicles of the same technology (engine, typdel year and emission standard)
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and engine capacity class, obtained over sevendhdrpatterns, are grouped together.
Then, a speed-dependent emission function is dkriVhis is repeated for all vehicle
classes. This means that in addition to vehicle tyipe average speed of the vehicle is the
only decisive parameter used to estimate its eanssites. This restricts the approach to
regional and national emission estimates. The dysgof a driving pattern - which are
especially important during urban driving - areyotalken into account implicitly.

The MOBILE model (US EPA, 1994) has emission ratest are derived from a
laboratory based test procedure known as the Feflest Procedure (FTPY in the
United States, which has been used to determingl@mee of vehicles with federal
emission standard since 1972. However, the FTRndrieycle has been criticized to be
underrepresented the common driving pattern cheniaetl by the high-speed driving
and high acceleration rates. Some driving cyclesl us develop speed correction factors
for adjustment of the baseline emission rates,agse not considered to be adequately
representative of urban driving conditions.

EMFAC (Emissions Factor Model) is a US on-road nelsources emission factor
model developed by the California Air ResourcesrBq&€ARB). This model is one of
four Motor Vehicle Emission Inventory (MVEI) modeisat are used together to develop
emission inventories in California. EMFAC acceptgput from CALIMFAC, which
provides basic emission rates, and WEIGHT, whidihmedes vehicle activity by model
year, to produce emission factors.

The last model BURDEN combines vehicle travel dMKT ), number of vehicles)

with EMFAC’s emission factors to produce the enussnventory.

® The Federal Test Procedure (FTP) is a standardtiedtatory test method used in the United States fo
new vehicle testing. Selected pre-production pypes of new vehicle models are driven by a trained
driver in a laboratory on a dynamometer. The sagst fiarameters and driving cycles are used to ensur
that each vehicle is tested under identical comaktj and that the results are consistent and rapeat

VKT — Vehicle Kilometres Travelled is the total dihetres travelled by motor vehicles on the road

system during a given period of time.
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EMFAC 2000 model computes basic hot running emisstes, expressed as g/mile, for
light-duty petrol vehicles, which are classifiedt@mms of model year, vehicle technology
(carburetted, throttle-body injected and fuel itgel} and “emissions level regime”

(normal, moderate, high, very high and super) amdHree different air pollutants (CO,

HC, NOQ)) and CQ.

2.5.3 Modal Models

The so-called “modal modelling” emissions are meagicontinuously at the exhaust
during chassis dynamometer tests and stored attiaypar time interval (usually every
second), this approach categorizes the vehicle atipar into four modes: idle,
acceleration, deceleration and cruise. The operalticondition of the vehicle - defined in
current models by instantaneous driving speed and accelerétalculated from the
speed — time curve) is recorded simultaneously tighemission rate. In this way, it is
possible to generate emission functions by assigexactly-defined emission values to
particular operational conditions.

For example, the emission function for each pofiutaan be defined as a two-
dimensional matrix, with the rows representing doei¢y interval (km/h), and the
columns being assigned to an interval of accelmmattime’s velocity (m/s).
All instantaneous emission data are put into ofleot¢éhe emission matrix, according to
the velocity and acceleration of the measured Veltthat time. The emission function
is the arithmetic mean of all emission quantitieseach cell of the emission matrix.
Therefore, the emission function is stepwise and-dimensional, assigning a mean
emission level to every pair of velocity and accaien values. In the modal modelling
approach, the emission functions are used to ak@missions from a vehicle over any

driving cycle, given the second-by-second veloertyl acceleration values of the cycle.

Transportation Modelling for Environmental Impactsgssment 32



CHAPTER 2 - LITERATURE REVIEW
2.5.3.1 Speed and Acceleration Based

A convenient method to characterize vehicle modakntes is to set up a
speed/acceleration matrix (Zachariads,al, 1997; Kishi,et al, 1996; Hansenrgt al.,
1995; Watsonsget al, 1985). The speed/acceleration matrix gives trsamaneous
emissions and fuel consumption rates for diffex@rmbinations of instantaneous speed
and acceleration. For each cell of speed and aetele, the emission or fuel
consumption rates are averaged to give a mean.value

Other researchers use the product of speed anteetan instead of the acceleration
rate. The MODEM® emission model is developed by this method (Joumbe@5).
Emissions and fuel consumption data are classifieddifferent classes of speed and the
product of (speed acceleration). Instantaneous emissions and fuelwption are then
estimated by selecting values from the correspandiombination of speed and
acceleration. Cernusclat al 1995) grouped the data into five different acedlen
classes, representative of high and low decelgratiodes, cruising speed modes as well
as high and low accelerating modes.

For every class defined, best-fit lines were olgdirby regression analysis on the
emission-instantaneous speed plots. This methwdfést applying a specific case of the
speed/acceleration map by restricting the accéeratanges to only five classes.
This reduces the data requirement in the construatif speed/acceleration map. The
problem of this approach is the resolution of theesl/acceleration classes. Theoretically,
the finer is the resolution of the matrix the higisethe accuracy. However, it is highly
data intensive to construct a full and useful mafiree as 0.1 km/h resolution. Owing to
time and manpower resources constraints, it is dédfigult, if not impossible, to collect
such huge amount of data. Kenwortlgt al. (1999) stated that constructing

acceleration/deceleration maps to 0.1 km/h is arealistic, if not impossible task.

® The MODEM model (Modelling of Emissions and FuelnGomption in Urban Areas) was derived from
the DRIVE research program
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2.5.3.2 Emission Map Based on Engine Power and Spee

Another modal emissions modelling approach is toetlgp an emission and fuel
consumption map based on engine power and speest,({N97). Instantaneous engine
operational data such as engine speed and exleausétature are obtained on-road as a
function of speed and acceleration. The engine itond are then duplicated on the
laboratory dynamometer vehicle testing and takingesponding emissions and fuel
consumption measurements. The data sets are thgyedn® provide the emissions and
fuel consumption against functions of speed ancklacation. These maps serve as a
lookup table of emissions and fuel consumption asnhinations of speed and
acceleration. Again, the resolution of the lookalé is a problem. Moreover, the
emission mapping method can be very time consumingatching the engine conditions
to emissions, fuel consumption and speed profiestf, 1996) .

An example of a map based on engine power and speegssion model is EcoGest
(Silva et al, 2004). This modetan solve the dynamic laws of vehicles for specific
acceleration and deceleration curves of typicavidgi modes (slow, normal and
agressive). Main inputs of EcoGest are the typdriving mode, vehicle characteristics,
number of passengers, time spent at idle and tite rocharacterized by the topography,
number and localization of stop signs and maximuiowad speed. Based on those
inputs EcoGest is capable of calculating alongtthge the localization of the vehicle,
vehicle velocity, position of the accelerator pedgtarbox selection, and the engine
rotation speed. In addition, using the throttleipms and the engine speed, this model is
capable of estimating instantaneous fuel consumpéie well as instantaneous and

average NQ CO, CQ and HC exhaust emissions. These calculations ame dsing

emissions and fuel consumption distribution mapsadsnction of engine speed and

throttle position. These maps could be obtainedeeinumerically, or experimentally.

2.5.3.3 Physical Power-Demand Modal Modelling Apprach

Barth and co-workers developed the ComprehensivdaMBmission Model (CMEM)

which employed the physical power-demand modal hade approach. In this
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approach, the emissions process is stratifieddifferent components that correspond to
physical phenomena associated with vehicle operaml emission production (Barth,
1996). Each component is then modelled as an acallyepresentation consisting of 55
parameters that are characteristic of the procBsg¢a from dynamometer tests of
different vehicle types are used to calibrate themeters.

This approach provides explanation for the varredion emissions among different
parameters and can potentially handle all the fadtothe vehicle operating environment
that affect emissions. However, this approach ghllyi data intensive. There are a large
number of physical variables for various vehiclpety to be determined. Moreover, too
high degree of parameterisation may complicatentbeelling exercise. In CMEM, 24
vehicle categories are identified based on fuel amission control technology of the
vehicles. Normally, vehicles in traffic models &tassified into limited types in terms of
the vehicle size. Thus, such high resolution oficlehclassifications may be too

complicated for interface with traffic models.

2.5.3.4 Models Based on Second by Second On-BoanahiEsion
Measures

Models based on second by second on-board measuseraee based on a modal
emission approach but with a different perspecii¥eey et al, 2001; Rouphailet
al.,2001; Unalet al.2002). This approach considers the variable Velggecific Power
(VSP) which has been identified as a useful exjptagasariable for emission estimation
for light duty gasoline vehicles (Jimenez-Palaci@999); it is based on on-board
emission measurements (Frtyal, 2002, 2003, 2006) and is a function of vehigleesd,
road grade, and acceleration. This fact imply thtatcan be possible to obtain
representative on-board emission measurements @ndsvto better suited the current
reality of the Portuguese scenarios or in a mocallarea like Porto Metropolitan Area.
Models based on second by second on-board emisgasurements use relatively large
sample sizes of repeated runs as a basis for genglaverage emission rates and
confidence intervals for the averages. After datdection from on-board measurements

and laboratory dynamometer, this information isntkempiled for use in developing a
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conceptual modelling approach. This methodologlgater suited for microscopic and
mesoscopic analysis, and can be important for t&is where the evaluation of
emissions are to be taken in small scale scendikasthe different impact between a
roundabout and traffic light controlled crossingéhoet al.,2005a, 2006).

2.6 Estimation of Vehicle Fuel Consumption

Substantial energy savings can be achieved thradggn traffic management strategies
aimed at improving mobility and reducing delay. eFaonsumption and emissions have
thus become increasingly important measures ofctfEness in evaluating traffic
management strategies. Substantial research onwahenergy consumption has been
conducted since the 1970's, resulting in an arfafuel consumption models. In this
section, a number of such models which have beatelwiadopted are reviewed.

2.6.1 Models for Estimating Vehicle Fuel Consumptio

Many models have been proposed by researcherditoaés vehicle fuel consumption
rates. These models can be grouped into three oaegories: (2.6.2) Average-speed
models that estimate fuel consumption based oratieeage trip speed. (2.6.3) Modal
models that estimate each portion of total fuel scomption associated with each
operating condition along an entire trip; and @ @nstantaneous models, also termed
microscopic models that relate fuel consumptiornhi time history of driving patterns
and road gradient; these models are describedrthefudetail in the following sub-

sections.

2.6.2 Fuel Consumption Models Based on Average Spee

Average speed fuel consumption models relate foesemption to trip time, or the
reciprocal of average trip speed (Evans and Herrh@ri8). These models (also called
Elemental Models) are suitable for estimating thialtfuel consumption in large urban
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traffic systems and for assessing the impact ofspartation management schemes that
likely to have impacts on average speeds and thed & travel demand. Average speed
models can be applied when the average speed raatygsen 10 and 50 km/h, however
these models have limited application at very Ip&exls and at high speeds where the
aerodynamic drag becomes a dominant factor andttiuguel consumption cannot be
explained solely by the average speed.

Lam (1985) developed a second-degree statisticalemfior estimating vehicle fuel
consumption based on a vehicle's average speedMdtel was developed using high
speed and uniform speed driving cycles. Lam prappde® models. The first of these
models relates a vehicle's fuel consumption toaberage trip speed, engine size and
vehicle mass for urban driving. The second modetpaes the fuel consumption using
the same explanatory variables, except that theemsdalid for rural driving conditions.

2.6.3 Drive Modal Fuel Consumption Models

Areas of application of drive modal fuel consumptimodels are similar to those of
instantaneous models. Specifically, these modedsapiplied to the evaluation of the
energy impacts associated with operational-leveffitr improvement projects.
Drive modal fuel consumption models attempt to gepthe fuel consumption associated
with different vehicle operating conditions in gityal trip. These models are based on
the assumption that each driving mode of a vehicle,g. cruising,
acceleration/deceleration, and idling, is indepahd# one another and the total fuel
consumed in a trip is simply equal to the sum &f firel used for each driving mode.
Unlike the instantaneous models, the drive modaldet® require a number of
explanatory variables, including the vehicle's seuspeed (or the initial or terminal speed
of each driving mode), number of vehicle stops (olate stops, effective stops, first time
stops, and subsequent stops), stopped time, andtat delay along a trip.
However, because the "average" coefficients, whadount for the "average manoeuvre"
taken by drivers, are implicit in the mode, thesedsis are unable to capture any
differences that result from differing driver chetexistics, or any differences that result
from travel conditions that differ from the "aveeagtravel condition."
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An attempt to overcome these limitations was magl@aker (1995) who employed a
simple acceleration/deceleration-speed relationshipapture the differences in driver
behaviours. The basic models were derived from dallacted using a TravTek vehicle
in Orlando, Florida. The models developed prediei tonsumption rates as a function
of vehicle's speed during idle, cruise and stopfgodes of driving. Using the
acceleration/deceleration-speed relationship, aenmicroscopic speed profile for a
vehicle can be defined and then used to compue gpent during each mode (i.e. cruise,
deceleration, and acceleration mode). This modé& sufrom the general limitations of
modal models in that it assumes that two drivers @ihive at the same speed will have
the same acceleration/deceleration characteretidds unable to capture differences that
arise from different travel conditions.

Dion et al (1999) developed a mesoscopic model that estamaterage vehicle fuel
consumption based on an average speed, an avemageen of vehicle stops per unit
distance, and average stop duration for eight ldjtly gasoline vehicles under hot-
stabilized conditions. Similar to the modal modelee model estimates separately fuel
consumption rates per unit distance during each emofl operation of a vehicle
(deceleration, idling, acceleration, and cruisingging relationships derived from a

microscopic fuel consumption model (Abhal, 2002).

2.6.4 Instantaneous Fuel Consumption Models

Instantaneous fuel consumption models compute &le&hfuel consumption based on
instantaneous measurements of explanatory variabkesnples of explanatory variables
include the vehicle speed, the roadway gradient] #me vehicle's power. The
instantaneous fuel consumption models are ideahfevaluation of the energy impacts
that are associated with operational-level traiffiprovement projects because they are
sensitive to vehicle-to-vehicle and vehicle-to-cohinteractions.

The most common of these fuel consumption modets tise vehicle's instantaneous
power as an explanatory variable based on the iplenof conservation of energy. The
total fuel consumed by a vehicle is an input sowtenergy that is transformed into

kinetic energy for the movement of the vehicle aeduired to overcome the internal
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energy that results from friction or resistancee3é models attempt to determine the
proportion of the total input energy required toemihe vehicle's steady-state speed drag
and inertial power requirements for vehicle ac@len. The original power-based model
was developed by Post al. (1983) where it computed aggregate fuel consumption
estimates for on-road driving within two percentloé actual measured fuel usage for an
individual vehicle.

The model can be applied to any traffic situationvmed on-road power demand is
known. The instantaneous power demand is a functiam vehicle's mass, drag, speed,
acceleration and road gradient. The Australian RBadearch Board extended the
original power-based model to produce more accugsatienates of fuel consumption in
different driving modes based on vehicle speedraad geometry data (Akcelik, 1996).
Unlike the original power-based model, this mod@ducts vehicle fuel consumption in
different driving modes by applying different eféacy parameters to overcome the
inadequacy as a result of use of an average eftidector for all driving modes.
Ahn et al.(2002) developed a microscopic fuel consumption ehbdsed on second-by-
second speed/acceleration data and fuel consumatidnemission measurements that
were collected by the Oak Ridge Laboratory Labeight light-duty vehicles and light-
duty trucks. A composite vehicle was derived aypctl average vehicle by taking
average fuel consumption and emission rates fogighit vehicles at various speeds and

accelerations.

2.7 Transport Models

Urban transportation planning is the process thatld to decisions on transportation
policies and programs. In this process, planneveldp information about the impacts of

implementing alternative courses of action invajytransportation services, such as new
highways, bus route changes, or parking restristiofihis information is used to help

decision-makers in their selection of transportapolicies and programs.

The transportation planning process relies on trdeenand forecasting and transport
models, which involves predicting the impacts thatious policies and programs will

have on travel in the urban area. The forecasimd) modelling process also provides
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detailed information, such as traffic volumes, aoching movements, to be used by
engineers and planners in their designs. A trageiahd model might include the number
of cars on a future freeway or the number of pagsenon a new express bus/metro
service. It might also predict the amount of rdotucin auto use that would occur in
response to a new policy imposing taxes on ceated- parking. The travel demand
models have always been used in the traditionahspart planning process.
In this section a brief overview in transport madesl given and the concept underlying
them is presented. These models can be classifiedwo different categories:

the travel demand models and the traffic simulatimodels The two modelling

techniques have distinct, yet complementary dawsietravel demand models require
more regional level data (macroscopic scale), wirddfic simulation models require
corridor, link and individual vehicle level data igroscopic scale). Each of these

required data elements is discussed in more dataithe following subsections.

2.7.1 The Travel Demand Models

The basic modelling approach used in most of theetrdemand models consists in a
sequential four step process by which the numbetadfy or hourly trips is estimated,

distributed among origin and destination zonesideéw according to mode of travel, and
then assigned to roads and transit networks. Thssiclal four main steps are trip
generation, trip distribution, modal choice andigmm®ent. These components are
described in detail in the literature (e.g., Wayri€&85), and are briefly outlined below:
Trip generation As the first step of the process, it deals wité tlecision to travel. Trip

generation models are used to predict the trip grederated by a household or a zone,
usually on a daily or peak-period basis. Trip emae classified as being either a
production or an attraction (separated models a®ed uo predict productions and

attractions). Variable used as predictors of trnipdpictions included household income,
auto ownership and size, number of workers per dfmld, residential income, auto

ownership and size, number of workers per housemekidential density, and distance
of the zone from the central business districtp Tattraction predictor includes zonal

employment levels, zonal floor space, and accdggibio the work force. Trip
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generation, as applied in regional transportatidanmng, is usually based on
mathematical relationships between trips ends aondiosconomics or activity
characteristics of the land use generating orditvg the trips. Forecasting the number of
person-trips that will begin from or end in eachffic analysis zone in the region on a

typical day of the target year, estimated separatet a number of trip purposes;

Trip generation

T

Pi Aj
Figure 4: Trip generation step

Trip distribution The second step involves the task of a trip ilistion model that

“distributes” and “link’s up” the zonal trip endhat is, the production and attraction for
each zone as predicted by the trip generation miodetder to predict the flow of the
trips Tij from each production zone i to each attia zone j.

Many types of trip distribution models exist. Thaselude growth factor techniques such
as theFratar Method which were used in early transportation studies,which are now
used mostly for short-term updating of trip tabéewl estimations of “through trips” for
urban areas (Hutchinson, 1974; Ortuzar and Willum4894). Intervening opportunities
models, which have seen limited use over the yeamesdifficult to calibrate, and have
never enjoyed generalized acceptance. The most wgedlistribution model is the
gravity model. It received its name from its eatielerivation as an analogy drawn
between the “spatial interaction” of trips makingdathe gravitational interaction of
physical bodies distributed over space. The mqgsc#y version of the gravity model

used in transportation planning applications is:
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_PR[A fik]

“m (Equation 1)
Z AJ’ fij kiJ'
n=1

ij

P;= total number of trips produced in zone i
A= total number of trips attracted to zone j
fy= friction factor

kj=adjustment factor for trip interchanges betweemesdandj
Trip distribuion
@ 1)
Tij

Figure 5: Trip distribution step

Modal choice The third step involves the choice of travel moBactors that affect the
mode selected include: trip characteristics (lengfthrip, time of day, orientation to
central business district), trip purpose (home thas®rk, non-work), transportation
system characteristics (relative service level emsts associated with available modes)
and trip-maker characteristics (auto-ownershipoimne). The dominant model approach
during the last decades is the multinomial logitdelp that model the trip choices of
individuals on the basis of their utilities (or diigity’s) associated with travel times (with
various means of transport) and other parametedufling trip costs) determined
through a statistical analysis. A basic refererecéhe topic is Ben-Akiva and Lerman
(1987). Typically the logit model used in transptidn planning applications can be

defined as:

Vi

e’
j Z evi
z

(Equation 2)

P;= probability of trips from zone i choosing destioa |
V= Ai-a t;+B t5 wherea and are parameters to be estimated

A=trip attractions estimated for zone |
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t;= road travel time to zone j from zone i

Z= total number of zones

Tij Auto

G Mode Split 0

Tij Transit
Figure 6: Mode choice step

Network assignment he fourth step involves the choice of route athg between pairs

of zones for each travel mode. The traffic assigmnpeoblem deals with the analysis of
how travel demand between all pairs of origins dedtinations in a traffic network is
distributed on the links. The solution obtainedviles flow volumes on all links in the
network, often based on the principle that all étkers only use the routes with the
shortest travel times although many alternativeisteXVhen congestion exists in the
traffic network the solutions are obtained by sadyia non-linear optimisation problem.
An excellent introduction to the topic is availaileSheffi (1985), and a more recent, in-
depth presentation is given in Patriksson (1994).

A number of issues must be considered, includimgrage vehicle-occupancies, patterns
of demand; assignment by time of day (to investigegrformance during peak periods
when capacity limitation become critical) and tdpection (e.g. flows during morning
peak times are predominantly toward major actieéptres).

Trips are assigned between nodes on the networitbgr minimising individual user
cost (user equilibrium) or by minimising overallstdo the system (system equilibrium).
Using the data collected through travel surveyadfitr counts and studies, these models
are created, calibrated and applied to evaluat@tbégent system and analyse the future

performance of the system.
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Assignment ] )

Route taken fromitoj

Figure 7: Assignment step

The calibrated results of the four-step model aeduo identify the number of vehicle
trips taken, vehicle distance (kilometres) trawkli®/KT) and average speeds under
varying infrastructure scenarios.

To provide a structure overview of these modelkehyievements, the models have been
classified according to level-of-detail (microsagpmesoscopic, macroscopic). Other
criteria have been considered as well, namely scéldhe independent variables
(continuous, semi-discrete, discrete), represamtatof processes (deterministic,
stochastic), operationalization (analytical, siniol@) and application area (e.g. links,
networks) (Papacostas and Prevedouros, 1993). Ws#pect to model applicability,
microscopic simulation models are ideally suiteddti-line simulations, for instance to
test roadway geometry. From the view-point of aggiility to model-base destination,
prediction and control, the absence of a closetiacal solution presents a problem that
is not easily solved. Moreover, several authorsuarghat microscopic models are
unsuitable to represent true macroscopic charattariof traffic flow (queue lengths,
capacities) due to unobservability of several patans in microscopic flow models and

the non-linear dependence of model outcomes o themmeters.

2.7.2 Traffic Simulation Models

Traffic simulation models simulate the traffic float a vehicular level and can be

classified in two different scales, macroscopic andicroscopic models.
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The macroscopic models simulate a vehicle fleet fltavs on the links while the
microscopic models can keep track of each vehicliné simulated network. These last
ones include vehicle manoeuvring models which canubed to study the vehicle
acceleration/deceleration characteristics underferdifit levels of traffic flow.
The first order macroscopic models (Lighthill andhidam, 1955) make the
hypodissertation that the system is always in daiuim condition and so the user
reaction is neglected, the second order macroscopdels (Payne, 1971) use a dynamic
equation of speed in which acceleration is present.

The microscopic models attempt to describe theviddal vehicle behaviour; the vehicle
is defined by the position on road segment, thed@ad the acceleration. To correctly
modelize the flow, the model has to consider theximam speed imposed on the
segment and the driver sensitivity to present aagons. Traffic simulation models use
link level data and produce microscopic measuresffeictiveness while simulating the
movements of individual vehicles. Specific vehicleovements such as turning
movements, acceleration/deceleration rates, larengthg behaviour, yellow-signal
reaction, aggressiveness/defensiveness in driyiagsing, gap acceptance and even
accidents can be modelled using traffic simulatrondels. Link level measures of
effectiveness such as volume, density, level ofiser stop delay, moving delay, volume

to capacity ratio, queue backup; numbers of sigpeles are also produced.

2.8 Transport Models with Integrated Emission Modué

Travel demand models with an emission modilee most significant example of an

improved travel demand model is the STEP packageut@® 1976), designed for
planning applications and policy analysis. STERx iravel demand analysis package
composed of an integrated set of travel demandaatidity analysis model of transport
supply. STEP is based on micro-simulation — a nlomgdetechnique which uses the
individual or household as the basic unit of analyather than dealing with population

averages.
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A number of versions of STEP are currently avadalicluding options that permit the
analysis of activity data as well as travel dataj sersions that use either MOBILE or
California EMFAC emissions data.

Integrated Transportation/Emission Modelling (ITEdX (Barthet al, 1996) is based on
a hybrid macroscale/microscale modelling approabDetailed vehicle activity is
determined through microscale simulation modulegclviare stratified by road facility
type. A macroscale model (referred to as the wigs anodel) capable of simulating
regional areas is then used to integrate all ofntieroscale simulation models together.
There is strong interaction between the macroscaldel and the microscale modules.
Transportation parameters determined by the maai®sgide-area model are used to
drive the input parameters of the modules. In alditinformation sent back from the
microscale modules is used as feedback to the angi@-model, which helps improve the
system’s overall traffic estimation.

Traffic _simulation models with an emission modul@he match between traffic

simulation and emissions models is more frequeriiténature. Some cases have been
developed starting from a traffic simulation moaeld, afterwards, the link with the
emission calculation has been searched. Other basesfollowed the inverse path, they
have been conceived as modal emission modelshimkirig about a link with the traffic
simulation modelsThis classification in two groups will be followed the exposition
and a list of the models contained in the two geoigpgiven here the first group contains
the models dealing with a traffic simulation concepmd that have or can have an
emission module (STRADA; MICRO2; SATURR INTEGRATION; FHWA'’s TRAF-
NETSIM; TRANSITY7F; aaSidra ) the second group eomd emissions models that are
linkable with the traffic simulation models (UC Rmside’s Modal Emissions Model;
Georgia Tech’s GIS-Based Mobile Emissions Model).

There also integrated models that were developdx tiocused in particular objectives,
such as, for example, the impact of traffic intptrons in the traffic performance and
emissions (Coelhet al 2008).

® SATURN LANES (Links and Network Emissions from SARN) model is an aggregate modal model.
This model is a postprocessor emission model ®SSATURN model.
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2.9 Summary of Findings

A review of the current state-of-the-art in vehicd@ergy and emission modelling
demonstrates considerable research efforts in dfesa. These research efforts have
resulted in the development of several types ofggnand emission models, including
macroscopic and microscopic models.

These models attempt to capture the impact of abeurof factors on vehicle emissions
and energy consumption, including travel-relatedyed-related, highway-related, and
vehicle-related factors. While the macroscopic ndé&empt to capture all factors, they
use average speed as the sole explanatory vaoélitavel and driver-related factors.
Alternatively, microscopic models attempt to capturstantaneous changes in travel and
driver-related factors in estimating emissions.

While the literature provides significant inform@ti on the various modelling
approaches, it does demonstrate a void in termsiofy emission models and transport
models in a joined way. The objective of this reskeaffort is to create a methodology to
evaluate the impact of travel patterns on vehiald tonsumption and emission levels.
The following table summarizes the literature reweonsidering all the emission models

and authors.
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Literature Review - Summary

Type of Model

Model Name Authors
Emission Factor Models German Swiss Emission Hand Book Hassekt al, 1993
MOBILE US EPA, 1994
Average Speed Models EMFAC California Air Resources Board (CARB)
COPERT IV (Ntzachristos and Samaras, 2000

Speed and acceleration based

Pollutant MODEM Joumarcet al., 1995
Emissions Emission map based on engine power and Westet al.,1997
speed Ecogest Silva C.M, Farias T. L, 2006
Modal Models Physical power demand modal modelling| CMEM Barthet al.,, 1996
Models based on second by second on-board\ﬂovES US EPA, 2004
EMISSIon Measures Freyet al, 2001; Rouphaiét al,2001; Unakt al. 2002
Instantaneous Fuel Consumption Models Roshl. (1984); Akceliket.al. (1996); Ahnet al.(1999)
Fuel Models for Estimating Drive Modal Fuel Consumption Models Baledr al.(1994); Dionet al (1999, 2000)
Consumption Vehicle Fuel Foal C fion Models Based on A
Consumption uet Lonsump 'Onspgeg S based on AVerade: o mental Evans and Herman, (1978) Letnal. (1985)
Travel Demand Models STEP package STEP Orcutt, 1976
Transport | with an Emission Module  |ntegrated Transportation/Emission Modeling ITEM rikeet al., 1993
Models with m
Inte_grgted Em;\gieon STRADA; MICRO2; SATURN (LANES); INTEGRATION; FHWA'STRAF-NETSIM;
Emission Traffic Simulation Model TRANSITY7F; aaSidra
Module Models with an Emission—-— ~
Module Emission UC Riverside’s Modal Emissions Model; Georgia TecB1S-Based Mobile Emissions Model
Model

Table 1: Emission and fuel consumption modelsditae review.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In general terms, the estimation of the mobilitiated emissions can be based on the
equation E =e.a” (Equation 3) where “E” is the amount of emission, “e” is the
emission rate per unit of activity, and “a” is tamount of transport activity (product
between travelled kilometres and number of vehjcl&his equation applies to every
level, from a single engine to a whole fleet, fransingle road to the whole of Europe.
A more desegregated model is desirable and the teepreserve the true variability in
the data for model estimation rather than removthribugh aggregation is the key.
Based on this overview, this chapter reveals tiopgsed emission calculation principals
and the methodology proposed to evaluate the sosnidat are considered in the Porto
Metropolitan Area study case. In order to consitier possible link between mobility
models and emission models it is important to aersivhich emission model will be
used and what are the input data requirements ligs@m models and the outputs of the
transport models, in order to carry out the cakoaof emissions in the context of
transport modelling background. As the mobility ralsdconsidered in the framework of
this study address a relative low level of resolut{metropolitan area level), it was
considered for this case study tf@OPERT IVmodel is able to work at this spatial
resolution, and can deliver a common platform famission and fuel consumption.
First in this chapter, a simple and concise desonpof the Metropolitan Area model is
revealed, considering all the important parameteat may influence the calculation
methodology and the final results. The travel detifanecasting software that is going to
be used in this study case is tBMME/3 (short name forEquilibre Multimodal,
Multimodal Equilibriun). A brief description of this software is given toetter
understand the working procedures and the possitifaits that this specific commercial

software can give in the Porto Metropolitan Areavél demand model.
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3.2 Porto Metropolitan Area Travel Demand Model

The Porto Metropolitan Area travel demand modedu®e the emission calculation in
this project dissertation has been developed byNMR& @ since 2005, and is still in
continuous revision. The model was built usingdbemercial softwar&MME/3 to be
part of several consultancy studies evolving transpion investment appraisal and cost
benefit analysis (CBA), particularly for scenarimencerning the expansion of the light
rail metro (Metro do Porto) network and the evahraof the new redesigned local bus
network (S.T.C.P). Most of the data in the builtdab(road network, intersection delays,
demand matrices and transit networks) was collectetsidering the information that
was presently available, and other that was cated¢hroughin loco measurements
(traffic counts and road geometry). This informatiis considered updated and it is
calibrated bearing in mind a scenario based ye@0®5R This is particularly relevant in
the demand side since it is the information thajamg to have the higher impact in the
emissions calculation final results. Considering tibjectives of this project and the
information that was available, the Porto Metrotawli Area model can give a set of
outputs that will satisfy the demand of the envinemtal variables as showed in the next

discussion points.

3.2.1 Travel Demand Model Software

The software used to evaluate the Porto Metropoliteea study case was tEIME/3
package by Inro. This software is an interactivapgic multimodal urban transportation
planning system. It offers to the user a completd eomprehensive set of tools for
demand modelling, multimodal network modelling arahalysis, and for the
implementation of evaluation proceduré&MME/3 is also a decision support system
which provides uniform and efficient data handlipgpcedures, including input data

validation.

19 rRENMO Engenharia Lda, is a transport consultarmymany. During the past years TRENMO has
been developing several transport modelling prejentluding the PMA transport model.
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Its data bank is structured to permit the simulbaise description, analysis and
comparison of several contemplated scenarios. Tofeware provides a general
framework, supported by a consistent user interfemeimplementing a wide variety of
travel demand forecasting procedures.

An essential aspect of any urban transportationnitegy endeavour is the construction of
a data bank which will support the quantitative lgsia and evaluation of the
contemplated changes. The data bank is a représentaf the transportation
infrastructure, the economic activities and theiseconomic characteristics of the
population in the urban area studi&fMME/3 also offers the user a wide variety of tools
for the direct comparison of future scenarios whitdly reflect changes in the road and
transit networks or changes in the socio-econonhigracteristics of the urban area
studied. Once the data bank is set up, the plartareengage in the planning process with
the advantage of instantaneous visualization ofutingata, results of interactive
computations, assignment results and other infoomaetrieved from the data bank. All
the data can be entered into the data bank inteehgtusing the appropriately designed
interactive editors which are partBMME/3 or in batch mode.

The algorithms of allocation implemented in tBRIME/3 model are different for private
transport and for public transport. For privatensjgort, EMME/3 uses the technique of
allocating at equilibrium. In other words, the Hgumobility demand, expressed in
private vehicles, is assigned to the network irhsuavay that the trip times for different
logical routes between an origin and a destinati@equal; consequently, knowing the
state of the network, this model will use the rontech minimises the cost function, i.e.
the trip time. The algorithm implemented in the ralod based on the standard Frank and
Wolf optimisation rule and requires the availapilif correct cost functions for different
links, which determine the relationship betweep times and the traffic flows (flow
curves). The result of the allocation relates #® ¢hnfiguration of the network flows, the
trip times on links and between origin/destinatjmairs, and the trip speed on single
network links.

The public transport allocation is handled in dedldnt manner. In fact, the allocation
technigue is based on research for an optimalestyaand consists of a group of rules
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followed by users as they attempt to reach thealfilestination by minimising trip times,
calculated by the linear addition of all the pdrtigp times needed to reach the final
destination. In this way, the calculation of minin@p times accounts for all the sub-
components of public transport. The system consjdéerefore, the trip time, by foot,
from the trip origin to the access point of the lpukbransport system (bus stop, station,
etc.), the waiting time (which obviously dependstiom frequency of trips), the time spent
aboard the vehicle, the time to disembark andithe heeded to reach by foot the final
destination (from the last relevant point on thélmutransport system). All of these
components are weighted in order to account forrda¢ impact of the diverse sub-
systems on the user. The results of the publiccation are: the configuration of the
passenger flows, the speed and trip times on thereht links, and the average time
between origin and destination points.

Despite all the above instrument descriptiBMME/3 software does not have a specific
emission calculation methodology. During this cleaph methodology is proposed to

implement an emission model considering the datactsire of this specific software.

3.2.2 Road Network and Volume Delay Functions

The road network modelled contains information thaill be crucial for the

implementation of an emission calculation set. Theswvork is composed by nodes and
links (representation of the physical road networklat contains information

(geographical and user defined) about a specifieestor intersection in the Porto
Metropolitan Area. It must be clear that the repr¢ation of the network (as it is showed
in the next page on the Figure 8) is purely reprizdre and an abstraction of the reality,
and so, concise geographical information extrabtaeh the model should be dealt with
careful attention. The road network (consideredbéo part of the supply side in a
supply/demand model) information is evaluated aselduduring the model assignment
procedure, and contains same variables that aneggm be used in the emission
calculation methodology proposed in this dissestatiTypically, the information that is

coded in the road network consists of the geogcapleoordinates, the length of the link,
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the link type (road, highway, freeway or ramp), Yodume-delay function and other type
of information important for the purpose of the rabd

Considering the objective of this work, one of tm@st important information’s that
needs to be coded, and can have strong influenddeinenvironmental and energy
outputs, is the volume delay functions. In mosffitaassignment methods, the effect of
road capacity on travel times is specified by mezinglume-delay functiongv) which

is used to express the travel time (or cost) omwaal rlink as a function of the traffic
volume v. Usually these functions are expressed as theuptoof the free flow time

multiplied by a normalized congestion functiix):

\Y
t(v) =t,.f (E) Equation 4

where the argument of the delay function is tie ratio, c being a measure of the
capacity of the road. By far the most widely usaat] the one that is used in this model,

is based on the BPRnctions (Bureau of Public Roads), which is ddfiiaes:

Via
t2(v) = t,.(1+ (E) ) (Equation §

Considering that the road network is also con&lituty delays in road intersections, a
specific handling of delays at the stop-line isaduced. Link flows and turn flows may
depend on the neighbouring link flows. The posgibd are with one in-flow link
(associated with one stop-line delay and one liow finteraction delay) and three out-
flow links, of which the left and right ones aresasiated with time penalties for turning
and link interaction. Interaction delays are depgerdon the flow volumes of the
incoming links. The link flow and the turn delay® aegular, link flow dependent, travel
time and delay functions (only dependent on its dw). The stop line delay is of the
same kind. The interaction delays are dependenmh@ifiows of up to three regular link
flows (not turn flows). Currently they are modellad piecewise linear functions of the

summed in-flow.
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Figure 8: Porto Metropolitan Area (+ Trofa) roadwerk coded irEMME/3

3.2.3 Traffic Analysis Zones (TAZ'S)

Travel modelling requires that an urban area canrd@mesented as a series of
disaggregated trip producers (where trips beginl taip attractors (where trips finish).
In Porto Metropolitan Area model, a zoning systeas\Wuilt considering several aspects
of the transport modelling procedure. These werénljaestrictions considering the
municipality limits and the smallest administratidevision (Parish) perimeters, main
highways, natural barriers such as the rivers durab parks and other restrictions
considering the zoning system (called statisticseabons) from the local transport
inquiries . The zones are then represented by taot@that represents the centre point of
the zone considered, and are then connected todlkdenetwork. By using traffic analysis

zones (TAZ’s), centroids, and a road network asirtpats, traffic demand modelling
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aggregates trips from the locations of individuab tmakers to TAZ's centroids and
estimates trips generated between TAZ's on the orétw

This TAZ's Y system that was also designed considering a cocmheicence
restrictions that has a limitation of 1500 zonesspite this fact it is considered that the
number of zones is well suited for the dimensiontted model, considering a more

detailed information in highly populated areas (§mane) a less detailed information in

low populated areas (bigger zones).

Zone 1002
\/“

4

0-0.595
0.595 - 1.359
1.359-2.238
2.238 - 3.286
3.286 - 4.784
4.784 - 6.707
6.707 - 9.419
9.419 - 13.208
13.208 - 19.714
19.714 - 31.567

Population Density (hab/kin
kig 9: Differences in TAZ's sizes.

UDTAZ’s are defined depending on geographical locagiod on the population density of the zones. Here
are represented two typical zones. One in the eeottrthe city (zone coded as 234 more population
density) and the other zone (zone coded as 1082 tgzulation density).
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3.2.4 Demand Matrices

In almost all transportation planning applicatiot® input data which is the most
difficult and expensive to obtain is the origin-tleation demand matrix. Since the
demand data cannot be observed directly, they rbastollected by carrying out
elaborate and expensive surveys, involving homeanl based interviews or complicated
number plate tagging schemes. Origin-destinatidd)(@atrix estimation, corresponding
to the distribution phase of the four-stage procesasists in defining a two-entry table,
called full demand matrix (OD matrix), whose rowslacolumns represent the zones of
the study area. A cell of the matrix refers thereftn a particular origin-destination pair,
and contains the total number of people accompigsttiis journey.

The construction of the demand matrices used isetimeodel are based on the transport
survey done by the Portuguese National InstitutStafistics (INE) in 2001. This survey
takes into account the entire home based tripss{dering all purposes: education, work,
religious, pleasure, etc.) that were done underdifferent modes of transport and are
representative of typical week or weekend day.

Considering the base year of the survey (2001)a$ wecessary to adjust the demand
matrices to a more actual and representative vallesaccomplish this task several
traffic counts were done to re-estimate the demmaattices. This re-estimation is done
using a special macro language program that adjustsnodelled values to the observed
values (traffic counts in several point of the roptlitan area in the year 2005) using the
steepest descerlt (also called gradient method) methodology (Spid€90). This
methodology proved to be very efficient and helpedalibrate and validate the transport
demand matrices (according to the “British Guidedin- Department of Transpqrés
showed in section 3.7) and is considered, for #eelyear definition, that the values are

calibrated and validated to represent year 2008 besnario.

12 Steepest descent is an optimization algorithm. ifid & local minimum of a function using gradient
descent, one takes steps proportional to the negafithe gradient (or the approximate gradientjhef
function at the current point.
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3.2.5 Mode Choice Model

Discrete choice theory focus on the behaviour oinaividual confronted with a choice
and having a finite number of alternatives. In tomtext of logit models, observable
characteristics are assumed to influence linedmyuser's utility, and the unobservable
ones, together with other sources of uncertainty, gathered in a random term (Ben-
Akiva and Lerman, 1985). The household survey (federeference data), used in Porto
model, provides good enough data for the estimatibutility parameters, but it is
insufficient to further segment demand by incomse.dferent income groups and trip
purposes are not equally represented across ti@nyegwould obviously improve the
model to include these levels of demand segmentatiohe future. The other important
factor is to obtain an accurate representation h&f travel attributes of different
alternatives. The utility function is linear-in-ganeters and includes travel time, gas cost,
toll cost for car mode and in-vehicle time, wamé, access time, cost of main mode, cost
of access mode for transit modes.

The mode choice model implemented in the Porto dpetitan Area is a typical
multinomial logit model that can predict the prollifpof a journey taking place in the
several modes that are available for each origatiftigtion pair. The output of a simple
multinomial logit model is given by the probab#is of a mode choice between the
individual transport and transit network. This @ranonly used in transport studies and it
can predict the decrease or increase in the ing@ittansport demand depending on the

conditions of evaluation.

3.3 Emission and Energy Consumption Model Selection

In the framework of an integrated modelling applaemission models can be
considered as tools allowing the calculation ofygaht emissions and fuel consumption
from a traffic network by using the data obtaineshi travel demand models (link flows,
capacities, and network geometry characteristRefad assignment models and emission
models represent two components of the combiningdetling process. These

components have been largely developed independehtine another, and Chapter 2
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has revealed that there are plenty of models dgaliith the calculation of exhaust
emissions. Emission and Energy model choice camdicult task but the starting point
should be the definition of different choice fastoa) emission and energy modelling
objectives; b) available input data; c) appropriasolution; d) sensitivity to variables; e)

emission model and energy model accuracy; f) dttors.

a) Emission and Energy Consumption Modelling Objedtes:

Verifying compliance with air quality standards,arcurrent or in future situations is one
of the possible objectives in emission and enemysomption modelling. An important
scale is the assessment of logialquality impacts (Nagendet al,2002) due to existing
emission "hot spots" such as intersections, newspart projects (e.g. new roads
environmental impact assessments) or the implerientaof traffic management
measures. A second objective is the developmentemalliation of emission reduction
policies through urban or national emission invee®) which are needed where
environment problems have been identified or areded to verify compliance with
international agreements (e.g. greenhouse gas ienms¥s This objective requires
prioritization of emission sources, evaluation riseng emission control strategies and

the assessment of the effectiveness of alternpoliey options.

b) Available Input Data:

The size of the study area and road network afféesavailability of emission model
input data. The demand for resources to generatepercess input data for emission
models from either travel demand model, field dat&oth, increases with network size.
As a result, the extent and the level of detailagéilableinput data are effectively
reduced in practice when network size increasepp;i1984). On the other hand, the
amount and types of requir@dput data are a function of emission model compjex

considering that a more complex model imposes getanput data on the model user.
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c) Appropriate Resolution:

Emission models can operate at different scaleschwhould vary from a national,
regional, urban to local road networks, and thatabtual study objective determines the
size of the study area that needs to be considArbderarchy of emission models can be
distinguished in terms of the minimum spatial amanporal resolution. The most
complex emission models predict emissions at thhdst spatial and temporal resolution
of typically one second, whereas the least comphexiels operate at network level.
The appropriate resolution for a particular studguild clearly depend on the study
objectives and the situation that is being invegéd. For instance, when concentration
levels at certain receptor points near an inteiseetre predicted, it seems appropriate to
model at a high resolution. This would be necessargccount for the distribution of
emissions along the roads near the intersectionveMer, for local air quality impact
assessments of roads with relatively homogeneaiffictconditions, a higher resolution
(e.g. link level) seems suitable. It is importamhbte that, although reasonable, decisions
on the appropriate resolution are made in a raah@trary manner. This is because this
decision ideally needs to be balanced using inftonaon other aspects such as model
accuracy. It is, for instance, not clear if it istwally possible to accurately predict
emissions at very short time intervals, and theeeradications that this might not be the
case (TRL, 1999).

d) Sensitivity to Variables:

The basiccomponents of emission modelling, is the amountveliicle kilometres

travelled by vehicle class and by the particulaaffic situation” that are of interest,

should always be included emission modelling. Tajtyc one would like to use emission
models that are "complete” (e.g. models that inelad vehicle classes segmentation),
since emissions from entire traffic streams areallguof interest. In some cases
“incomplete models” may be used. For instanceaiheof a project may be to determine
the effects of vehicle class specific measures miss®ons. In addition to these basic

constituents, emission models should be sensibvéd issues that are investigated in a
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particular study. Otherwise, these issues cannefffeetively assessed. The specific aim
of a study determines which other variables arevesit and should be included in the
model. In addition to these constituents, emissimaels should at leabe sensitive to
the issues that are investigated in a particulagdystOtherwise, these issues cannot be
effectively assessed. The specific aim of a stuelgminines which other variables are
relevant and should be included in the model. Rstaince, if emission models are used to
assess the emission effects of implementation ftérdint speed limits on highways, the

emission model should (at least) be sensitiveaovtriable “speed limit”.

e) Emission Model and Energy Model Accuracy:

Because complex emission models are sendibivaany factors they would expected to
be more accurate than less complex models. Ontttex band, the sensitivity to many
factors would also create additional uncertaintyaose more input data are needed, each
with its own intrinsic uncertainty.

In addition, there are several other aspects ob&on models that would affect model
accuracy (and could thus be used as selectiormigjiteuch as number of measurements
(precision), the use of simplified or real worldctgs (bias) and the use of up-to-date
emissions test data, and perhaps several otherdastich as the use of local emissions
test data. In this respect, less complex models aadravel average speed based models
may actually be more accurate than more complessam models, because they use the

largest empirical database, use real-world cyahelsagie regularly updated.

f) Other Factors:

It is noted that other factors such as the avalébidget and project planning (deadlines)
for a particular study and cost-effectiveness &edent options would also clearly affect

the emission/energy model choice, but these areomgidered or discussed during this

dissertation.
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The analysis of the described factor, and considettie models reviewed in Chapter 2,
has induced the author to choose a model thatowiter fit the Porto Metropolitan Area
travel demand model present reality and that cae giset of meaningful environmental
indicators in an integrated transport and emissnmdelling framework €mission and
energy consumption modelling objectives For this purpos€ OPERT IVis considered
adequate for calculating total emissions and fuwelsamption (in the same modelling
platform) for a relatively low spatial and temporasolution. As a general r@OPERT

IV can be used with a sufficient degree of certasitya higher resolution in urban
emission inventories with a spatial resolution ®i knt and a temporal resolution of 1
hour @ppropriate resolution), requires a relative low degree of input inforioat
considering the size of the modelled road netwaskailable input data), and can deal
with the data from a transport model and scendrkaesthe ones that are going to be
tested(sensitivity to variableg. COPERT IV(2006) is the fourth update of the emission
calculation model and is continuously in revisejesal improvements have been made
since the previous releases and more updated &at id available in this model
(emission model and energy model accurakyThe choice had also in consideration the
applicability and capability of integrating in spigz commercial software with licence
limitation like EMME/3 transport planning software, and the specific time for this

project dissertatio(other factors).

3.4 Linkage Considerations with Travel Demand Mode

To better understand the possibility of us@@PERTemission model in a travel demand
forecasting model, such as the one proposed, dewedel linking considerations should
be accounted. Attention must be paid to the faat thavel demand models are an
approximation of the reality and the output daih sgmains an estimation associated
with uncertainty (despite all effort to calibrateetmodel). It is perhaps negligible for the
objectives for which travel demand models have beetally built (analysis of

congestion, multi-modal network, road network assly etc..) but for linking with

emission models, is important to assess the degfr@ertainty needed for input data

(average speed, trip distances, etc.) to get amioleptesults.
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In the case of models dealing with the number afspagers (for individual transport
only), the model must be able to convert this vahte the number of vehicles. In
general, travel demand models cannot directly pl@@mission models with usable data.
Adjustments and approximations are necessary torcone some difficulties.
Considering the emissions model data requiremeénésmain incomplete data for hot
emission calculation are the number of vehicles qagegory, kilometres travelled per
vehicle category on different road section typed amerage speed per road type taken
into account or allocation of typical traffic sitians to the road network with respect to
different road section types. However travel demanudiels provide number of vehicles
per mode on each O/D trip and the paths/route ch@serage speed of a representative
vehicle in function of road link characteristicsdaim function of the flow on the link.
Transport models can deliver several important wistfor emission model, and it is thus
possible to infer for each O/D trip: the numbervehicles travelling per mode and the
average speed from the origin to the destinatiolw\{ing the average speed on each link
type travelled). Trip distance, number of kilomsttevelled per time period can also be
deduced from the input and output of the transpmtiels. Matching problems between
hot emission calculation and travel demand modeisiain in the calculation of
kilometres driven per vehicle category and of kigtres driven per road type. First,
travel demand models can only distinguish the slharé&kilometres driven by car,
considering only the individual transport demand. drder to reconcile them with
emission models, it is possible to overcome somnierlg difficulties considering that it is
possible to refine mode choice models by splitBrgsting modes into sub-categories, for
instance, by splitting the O/D matrices for car® isub-matrices differentiating car sub-
categories. On the other hand the use of stafistada on the car fleet and to weight the
number of vehicles on each O/D pair per the sharihe different vehicle categories
including year per year considerations. This alitwe can easily be operational but
needs to assess the accuracy of the method. Setiffedences are observed in the road
typologies used for mobility and emission modeliogfnogenization and standardization

will make the link easier between both models.
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3.5 COPERT IV Calculation Methodology

COPERT IMs a software programme aiming at the calculatibaiopollutant emissions
from road transport. The model consists in severmaission functions relating to the
vehicle average speed that are obtained by platt@gndividual emission measurements
conducted over different cycles vs. the averagedoé the cycle. The approach used in
this model is based on aggregate emission infoomaftor various driving patterns,
whereby the driving patterns are represented byr theean speeds alone. This
information is managed according to vehicle tecbgy| capacity class and model year
and a speed dependent emission function is derived.

As mentioned in the literature review, the aversgeed approach is the most commonly
used method for estimating emissions from roadi¢réfitzachristos and Samaras, 2000).
For the individual transpotf€OPERT IVmethodology includes a total of 34 different
classes of gasoline and diesel passenger carsvén giar belongs to one of three
different “subsectors” depending on the cylindedume (< 1.41,1.4-2.0land > 2.01),
and each subsector contains 10 - 12 differenthtetogy classes”, reflecting the various
stages of the EU exhaust regulation (e.g. ECE 15RO 1, etc...). For diesel
passenger cars there are two different subsectd@9(l and > 2.0 I), each containing six
different technology classes.

Based on this distribution of classes, binomiakesgion analysis is applied to give the
best correlation coefficients taken during the picithn of the emission factors included.
An attempt to improve the correlation coefficietg distinguishing between different
speed regions, which would potentially be descripgdifferent equations, has no effect

except for CQand fuel consumption.

3.5.1 Input Data Requirements

In order to consider the possible link between ritglanodels and emission models, it is
important to firstly deem with the input data reganents by emission models in order to
carry out the calculation of pollutant emission dndl consumption values using the

proposed methodology within a transport model.
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The COPERT IVcan be applied at different levels of resolutifs. a general rule the
methodology can be used with a sufficient degreeeofainty at a higher resolution too
(e.g. urban emission inventories with a spatiableg®n of 1x1 kni and a temporal
resolution of 1 hour). The main data required byssian models consists of the emission
and consumption factors expressed in [g/km], il][@f in [g/kg fuel]. INCOPERT IV
these factors are provided by the model itself, Hrel way the emission factors are
defined determines their conditions of applicatibmthis dissertation only hot stabilized
emissions and those which are defined in a spepdndient form as is the case in the
COPERTmethodology are considered (fuel consumption/GQCO, NQ, and VOCS).
To better understand a possible link with a trale@hand model, a detailed analysis of
the input variables influencing emissions is ddwt and a list of the main input data of
emissions models is given. These data, includirfigramation on the vehicles, their

mechanical and operating conditions and the melmgical conditions, are:

- Number of vehicles;

- Vehicle mix (percentage of each legislative dlass

- Vehicle age;

- Vehicle technology, engine size, and presenaatalytic converters;
- Vehicle average speed (for the average speedagipmodels).

- Vehicle speed-time profiles (emission modal msjjel

- Vehicle kilometres travelled (VKT);

- Trip distribution percentage by facility (urbaaoral and freeway);

The distribution of listed data should be also knowdistribution of length trips, and the
temporal scale should be fine-grained and not dnbaaed. These data, including
information on the vehicles, their mechanical aperating conditions, are resumed in
the next table considering the input data requirdnaad the availability of data in a
perspective of linking with transport models.

Table 2 shows the input data required in orderaloutate the emissions for a reference
year with respect to the different emission typesoading to the COPERT IV
Methodology:
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Input data required Availability of data Output from Transport Model
- average speed-dependent - available from th€ OPERT
emission factors in [g/km] for ~ program for various pollutants and

vehicle of category | vehicle categories

- speed-dependent consumption - available from th€ OPERT
factors in [g/km] for vehicle of  program for various pollutants and

category | vehicle categories

- representative average speed or
speed distribution for the three road - link average speed by road type
) defined in the transport model
types (urban, rural and highway)
- number of vehicles of category j - exogenous input data available
[hil from national car fleet statistics ; divided demand by vehicle typ2
) - unavailable as independent
- average annual distance travelled ] )
) o statistical data in many countries
per vehicle of category j [vj] )
and has to be estimated ;
- exogenous input data available
- fleet composition from national car fleet statistics ; divided demand by vehicle typ2

possible link with traffic models.

- distance travelled by the different ) .
) i ) . link average distance travelled
vehicle categories on the different by road type defined in the

road section types transport model

Adapted from: Gilsoret al, 1997

Table 2: Emission input, available data and inpatnftransport model

3.6 Integrating COPERT IV in EMME/3

For the estimation of environmental variables, steeting point is the abstraction of the
urban transportation system in the form of moddivoeks. TheEMME/3 serves as a

framework for this purpose (figure 10). The dethitmding and network representation
capabilities enable an analyst to define links wekicle types as showed in figure 11.
From these, as a result of travel simulation astasnent outputs, fuel consumption and

emissions can be calculated. During this projessatitation a simple but effective way to
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calculate environmental variables is elaborated witspecial macro language that is
given in theEMME/3 software package.

The implementation o€COPERT IVmethodology must be concise with the Portuguese
fleet distribution and so there must be several imdations for the correct use of the

built model.
Transportation Modal Vehicle |:> Consumption
Systems |:> Network |:> Types Emissions
Figure 10: Conceptual representation of road eonssstimation requirements
Traffic Link Vehicle Km |:'> Traffic
Assignment |:> Average Speed Traveled by Link Types Volumes
Figure 11: Conceptual representation of model fonelity and outputs

The calculation of the individual transport roadigsions and fuel consumption is done
considering traffic volumes in the different emassilegislative classes of the modelled
car fleet. TheCOPERTmMethodology uses the information that was compdagedndrée

et al (1999) for the Portuguese National fleet distiinu for the year 2005 and
postulated information for the years 2010, 2015 @040 (Table 14 in the Annex).
Considering this information, fleet distributiontisen divided in 34 different legislative
classes which have their own equations to deterrtiigepollutant emissions and fuel
consumption.

The implementation of th€OPERT IVmethodology for road emissions (that consists
mainly of linear equations in function of speciiitervals of vehicle speeds) are coded in
a speciaEMME/3 macro language that is implemented in the traeet@hd model. This
macro runs in a special set of iterations to obtdinthe values demanded. To better
understand the implementation of this macro itmgartant to explain in different and
defined steps:
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Step 1 — Background Traffic

The EMME/3 assignment main outputs for a modelled network: aienulated
vehicles/hour, riders/hour, link speeds and trauekes. From these outputs, we can
obtain average speed for links considering the melwelay functions (for links) and
intersection delays (for intersection nodes).

As demonstrated in figure 12 the first step isgsign the initial demand to the network,
obtaining the first values of road volumes and ygielavhich are going to be used in the
following steps. This is important to have backgrduraffic information and to be used
in the following steps, considering that the maiatmx is going to be subdivided in

several other matrices that are also going torglysassigned to the network.

Initial Road |:> Initial Delay Background Traffic
Demand Network Information Information
Assignment

Figure 12: Conceptual implementation of the backgtbtraffic.

Step 2 — Legislative Emission Classes

The second step consists in the input of the indbion about the legislation classes in a
special EMME/3 matrix type called scalars (matrix scalars). Timgrmation is the
percentage of each legislative emission classdsighaken from specialized literature
(André et al, 1999) considering different years. The matriegs coded with an
individual number that identifies each one of théfter the introduction of these matrix
scalars, each one is multiplied by the initial dathanatrix resulting a new demand

matrix that corresponds to the demand of a speeifitssion legislative class.
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Initial Individual Transport Demai

Classx Classx Classx Classx Classx Classx
Fleet Fleet Fleet Fleet Fleet Fleet
Distributior Distributior Distributior Distributior Distributior Distributior
Resulting Resulting Resulting Resulting Resulting Resulting
Legislative Legislative Legislative Legislative Legislative Legislative
Classx Classx Classx Classx Classx Classx
Demand Demand Demand Demand Demand Demand

Figure 13: Legislative emission classes calculgpimtess

Step 3 — COPERT IV Equations

The third step is to include alOPERT IVequations concerning the individual transport
in attributes that can be evaluated by the follgvatep. This is done by coding in the
macro languages, and differentiated by the same ¢bdt recognizes the respective
matrix scalar and legislative emission class, bk speed depende@OPERT IV

equations for Cg NGOy, CO and VOCs, considering the speed restrictions.

Step 4 — Assignment and Results

The fourth step consists in doing several assigmsnehthe 34 different matrices that
were created in Step 2 and also using the extriguts in the Step 3. It is possible with
an extra option of auto assignmentBNMME/3 to save several matrices with the results
expected using the matrices from Step 2 and theaeaftributes from the Step 3.
Despite all the modelling processes that are sacgs$o implement in a suitable way for

evaluating a number of simple equations, is impadrta have in mind that this process
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needs to be extensively tested and it is necedsanmgve a very high confidence in the

model that it is built on.
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Figure 14: Assignment and sum of results
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The results can be obtained by legislative emisslaas or all summed together during

the evaluation of this macro. The end of this segrloses the calculation of the

emissions and fuel consumption for the individuahsport demand, and opens a new

step that is fundamental in any modelling proceslted validation. This is done by

comparing different scenarios and by obtaining emaissions values or fuel retail selling

in the metropolitan area as explained in the nekxitp
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3.7 Calibration and Validation

Calibrating and validating a model is always theafistep of any modelling process. The
calibration and validation of the emission modatsl aransport models can have joint
calibration process but values should be validategeparate ways with different data
sets. Considering that the environmental modelkwath the outputs of the transport
model, the calibration of the travel forecastingp-sniodels, such as the gravity model or
the logit model, involves estimating the valuevaifious constants and parameters in the
transport model structure. Estimating model cogffits and constants was done by
solving the model equation for the parameters trast after supplying observed values
of both the dependent and independent variablesndisated previously, the estimation
process is a trial and error effort that seekspdrameter values which have the greatest
probability or maximum likelihood of being accuratéhin acceptable tolerance of error.
During this project evaluation, a big effort of @rrscrutiny and calibration of the
transport model was done by the team that is mgldt (PMA model belongs to
TRENMO Engenharia, Lda). Once satisfactory estimatethe parameters for all sub-
models have been obtained, the models where chdckadsure that they adequately
perform the functions for which they are intend#gt is, to accurately estimate traffic
volumes and roadways traffic. Verifying a calibdht@odel in this manner is commonly
called "validation." The validation process estsiidis the credibility of the model by
demonstrating its ability to replicate the realityalidating the models requires
comparing traffic estimated by the model to obsérraffic on the roadway and transit
systems and to compared emission and fuel consompélue with real data available.
For the purpose of this dissertation the validatiérthe pollutant emission values for a
specific metropolitan area can be difficult or imspible. Some partial emission model
validation is possible and different methods areduis practice, such as tunnel studies,
remote-sensing studies or “inverse dispersion ntiodél(Reynolds, 2000). However, all
these methods have their own drawbacks. A majoeissthat all methods are restricted
to specific locations with specific traffic conditis during relatively short time periods.
Hence, validation data cannot be used to arrivenatverall emission model evaluation.

Values of fuel retail sales are available from kbeal gas stations resellers and can be
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used as an indicator for fuel consumption numbé@&msspite this fact, it is almost
impossible to get disaggregated values for the A&k hour and so values cannot be
compared with annual fuel retail sales. The calibraand validation parameters used in
the model are according to the “British GuidelineBepartment of Transport”. These

parameters are demonstrated in the following table:

Suggested  Calibration Validation
Criteria (130 counting spots) (10 counting spots)

Calibration and Validation Parameters

[Vm-Vo| < 1G0/o < 700
P85 = % Links [Vm-Vo| / Vo<15% if 780Vo < 2700 > 85% 82.6% 86%
|[Vm-Vo| <400Mb>2700

GEHM= GEH (for 85% of the links) <2 1.59 1.7
GEH5=% Links with traffic counts with GEH5 > 85% 84% 83%

Vm = Values modelled

Vo= Values observed

GEH= The GEH Statistic is a formula used in traffitgineering, traffic forecasting, and traffic mbbicg
to compare two sets of traffic volumes.

GEHM = Average GEH

Table 3: Calibration and validation parameters RIMA model according to the “British

Guidelines - Department of Transport”.
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CHAPTER 4

CASE STUDY RESULTS AND ANALYSIS

4.1 Introduction

A successful integrated transport and environmentadel system must be responsive to
the interest of the stakeholders. This requireseast sufficient output indicator that
satisfies the policy interests of those who focustlee key global dimension of urban
management efficiency, equity and environmentalasugbility. Each should have a set
of practical translators of performance includinglicators of emission and energy
variables, transport accessibility and mobility the same decision platform. An
integrated modelling system offers more than faseemd outcomes, it is an important
support system for planners and decision makers often want to get a feel for
implication of the “what if ...?” questions.

In order to complement the theoretical analysisrafisport modelling for environmental
impact assessment, conducted in Chapter 2, theajaigective of this dissertation is to
present the PMA results using the methodology megan Chapter 3. Before the case
study results analysis is presented, the definitibthe scenarios constitutes the tool for
evaluation of different transport policies that areended to be studied and presented in

this dissertation.

4.2 Scenario Simulations

The structured development of energy and enviromnseanarios allows a range of
public policies to be examined within the contektatiernative assumptions about the
future. Scenarios are stories, not predictionsesbmmendations, about how the future
might unfold (Nijkamp and Castells, 2000hey are useful for organizing scientific
insight, gauging emerging trends, and consideritgyratives. In this dissertation four
primary scenarios are proposed: a business-as-(BAbl) forecast and three alternative

Transportation Modelling for Environmental Impacis&ssment 72



CHAPTER 4 - CASE STUDY RESULTS AND ANALYSIS

policy cases for the future years of 2010, 2015 2020. The BAU scenario assumes a
continuation of current energy and environmentdicpes and a steady transport demand
progress. In contrast, the year evolutions scesaai@ defined by policies that are
consistent with increasing levels of individualnsport demand and the normal evolution
of vehicle fleet renovation. After the primary saens evaluation, a group of secondary
scenarios are proposed to evaluate transport esligihree types of transport policies are
going to be evaluated, and they can be separat&dval cost scenarios, time changes
and combined scenarios. The travel cost scenarmsirecrease of inner-city parking

charges; reduce public transport fares; increasigptransport fares. The travel time

scenarios are: making public transport faster (25%gjuce headways (50%) and make
cars slower (20%). Combination scenarios are: ptmmaf public transport scenarios

and reduction of mobility scenarios.

Primary Scenarios Secondary Scenaric
Sc (- BAU Travel Cost Travel Time Combined
Sc 1- Alternative Sc4 Sc7 Promotion of
Policy Cases for the Increase Inner City Faster Public Transport
Year 2010 ParkingCharges Public Transport
Sc4+Sc5+Sc7
Sc 2 - Alternative Scb5 Sc8 + 568
Policy Cases for the Reduce Public Reduce
Year 2015 Transport Fares Headways Reduction of
Mobility
Sc3 - Alternative Sc6 Sc9
Policy Cases for the Increase Public Make Individual Sc4+Sc6+3cH9
Year 2020 Transport Fares Transport Slower

Figure 15: Definition of primary and secondary suérs
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4.3 Primary Scenarios

In the primary scenarios a more detailed set opuistare delivered, considering that a
good characterization of emission and energy valoas contribute to a better
understanding of the environmental variables andielsas sending warning signals on
what instruments detract from environmental pragrée characterization of the PMA
results examines the usefulness of various measdireavel patterns as environmental
indicators of vehicle emissions and energy useetifain measures of travel patterns were
reasonable proxies for vehicle emissions and engsgyand could be collected relatively
easily without complex measurement or calculatibvey are useful for environmental

monitoring, assessment and development of tranpptidies.

4.3.1 Scenario O - Business as Usual

In this scenario a base year was established tsée for evaluating a business-as-usual,
which examines the consequences of continuing utrends in population, economy,
technology and human behaviour.

In this scenario it will be presented the pollutiemissions (Cg NOy, CO and VOCs )
and vehicle fuel consumption, considering the tgbicaffic scheme in the study area
region for the time interval that the model is bedted and validated to work in. The
private car transportation has been modelled acopri the origin-destination matrix
for the morning peak hour (7:30 h - 9:30 h) on &arage day of the year 2005. The
traffic intensity volumes (number of vehicles), eage time and speed for each link are
calculated as a result of traffic assignment wWHMME/3 assessment module.
During this scenario evaluation, a special attenti@s derived to the characterization of
the emission values considering the mobility patewehicle emission figures for each
journey and aggregated figures of energy consumatiml emissions per habitant. In this
scenario, results are also split considering oragid destination values of the transport
demand, and division can be establish between Emisslues that are geographically
representative of the modelled region and valuas fpresent outside demand that as
origin or destination in the PMA. A characterizatioof the PMA individual
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municipalities is also given considering the actgabgraphic representation and the
individual municipality generated values.

Table 4 resumes the aggregated results ip, CO, VOCs and NOfor the PMA. Results
are represented as total emissions in ton/h imthining peak for all the spatial transport
activity that is made inside the metropolitan apegimeter, aggregated results in the
considered pollutant emission from all the tripsittlare attracted to and from the
metropolitan area (these results have in considerahe trips that have origin or
destination outside of the metropolitan area petemesspecially from the main district
centres), and the absolute difference betweenanBiA and generated emissions by
PMA results (these values represent the total faituemissions that PMA causes

outside the metropolitan area perimeter).

Scenario 0 — Business as Usual

Energy Consumption CO, (6{0) VOCs NOy
(GJ/h) (ton/h) (ton/h) (ton/h) (ton/h)
Total Emissions
inside PMA 2505.2 176.1 2.178 1.150 0.817
Total Emissions
6248.2 439.0 4.872 2.202 1.572

generated by PMA

Difference between

inside and generated 3729.0 262.9 1.994 1.052 0.741
by PMA Emissions

Table 4: Total pollutant emissions (GJ/h and tomsthe morning peak).

Having calculated energy consumption and vehiclession for each journey, aggregated
figures of energy consumption and emissions perabithnt were calculated.

The following table (Table 5) represents severtd sé environmental indicators for the
region considered using the emission calculatiothouology proposed. Values are also
separated by its spatial emission location (inSIA perimeter and generated by PMA)
and correlations are delivered by inhabitant andripyconsidering all environment and

energy outputs.
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Scenario 0 — Business as Usual

Inside PMA Generated by PMA
Habitants 1759958 -
Number of Trips 138524 184378
Number of Car Passenger 23453 34567
Travelled Model Avg. Trip Distance (km) 12 40
Avg. Model Vehicle Speed (km/h) 34 43
Avg. Vehicle Occupancy 1.17 1.20
CO, Emission (ton) / Trip 1.2*16 6.8*107
CO, Emission (ton) / Habitant 1.0*10 -
CO Emission (ton) / Trip 5*10) 2.6*10°
CO Emission (ton) / Habitant 1.2*fo0 -
NO, Emission (ton) / Trip 5.89*10 8.52*10°
NO, Emission (ton) / Habitant 4.72*10 -
VOCs Emission (ton) / Trip 8.30*10 1.19*10°
VOCs Emission (ton) / Habitant 6.53*10 -
Total Energy Consumption (MJ) 2553604 6366345
Energy Consumption / Trip (MJ) 18.43 34.53
Fuel Consumption (Litres) 73379 182941
Fuel Consumption / Trip (Litres) 0.52 0.99

Table 5: Scenario 0 — Business as Usual valuesqerin the morning peak.

Tables 6 and 7 represent desegregated emissiamssvialr each of the metropolitan area
municipalities including Trofa, considering insided generated by PMA values. Table 8
and 9 represents aggregated and desegregated atifmmnior PMA environment values.

Graphics 1 and 2 represent the displacement ddrthissions by legislative classes inside
the perimeter of the metropolitan area in seveyads of emission and energy indicators.
Then, in figures 16, a graphical representatio@0f emissions aggregated by its origin
zone are given and spatial relation between mgbdid emissions can be easily
analysed. Figures 17 and 18 represent link flow @®issions and a more local

environment assessment can be accomplished.
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Scenario 0 — Business as Usual

205 Co, > co 4 vocs & No, 5

8 3] 3] 3]

Porto 41.7 24% 0.54 25% 0.27 24% 0.24 25%
Matosinhos 19.9 11% 0.24 11% 0.13 11% 0.09 11%
Gaia 275 16% 0.34 15% 0.18 16% 0.14 16%
Valongo 155 9% 0.20 9% 0.10 9% 0.06 9%
Gondomar 16.0 9% 0.19 8% 0.10 9% 0.06 9%
Espinho 6.2 4% 0.08 4% 0.04 4% 0.007 4%
Maia 18.9 11% 0.23 11% 0.12 11% 0.08 11%
Vila do Conde 11.0 6% 0.13 6% 0.07 6% 0.03 6%
Pévoa do Varzim 8.4 5% 0.10 5% 0.05 5% 0.03 5%
Trofa 10.4 6% 0.12 6% 0.06 6% 0.03 6%

Table 6: Total emissions inside each municipatity$/h in the morning peak) and its weight in

percentage of the total emission value.

Scenario 0 — Business as Usual

Co, 2 CcO & VOCs 2  NO 2

2005
Porto 10.4 9.48 0.65 51 0.08 1093 0.06 1413
Matosinhos 20.8 0.96 1.20 59 012 44 0.08 112
Gaia 16.3 169 0.94 (35 0.09 497 0.06 503
Valongo 131 1.18 0.76 g6 0.07 136 0.05 119
Gondomar 13.9 115 0.80 (o4 0.08 1,5 0.05 41»
Espinho 17.1 0.36 0.99 408 0.10 4o 0.07 o411
Maia 233 081 135 (17 0.13 g9 0.09 (g9
Vila do Conde 15.9 0.69 092 14 0.09 45 0.06 a9
P6voa do Varzim 11.6 0.72 0.67 15 0.07 77 0.04 (67
Trofa 39.3 0.26 2.28 o5 0.22 7 0.15 (29

Table 7: Total emissions generated by each muritgigeons/h in the morning peak) and the

relation between inside and generated values by PMA
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Scenario 0 — Business as Usual — Porto Metropofitea Environment Matrix

Porto

Porto 0.7
Matosinhos 0.64
Gaia 0.65
Valongo 0.39
Gondomar 0.52
Espinho 0.43
Maia 0.24
Vila do Conde 0.40
Pévoa do Varzim 0.37
Trofa 0.32

Matosinhos

0.73
0.31
1.47
1.85
0.91
2.82
7.27
0.41
3.12
4.54

Gaia

0.69
2.13
1.49
3.59
1.49
0.52
0.93
5.39
0.30
6.20

Valongo

0.41
3.00
3.63
1.65
0.92
0.47
1.85
1.00
0.36
4.03

Gondomar

0.56
2.10
1.34
0.75
0.60
1.71
8.10
1.82
1.89
3.95

Espirho

0.48
3.38
0.56
0.38
1.89
0.36
0.72
0.63
0.05
5.10

aMai Vila do Conde

0.29
1.05
1.07
0.19
1.00
0.74
0.49
1.16
0.03
2.76

0.53
0.41
0.61
0.98
1.72
5.56
1.11
1.27
0.57
4.78

Pévoa do Varzim

0.50
3.88
0.37
0.30
2.14
0.50
0.33
0.57
0.19
5.73

Trofa

0.2&
3.93
5.18
3.08
2.73
4.05
2.27
3.26
4.79
1.90

Table 8: Total CQEmissions generated by each municipality to thieespondent destination municipality (tons/h in ti@ning peak hour).

Porto Metropolitan Area Environment Matrix (¢)3Js represented in a spider web diagram in theeXas of this dissertation.
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Scenario 0 — Business as Usual

_ _ Energy Energy Emission per vehic.kilometer Emission per pass.kilometer*
Mode Fuel Type  Engine Size  consumption Consumption (g/vehic.km) (g/pass.km)
(MJ/vehic.km) (MJ/pass.km)* CO, CO VOC NQ CO CO VvVOC NQ
Car Gasoline Small 2.16 1.10 75 5 1.3 1.05 36 3 50.04
Car Gasoline Medium 2.30 1.14 94 9 071 132 43 4 3 005
Car Gasoline Large 2.60 1.34 110 10 0.34 1.83 55 50.15 0.7
Car Diesel Small 2.08 1.02 69 0.21 003 026 32 101001 0.1
Car Diesel Medium 211 1.06 71 0.20 0.04 0.37 33 120. 0.02 0.15
Car Diesel Large 2.26 1.09 96 0.23 005 057 44 00.20.03 0.25
Car LPG All Sizes 1.65 0.80 68 5 14 1.0 34 2 02 .30

Small Engine Size = 1.4 | or smaller; Medium Enggiee = 1.4 — 2.0 |; Large Engine Size = Largerm2# |
* Passengers of individual transport

Table 9 : Scenario 0 — Business as Usual desegregedult by mode, fuel type and engine size (galside PMA).
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Figure 18: CO Emission’s representation in the noetsvork in the PMA (+ Trofa).
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Highel
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Figure 19: CO Emission’s representation in the noattvorks in the PMA (+Trofa) and its

relations with the outside municipalities.
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4.3.2 Scenario 1, 2 and 3 - Alternative Policy Cas2010/2015/2020

The definition of alternative policy cases will teéo future scenarios of the year 2010,
2015 and 2020. In these scenarios the expectedt@amrobf the transport demand and the
evolution of the individual transportation fleetlmbe tested. The future scenarios are
evaluated considering the different average digtidim of the Portuguese fleet in future
years. This is done by considering literature val{fndré, 1999) based in the year 2010,
2015 and 2020 of the distribution of the Portugwestgicle emission legislative classes.
The year differences between the distributiondefutehicle fleet are achieved mainly by
substitution of older legislative emissions classiss can be done by government
incentives or by natural fleet renewal over thergeaonsidering the information
available and by using the methodology proposeaéegthlternative policy cases scenarios
are built for the year 2010 (Scenario 1), for tleary2015 (Scenario 2) and for the year
2020 (Scenario 3). For these scenarios the indavidemand matrix must be different
from the one that is used for Scenario 0, since dhie is based in the year of 2005. To
overcome this problem it is assumed a 1.675 % drd¢thts number is the year difference
in percentage between the original demand matear 2001 survey, and the matrix
re-estimation that was carried out with the traffiount for the year 2005) in the
individual transport demand matrix each year, whichresponds to an increase of 6.7%
for 2010, 15.0% for the year 2015 and 25% for teary2020 (these numbers are based
on the notion that individual transport demand igpexted to continue to grow,
considering several growth indicators such as twallrate of motorizatior?). This
approach can give a better estimate of the trahgmoissions and fuel consumption for
future scenarios where a big number of variables difficult to obtain or estimate.
The results for each of these scenarios are fos#nee time period (7:30 h to 9:30 h,
morning peak period, considering hourly averageies)l and are presented in pollutant

emissions (CO, VOCs, N® and fuel consumption (then expressed in )CO

12 Information from the Portuguese Institute of Na#ibStatistic - PMA Mobility Report (INE, 2001).
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Scenario 0, 1, 2 and 3 - Comparison of futuemados values inside PMA

Energy Consumption CO, Cco VOCs NOy
vear (GJ/n) (ton/h) (ton/h) (ton/h) (ton/h)
2005 2553.6 176.1 2.178 1.151 0.817
2010 2758.1 190.2 0.848 0.442 0.312
2015 3050.1 210.3 0.706 0.363 0.256
2020 3402.6 234.6 0.608 0.282 0.198

Table 10: Scenario 1, 2 and 3 — Alternative Poliages Total energy consumption and
pollutant emission inside PMA.

Scenario 0, 1, 2 and 3 - Comparison of futusnados values generated by PMA

Vear Energy Consumption CO, (6{0) VOCs NOy
(GJ/n) (ton/h) (ton/h) (ton/h) (ton/h)
2005 6366.3 439.0 4.172 1.863 1.579
2010 6788.1 468.1 1.614 0.720 0.614
2015 7556.4 521.1 1.559 0.692 0.589
2020 7545.5 530.3 1.461 0.654 0.554

Table 11: Scenario 1, 2 and 3 — Alternative Poiages - Total energy consumption and
pollutant emission generated by PMA.

600 | 4172 521,138 53038 [ 45
500 439,&\ 168,148 e
- 3,5
400 -3
300 | 1863 - 25
1,579 1,614 1,559 1,461 -2
200 0,72 0,692 0,654 - LS
100 0,614 0,589 0,554 -1
- 0,5
0 0

2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

=—C02 —CO VOCs NOx

Figure 20: Result Presentation of the Future Seeganerated by PMA (tons/h).
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Figure 21: Representation G0, emission values (ton/ldepending on the legislatiemission
class.
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4.4 Secondary Scenarios

In the secondary scenarios attention is deriveda teet of policies instruments to
determine environmental impact variations whilegjio®s can be raised about the nature
and scale of the changes required to achieve a sustainable mobility. Though models
are no more than an incentive to debate these ipgnssues, they do define a setting
within which, as a minimum, it can be appreciatdiere the big gains in policy and
investments are most likely to be achieved in respé positive impacts in transport

policies changes on the environment.

4.4.1 Scenario 4-Increase of Inner Cities Parking lkarges

The parking problems culminate in the inner cityidential and mixed use areas close to
the centre of the big cities. In the Porto city tcerparking supply is sufficient thanks to

large extensions built during the last past yeResking problems in Porto city centre are
less severe, not only because of good parking giens, but also because of the high
quality of public transport within the city centaed the low density of residents. Despite
the described facts, the increase of parking clsacge have a big effect in the mode
choice that is going to be chosen for the specéiotre areas, especially for A.M time

periods. The choice of public transport is then enattractive and a reduction of

individual transport vehicles is obtainable andasp expectable emission and energy
consumption reduction can be obtained from the mishing individual transport

demand.

4.4.2 Scenarios 5 and 6-Reduce and Increase Publi@nsport Fares

An alternative policy to achieve reductions in indual transport emissions is to
encourage switches to public transport. These sicsneonsider the impact of this policy
on overall of transportation emissions and enei@yes. The policy chosen to model in

these scenarios is to change fares on all modplibtic transport modes (rail, light rail
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metro and local bus services). Such a reductioase would increase/reduce demand
for all these services in line with the values béit own-price elasticity’s from the
transport model, but it would also reduce/incretmee demand for individual transport
travel via the relevant cross-price elasticity’svieen the particular public transport fare
and the overall demand for individual transporvéfaHence total emissions could either

rise or fall considering different fare schemes.

4.4.3 Scenarios 7 and 8-Faster Public Transport andeduced Headways

The attractiveness of public transport can be ivmgaddoy faster travel times or increased
quality of service reducing headways. Some indigidtansport trips will be switched to
public transport, but a new public transport demamidl be generated by the
improvements and more public transport vehicle Wwél needed to satisfy the demand.
The overall effect of the policy then depends oe talative size of the reduction in
individual transport use and the increase in publimsport use. Despite these facts
evaluation in these scenarios is considered ontlgenndividual transport side due to the
lack of valid information to consider public tramspincrease vehicle demand. During
these scenarios evaluation a variation of 25% ensgheed of public transport system and
a 50% headway reduction are to be tested.

4.4.4 Scenario 9 - Make Individual Transport Slower

During this scenario evaluation an individual tqam$ speed reduction is simulated to
test the environmental sensibilities in the modeleenario. The proposed evaluation
intends to reduce all the individual transport élaspeed by 20% in residential zones and
to reduce speed by 10% in the main highways. Thestom variation will have different
outcomes, considering that less attractive indi@idtavel times will lead more journeys
to the public transport (especially the ones that mot affected by traffic) and a
significant impact can be expected from the inaeeafsthe traffic congestion modelled

road network.
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The following table and graphic represent the sdaon scenarios pollutant emission

results, inside the metropolitan area perimeterelation with the BAU primary scenatrio.

Secondary Scenarios

(o{0)) CcoO VOCs NQ
Sc 4 - Increase of Inner Cities
Parking Charges -1.69 % -4.13 % -3.12 % -3.13 %
Sc 5 - Reduce
Public Transport Fares -3.39 % 6.2% 5.21% -4.2%
Sc 6- Increase
Public Transport Fares 157 % 1.6 % 1.40 % 0.9%
Sc 7 - Faster Public
Transport (25%) '345 % '531 % '342 % '362 %
Sc 8 - Reduced
Headways (50%) '258 % '532 % '420 % '42 %
Sc 9 - Make Individual
Transport Slower (10% and 20 %)  4.16 % 6.22 % 5.21 % 6.0 %

Table 12: Vehicle emission variation percentageshie proposed transport policies scenarios.

6,00% Sc9 mCO2
mCO
4,00%
M VOCs
Sc6
2,00% NOx
0,00% .
-2,00%
-4,00%
Sc4
_ 0,
6,00% Sc?7 Sc8
Sc5
-8,00%

Figure 22: Secondary scenarios difference in péagenwith BAU scenario.
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4.5 Combined Scenarios

The overriding goal of transport policy is to impeoaccessibility, while at the same time
fulfilling such goals as sustainability, efficiencgquity and safety. There is a growing
recognition that many traditional transport poliogtruments are relatively blunt over a
range that is politically acceptable and withinetable budgetary limits in respect of
delivering environmental outputs. Policy instrungerdan have the most significant
abatement in emission and energy values and theselifficult to measure and by
consequence analysed.

To better understand the influence on the envirarimariables of political changes, and
considering that the methodology proposed can gsutable and measurable
environmental outputs, a set of combined scenasigwoposed and evaluated in two
political transport demand changes: promotion obligutransport and reduction of
mobility. These scenarios intend to study the \anain pollutant emission and energy
consumption considering two political macro scewsrifor transport demand
management. The following table represents the omsvalues inside the metropolitan

area perimeter for the proposed combined scenarios.

Combined Scenarios

CO, co VOCs NO,

Promotion of Public Transport 0 . . .
Sc4+Sch5+Sc7+Scg  89% -10.13 % -8.11 % -8.43 %
Reduction of Mobility 269 % 313 % 212 % ) 139

Sc4+Sc6+ScH

Table 13: Vehicle emission results for the transpolicies combined scenarios

Transportation Modelling for Environmental Impacisessment 20



CHAPTER 5 - CRITICAL FINDINGS AND CONCLUSIONS

CHAPTERS

CRITICAL FINDINGS AND CONCLUSIONS

5.1 Critical Findings

This dissertation has investigated the role ofgpant modelling in urban road network in
helping the process of transport environment impassessment for the Porto

Metropolitan Area. In particular, it has tried taldaess the following question:

How and to what extent do travel demand models can be used in a joined way to predict

emissions over urban road networks?

Transport pollutant emission modelling is a mu#aiplinary exercise since it combines
the results from transport modelling with emissimodels. Because both fields have
largely been developed independently from eachrptreswering the research question
can be a complex task, and requires a systemairoagh.

A comprehensive literature review indicates thatiotss methodologies of different
complexity can be used for estimating the travidtesl environmental variables. Actual
research effort seems to concern intensively ininpet data required by the emissions
models or transport models and less in the poggibil using an integrated methodology.
In the ideal situation, models that predict vehitledal activity on detailed networks can
be integrated with modal emissions, so that the twmerations are performed
simultaneously. Some research and relative applitat have been presented to
understand the possible approaches followed to dwgprthe actual estimation of
emissions. The analysis of these efforts showsahantegrated approach is still far and
is considered as an "integrated problem". Eachareber tends to improve some
particular aspects, as the activity based framewtink assignment phase and the
disaggregation of transport data.

Several emission models were identified from therditure and they differ in the extent

to which the different aspects of vehicle emissigasy. type of emission, vehicle
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categories) have been incorporated into the modety also have a different input
requirement, which in practice affects the integfagith travel demand models and
affects their temporal and spatial resolution. 8imn increase in network size often
reduces the level of detail in the output data ftoaffic models, a “scale effect” is visible
in transport pollutant emission modelling (tradéloétween network size and emission
model complexity). The size of the study area a$fdoput data availability, which
subsequently determines the possibility of appbeaof different emission model types.
This is because the level of complexity of an emarssnodel is reflected in the extent and
level of detail of input data it requires to rurhefmore complex a model is the more
input data it generally needs. However, traffic misdare also subject to different levels
of complexity and traffic field data are subject diferent levels of availability.
The spatial resolution of link level is considetedbe an "expected” minimum resolution
for the estimation of travel demand effects on eroiss, since major differences in
minimum road capacity (e.g. differences in intetieclayout and signal settings) are not
taken into account in a microscopic way and becaapacities at different points along a
link would be relatively constant.

More complex traffic models generate more comprsivenoutput data. For instance, the
microscopic simulation model can provide data tha sufficient to run all emission
model types. However, more complex traffic modelguire more comprehensive input
data themselves, which, in practice, leads to aatemh in the size of the modelled
network in order to keep use of resources withecfical and manageable limits (TRB,
1997). Thus, the demand for resources (recoursésut, computer runtime, etc.) to
generate and process input data to emission méodetseither traffic models, field data
or both, increases with network size. As a consecgiethe extent and the level of detall
of available input data are effectively reduced mheetwork size increases (Gipps,
1986). In simple terms, complex models can onlypglied at small networks and large
networks require less complex models.

Considering the presented case study, the methggplmposed and spatial resolution of
the built travel demand model (PMA model), the usie emissions and energy
consumption models in a joint way with this specifravel demand model, as a

significant number of factors that should be takdéo account to reduce the number of
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inaccuracies that can be produced. Indeed the catidin of models with different detalil
requires some simplifications and standard trariggaia are used (cold start, vehicle-mix
and vehicle-age characteristics). A better quaatiion of the emissions impacts will
require a methodology that accounts for or solfiesstgnificant imperfections of existing
mobile source emission models and travel demancelmodhe emission models that use
average speed cannot accurately estimate the efféxffic flow improvements on trip
emissions because they do not take into accourspiaed profiles of vehicles. Depending
on the purpose of the study (e.g. to compare differfuture scenarios) it may be
sufficient to apply less complex emission modelsiclv have the advantage of requiring
less input data than more complex emission motigaever, when differences between
models are substantial, for instance in case oblates emission predictions (e.g. total
emission load in the peak hour) or relative emisgoedictions between models of the
same type, a choice needs to be made.

The presented findings can be considered restrinyatie fact that they follow from one
travel demand urban network model with particutzracteristics (demand matrices, link
length, free-flow speeds, delay information) angl@ation of a particular emission
models COPERT IY in a specific commercial transport model softwéeME/J).
Considering several of the pointed critical finditige next points intend to resume some
of the problems that transport data and emissiéa cin have when used in a joint way
considering the travel demand model and the metbhggigroposed.

5.1.1 Modelling Limitations

The transport modelling step can give a set ofspart activity data used in the
subsequent emissions modelling steps in an inegrdatansport and emissions
framework. Basically this means that the accurady estimated emissions and
environmental impacts can be no better than tharacg of the underlying transport
model information. As seen before, the limitatidrttas chain is that the travel demand
model, represented by traditional four-step procesmore focused on simulating flow
volumes than on realism in behavioural choices. Tiwest persisting problems in the

methodology proposed are revealed in the follovpampts.
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5.1.2 Transport Data Limitations

This project dissertation demonstrated a simple dfigictive way to use emission and
transport models in an integrated way. However rsdaspects must be considered to get
better estimates using the joint methodology caloah. The methodology proposed in
this dissertation requires linkable input data tieatcurrently given from the travel
demand model and uses a set of evaluated simpilifitsa Despite this fact, it is useful to

analyse outcomes and some problems existing im#thodology proposed.

5.1.2.1 Characteristics of the Vehicle

The most evident outcome is that the transport dataved from the travel demand
model does not give the output classified by typevehicle, in particular about the
volume, speed and distance travelled. This is teatgst difficulty to be solved, because
the alternative (used in this dissertation) istibize default values derived from statistics
at national level and this can cause greater erfidre emission rates vary according to
the characteristics of a vehicle: in particular $he2 and weight of the vehicle, the type of
fuel used and the age. So, the information requiredehicle mix is: the class; the age
and distance accumulation rate; the fuel type usieel;usage levels. Travel demand
models do not give these data and the sources hi®remission models are the
national/area statistics and the counts/surveydgedd there can be considerable
differences between the classes of vehicles redjlnyethe models and the data available
and so some conversion factors are needed. Inrédfit counts do not give the vehicle
classifications required and are not usually lotaia minor roads. There is also little

information on temporal or seasonal variation imigle characteristics on the roads.

5.1.2.2 Operating Modes

The operating modes of a vehicle can be broadlgsdlad in two categories: engine
warming-up phase and thermally stabilised modeangport models do not provide
information on these operating modes. This inforomashould be made available by
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location within an urban area and by functionalssification of roadway. Also the
percentage accumulated in cold-start, hot-starttetestabilised modes is required. An
accurate determination of the operating mode requmeasurements of the engine
temperature, difficult to obtain. For that veryesftdefault values are used. More accurate
predictions of trips by trip purpose can be derivibdough the travel modelling
procedure. Work trips can be estimated fairly aataly while non-work trips have
generally been poorly estimated, given the complesi the trips and the few updated
O/D data.

In addition it can be useful to determine trip efatsdifferent periods of the day (e.g. for
evaporative emission purpose); although there idengporal resolution built into the
travel forecasting models, it is possible, thromgénipulation, to determine trip ends by
time of day, location and trip purpose. Howeves tl@quires a significant departure from
standard practice in time-of-day treatment in traverecasting procedures.
Standard procedure is to split trips by time of dayediately before assignment. But
applying time-of-day factors just before assignmmsults in inconsistencies and errors
in the transport forecasts and make it difficulestimate trip ends by time of day (André,
1999).

5.1.2.3 Vehicle Kilometres Travelled (VKT)

The vehicles distance travelled is a principal nemuent for forecasts of mobile source
emissions. The VKT can be calculated from the catigaal travel forecasting process in
the traffic assignment stage, using an equilibrassignment procedure. The link length
multiplies the volume obtained on each link and YHW€T is given. The aggregate

estimates produced from the transport models shbeldmade consistent with the
estimates of national statistics available in eaetion for Europe (André, 1999).

Estimates of local roads also represent a probierfact inter-zone travel that occurs on
local roads is difficult to represent (much of gsgned to arterial system). In addition
intra-zone trips are not assigned to the networt sm they are ignored. This is the
biggest problem in considering the effects of cetarts, particularly for the A.M peak

period, when much cold-start operation takes ptatdocal streets and intra-zone trips
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normally operate mainly in the cold-start mode. &tower it is critical to provide
estimates of travel for different periods of they,dere are four basic approaches to this:
directly factoring the output of traffic assignmetrtp table factoring, trip end factoring
and direct generation. But there is not a lot dorimation on the accuracy of these
techniques. Temporal resolution is important beeansasures to reduce emissions tend
to have the greatest proportional effect duringgbek periods, when the emissions are
higher. No reflection of seasonal variation cancbesidered in the travel forecasting
models, generally set up to represent travel onicdweek spring or fall day. Thus,

seasonal adjustment factors are also required {€2}est, 1997).

5.1.2.4 Queue

In travel demand models flow rate is commonly usglich can exceed the physical
capacity of a road (queue formation). Direct uséra¥el demand flow rate in emission
predictions may lead to incorrect prediction andomnect allocation of emissions in

congested situations in the network. The queueiséd when demand exceeds the
capacity for a period or arrival-time headway issléhan the service time at a specific
location. This phenomenon occurs at intersectitwostlenecks and accident sites. The
input requirements for queuing analysis include maaival value (in vehicles per hour
or seconds per vehicle), the arrival distributitime mean service value, the service
distribution and the queue discipline; in additianformation on intersection

characteristics (geometric attributes and traffigerations) is needed. The traffic
simulation models have to be employed, for theskildd studies, to replicate the
behaviour of pollutant emissions estimation in $gort models traffic under certain

conditions. The accuracy of these predictions dépem the data required as input for
the models as well as the methodology employed Hey model themselves. The

information should be validated with empirical olvsdions.
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5.1.3 Emission and Energy Data Limitations

There are several aspects of emission and energglmthat can affect model accuracy
such as number of measurements, the use of siatpbfi real world cycles and the use of
up-to-date emissions test data, and perhaps sestbe factors such as the use of local
emissions test data. In this respect, the choi@less complex emissions model such as
travel average speed modeGGQPERT IY may actually be more accurate than more
complex emission models, because they use theslagg®pirical database, use real-world
cycles and are regularly updated. Considering ¢iselution of the transport model, the
methodology proposed can give a good and reprasentet of outputs. Despite these
facts Matzoros and Vliet (1992) stated that emissiand fuel consumption are higher
near junctions than at mid-links. Considering tlisnore detailed methodology should
be used in modelled signalized and unsignalizestsettions even considering the macro
level that the model is built in. The use of inséa@ous emission approaches (modal
modelling) is recommended when emissions have tedbenated in situations where
driving behaviour and dynamics are of major inter8sandard average speed models are
not appropriated for such tasks.

5.2 Potential Improvements

Considering the presented methodology and thelttlraand model that is presented in
this dissertation, a number of potential improvetseshould be listed to reduce
inaccuracies that can be produced and to obtaterbestimate results in transports and
emission modelling using the proposed model.

1- Using disaggregate and activity-based travel sehwmerging modelling approaches
focus on the individual, household, vehicle ang trather than aggregate groups of
households or area wide traditional approachegraghg evolution is been accomplished
and travel demand analyses incorporate estimatédsedevel, type, and age of vehicles
owned by a household. Non-motorised modes of tréoreycling and walking) are being

better integrated into urban area travel demandysem so that the full range of smaller
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trips can be distinguish. Trip information is dexvfrom the demand for individual
activities. Activity-based travel analyses simulatdividual daily activity patterns and,

ultimately, will include activites that do not iolwe actual travel.

2- Household travel surveys containing stated as agerevealed preference data. New
household travel surveys can be designed to incladditional emissions-related

information, especially with respect to vehicle maweristics. Possible air quality

extensions for these surveys are the inclusionfofmation for trips in different seasons,
additional vehicle data and information on week#ims. Another important detail is the

class of vehicle used for each trip.

Another extension to current household survey m@ads to include stated preference
questions regarding traffic control mechanisms (T)Cadhd policies that cannot be

modelled through revealed preferences data. Teohsighave been successfully
introduced in recent years that reduce error aretestimation bias of stated preference
surveys and also integrate stated and reveale@rprafe survey data. An additional
improvement in household surveys is the use of Ipaueveys. While each of these

modules exists individually today, they have not yeen fully integrated into a

production oriented transport analysis system.Heunytsome of these modules still are in
the relatively early stages of research and depémynespecially activity-based travelling

demand modelling. The immediate strategies to imgprdhe transport models

capabilities, to analyse the effects of TCM anelligent transport systems (ITS) are
based on selective enhancements to the current-step” set of planning and analysis

tools.

3 - The estimated values for link speeds obtainethftravel demand models can vary
substantially, depending on the procedure usedimfoove speed estimation, reliable
information on traffic volumes and roadway charasties are necessary considering that
traditional planning models are not calibrated todpice accurate speed estimates. Free-
flow speeds and a speed-flow curve are input imbseé models and adjusted as necessary
to obtain calibrated volume estimates. Typicalhe teasonableness of the final travel

speeds is not checked once reliable volume forechave been achieved. A post-

Transportation Modelling for Environmental Impacisessment 98



CHAPTER 5 - CRITICAL FINDINGS AND CONCLUSIONS

processar methodology that can be applied at the end ofpicay planning model
forecast process to improve the estimates of trapebds output by a planning model.
The post-processor methodology uses an improveedsii@v curve and queuing
analysis to obtain travel speed estimates that notmsely approximate the average
speeds estimated by typical operations models.

The typical application of a post-processor to awnek considers links as individual
entities, which is adequate for free-flow condisphowever, when volumes on a single
link exceed capacity; repercussions develop onrolimks in the network that go
unaccounted for by post-processor. The post-procesgnificantly improved the

original planning model estimates of average spaed delay(Dowling, 1992).

4 - Some studies are focused on the improvemensfjiament phase of travel demand
model. Venigallaet al. ((994) aimed to build a specialized equilibrium gssient
algorithm for air quality modelling. In fact, theomventional traffic assignment
algorithms generally account for a single purpassganment, that is, assignment of total
vehicle trips on to network links. On the new pexjve of emissions forecasting it will
be necessary to assign multiple classes of tripswdtwork links, preferably in a
simultaneous fashion.

In the past some authors proposed a multiple uass @ssignment model for different
purposes. The research conducted by Venigalla §1@9%bcused on the use of traffic
assignment for deriving operating mode fractioeshhique still in its conceptual stage.
The study presents a specialised equilibrium asségn algorithm for tracking vehicle
trips in various modes of operation.

In order to determine the proportion of vehiclesemping in different modes on a

roadway, it is essential to know the start modev@l$ as the elapsed time since the start.

¥Several post-processing techniques have been ¢kl improve the prediction of standard travel
demand models estimated speeds (Dowling, 1992)isamgregate daily (or time-period) link volumetin
hourly volumes (Quinget al., 1994; Niemeieret al, 1999); to adjust daily volumes into season-djgeci
volumes (Quinet al.,1994; Bensowet al.,1994);
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Venigalla (1994) established that the FTP mode mhich was derived based on a small
sample of trips several years ago, does not proxittee representation of present day
general driving patterns of the population. In #&ddj the operating mode fraction values
should be developed for varying situations (stiedifoy functional class of highway and
geographic location).

An accurate determination of the operating mode aofvehicle engine requires
measurements of the engine temperature, but itfisult and expensive. An indirect
approach can be the utilisation of the travel tineen a trip origin. This can be estimated
either by interviewing drivers or by modelling @esxpensive). This last approach is
followed in the research, which wants to address gaps in multiple user class
assignment models for air quality analysis. An atgm is used; it is aimed to minimise
the objective function governed only by the totgbg that is a superset of trips of all

operating modes.

5 — The road intersections underline a number dbfaghat can have great influence in
the emission and energy consumption final valués. Use of an integrated modal model
to calculate the influence of factors such as a&aca@bn and deceleration near sign
junctions could help to desegregate information arwdude more detailed input and
output values. Different methodologies (such as W& model, on-board emission
approach) can be incorporated in the future as moduodels (standard intersection
situations) for specific intersections (such aswlek developed by Coelhet al, 2006),

and potentially improvement in emission estimatiam be obtained whe@OPERT IV

fails to deliver in low speed situations. This nuogtblogy can also incorporate several
other set of scenario outputs including traffic mgement policies and its impacts in

congested urban network.
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5.3 Conclusions

This dissertation has investigated the importanteurdan network modelling for
environmental impact assessment and possible gnkith emission models, by applying
COPERT IVmethodology emission models to a urban road né&woiPortugal (Porto
Metropolitan Area) using thEMME/3 software. It was also possible to overview the rol
that integrated emission and transport models systan play in aiding the environment
impact assessment of transport related policy unstnts. While the literature is
extensive, a set of well-defined perspective on ellod), data, and software architecture
are evolving highlighting the features of integchteodel systems that add substantial
value to policy debates.

The results applying the proposed methodology e modelled considering several
scenarios differentiated in a specific time lineN)APeak Period) in order to contrast
network congestion levels and differentiated incegp#o examine different scenarios
effects. Given the large number of emission modelshniques that exist, general
conclusions that would apply to the current caltoramethodology model can logically
not be made from this work. Also, the extent ofeté#nces that could potentially exist
between the results from this dissertation and amés from studies conducted in a
similar fashion, but based on other urban netwaevkh different characteristics (fleet
composition, network configuration, etc.) cannotassessed here. With these limitations
in mind, the results of this dissertation suggleat:t

1- Transport emission and energy consumption cagvhkiated in a joint way with the
present travel demand model and the emissionsAgneogisumption calculation

methodology, as demonstrated in Chapter 3, consgl@lso the temporal and spatial
resolution of the PMA model. This dissertation hdentified the main pollutant

emissions and energy consumption from the trangmoitity (individual transport), their

recent impacts and future trends in the PMA. Sévesasport environmental indicators
are extracted and the region mobility patternsremvnental impact can be evaluated.
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2- Several emission and energy consumption modeig vwdentified from the literature
review and they differ manly in the extent to whitle different aspects of the vehicle
have been incorporated into the model. They alse lea different input requirement,
which, in practice affects the interface with tratemand models and their temporal and
spatial resolution. The trade-off between emissiordel complexity and network size
and its consequences for model choice at any $pasalution should be carefully
considered. In practical applications, complexs=min models are effectively applied to
small networks only and large road networks reqless complex travel demand and

emission models due to reduced data availability.

3- Travel demand models were developed as a togll&mning the location and size of
new transport facilities. Some structural and th&oal aspects of travel demand models
exclude a thorough analysis of TCM and ITS. In ipatar, assumptions of perfect
knowledge of the system, presumed equilibrium doomdi and lack of variation
complicate the application of the conventional élaslemand models to TCM and ITS
deployment evaluations. On the other hand the émmissodels that use average speed
(COPERT Iy cannot accurately estimate the effect of trafliev improvements on trip
emissions because they do not take into accounsghed profiles of the vehicles. For
evaluating TCM and ITS and their specific applioatifield which is to evaluate the
impact of slight changes in driving patterns on s=iains or to take into account the
kinematic component of the driving behaviour wiighhaccuracy a different integrated

transport and emissions modelling methodology shbalimplemented as future work.
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5.4 Dissertation Contributions

This dissertation used an integrated transport amgdronment planning tool in an

application developed iEMME/3 This tool overcomes the drawbacks of the tradéio

transport planning tools, which are by nature notable to evaluate planning strategies
that involve explicit environment modelling. Thesed, this integrated transport planning
tool was able to capture the different scenariosena@curately to evaluate the transport
policies and its implications in the environmentongover, this tool can be used to
analyse day-to-day travel patterns, within-day beha of travellers, and in the same
way be responsive to the environment variables.réhalts for the PMA scenarios show
that predictive transport and environment modellcag be effective. Modelled values
(even aggregated ones) are extracted and consttugmod representation of the

environment impact of transport in the scenaricdeated.

5.5 Further Work

In terms of further work and new directions, thédwing comments can be made:

- A reduction in model complexity is accompanied byeauction in spatial and
temporal resolution. Now the question arises: wbkathe appropriate spatial and
temporal resolution in the modelling of the emissicand energy consumption in
urban networks?

- Considering the increasing importance of trafficngestion, namely in specific
interruptions like signalized and unsignalized is¢etions. It seems vital to extend
current transport and emission and energy consomptiodels with algorithms that
enable the prediction of the full impacts of trafiongestion on pollutant emissions
for all dimensions.

- Additional investigation in using different emissgand energy consumption models
and transport models in a joint way consideringrtgferences and further research
into the relative importance of the various facttirat contribute to emission model

accuracy.
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- Incorporate the calculation of PM emissions, siiscene of the pollutants that cause
problems or air pollution within the cities, witbresequences in human health.

- Considering the distributiorof travel speeds within a traffic stream (links) in
emission estimation may lead to different (and maceurate) predictions. This
investigation of the relationship between levekohgestion and the distributions of
travel speeds would precede further investigatia this matter.

- Knowing the difficulties associated with evaluatiegnission model accuracy, it
seems important to employ different techniques. (éadporatory measurements, on-
board measurements, remote-sensing) in the prafemsissions model validation,
where each technique has its own strengths andngea&s, and not to assess overall
model accuracy with one particular methodology.

- Add a layer of air pollution modelling, in order toalculate the pollutants
concentrations in PMA along a typical weekday, adicmy with the evolution of

hourly traffic volume.
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ANNEX

0,56481 - 0,75308
0,75309 - 1,34357
1,34358 - 2,10093
2,10094 - 3,94941
3,94942 - 8,09992

Figure 23: Porto municipality Cdton/h) emissions by origin and its spatial relatwith the

other PMA municipality’s in the morning peak period
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ANNEX

0,04578
0,04579 - 0,47923
0,47924 - 0,72313
0,72314 - 3,38032
3,38033 - 5,09615

Figure 24: Pévoa do Varzim municipality €@on/h) emissions by origin and its spatial relati

with the other PMA municipality’s in the morninggbeperiod.

Transportation Modelling for Environmental Impacisessment 106



ANNEX

0,29952 - 0,32947
0,32948 - 0,37226
0,37227 - 0,56909
0,56910 - 3,88094
3.88095 - 5,72942

Figure 25: Gaia municipality Gdton/h) emissions by origin and its spatial reatiith the

other PMA municipality’s in the morning peak period
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0,27812
0,27813 - 2,72565
2,72566 - 3,26051
3,26052 - 4,03070
4,03071-5,17744

Figure 26: Vila do Conde municipality GQon/h) emissions by origin and its spatial relati
with the other PMA municipality’s in the morninggbeperiod.

Transportation Modelling for Environmental Impacisessment 108



ANNEX

0,41077
0,41078 - 0,61187
0,61188 - 1,10823
1,10824 - 1,72439
1,72440 - 5,56254

Figure 27: Valongo municipality C{ton/h) emissions by origin and its spatial relatwith the

other PMA municipality’s in the morning peak period
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0,03423
0,03424 - 0,28668
0,28669 - 0,74452
0,74453 - 1,16386
1,16387 - 2,75560

Figure 28: Trofa municipality C{ton/h) emissions by origin and its spatial relatwith the

other PMA municipality’s in the morning peak period
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ANNEX

0,35942 - 0,47067
0,47068 - 1,00126
1,00127 - 1,85276
1,85277 - 3,00377
3,00378 - 4,03070

Figure 29: Matosinhos municipality GQon/h) emissions by origin and its spatial relativith

the other PMA municipality’s in the morning peakipé.

Transportation Modelling for Environmental Impacisessment 111



ANNEX

ety o,
“5
"

el ~ g
>

¢

A% ey
1 A
L I
1 ol
% '
L 1
A2 1
L} i
hY [
] 1
1 Yo - —
S : L1 e |
h h 5
t 4
I I
1 Y
L4 1
1 ; !
L I 3
LY r I
] f 'y
L] z {
1 f |
y f s
! /! A
} f 1
1 ' b ]
{ I Y .
< '] R
1 i bl e
% 1 %
| A }
i fl J
H i 4
! ] {
3 ) ™
3\ i v e
A . f &
L 8 ! |
b el ) y
i f i
b ! ~
e '4

0,29952 - 0,52202
0,52203 - 0,92851
0,92852 - 2,12660
2,12661 - 3,58998
3,58999 - 6,20438

Figure 30: Maia municipalityCC, (ton/h) emissions by origin and its spatial relation wikte
other PMA municipality”sn the morning peak peri.
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ANNEX

0,40649
0,40650 - 0,91140
0,91141 - 1,84848
1,84849 - 4,53561
4,53562 - 7,27410

Figure 31: Gondomar municipality G@on/h) emissions by origin and its spatial relativith

the other PMA municipality’s in the morning peakipd.
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ANNEX

0,24389
0,24390 - 0,36798
0,36799 - 0,42895
0,42896 - 0,52202
0,52203 - 0,64611

Figure 32: Espinho municipality G@ton/h) emissions by origin and its spatial reatith the

other PMA municipality’s in the morning peak period
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ANNEX

0,03423 - 0,19254
0,19255 - 0,42895
0,42896 - 0,56909
0,56910 - 0,75308
0,75309 - 1,16386
1,16387 - 1,72439
—— 1,72440 - 2,26781
—— 2,26782 - 4,03070
— 4,03071 - 6,20438
— 6,20439 - 8,09992

Figure 33: CQ (ton/h) emissions by origin and its spatial reatiwith the other PMA

municipality’s in the morning peak period.
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ANNEX

Fuel Engine Technology For For For For
Size 2005 2010 2015 2020
Diesel <201 Improved Conventional 0,53 0,01 0,00 0,00
Diesel <2.01 EURO | 8,30 3,98 0,68 0,01
Diesel <2.01 EURO Il 4,00 3,37 2,09 0,36
Diesel <2.01 EURO I 4,53 3,98 3,28 1,87
Diesel <2.01 EURO IV 1,25 7,27 12,19 16,45
Diesel >2.01 Improved Conventional 0,36 0,00 0,00 0,00
Diesel >2.01 EURO | 5,53 2,65 0,45 0,00
Diesel >2.01 EURO Il 2,67 2,25 1,39 0,24
Diesel >2.01 EURO I 3,02 2,65 2,19 1,25
Diesel >2.01 EURO IV 0,83 4,85 8,13 10,97
Gasoline <141 pré-ECE 0,00 0,00 0,00 0,00
Gasoline <1.41 ECE 15-00/01 0,00 0,00 0,00 0,00
Gasoline <1.41 ECE 15-02 0,00 0,00 0,00 0,00
Gasoline <1.41 ECE 15-03 0,25 0,00 0,00 0,00
Gasoline <1.41 ECE 15-04 6,09 0,84 0,00 0,00
Gasoline <141 Improved Conventional 0,00 0,00 0,00 0,00
Gasoline <141 Open loop 0,00 0,00 0,00 0,00
Gasoline <1.4]| EURO | 11,19 6,33 0,90 0,00
Gasoline <1.4]| EURO I 11,08 9,12 5,38 0,79
Gasoline <1.41 EURO llI 10,09 8,80 7,44 4,07
Gasoline <1.41 EURO IV 2,78 16,09 27,69 35,75
Gasoline 1.4-2.01 pré-ECE 0,00 0,00 0,00 0,00
Gasoline 1.4-2.01 ECE 15-00/01 0,00 0,00 0,00 0,00
Gasoline 1.4-2.01 ECE 15-02 0,00 0,00 0,00 0,00
Gasoline 1.4-2.01 ECE 15-03 0,13 0,00 0,00 0,00
Gasoline 1.4-2.01 ECE 15-04 3,27 0,45 0,00 0,00
Gasoline 1.4-2.01 Improved Conventional 0,00 0,00 0,00 0,00
Gasoline 1.4-2.01 Open loop 0,00 0,00 0,00 0,00
Gasoline 1.4-2.01 EURO | 6,01 3,40 0,48 0,00
Gasoline 1.4-2.01 EURO I 5,95 4,90 2,89 0,42
Gasoline 1.4-2.01 EURO I 5,42 4,73 4,00 2,19
Gasoline 1.4-2.01 EURO IV 1,49 8,65 14,88 19,21
Gasoline >2.01 pré-ECE 0,00 0,00 0,00 0,00
Gasoline >2.01 ECE 15-00/01 0,00 0,00 0,00 0,00
Gasoline >2.01 ECE 15-02 0,00 0,00 0,00 0,00
Gasoline >2.01 ECE 15-03 0,02 0,00 0,00 0,00
Gasoline >2.01 ECE 15-04 0,52 0,07 0,00 0,00
Gasoline >2.01 EURO | 0,96 0,54 0,08 0,00
Gasoline >2.01 EURO II 0,95 0,78 0,46 0,07
Gasoline >2.0| EURO Il 0,87 0,76 0,64 0,35
Gasoline >2.01 EURO IV 0,24 1,38 2,38 3,08
LPG All Improved Conventional 0,57 0,45 0,37 0,28
LPG All EURO | 0,67 0,57 0,53 0,47
LPG All EURO I 0,43 0,75 0,70 0,64
LPG All EURO I 0,00 0,38 0,78 1,54
LPG All EURO IV 0,00 0,00 0,00 0,00
Table 14: Emission legislative class distributinrpercentage, Andigt al. (1999).
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