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Executive Summary

The road transport sector constitutes one of the main sources of air pollution, especially in urban areas. The
most common approach for the assessment of traffic-related emission factors is the exhaust gas
measurement of vehicles on chassis dynamometers or by on-road tests over various driving cycles or real
world driving routes. A rather favourable approach in order to reduce the number of experimental procedures
and thereby the cost of such tests is the development and calibration of vehicle simulation tools and
emission models which can be used for the accurate evaluation and quantification of vehicle emissions
without the necessity of expensive experimental campaigns. Today, there are several tools for the estimation
of traffic-related emissions. Such tools will soon become essential in shaping the European or global policies

dealing with emission projections, air pollution or climate change issues.

Regarding road transport emission inventories and monitoring software, the review of existing models and
methods provides evidence that there is a large variety of available tools to calculate traffic-related
emissions and to develop road transport emission inventories. However, new trends and policies must also be
fully reflected in the existing tools. In addition, in order to use emission models in the proper way, detailed
and precise measurements of vehicle operation are required, otherwise any potential benefits may go
unnoticed and therefore be lost. This is a difficult procedure that requires big experimental effort since such
information is relatively expensive, hard to collect, and in many case proprietary or confidential. For example,
certain input data may not be available, such as engine maps, vehicle loading and gear-shift behaviour. The
last point raises an important consideration regarding model complexity. More complex models have the
potential to provide more accurate predictions as they take into account more variables. However, they also

require more detailed input data which may not be readily available to the model user.

This study gives a description of the certain emission calculation models (COPERT, EMFAC etc), traffic
(AIMSUN, Vissim, etc) and vehicle simulation tools (CRUISE, AUTONOMIE, VECTO, etc). An analysis of the tools
used within the JRC was performed for various case studies, including simulator vs. experiment comparisons,
the results of which led to the following main conclusions:

9 Vehicle simulation software applications can be used for estimating fuel consumption factors and
CO, emission factors and for analysing the energy performance of a vehicle over various operating

conditions provided that the necessary input data and parameters are available

9 The comparison between virtual tests made with vehicle simulators and actual experiments
performed either in the lab or on-road, suggests that fuel and energy consumption estimations of
high accuracy are possible with all software tested when it comes to conventional vehicle
powertrains. Complex powertrain architectures demand much more input information and additional

knowledge of the control strategies of the vehicles, thus limiting the effectiveness of certain tools.

9 For purposes of technology assessment, cost effectiveness calculation, emissions monitoring and
policy making, it is rather the quality of input data that has the highest impact on the results rather
than the simulator’s operation itself. In this sense, there is a need for development of new test

protocols, data collection specifications and validation approaches which will allow the extraction of
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high quality input data to feed such models.

There is a great margin for inter-model interfacing for covering all ranges of analysis from individual
powertrains and vehicles to fleet wide calculations. In the future, traffic-situation based (e.g. HBEFA)
or fleet-wide emissions calculators (e.g. SiBYL, TREMOVE, F&F) should use the results of vehicle
simulators in order to better reflect the performance of vehicles which will incorporate new

technologies and allow a more detailed assessment and planning on case specific level

The Commission should invest more in the application of such tools both for policy analysis and for
monitoring the implementation of regulation. Given the fast rate of development of technologies
associated with road transport and the pressure to reach demanding targets, vehicle simulation
models can provide a relatively inexpensive and valuable source of information particularly in cases

where experimenting becomes difficult.

At JRC level, vehicle simulation tools are used for emission factor development and performance
analysis, and their application should be further expanded for purposes of technology and policy
assessment, cost effectiveness and emissions monitoring. In view of the increased interest in electro

mobility, vehicle simulation tools can provide added value by accurately modeling vehicle behaviour.



Contents

EX@CULIVE SUMIMIAIY.......o i seeeeesesss e e sssese s AR R R0 2
L INEFOAUCTION ottt eceeeeecsissesee s ssssssessssss s s sssss s eSSBS RS E R 00 6
L1 BACKGIOUNG..oooooe et ss s ssss s sass s ssss s sess s s ss s s ssss s ssssses e 6
L2 O OCEIVES sttt AR RS RS 6
13 STUCEUIE OF the FEPOI ... ..ottt st st 7

2 Review of current status in European Road transport SECLON ... cevvvccieneneeeeceseeeeeeesessseeesssssses 8
2.1 ROAA TrANSPOIT SECLON ... ssss s ssss s ssss s ss st s st ssss s s ssss s ssnsse s 8
2.2 Road TranSPOrt EMUSSIONS........cco e sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 10
2.3 LeQiSIatiVe FrAmMEWOIK. ... .o eeesvesssess s sesssesseesssessssssessssssssssessssssssss s sssssssssssesssssnssssssssssssnns 11
24  Future Trends and Issues on the Road Transport SECLON ... v ssssssseesssesenns 13
241 Continuous growth and dieselization of the fleet........ e 13
242 IMplementation Of BIOTUELS ... ssssessssessssssssssssssssssssssessnessoes 14
243 Penetration of hybrid and electric VENICIES ... ssis oo 16
244  ACtUAl VENICLE BMUSSIONS .....vvvvciiminrnnrsssssssssssssismssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssnsssssses 16

3 Models and Tools for Road Transport Emissions Inventorying and Projections......ccovevvvvvvnnens 18
3.1  Estimation of traffic-related EmMUSSIONS. ... ssssssssssssssssssssssssssssssses 18
3.2 Static and dynamic traffic MOAELNG ... sess s ssenses e 19
321 Static traffic modeling (MACIOSCOPIC) ... ssessseesessssans s sssesens 19
322 DYNAMIC traffic MOAEIING. ..o sess e sessssss s ssssssesssssssssssssssssssssssssssons 20

3.3 Review Of @MISSION MOUELS ... sssessssssssss s ssssssssss s sssssssssss s sssssssens 20
34  EMISSION CAlCULAtION TOOLS .......cocioerereecreeeceveeessessssses e sessssssssssssssseesssssssssssssss s ssssssssssssssss s ssssssssns 22
341 COPERT v vvssssssssssnssss s s ssssssassssessssnsss s s 4548555284400 22
342 EMPAC ..ot ssssss s s ssssss s s s s e eeenesssssse e s 23
343 MOBILE......connesveveissvesssssssnsssssssssssssssssssssssssssssssssssssssssssssssssnsssesssessssssesssssssssassssssssssssssssssssssnsssssssssssssssssssssnnsns 24
344 IMOVES ..o ssssassssssssssss s s sssssssssssssssss s 4448545558084 4SSk ARRR e 24
345 ARTEMIS.....coeo e eveesassessee s sesssssssssssss s ssssss s s sessssss s sessssss s senesssssssssssss 25
346 HANABUCH (HBEFA) ... sssssssssnsssssss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsns 25
347 VERSITH ooovoiooeotssiessssssssssssssssssssasssssssssssssssssssssssssssess s sssssssssssssssss s s 14845858888 b SRR RS SRR 26
348 EMUV e evesesssss e ssssss s R R s e ARRA e e e ssesRRR 27

3.5  Commercial traffic micro-simulation SOFIWAIE ... sssssssssssssssssssssssssees 27
351 AIMSUN ..o sssessssssssss s ssssss s ssssss s ses s s enesssssssssssss 27
352 PARAMICS ..o vesessssssssss s ssssssss s ssssssss e sssssssssss s sesssssssssssssss 28
353 VISSIM c...oooooiiiiesiessness s ssssssssssssssnsss s s ssssssssssssssasss s s 4458555844005 S 29

3.6 POLCY ANALYSIS MOUELS ........cooooee st sssses s s ssssss s sass s ssss s ssss s 31
36.1 TREMOVE......oocoeeoeeeeeeeeeeeressessses e sevsssssssssss s sssssssssssssss s sssssssssssss s sssssssssssssssssesesssssssssssssnss 31
36.2 GLOBEMI ... sssssssssnsssssss s s ssssss s s s s sssss s s 31
363 NEMO ..o eveeesssssesees s ssssss s ssssssss s ssss s e sss s sessanas 31
364 TREMOD .......ooccoceooeeceeeeeeeeeesesese s ssssssssssssss s sssssssssss s ssssssssssssss s sssssssssssss s esesssssssssens 32

Page | 4



4

5

Vehicle SIMULALION TOOLS ... ssssssss s s ssssssss s s ssssss s ssssssssssssans 34
4.1  Review of available Vehicle SIMULAtION TOOLS .........ccirrricvsiensssssssssssisnsssssssssssssssssssssssnnns 34
411 PHEM ..ot 35
.12 AVL CRUISE.......oooouuuuuuuuuuuummmsmsmsmsssssasmsssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 36
.13 ADVISOR c.ooooooeoeuemumememesesesesesesesesesesesssesssssssesssssssssssssesssesssssesssesssssssesesssesssssssesssssssssessssssssssssssssssssssssssssssssssssssssssssssnes 37
414 CMEM.....ooooooooeoooeeuousousomamsmsmsssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 38
415 AUTONOMIE.......cuuuuuuuuuuumummmmmmsmsmmmsmsssmsssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 38
416 GTDRIVE s 40
A.1.7  VECTO cooooououeuuuuuumuummsmmssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 40
418 GEMucceeeeeeeeeeeeeeee et 42
4.2  Assessment of Vehicle Simulation Tools used in the JRC: Case Studies from IET/JRC........43
421 Simulations of Heavy DULY VENICIES ... eesesseseeesvesssesseesssesssssssessssnsnns 46
422 Simulations of Passenger cars and light Duty Commercial Vehicles......coreerenneee. 52
43  Summary of Vehicle SImMUIAtIoON TOOLS.........ieceseeees e ssssssssessssssssssessssssssssssssssns 63
44  Limitations of emission models and vehicle simulation models..............cccrinrnn. 65
Conclusions on tools used for road transport emissions calculations.....ecceinneeeeevoonnn. 67

Page | 5



1 Introduction

1.1 Background

The road transport sector constitutes one of the main sources of air pollution, especially in urban
areas, since the combustion of hydrocarbon fuels in vehicles produces several pollutants. For greenhouse gas
emissions (GHG), road transport contributes some 20% "tank-to-wheel" emissions of the EU's total emissions
of carbon dioxide (C02), the main GHG. Producing the fuel consumed by road transport, adds about a further
14% "well-to-tank” emissions, bringing “well-to-wheels” emissions to 22.8% of the total. While emissions
from other sectors are generally falling, those from road transport have continued to increase since 1990.
Therefore, there is an increasing need to estimate in a precise way the contribution to emissions of the road
transport sector so that pollution-reduction measures (e.g. emission standards, traffic management, ITS
solutions) can be designed and implemented appropriately. In an effort to monitor, project future emissions
evolution and develop the necessary policy to tackle them, the European Commission and the Member States
use a series of inventorying and monitoring tools.

Today, there are several tools for the estimation of traffic-related emissions. Such tools are essential
in any European or global policy dealing with emission projections, air pollution or climate change issues.
Their use is expected to increase in the years to come as vehicle powertrains and after-treatment systems
become increasingly complex and emission limits continue to shrink making the need for more accurate
estimations higher. Particularly for individual vehicle energy and fuel consumption, the use of vehicle
simulators is expected to facilitate the more accurate estimation and monitoring of modern technology
vehicles. A typical example is the case of heavy-duty vehicles (HDV).

To support the HDV CO, EU reduction strategy a standardised methodology to test specific fuel
consumption and CO, emissions from HDVs is being developed. It is desirable for the methodology to address
all characteristics that are relevant to the efficiency of the entire vehicle. Realistic values for the fuel
efficiency of various HDVs in different mission profiles will improve customer information and incentivise
manufacturers to develop and apply fuel saving technologies. A first proposal foresees a simulation-based
test procedure where the relevant components of the HDV are tested. Based on these data a simulation tool
calculates the fuel consumption and the CO, emissions in test cycles specific to the vehicle class. Such a
simulation-based approach should allow cost-efficient testing of multiple HDV variations by compiling the
measured component data in the simulator.

Such approach may diffuse in the future to other types of vehicles as well. It is expected that an
integration between micro-level and large-scale modeling tools could allow for more accurate emission

monitoring and inventorying and provide new insights to the policy-making process.

1.2 Objectives
This study provides a description of the current emission calculation models, including emission
calculation tools, traffic modeling software and policy analysis models (i.e. COPERT, EMFAC, TREMOVE etc),
and vehicle simulation tools (CRUISE, AUTONOMIE, PHEM etc.). Emphasis is given on the assessment of the
tools currently used in the Institute for Energy and Transport of the Joint Research Centre (IET/JRC). An

analysis of the vehicle simulation software used within the JRC is performed for various case studies,
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including simulator vs. experiment comparisons, the results of which led to some main conclusions, reported

in Chapter 4. The limitations of specific tools are also identified.

1.3 Structure of the report

The report is structured as follows:

Chapter 2 provides a detailed review of the current status in the road transport sector, including the
impact on traffic-related emissions, the legislative framework regarding the tackling of emissions and a
review of the current trends and issues on the road transport sector.

Chapter 3 provides an overview of emission models (emission calculation tools, traffic modeling
software and policy analysis models). Chapter 4 provides a review of vehicle simulation tools, with emphasis
on the tools that are currently used in the IET/JRC. Specific case studies on the assessment of vehicle
simulation tools are also presented in this Chapter. Finally, some limitations of the emission models and
vehicle simulation tools are identified and described.

Chapter 5 summarizes the conclusions of this report.
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2 Review of current status in European Road transport Sector

21

Transport plays a fundamental role in the lives of societies and individuals: how people interact, work,

Road Transport Sector

play and get access to services, amenities and goods is inextricably linked with the development of mobility.
In societies that rely heavily on road transport, vehicles are expected to become safer, more luxurious and
powerful, and to be driven more frequently. These expectations, however, often do not take account of the
ensuing consequences: increased fuel consumption, greater emissions of air pollutants and greater exposure
of people to hazardous pollution that causes serious health problems (WHO, 2005).

The road transport sector is among the fastest growing economic sectors globally since the industrial
revolution. According to the International Energy Agency (IEA, 2012), the growth rates of the developing
countries’ economies surpass those of industrially developed countries. This results in a sharp increase in
transport activity both because of the rising demand for goods transportation and the increasing vehicle
ownership. Without policy change, total transport activity is expected to continue growing in line with
economic activity. Freight transport activity is projected to increase, with respect to 2005, by around 40% in
2030 and by little over 80% by 2050. Passenger traffic would grow slightly less than freight transport (34%
by 2030 and 519% by 2050) (SEC, 2011). Table 1 presents the car ownership indicator for India, China, USA
and EU in 2000 and the corresponding forecast for year 2030. When focusing on Europe, one can identify
that the road transport sector will still grow in the next decades.

Table 1: Vehicle ownership and the estimated increase in vehicle population for the 2000-2030 period
Source: (Fontaras and Samaras, 2009)

India China USA Europe
Additional Additional Additional
Year Vehicles Additional Vehicles vehicles Vehicles vehicles Vehicles vehicles
/1000 vehicles 2000- /1000 2000- /1000 2000- /1000 2000-
inhabitants | 2030 ('1000) inhabitants 2030 inhabitants 2030 inhabitants 2030
(‘1000) (‘1000) (‘1000)
2000 5 12 779 375
155.000 375.790 43354 56.100
2030 110 269 849 500

One of the main concerns regarding the road transport sector is the fact that it constitutes one of the
main sources of air pollution, especially in urban areas, since the combustion of hydrocarbon fuels in vehicles
produces several pollutants. Of those, nitrogen oxides (NO,), hydrocarbons (HC), carbon monoxide (CO) and
particulate matter (PM) are the most important from a health and environmental perspective. In addition, PM
produced by road wear and the attrition of tyres, brakes and other vehicle components (e.g. clutch) is a non-
exhaust component of vehicle related emissions, which contributes significantly to the deterioration of urban

air quality.

Based on the European Environmental Agency-EEA ETC/ACC (2012) data, road transport contributes to
about 429% of total NO, emissions, 24% of total CO emissions and 18% of total PM emissions at EU25 level.
In addition, estimates for 2010 indicate that road transport accounts for 75% of total emissions in the sector

with aviation and maritime transport coming second and third. A recent study issued by the International
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Energy Agency (IEA, 2012) reports even higher estimates with the share of road transport reaching 89% of
total emissions. Passenger cars and light-duty trucks account for 65% of road transport GHG emissions and

for about 45% of the total transport activity emissions.

O Non-transport sectors Road transport exhaust @ Internations! shipping
8O Transport B Road ransport non-exhaust O Domestic aviation
B Raiways B  Internationsl aviation
[ Oomestic shipping

Figure 1: The contribution of the transport sector to total emissions of the main air pollutants in 2010
(EEAA32)

Page | 9



2.2 Road Transport Emissions
Emissions from road transport have been associated with severe impacts on human health and on the
environment. In 1998 the Committee on the Medical Effects of Air Pollutants estimated that up to 24,000
people die prematurely each year in the UK as a direct result of air pollution. Similar findings are emerging
from international research. According to the World Health Organisation, up to 13,000 deaths per year

among children (aged 0-4 years) across Europe are directly attributable to outdoor pollution.

Regarding CO, it is known to be deleterious to human health. During respiration it readily combines
with haemoglobin in the blood thus hindering the body's ability to take up oxygen. It is thought therefore to

aggravate respiratory and heart disease. CO also contributes to global warming to a small degree.

Volatile organic compounds consist of a number of different chemicals including hydrocarbons, which
are released during the combustion of fossil fuels. The largest environmental risks of VOCs are due to the
presence of benzene and 1,3-butadiene, which are both carcinogens and are easily inhaled due to their
volatile nature. Other chemicals in this category are responsible for the production of tropospheric ozone,

which is toxic even in low concentrations.

PM emissions have been associated with impacts on both human health (Dockery and Pope, 1994;
Braun-Fahrlander, 1997) and the environment (Colvile et al, 2001; Griggs and Noguer, 2002; Chapman,
2007). PM emissions constitute an important health risk factor for many different diseases. This is indicated
by numerous epidemiological studies, which demonstrate associations between PM exposure and occurrence
of acute respiratory infections, lung cancer, and chronic respiratory and cardiovascular diseases (Li et al,
2003; de Kok et al., 2006; Heinrich and Slama, 2007). With respect to environmental effects, PM affects the
air temperature and humidity by enhancing cloud scattering and absorption (Jacobson, 2002). High PM
concentrations may reduce the radiation interception by plant canopies and may affect precipitation through

a variety of physical mechanisms (Grantz et al., 2003).

Nitrogen oxides (NO,) are formed when nitrogen (N,) and oxygen (0O,) are combined at high
temperatures and pressure during the combustion of fuel. Regarding the environmental impact of this
pollutant, NO, react with HC in the presence of sunlight to form a secondary class of pollutants, the
photochemical oxidants (ozone and peroxyacetyl nitrate) (Jakobi and Fabian, 1997; Rappengluck et al., 2004).
NO, can lead to oxygen depletion in bodies of water, upsets chemical balance to aquatic wildlife and creates
acidic lakes and stream. In addition, NO, play a major role in the formation of ground-level ozone. NO, also
react with oxygen to form nitrogen dioxide, NO,, which have long-term effects on the respiratory system
(asthma, emphysema and bronchitis) and can cause decreased lung function, premature death especially in
children and aggravate existing heart diseases (Pandey et al, 2005; Neuberger et al., 2007). Due to these
impacts, ambient concentration limits for NO, have been set and the evolution of NO, is being monitored, as

this pollutant becomes more important for air quality assessments in urban areas (Carslaw et al., 2007).
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2.3 Legislative Framework

The constant growth of road transport volumes combined with the impact of traffic-related emissions
on the human health and the environment, attest to the need for continuous action to be taken for tackling
transport-related emissions. Within several international conventions and protocols, parties have agreed to
regularly report emission inventories. The European Union has both developed legislation derived from these
international conventions and protocols and it has also been at the forefront of proposing new regulatory
measures in the field. Emission inventories have been and are used in: identifying and characterizing an
environmental policy problem, negotiating emission reduction targets and monitoring progress towards
meeting these targets. Emission inventories for air pollutants have been developed since the 1970s, whereas

emission inventorying for greenhouse gases only started developing in the 1990s.

The core task of emission inventories for road transport is related to assessing the emission reduction from
new vehicles entering the fleet. This pollutant reduction is expected to be achieved primarily through the
application of new vehicle technologies. European regulation closely follows the trend towards cleaner
vehicles and in many cases paves the way towards a more sustainable road transport. In Europe, several
directives' have been implemented in order to reduce regulated emissions. These include CO, NO,, HCs and
particulate matter less than 10 microns in size (PM10). First introduced in 1992, these form a set of rolling

regulations designed to become more stringent in time.

The pollutant emissions from road vehicles are regulated separately for light-duty vehicles (cars and light
vans) and for heavy-duty vehicles (trucks and buses). European Union emission requlations for new light duty
vehicles (passenger cars and light commercial vehicles) were once specified in Directive 70/220/EEC with a
number of amendments adopted through 2004. In 2007, this Directive had been repealed and replaced by
Regulation 715/2007 (Euro 5/6). Some of the important regulatory steps implementing emission standard for

light-duty vehicles were:

o Euro 1 standards (also known as EC 93): Directives 91/441/EEC (passenger cars only) or 93/59/EEC

(passenger cars and light trucks)
o Euro 2 standards (EC 96): Directives 94/12/EC or 96/69/EC
o Euro 3/4 standards (2000/2005): Directive 98/69/EC, further amendments in 2002/80/EC
o Euro 5/6 standards (2009/2014): Regulation 715/2007 and several implementation regulations

In addition, the Euro 5/6 implementing legislation introduces a new PM mass emission measurement
method developed by the UN/ECE Particulate Measurement Programme (PMP) and adjusts the PM mass
emission limits to account for differences in results using the old and the new method. The Euro 5/6

legislation also introduces a particle number (PN) emission limit in addition to the mass-based limits 2

Regarding heavy-duty vehicles, Directive 2005/55/EC adopted in 2005 introduced durability and on-
board diagnostic (OBD) requirements, as well as re-stated the emission limits for Euro IV and Euro V which

were originally published in 1999/96/EC. In a “split-level” regulatory approach, the technical requirements

lhttp://europa.eu/leqislation summaries/energy/european_energy policy/I28012 en.htm
2 http://europa.eu/legislation summaries/environment/air pollution/[28186 en.htm
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pertaining to durability and OBD—including provisions for emission systems that use consumable reagents—
have been described by the Commission in Directive 2005/78/EC. Regarding vans, the new Euro 6 standards

have already been agreed and adopted by the Council and Parliament and shall be in force in 2017 ’

Euro VI emission standards were introduced by Regulation 595/2009, with technical details specified
in the ‘implementation’ Regulation 582/2011. The new emission limits, become effective from 2013/2014.
The Euro VI standards also introduced particle number (PN) emission limits, stricter OBD requirements and a

number of new testing requirements—including off-cycle and in-use testing.

Heavy-duty vehicles are responsible for about a quarter of CO, emissions from road transport in the
EU and for some 6% of total EU emissions. Despite some improvements in fuel consumption efficiency in
recent years, HDV emissions are still rising, mainly due to increasing road freight traffic. With the Roadmap
for moving to a low-carbon economy in 2050, the EU sets out its plan to meet the long-term target of
reducing greenhouse gas emissions in different sectors by 2050. Moreover, the Commission's White Paper on
Transport 2011 describes a pathway to increase the sustainability of the transport system with technological
innovation, enabling the transition to a more efficient and sustainable European transport system. As part of
the EU's future strategy to address HDV fuel consumption and CO, emissions, a number of actions can be

considered that will result in:
o improved vehicle efficiency through new engines, materials and design,
o cleaner energy use through new fuels and propulsion systems,

o better use of networks and more efficient fleet operation, with the support of information and

communication systems.

As a first step towards this strategy, a number of studies have been commissioned, including the on-
going development of a methodology for CO, emissions monitoring based on vehicle simulation , which will
take into account not only the engine but the whole system —engine, truck, driving resistance, aerodynamic-

and measuring all relevant contributions of CO, (EC, 2012).

The goal of tighter Euro standards on vehicle emissions has been to accelerate the introduction of
greener vehicle technologies. For gasoline vehicles, this has been achieved in part through the use of the
three-way catalytic converters and the move to fuel injection systems. For diesel vehicles, NO, and
particulate emissions have been reduced through the development of direct injection engines and diesel
particulate filters (DPFs). Especially regarding diesel vehicles, the main effect of Euro 5 is to reduce the
emission of particulate matter from 0.025g/km to 0.005g/km and NO, emissions from 0.25g/km to 0.18g/km,
compared to the Euro 4 emission standard. Euro 6 is scheduled to enter into force in January 2014 and will
mainly reduce NO, emissions from diesel cars further, from 0.18g/km to 0.08 g/km. Euro 6 PM emission

standard limits remain the same .

Current EU policy for CO, emissions from light-duty vehicles aims at a 120 g/km target for 2015. The
objective of the legislation which came in force in June 2009 is to achieve average CO, emissions of 130
g/lkm of the new passenger car fleet by 2015. In this context manufacturers get each one its own CO, fleet
target depending on the average mass of the cars they produce (thus each manufacturer’s overall CO, target

depends on its car portfolio). However these individual targets are defined taking into account the overall

3 http//ec.europa.eu/clima/policies/transport/vehicles/vans/documentation_en.htm
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evolution of the passenger car fleet mass and CO, emissions so that the average emissions of the vehicles
sold in EU by year 2015 will not exceed 130 g CO,/km as reported in the type approval test. The rest 10 g/km
for reaching 120 g/km will be accomplished by other means, not directly linked to the vehicle energy
performance as measured over the type approval procedure, such as: biofuels introduction, efficiency
requirements for mobile air-conditioning systems, CO, targets for light commercial vehicles, tyre pressure

monitoring systems, etc (Fontaras and Samaras, 2009).

2.4 Future Trends and Issues on the Road Transport Sector
In line with the constant increase of the road share in the transport sector system, the need to become
increasingly independent from fossil fuels and the demand for traffic-related emissions reduction and
improved fuel efficiency, several solutions have been proposed (new after-treatment systems,
implementation of new emission standards, biofuels, hybrid vehicles etc.). However, several questions rise

regarding the actual impact of these trends on urban air-quality and therefore should be further examined:

2.4.1 Continuous growth and dieselization of the fleet

According to ACEA (2012), in 2011 new vehicle registrations presented a dramatic reduction compared
to previous years. Registrations of passenger cars and light-duty vehicles were in the order of 7 million. In
2011, there were 12.8 million registrations compared to 13.2 million in 2010. Compared to 2010,
registrations in 2011 decreased by 31% in Greece, 31% in Portugal, 17% in Spain, 13% in Romania, 11% in
Italy and 8% Slovenia . Cyprus, France and UK also had a slight decrease in registrations (— 2 to — 4 %). The

remaining Member States saw an increase in registrations.

It is interesting to compare these data with the year 2008, the year that the global economic
downturn was expanded in Europe. According to ACEA (2008), nearly 16 million new cars were registered in
Europe, 92% of which in Western Europe. In the new EU Member States, where car density is still much lower,
a steady growth of 13.9% was recorded throughout the year. The highest growth rate in new car
registrations was seen in the Baltic States (34%), Bulgaria (26%), Poland (23%), and Romania (22%).

Of the 16 million new passenger cars registered, 53.3% were diesel powered, compared to only one
out of four registrations being diesel ten years ago. The continuous rise in demand for diesel cars is
explained to a large extent by improved diesel engine technology, significant increases in fuel prices and
greater consumer demand for fuel efficiency (Kousoulidou et al. 2011). The highest share of diesels was
registered in Luxembourg (77.2%), Belgium (77.0%), France (73.9%) and Spain (70.9%).

Regarding the period before the global economic downturn (up to 2007), the number of registrations
in the EUA27 has increased constantly between 2001 and 2007 (calculated on the basis of available Member
States' data) and decreased since 2007 (when 15.5 million vehicles registered). The years 2012-2015 are
likely to constitute a turn-around for the European automotive market: producers which will have to confront
around 7% fall in sales. This decline is a continuation of the gentle downward trend that has started in 2009.

Aggravated by the economic crisis that has gripped Europe, this is likely to become a structural phenomenon.

The average CO, emissions of diesel and petrol vehicles decreased in 2011 by 4.8 gCO,/km, compared
to 2010. As in 2010, the difference between average CO, emissions of new diesel and new petrol vehicles is

3.2 gCO,/km, a small difference compared to previous years (EEA, 2012.b).
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A serious concern is that the fleet dieselisation leads to a significant shift towards higher NO,
emissions (Kousoulidou et al,, 2008b, Kousoulidou et al. 2012), due to higher combustion temperature. In
addition, several diesel vehicles with new aftertreatment systems are considered to become more
widespread in the future and are expected to have an impact on NO, emissions (Carslaw et al. 2005).
Therefore, these technologies must also be examined regarding their impact on air quality. Another issue is
the relative contribution of primary non-exhaust particles, i.e. particles emitted directly as a result of the
wear of surfaces. The continuous fleet growth and the constant increase of total passenger kilometres
increase the relative contribution of primary non-exhaust particles and therefore still have an impact on the

air-quality.

242 Implementation of Biofuels

Biofuels application in transportation is promoted globally in an effort to tackle climate change,
diversify energy sources and secure energy supply. In 2009 the new European regulation (Directive
2009/28/EC) introduced new targets for the European Union (EU) member states stating that each state shall
ensure that the share of energy from renewable sources in all forms of transport in 2020 is at least 10 % of
the final energy consumption in transport. The Fuel Quality Directive (Directive 98/70/EC relating to the
quality of petrol and diesel fuels, as revised by Directive 2009/30/EC) set a target of a 6% greenhouse gas
reduction for fuels used in the transport sector in 2020. Since the introduction of other renewable energy
sources in road transport is rather difficult to achieve at short term without shifting to alternative
powertrains, it is expected that the goal set by the new regulation will be mainly met through extensive
biofuels application. This shift towards biofuels is expected to affect the transport sector in many ways. Apart
from the technical, social or economy related changes necessary for such an implementation, biofuels

introduction may also have a series of effects on environment and urban air quality.

As the market for biofuels has expanded, it has become clear that not all biofuels are the same, in
terms of their greenhouse gas impacts from global land use. Recent scientific studies have shown that when
taking into account indirect land use change, for example when biofuel production causes food or feed
production to be displaced to non-agricultural land such as forests, some biofuels may actually be adding as

much to greenhouse gas emissions as the fossil fuels they replace.

To avoid possible negative side-effects, both directives mentioned above impose sustainability criteria
that biofuels and bio-liquids need to satisfy in order to be counted towards the targets and receive support.
The biofuels sustainability criteria, which are in force today, prevent the direct conversion of forests and
wetlands and areas with a high biodiversity value for biofuel production and require that biofuels must emit
a minimum of 35% less greenhouse gases than the fossil fuels they replace. This requirement will increase
to 50% in 2017.

However, there is a risk that part of the additional demand for biofuels will be met through an
increase in the amount of land devoted to agriculture worldwide, leading to an indirect increase in emissions
due to land conversion. Therefore, the Commission was asked to review the impact of indirect land use

change (ILUC) on greenhouse gas emissions and propose legislative action for minimising that impact.
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The recent proposal for Directive revision (COM(2012)595 of 17 October 2012) amending Directive
98/70/EC relating to the quality of petrol and diesel fuels and amending Directive 2009/28/EC on the
promotion of the use of energy from renewable sources introduces the following new provisions:

- Limit to 5% (of transport fuels) the contribution of conventional biofuel and bioliquids which
Member States can count towards the RED target of 10% renewable energy in transport (Member
States can produce more conventional biofuels if they want, but it will not count towards the target).
5% is about the current level of biofuel use (according to National Renewable Energy Action Plans of
the Member States).

- Introduction of (indirect land-use change (ILUC) factors per crop group (cereals and other starch rich
crops, sugars, oil crops). However, in the RED, this is only a reporting requirement, whereas in the
FQD it is taken into account in assessing the progress towards the 6% GHG savings in transport fuel
production.

Because the proposed amendment does not insert ILUC factors in the sustainability criteria of the
RED, they will not be taken into account for the determination of eligibility for financial support. Therefore,

existing biofuels will still qualify for the RED.

- Anincrease in the minimum greenhouse gas saving threshold for biofuels and bioliquids produced in
new installations from 35% to 60%, as of 01/07/2014.

- Biofuels not requiring cropland for their production are assigned zero ILUC emissions and are

incentivized by applying multiplying factors for their contribution to the renewable energy target:

0 Municipal solid waste, aquatic material, agricultural aquaculture, fisheries and forestry
residues and renewable liquid and gaseous fuels of non-biological origin shall be considered

to be four times their energy content;

0 Other waste and non-food cellulosic and ligno-cellulosic materials from non-residues shall

be considered to be twice their energy content.

Due to the shift towards diesel vehicles, biodiesel is the biofuel of choice in Europe. Although biodiesel
fuels are reported to reduce some pollutants (in particular CO and PM), most studies report increases of NO,
emissions and in some cases of carbonyl compounds (Kousoulidou et al. 2011, Kousoulidou et al. 2012,
Karavalakis et al. 2011). Since these pollutants have been associated with severe impacts on human health it
becomes very important to evaluate the actual impact of the application of biofuels on modern passenger

cars.

Previously most of the studies (Tat et al. 2003, Ropkins et al. 2007, Knothe et al. 2005) on biodiesel
emission effects have been conducted on engine test benches and not on chassis dynamometers, thus their
results are not directly comparable with the actual vehicle performance or the results of the legislated test.
In addition the engines under investigation were not necessarily representative of those present in European
passenger car fleet. Furthermore, only a few studies have adopted a holistic approach regarding pollutant
emissions under various driving conditions. The impact of biofuels on pollutant emissions needs to be fully

determined and implemented in the current emission models.
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2.4.3 Penetration of hybrid and electric vehicles

The recent rise in oil prices, the need to reduce transport-generated CO, emissions and to improve
urban air quality, have brought fuel-efficient, low-emissions powertrain technologies at the top of vehicle and
policy makers’ agenda. Amongst these technologies, hybrid electric vehicles (HEVs) appear to be of significant
importance, combining increased fuel economy with very low pollutant emissions levels. In the European
market, which is more diesel oriented, only few hybrid models are currently available but this will probably
change in the near future. It is very likely that over a longer term, the conventional diesel powertrain may be
complementary, rather than competitive, to the hybrid powertrain in the European passenger car market. As
the pace of penetration of hybrid vehicles in the European market increases, emissions from passenger road

transport are expected to decrease.

According to projections based on different scenarios regarding the penetration of hybrid and electric
vehicles in the EU market (Nemry and Brons, 2010), at EU-27 level, the impacts on fuel and electricity
consumption by road passenger transport shall be negligible until 2020-2025. The deployment of pure
electric cars is expected to remain very low at least until 2020. Faster market penetration is expected in the
case of PHEVs as soon as they are commercialised with a view to reaching 1% of the EU vehicle fleet by
2020 (JEC 2011).

2.4.4 Actual vehicle emissions

The most common approach for the assessment of traffic-related emission factors is the exhaust gas
measurement of vehicles on chassis dynamometers over various driving cycles. There are, however, a couple
of issues related to the representativeness and coverage of these emission factors. The first issue relates to
the sample size: Chassis dynamometer measurements are expensive and usually a small number of vehicles
are used for the emission factor development in order to reduce the total cost of the study. This may lead to

emission factors which are not representative of the particular vehicle class.

Another, even more important issue, is whether the driving cycles utilized for testing are
representative of real-world driving conditions. It may for example occur that while a driving cycle
representing urban conditions is used for the production of an urban emission factor, real-world urban driving
conditions are much more transient and therefore the emission factor underestimates the actual emission
performance. At the moment, the driving cycle that it is used for the certification of passenger cars in Europe,
is called the “New European Driving Cycle (NEDC)”. NEDC has been accused for not being representative or
aggressive enough compared to the average European driving style. Therefore, the main concern is whether
real-world emission levels are compliant with the corresponding emission standards, especially regarding
new vehicle technologies with new after-treatment systems. Unpublished experimental information (see for
example Hausberger (2006)), which has been used to develop the COPERT emission factors, shows that even

Euro 4 diesel passenger cars may emit as much as two times higher NO, in real-world than in type-approval.

In the study of Kousoulidou et al. (2012), emissions from gasoline and diesel vehicles were studied
using PEMS measurements. Testing of diesel vehicles both under realistic driving conditions and over the
NEDC brought to the surface important concerns regarding the actual NO, emissions of modern diesel
vehicles, since they seem to comply with the corresponding emission standard over the certification cycle, but

they constantly exceed the specified limit when tested under realistic driving conditions. Results from real-
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world operation revealed that there is a significant deviation from the NO, emission standard limit (especially

for the newly introduced Euro 5 technology). In some cases there is an almost 4-fold increase.

In addition, new after-treatment systems installed on newer vehicles are expected to influence NO,
emissions (Kousoulidou et al.2008a). For example, according to Carslaw et al. (2005), an increase of the
NO,/NOx ratio is expected due to the installation of oxidation after-treatment in vehicles’ exhausts (oxidation
catalysts for cars and continuous regenerating traps for urban busses). This is an outcome of different
engine tuning depending on operation mode and becomes an issue that seems to significantly compromise
the effectiveness of emission standards regulations. It is therefore necessary to examine the actual emission
levels of newer vehicle technologies using approaches based on on-road measurements and then updated

emission factors must be implemented in the current emission models (Kousoulidou et al.2011).

In an effort to reduce GHG emissions (primarily CO,) from road transport, Information Communication
Technologies (ICT) may have a significant role to play in this respect, as a part on an integrated policy (EC,
2011), involving the introduction of fuel-efficient vehicle technologies, new fuels, and intermodal shifts. To
name a few examples of ICT solutions that can potentially have a large impact on energy saving and CO,
reduction, one may think of eco-driver assistance systems that inform the driver of energy efficient vehicle
operation, dynamic traffic-light synchronization to enable ‘green waves’, etc. However, the mechanisms by
which ICT solutions may impact tailpipe emissions or energy efficiency are complex and, sometimes, diverse.
Focussing on passenger transport, energy consumption and emissions for a given demand (passenger-
kilometres) will depend on the vehicle mix, the mean speed by which vehicles operate, and their speed

variation.
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3 Models and Tools for Road Transport Emissions Inventorying and Projections

3.1 Estimation of traffic-related emissions

There is an increasing need to estimate in a precise way the contribution on emissions of the road
transport sector so that pollution-reduction measures (e.g. emission standards, traffic management, ITS) are
designed and implemented appropriately. Today, there are several tools for the estimation of traffic-related
emissions. Such tools are essential in any European or global policy dealing with emission projections, air
pollution or climate change issues. The accuracy of such measurement tools depends on many parameters
such as emission factors of specific pollutants and vehicle categories, fleet data, speed data, the accuracy of
the traffic observation data, the accuracy of the experimental data etc. Emission factors or emission data,
can be used for single vehicles as well as for an entire fleet or vehicle categories and they depend on many
parameters such as size, type, cylinder capacity, fuel mode of the vehicle (gasoline or diesel), type of exhaust

technology, driving pattern, road gradient and the maintenance of the vehicle (Colberg et al., 2005).
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Figure 2: Emissions modeling framework at the JRC. Blue boxes represent various models used for
calculating emissions and consumption from road transport at various operational levels (cyan band
on right).

The emission factors of vehicles and their dependency on operating conditions and characteristics of
various fuels (biofuels, diesel, oxygenated or hydrotreated fuels), can be measured under controlled
conditions in laboratories (engine and chassis dynamometer studies) or real-world conditions (tunnel, remote-

sensing and PEMS road measurements)

In many cases, emission factors that derive from chassis dynamometer tests are used as an input
parameter for models that are being used for emissions calculations (COPERT, MOBILE, EMFAC, ARTEMIS etc)
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or are used in the form of engine pollutant or fuel consumption maps as input in vehicle simulation tools (i.e.
CRUISE, PHEM, AUTONOMIE etc).

The range of emission factors reported in the literature is very large. In general, vehicles, as opposed
to other pollutant sources, exhibit a highly transient behaviour and operation under various climatic and
terrestrial conditions. As a result, their emission performance varies greatly and tailpipe pollutant
concentrations may range by order of magnitudes depending on various factors. The parameters that most
heavily affect the emissions include vehicle class and weight, driving cycle, vehicle operation, fuel type,
engine exhaust after-treatment, vehicle age, the terrain travelled, and engine control effects (e.g, injection
timing strategies) (Clark et al. 2002). The diversity of these factors shows that the estimation of traffic-

related emissions is a complex task.

To calculate the national emission inventory from road transport, the emission factors are combined
with national traffic and fleet composition statistics. However, there are many uncertainties in these types of
estimates. For example, there is usually not enough data available on emission factors because inadequate
number of vehicles and vehicle types are tested and the degree of uncertainty in the vehicle activity data is
typically large (Zhang and Morawska 2002). Differences exist between emissions determined from
standardized tests and those measured in real-world conditions. Traffic models range from micro models
(single vehicle, driving pattern) to macro models (vehicle stock, mean travelling speed). Emission models
range from instantaneous models that can be used to calculate emissions of single vehicles on a second by
second basis, to average-speed and aggregated emission factor models (urban, rural, highway) with much
less resolution. Figure 2 summarizes the interconnection between various road transport emission models

and vehicle operation simulators used by the JRC at various levels of road transport activity.

The following paragraphs provide a brief summary of static and dynamic traffic modeling, a review of
emission models and a description of the most widely used emission models and vehicle simulation tools
that incorporate or produce emission factors data. The limitations of such tools are then identified and

discussed.

3.2 Static and dynamic traffic modeling

Traffic simulation models are mathematical tools which help to plan, manage and operate road
networks. They are able to simulate the traffic at different level of detail and different time scales,
depending on the approach followed. Broadly speaking traffic simulation models may be categorized in static

models and dynamic models.

3.2.1 Static traffic modeling (macroscopic)

Static models describe the steady-state behaviour of traffic networks. Though such a condition is not
actually observable in road networks, it is assumed as being representative of average network conditions in
the simulation period adopted. Therefore, different ‘representative’ periods are simulated independently to
describe the whole day e.g. morning peak period, free-flow period and evening peak period. Model outputs
consist in average values on link or paths of ‘macroscopic’ traffic variables such as flow (veh/h), speed (km/h)
and density (veh/km), which is the reason why they are also referred as ‘macroscopic models’.

These models are generally applied in transportation planning and medium to long term forecasting, and
are suitable for the simulation of wide areas. For example, when medium to long term interventions are

being designed (e.g. new traffic signal plans, network topology, park-and-ride, congestion charging, building
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of roads etc.) and cost-benefit-type analyses are needed, the modeller is concerned more with the whole
daily picture of traffic than with its detailed evolution over a day. These modes can be therefore applied to
simulate the ‘average’ traffic over the whole region affected by the intervention.

Given their nature and the outputs provided such models can be naturally coupled with “average speed”

emissions models like COPERT, that need the average speed of traffic (on link) as input.

3.2.2 Dynamic traffic modeling

When detailed evolution in time of traffic is required, dynamic traffic simulation models can be applied.
Such models can be broadly categorized in macroscopic, mesoscopic and microscopic:

In ‘macroscopic’ models, that can be though as a generalization of static models to the dynamic case,
vehicles are treated as a continuous one-dimensional fluid, for which macroscopic variables such as flow,
speed and density can be defined at each point in space and time. ‘Mesoscopic’ models represent traffic at a
level of detail of individual vehicles. Although representation of the traffic is disaggregate, the movement of
each vehicle depends on macroscopic laws, or on probabilistic functions.

‘Microscopic’ models describe traffic at the level of detail of a single vehicle as mesoscopic models. On
the contrary of these, however, the movement of each vehicle is the result of individual choices and of the
interactions with other vehicles and with the road environment. Typically, so-called car-following models are
used to simulate longitudinal movement of vehicles (see for instance the modified Gipps’ model used in the
software AIMSUN or the Wiedeman’s one in VISSIM) and models for lane changing, overtaking and merging
are also implemented. The basic output is the speed-time profile of each vehicle. This can be elaborated in
order to produce any desirable measure of performance over the network e.g. flows, density, queues, travel
times, etc. at any level of aggregation e.qg. detectors, links, path, origin-destination.

In microscopic models, to account for the heterogeneity of driver behaviours and the modeling
uncertainty, driver/vehicle parameters are generally sampled from normal probability density functions (pdf).
The parameters of such pdf have to be provided in input and, traditionally, are estimated through model
calibration against traffic measures such as link flows, discharge rates at a junction, travel times, etc.
However, as the result of the models’ approximations and of the calibration against aggregate traffic
measures, speed profile of simulated vehicles could result sensibly different from reality. This would entail
significant bias in case that such driving profiles were used in the calculation of vehicle pollutant emissions
(see Della Ragione et al. 2003). Recently some studies have been pointed out that calibration against

disaggregate data can overcome such a problem (Jie et al. 2013)

3.3 Review of emission models

As already identified, emission models are becoming more complex and more comprehensive with
time. This is reflected in the increasing numbers of vehicle types, fuel types, pollutants and emission modes
being considered in the calculations (Smit et al. 2009). The uncertainty of such tools originates from (a) the
uncertainty in the model formulation and (b) the uncertainty of the input data. In emission models, the main
internal parameter is the emission factor. The uncertainty regarding the accuracy of emission factors
originates from the accuracy of the experimental data, the variance in the emission level of different vehicles
and engines etc. For example, models that incorporate emission factors for diesel passenger cars for a range

of engine capacities, i.e. 1000-2000cc, may not be accurate when it comes to diesel passenger cars of a
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specific engine capacity, i.e. 1500cc, if most experiments were conducted at vehicles of higher engine
capacities than the required 1500cc. The uncertainty in the input data originates from the poor knowledge of

stock characteristics and activity patterns in a country.

In a study of Smit et al. (2009) regarding the validation of such tools, a total of 50 papers and reports
that contained information on model validation were reviewed. The review of the available validation studies
showed that five models appear more frequently: MOBILE (18%), COPERT (16%), HBEFA (13%), EMFAC (S%)
and ARTEMIS (9%), which reflects the common use of these models. The level of complexity (i.e. the level of
detail, and the extent to which influencing factors are incorporated) varies substantially between models.
According to Smit et al. (2009), testing the overall accuracy of road traffic emission models is difficult, as
‘true’ emission values are unknown and cannot practically be determined by measurement; as this would

require continuous emission measurement of all vehicles in the area and period concerned.

The accuracy of emission models depends on the accuracy of the emission factors incorporated.
Constantly updating emission factors based on new trends in the automotive sector (implementation of new
technologies, biofuels application, hybrid and electric vehicles etc) is required. This is of high importance since
emission calculation models are frequently used to determine input data for air quality modeling and are
necessary for environmental risk assessments and for settling many questions related to public health.
Although significant progress was achieved in emission modeling during the last decade, there are still some
serious shortcomings in the emission models, which constrict the usage of the models or limit the results of
the emission calculations (Corsmeier et al, 2005). Especially the transferability of emission factors
investigated in the laboratory to real-world traffic conditions seems to be problematic in many cases.
Moreover, emission factors of newer vehicle technologies (for example Euro 5 compliant vehicles) under
realistic driving conditions are not yet implemented in current emission models. The impact of biofuels on
pollutant emissions also needs to be fully determined and implemented in the current emission models. The
same applies to the model assumptions regarding the composition of the vehicle fleet, the driving pattern of

individual cars, the emission factors of specific pollutants (for example non-regulated pollutants) etc.

Moreover, fairly few attempts have been made to check the validity and credibility of European
emission models, e.g. by comparing model outputs with “real-world” or “on-road” emission data. Most
validation work has been based on tunnel studies, in which real-world emission factors are derived from
simultaneous measurements of the air pollutant concentrations along the tunnel, the tunnel ventilation flux,
and parameters describing the tunnel traffic (Sturm et al, 2003; Colberg et al,, 2005; Sjodin and Jerksjo,
2008).

Emission tools can be categorized in the following types:

T ‘Average-speed’ models: In this type of models, emission factors (in g/km) are a function of the mean
travelling speed. Input information and average speed is relatively easy to obtain from traffic models or

field measurements.

9 ‘Traffic-situation’ models: In these models, emission factors (in g/lkm) are linked to traffic situations (e.q.
‘stop-and-go-driving’, ‘free-flow motorway driving’ etc.). Traffic situation models require vehicle
kilometres travelled per driving situation as input, which can be acquired from traffic models, but are

otherwise hard to collect.

T ‘Traffic-variable’ models: In these models emission factors (in g/km) are defined by traffic flow variables

such as average speed, traffic density, queue length and signal settings, most of which can be gathered
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from both macroscopic and microscopic traffic models. Regarding traffic-situation and traffic-variable
models, according to Smit (2010), there is limited literature relating to the validation of road transport
emission models. One important feature of validation studies is that they are often conducted for
specific local traffic situations during relatively short time periods, thus resulting in only a partial

validation of these traffic emission models.

9 ‘Cycle-variable’ models: In these models, emission factors (in g/km or g/s) are a function of various
driving cycle variables (e.qg. idle time, average speed) at high resolution. These models typically require
detailed information on vehicle movements (e.g. instantaneous data on speed, acceleration and road
gradient), which can only be acquired from microscopic traffic models or, for example, GPS equipment

placed on the vehicles.

1 ‘Modal’ models: In these models, emission factors (g/s or g/mode) are produced via engine or vehicle
operating models at the highest resolution (one to several seconds). They require similar input to cycle-
variable models.

3.4 Emission Calculation Tools
34.1 COPERT

COPERT 4 is a software program aiming at the calculation of air pollutant emissions from road
transport and is the main methodology in the EMEP/CORINAIR Atmospheric Emissions Inventory Guidebook
(AEIG) (http://www.eea.europa.eu/publications/EMEPCORINAIR). Today it is used by several European member
states in their official reporting of national emission inventories for road transport (COPERT, 2008). COPERT
estimates emissions of all regulated air pollutants (e.g., CO, NOy, volatile organic compounds (VOC), and
particulate matter) produced by different vehicle categories (passenger cars, light-duty vehicles, heavy-duty
vehicles, mopeds, and motorcycles) as well as CO, emissions on the basis of fuel consumption. Emissions are
also calculated for other non-regulated pollutants, including CH,, N,O, NHs, SO, heavy metals, polycyclic
aromatic hydrocarbons (PAHs) and persistent organic pollutants (POPs). Additionally, the model provides
NMVOC emissions allocated to several individual species. Non-exhaust PM emissions (tyre, break and road

wear) have been included lately.

Emissions in the model are estimated from three general processes: emissions produced during
thermally stabilized engine operation (hot emissions), emissions occurring during engine start from ambient
temperature (cold-start and warming-up effects) and NMVOC emissions due to fuel evaporation. Total
emissions are calculated as a product of activity data provided by the user and speed dependent emission
factors calculated by the model. The model also distinguishes between urban, rural and highway driving to
account for variations in driving performance. Cold-start emissions are attributed to urban driving because

the assumption is made that most vehicles start any trip in an urban area.
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Figure 3: COPERT applications

Of course, such emissions as a function of speed can lead to estimates which may significantly
deviate from the real emission performance, when the driving kinetics in real-world are much different than
the driving kinetics imposed by the driving cycle, even if the average speed is the same in both cases. This
means that the success in replicating the actual emission level is only as good as the representativeness of
the driving cycles used in the regression analysis. On the other hand, there has been a key decision in the
development of COPERT not to include other parameters in the estimation of an emission factor (such as
mean positive acceleration, or speed variation) because this would pose significant limitations in the usability
of the model. For example, it would be extremely cumbersome to request the mean positive acceleration
level of driving in the whole country. Having this information might indeed provide an emission factor which
better resembles the true performance of the cars, but the uncertainty in estimating this parameter may be
so large that any correction is vaporized. The use of just the average speed as an input parameter is
considered as a good compromise between the requested detail in input data and the necessity to develop
emission factors that can suit different driving situations. For more regional and local scales, one of course
needs to consider more data demanding approaches (e.g. traffic situation or speed/acceleration dependent

emission factors).

An issue regarding COPERT is that detailed hot emission as functions of speed are available for a
rather limited range of pollutants (CO, VOC, NOx, PM) and fuel consumption. For all other pollutants (CHa,
N,0O, NHz, NMVOC species, PAHs) there are only ‘default’ emission factors for typical urban, rural and highway

conditions, but not as functions of speed.

Non-CO, GHG emissions received much attention lately in an effort to effectively control the
contribution of road-transport in climate change. When considering that N,O can equal up to 3-4% of total
GHG emissions in Europe, what is currently reflected in COPERT is not adequate to the significance of the
issue. As more attention is gradually given in these categories, both with regard to their performance in

ozone precursor emissions but also GHG emissions, this area will need to be further explored.

342 EMFAC

The Emission FACtors (EMFAC) model is developed by the Air Resources Board and used to calculate
emission rates from on-road motor vehicles from light-duty passenger vehicles to heavy-duty trucks that

operate on highways, freeways, and local roads in California. Up until September 2011, EMFAC 2007 was the
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most recent version of this model. EMFAC 2011 was released by ARB on September 30, 2011 and was made
available for conformity use by U.S. EPA on March 6, 2013. There are many studies reporting comparison of
results from vehicle and validation of assumptions from EMFAC model (Huai et al. 2006, Shah et al., 2006).
Studies comparing EMFAC with other models have also been carried out. For example, in the study of Bai et
al. (2008), authors conducted a comparative analysis of the MOVES model to the EMFAC model, with the
objective to better understand the structure, algorithms, and assumptions behind the two models and to

identify the differences in data and emissions information between the two models.

343 MOBILE

The MOBILE model is a software program that provides estimates of current and future emissions
from highway motor vehicles. MOBILEG is the latest in a series of MOBILE models that date back to 1978.
MOBILE has been replaced in 2010 by MOVES as EPA’s official model for estimating emissions from cars,
trucks and motorcycles. The most recent version, MOBILE6.1/6.2, calculated average in-use fleet emission
factors for hydrocarbons, CO, NOy, exhaust particulate matter (which consists of several components), tyre
wear particulate matter, brake wear particulate matter, sulphur dioxide (SO,), (NHs,) six hazardous air
pollutants (HAP), and CO, for gasoline-fuelled and diesel highway motor vehicles and for certain specialized
vehicles such as natural-gas-fuelled or electric vehicles. It based these emission factors on vehicles from the

25 most recent model years, and was capable of developing factors for calendar years from 1952 to 2050.

The MOBILE model has been used in several studies in order to compare emissions inventory using
remote sensing approach and MOBILE model (Pokharelet al, 2002) and (Stedman and Bishop, 1997). It has

also been used to compare emission factors derived from measurements in a tunnel study (Hsu et al., 2001).

344 MOVES

EPA’'s MOtor Vehicle Emissions Simulator model (MOVES) is a comprehensive vehicle emission
modeling software package used to estimate emission inventories and rates from on-road motor vehicles in
all US. states and territories, which has replaced MOBILE. The model is based on analyses of numerous
emission test results and considerable advances in the Agency’s understanding of vehicle emissions. MOVES
can be applied at a variety of geographic scales, from national and regional emission inventories, to specific
locations such as intersections, for project-level or “hot-spot” analyses. Fundamental to the MOVES design is
the implementation of modal emission rates, which are sensitive to vehicle speed, acceleration and road
grade, allowing the model to better account for differences in real-world traffic patterns. MOVES was
developed to allow customization using local vehicle fleet, activity and emission patterns, to better facilitate
international application. At this time, MOVES2010b is the latest version of MOVES that has been released,
and it accounts for all national fuel economy and GHG standards for cars and trucks as of September 2010.
Moreover, the latest version MOVES2010b incorporates new features and a number of performance
improvements compared to previous versions. A new version is currently under development and is expected
to be released in late 2013.

The U.S. EPA has extended the MOVES model's capabilities to allow estimation of on-road vehicle
emissions inventories and rates in other countries. This revised model will allow users to create a set of

custom inputs for a specific country or region, reflecting the specific emission standards and phase-in
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schedules applicable to that region. In the initial phase of the project, alternate emission rate data tables
were developed to reflect international emissions standards (e.g. European, Asian, and other such standards)
that are prevalent in non-U.S. jurisdictions. The model was designed to accept appropriate fleet penetration
and implementation dates for the use of these standards in any country through a pre-processor developed
as part of this work. Initial research into development of an international MOVES framework was previously
been conducted by USEPA staff (Koupal et al, 2010).

3.45 ARTEMIS

The Artemis (Assessment and Reliability of Transport Emission Models and Inventory Systems) project
was a research project of the 5" Framework Programme for Research initially aiming at developing a
harmonised emission modeling framework for road-transport emission calculation, rail, air and ship transport
(ARTEMIS, 2008; Boulter 2009). The basic approach considered was to start from a common emission
measurement dataset, including to the extent possible, all laboratory measurements of vehicle and engine
emissions in Europe. For the passenger cars, the new real-world ARTEMIS cycles were designed (André,
2004), which are today widely used in Europe as typical driving cycles for estimating emissions and

consumption over more realistic real-world driving conditions, than the NEDC.

The emission dataset collected using the driving cycles that were developed by the project included
second by second emission information from a large number of cars, trucks and two-wheelers. This
information was then processed with different methods in order to develop emission factors that can suit
different applications. Average speed dependent emission factors have been developed to fit applications
where low spatial and temporal resolution is required (e.g. national inventories). Also, traffic-situation
dependent emission factors have been derived to serve applications were local conditions (e.g. street-level
modeling) need to be studied. As the same original emission dataset has been used to estimate emission
factors, the two different methods (average speed and traffic situation) should result to consistent emission
factors. Of course, the methods that have been used to develop these emission factors are different and the

emission factors are of different expression, so a direct comparison is not possible.

The ARTEMIS model has been successfully applied in the case of Sweden, to calculate a national
inventory. However, some tuning of the model is required per country and there has been some criticism
related to the complexity of its application and the robustness of some emission factor calculations, in
particular for cold-start and light duty trucks. Also, the long-time it took for its development means that
some of its characteristics have been already outdated and have been superseded by other models (e.q.
COPERT, Handbuch).

3.4.6 Handbuch (HBEFA)

The Handbook of Emission Factors for Road Transport (HBEFA) was originally developed on behalf of
the Environmental Protection Agencies of Germany, Switzerland and Austria. In the meantime, more countries

(Sweden, Norway, France) as well as the JRC are using and supporting the development of HBEFA.

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

(PC, LDV, HDV, buses and motor cycles), each divided into different categories, for a wide variety of traffic
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situations. The first version (HBEFA 1.1) was published in December 1995, an update (HBEFA 1.2) followed in
January 1999. Version HBEFA 2.1 was available in February 2004. The newest version HBEFA 3.1 dates from
January 2010 (Hausberger, 2010). As in the earlier versions, the handbook provides emission factors per

traffic activity. Different levels of disaggregation are being offered:
9 By type of emission: “hot” emissions, cold start excess emissions, evaporative emissions

9 By vehicle category: passenger cars, light duty vehicles, heavy duty vehicles, buses, coaches and

motorcycles.

9 By year (1990-2030), and implicitly by varying fleet compositions in the different countries (Germany,

Austria, Switzerland. New in HBEFA 3.1: Sweden and Norway; France will follow at a later stage)

9 By pollutants. Factors for the following components are provided: CO, HC, NOx, PM, several components
of HC (CH4, NMHC, benzene, toluene, xylene), fuel consumption (gasoline, diesel), CO2, NH3 and N20.
New in HBEFA 3.1: NO2, PN and PM for petrol vehicles.

9 The so called “hot” emission factors are given for several traffic situations which have been adapted to
the scheme developed in the ARTEMIS project. Differentiated factors are provided for different road
gradients (0%, 2%, 4%, 6%). Also weighted average values (distributions over several traffic situations

and gradient classes) are calculated.

9 The cold start and the evaporation emission factors are based on typical temperature distributions and

behavioural parameters (such as trip length distributions, parking time distributions).

The program gives the emission factors either as weighted emission factors (per vehicle category), or
as emission factors per concept (e.g. conventional passenger cars, passenger cars with catalysts, diesel
passenger cars etc.), or as emission factors per fuel type (gasoline, diesel) or as emission factors per “layer”
or sub-segment (e.g. passenger cars with engine size <1.4 | Euro-4 etc.). PS: The distinction by engine size for
passenger cars is used for fuel consumption resp. CO2-emissions only; for light commercial, HDV and MC

though the emission factors are distinguished by size class.

For the 3.1 version of the HBEFA the model PHEM was used. The main change against the HBEFA 2.1
was that measurements on EURO IV and EURO V HDV were available for setting up the model input data (i.e.
engine emission maps and vehicle data). Due to the sophisticated electronic engine and vehicle control
system and the complex exhaust gas after treatment system of EURO IV and EURO V HDE most labs are

measuring the complete vehicles on the roller test bed or with PEMS.

3.47 VERSIT+

To predict traffic emissions, the Netherlands Organisation for Applied Scientific Research (TNO) has
developed from 1987 VERSIT. The model originally predicted vehicle emissions as a function of propulsion
energy using Euro test emissions data. In recent years, however, it became clear that this method is too
simplistic and no longer met the needs of policy appraisal. The need for greater predictive accuracy and
versatility has led to the design of VERSIT+ LD (“VERSIT plus — light-duty”) that has developed from a largely

theoretical and deterministic approach to a fully empirical and statistical framework (Smit et al.,, 2007).
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The VERSIT+ model is based on data that embodies a large number of emission measures covering a
range of distinctive speed-time profiles and uses a large sample of vehicles that reflect the actual fleet
composition. The emissions test data are obtained from chassis dynamometer tests using speed-time
profiles that reflect real-world operations. VERSIT+ LD is able to produce emission predictions at different
geographical scales and for many traffic situations. At the lowest level of aggregation, VERSIT+ LD is able to
predict emissions at road level. More aggregate models can be developed, for instance VERSIT+ LD has been
used as a traffic situation model to develop urban emission inventories, to derive average emission factors
for urban, rural, and national road levels as input into the Dutch national emission inventory, and for

assessing compliance with national emissions ceilings.

348 EMV

The EMV model is a computer program for calculations of exhaust emissions from road transport,
(Hammarstrom and B., 1998) and has in recent years been used by the Swedish Road Administration (SRA).
In the study of Persson et al. (2000) long term trends of NOx emissions in urban areas in Sweden were
estimated with the EMV-model. In another effort of analyzing economic effects and NOx effects from the

Swedish transport, the EMV model was also used, (Ostblom and Hammar, 2007).

3.5 Commercial traffic micro-simulation software
3.5.1 AIMSUN

AIMSUN is a commercial integrated transport modeling software (http://www.aimsun.com/wp). It stands out
for the very high speed of its simulations and for fusing static and dynamic traffic assignment with
mesoscopic, microscopic and hybrid simulation — all within a single software application. It allows for the
simulation of many types of vehicles such as passenger cars, trucks, buses, trams as well as of pedestrians
(a specific tool for pedestrian - “Legion for Aimsun” - combines the Legion pedestrian simulator into Aimsun).
Simulation of private vehicles can be either based on input flows or on Origin-Destination matrices. Public
transport’s main characteristics are simulated as well: lines, timetables, routes, different vehicle types for
each service, stops and stop times. Basic vehicles movements are defined by a longitudinal behavioural
model (Gipps’ model), a lane changing model and a look-ahead model. The latest version - Aimsun 7 - was

released on 14 November 2011.

Figure 4: AIMSUN environment
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