TNO Science and Industry

TNO report

Impact of biofuels on air pollutant emissions from
road vehicles

Date 2 June 2008

Author(s) Ir. R. Verbeek
Dr. Ir. R.T.M. Smokers (CE)
Ing. G. Kadijk

Drs. A. Hensema

Ir. G.L.M. Passier

Ir. E.L.M. Rabé

Ir. B. Kampman (CE)

Ir. 1.J. Riemersma (Sidekick Projects)

Assignor This report contains the results from researchaghout under two

separate contracts:

- BOLK: Beleidsgericht Onderzoeksprogramma Lucht en
Klimaat 2008-2009, sponsored by the DuMinistry of VROM
and coordinated by the Netherlands Environmentakssment
Agency MNP (contract nr. M/500146/01/TNO and
M/500146/01/CE);

- Literatuurstudie naar de emissies van biobrafigst@n andere
alternatieve brandstoffen, sponsored by SenterNovem

Project number 033.16166

Classification report
Title Impact of biofuels on air pollutant emissidnsm road vehicles

Number of pages 158 (excl. appendices) 187(in@eagices)
Number of appendices 6

All rights reserved. No part of this report mayrbproduced and/or published in any form by prihbtpprint,
microfilm or any other means without the previoustten permission from TNO.

All information which is classified according to f2t regulations shall be treated by the recipierihe same way
as classified information of corresponding valu@igown country. No part of this information whié disclosed to
any third party.

Public Sector

De Rondom 1

P.O. Box 6235

5600 HE Eindhoven
The Netherlands

www.tno.nl

T +31 40 265 00 00
F +31 4026503 01
info-lenT@tno.nl



TNO Science and Industry

In case this report was drafted on instructions riphts and obligations of contracting partiessargject to either
the Standard Conditions for Research Instructiovisngto TNO, or the relevant agreement concludedéen the
contracting parties. Submitting the report for ixsiion to parties who have a direct interest isnited.

© 2008 TNO

Public Sector

De Rondom 1

P.O. Box 6235

5600 HE Eindhoven
The Netherlands

www.tno.nl

T +31 40 265 00 00
F +31 4026503 01
info-lenT@tno.nl



TNO report | 3/158

Summary

Executive Summary

Industrialized nations such as the Netherlandsttaeelual challenge of reducing the
emission of C@as well as reducing concentrations of atmosplpafictants. For
reducing CQ emissions, the use of biofuels and other renewakls has received
much attention recently. However, there is stillomuinclarity regarding the effect of
the implementation of biofuels on polluting emissols there a possible win-win
scenario, where implementation of biofuels leadsweer concentrations of e.g. NOr
particulate matter? Or will there be adverse effefctr example due to an
incompatibility of biofuels with modern emissionntml technology? Similar questions
exist for CO2 reduction options in other sectors.

To investigate this issue, the Ministry of VROM haisiated the research programme
BOLK®. In BOLK, different areas of renewable fuel protiloic and use are

investigated, including production, use in differsituations, and capture/sequestration.
The work reported here, carried out by TNO and @¥ges an overview of the expected
effects of the use of biofuels on vehicle emissigmso 2020.

Three main questions have been the guideline snwbik:

1) Which biofuels will be used in significant quargiiup to 2020?

2) What engine development are expected, both foed#&sl petrol engines?

3) How does engine technology interact with the udeiafuels, both on short

and longer term, and what are the expected impmitsifor exhaust emissions?

To answer these questions a survey was made oftrigeeature and international
experts on engine technology and fuels were catsulthe current work is the first
phase in the BOLK project, and is still rather eéxptory in nature. Nevertheless, some
important conclusions for policy makers alreadydmee clear.

Biofuels mix in 2020

Although many different types of renewable fuelseit is expected that up to 2020
the renewable fuels mix will be dominated by (fysheration) ethanol for petrol and
FAME (biodiesel) for diesel engines. In additiorthics a for the time being small but
increasing quantity of synthetic diesel can be niade.g. Biomass-to-Liquid (BTL)
processes, if these are stimulated.

Engine development and biofuels compatibility

For petrol engines, the main development lies ith&r increase of fuel economy. This
is primarily done via engine downsizing and advahiogection technologies. To reach
the coming emission legislation, further optimiaatof engine control in combination
with 3-way or NQ absorption catalysts will be used.

For diesel engines, the development focus is isgiom reduction (mainly NCand
particulate matter). Future emission limits will inet by advanced emission control
systems which include the general applicationsaofiqulate filters and deNO
catalysts, the latter in particular for larger \abés.

! Beleidsgericht Onderzoeksprogramma Luchtkwaléailimaat 2008-2009
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Most engines are already now compatible with loafuml blends (below 10%), and
this is not expected to change with coming engac@rology. Moving up to higher
blends is not recommended due to durability corearmd possibly high emissions.

Effect of biofuels on emissions

For the current vehicle fleet, the available emissiata show large variation, both
positive and negative. This is caused by variatinrisofuel properties, vehicle
technology, engine management and the driving citcépplies to both petrol and
diesel engines and especially to light duty vebicle. passenger cars and delivery
vans. Due to these many influencing factors anélagively small amount of available
emission data it is not possible to draw firm casns regarding the emission impact
of biofuels on a national scale.

For future vehicles, the emission levels of petrajines are expected to improve as
biofuels will be implemented in Euro 5 (2010/2011)t petrol engine emissions are
low anyhow. For diesel engines, the variabilityikely to persist, due to the large
sensitivity of the emission control technologiesdhed to meet the Euro 5/V legislation.
In particular for NQ, there appears a risk of a steep rise in emissitthshe use of
biodiesel. The extent to which this will pose perhk with future engines depends
strongly on the way biofuels are implemented imfetemission legislation.

For synthetic diesel (BTL, GTL) the picture is lrigr. Generally reductions of both
NO, and particulate matter are seen, but at the erpafre slightly lower fuel economy
and power. For future engines positive effectsmissions are expected to diminish.

Main conclusions

1) To reach the EU target for 2020, it is recommeridagse low blends (E5-E10,
B5-B7) in general fuel applications, combined witgh blends for specific
niche applications (public transportation, locaight transport).

2) There is no indication for a win-win situation dretshort term, in the sense
that the most probable biofuels mix for the comyegrs will not lead to a
significant and consistent reduction in atmosphgoitutants. The picture
shows a large variability. Only in the case of bgtic fuels (BTL, GTL) on the
short term a consistent emission reduction is expec

3) If mainstream use of biofuels is limited to low fodks, emission effects will
generally be limited, although large differencesseen vehicles may exist.
The extent to which emissions will be influencedoigfuels on the longer
term depends strongly on the way biofuels are impleted in the emissions
legislation.

4) Problems may arise with EURO IV and V heavy dutigkes with deNQ
catalysts on high blend biodiesel (B20-B100). Tevent this, it is
recommended to request special emission controacd from the vehicle
manufacturer in combination with extensive monitgrof the performance of
these vehicles.

5) The current state of knowledge does not allowiabikd quantification of
emission effects of biofuels. Therefore, a systam@hissions measurement
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program is needed to fill the large knowledge ghps have been identified.
This program should focus on low blend biodies®k; &nd high blend ethanol,
and should also include non-regulated toxic comptme

Further work, including literature surveys and mtews with experts from the
automotive and fuel industry and from R&D institsjtés necessary to improve
insight in the possible impacts of biofuels on fatengine technologies.
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Technical Summary
Introduction and objective

In Europe the national emission levels of NOQ,, VOC and NH are regulated by
means of National Emission Ceilings (NEC). As dirthe process for preparing new
National Emission Ceilings for the year 2020, thiaistry of VROM has initiated the
BOLK programmé. The specific aim of the BOLK programme is to pdevthe Dutch
government with knowledge and advice regardingrtipact on NEC emissions in
2020 of a number of techniques aimed at the reslucti greenhouse gases.

For the transport sector, the use of biofuels isrortant option to provide a reduction
of CO, emissions. Air quality effects of biofuels, howgwvare still unclear. In the work
described here TNO and CE Delft have evaluated #imk-to-Wheel (= exhaust)
emissions resulting from the use of biofuels indrransport The work was carried
out by evaluation of available literature and imfiation and by the consultation of
technical experts within the automotive and fuetiustry. The following questions
have guided this study:

- Which biofuels will be used in significant quantitp to 2020?

- What engine developments are expected, both feet#nd petrol engines?

- How does engine and aftertreatment technologydntewith the use of
biofuels, both on short and longer term, and whatlze expected implications
for exhaust emissions?

The study provides an overview of available infotioraand leads to a number of
recommendations for governmental policies. Alsgantant knowledge gaps have
been identified that require further study.

Which biofuels will be used up to 2020?

The EU biofuels directive 2003/30/EC sets a Eurogasget of 10% substitution of
fossil fuels with biofuels by 2020. The Dutch gav@ent investigates the possibilities
of raising the national target to 20% in 2020.Hege targets the percentages are by
energy content, while e.g. the term B5 indicaté%wblend of biodiesel by volume in
conventional diesel. This means that the 10% bidéarget corresponds to a higher
percentage by volume. Changing all diesel into Bd@ all gasoline into E10 would not
be enough. Both low blends and high blends aressecg

A wide range of alternative fuels are consideradafdomotive use. However, looking
at the time frame up to 2020 not so many fuels lpélproduced in substantial quantity.
The renewable fuels up to 2020 are dominated nettfor petrol (Otto) engines and
Fatty Acid Methyl Esters (FAME, biodiesel) for det®ngines.

In addition to this, significant quantities of sigatic diesel fuel can be made available.
Synthetic diesel fuel can be produced from renesvabfossil feed stocks and can be
used in pure form or blended into conventionalgdetnd diesel. Synthetic fuels are:
Hydrotreated Vegetable Oil (HVO), Biomass To Liq(BI'L), Gas To Liquid (GTL)
and Coal To Liquid (CTL). Fossil ETBE (Ethyl TemyaButyl Ether) is already used on

2 Beleidsgericht Onderzoeksprogramma Lucht en Klir2888-2009, coordinated by Netherlands
Environmental Assessment Agency MNP

% Well-to-tank emissions in the energy supply cHairbiofuels are evaluated by Ecofys in a paraitatly.
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a large scale as octane improving blend for peE®BE can also (partly) be produced
from renewable feedstock.

Table 1 Biofuels used or considered, either as/peae fuel or as blend in standard fuel.

Gasoline engines (spark ignition, Ottp) Diesel angi(compression ignition)

Ethanol FAME or biodiesel

Bio ETBE Hydrotreated Vegetable Oil (HVO)
Biopetrol Biomass To Liquid (BTL)

Butanol Ethanol with ignition improver
Methanol Pure Plant Oil (PPO)

Methanol with ignition improver
Dimethyl-ether (DME)

Petrol engines: engine developments and compatipilvith biofuels

Within the period from now to 2020, the developmeinpetrol engines (Otto or “spark
ignition”) is primarily focused on improvement afdl consumption and reduction of
CO, emissions. This will primarily be done via engamvnsizing, which involves
technologies like turbocharging, direct injectioravariable valve timing. In addition
to that some vehicle manufacturers might use the teirn and spray guided
combustion (stratified charge) engine technolodye Toming emission limits will be
met by further optimization of engine control imdoination with three-way or NO
adsorption catalysts.

Looking at low blend ethanol in petrol, it is deténed that 90%-95% of current
vehicles can already run on E10 (10% ethanol biempetrol) without any problems.
For the remaining, primarily older vehicles, E5 slddbe kept available. Higher blends
of ethanol (up to E85) can only be used in spédatible Fuel Vehicles (FFV). It
should also be noted that 8-9% (by volume) ethan@quired to meet the 5.75%
biocomponents target on an energy basis (targ€1)201

Other bio components considered for petrol areHI8E, biopetrol and butanol. All
three have a better compatibility with petrol tlehanol, but technical and economics
aspects of large scale production still need tddraonstrated.

Otto engines: effects of biofuels on emissions toasg2020

The effects of biofuels (blends) on emissions fathlotto and diesel engines will
mainly depend on the extent to which emission regquénts for these biofuels are
implemented in the emission legislation. This inpémtation is happening slowly.
With the entering into force of Euro 5 (2010), thst fuels will contain 5% biofuels.
With Euro 5 phase b (2012) Flexible Fuel VehicleB\Y) need to fulfil the limits on
both petrol and high blend ethanol (E85). This ate@ns that vehicles sold before
2010/ 2012 will not have formal emission requiratsefor biofuels (blends). Also for
the mainstream vehicles sold after 2010, the foendksion requirements are limited
to 5% biofuel blend.

The most relevant emission components for ottorerggare NQ@and unburned
hydrocarbons. The latter can contain toxic spesiieh as aldehydes. For the influence
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on emissions of low and high blend ethanol in peth@ majority of the information
available is based on Euro2 and Euro 3 engineto(d@p05/2006). The data does show
considerable variation in emission levels whenmtha added. This is the case for
both low blend in standard vehicles and high blends=Vs. The variations are in the
range of - 50% to +50% for hydrocarbon emissiorb® to +300% for NQ It should
be noted that the NQevels are low in comparison to diesel engines.Vébicles sold
after 2010 / 2012 emissions with ethanol blendsapected to improve, due to the
implementation of ethanol in the legislation. FGIHE blends, the limited data
available show only a small influence on emissitdsinformation is yet available for
biopetrol and biobutanol. Overall it is difficutt tiraw conclusions on the effect on
emissions of ethanol blends, but emissions arectagdo improve when formal
emission requirements for biofuels are implemented

Diesel engines: engine development and compatipilith biofuels

The development of diesel or “compression ignitiengjines up to 2020 will be
focused on emission reduction. Future emissiortdimill be met by advanced
emission control systems which include the gersgplication of diesel particulate
filters. DeNQ catalysts will be installed on most diesel engiwéh the exception of
small passenger car engines.

B5 (5% FAME in diesel) will be formally requiredrfthe Euro 5 type approval testing
for passenger cars (phase in 2009-2010). For hewatyylegislation this still needs to be
arranged. For passenger car diesel engines iviseatito limit the FAME content to

7% (B7). This is because of the technical choicase “post injection” technology for
DPF regeneration. For heavy-duty vehicles usegif biend FAME (B20-B100) is
possible, but will require some engine and fuetesysadaptations. It will also require
more maintenance including more frequent oil diafarvals. It is expected that the
availability of trucks suitable for B100 can bereased towards 2020 if desired.
Instead of FAME, pure plant oil (PPO) can be usesbmewhat modified diesel
engines. It is however not recommended to do thia significant scale, because of the
work required to ensure durability and emissionthefvehicles.

In addition to or instead of FAME, synthetic die@dVO, BTL, GTL, CTL) can be
added to diesel fuel. Of course only HVO and BTé mnewable fuels. The synthetic
diesel fuels are characterised by a good compétikilth diesel fuel. They can be used
in any blend percentages without any adverse sffatiengine maintenance or
durability.

Other biofuels considered for diesel engines are pthanol or methanol with ignition
improver or dimethyl-ehter (DME). These fuels dguiee special engines and they are
not very attractive to commercial vehicle ownerséuse of the much lower energy
content of the fuel (up to a factor of 2). Also@r&pean fuel infrastructure would be
required. Ethanol is currently used in niche agians (public transportation).
Methanol and dimethyl-ether would require new eagiand also consensus within
industry and government, before this can be deeel@s an automotive fuel. Therefore
it is unlikely that these fuels will be used in floeeseeable future.
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Diesel engines: effects of biofuels on emissionsaods 2020

The most relevant emission components for dieggihes are NQand particulates. In
addition there can be some specific toxic compansmth as poly-aromatic
hydrocarbons and derivatives.

For the influence of FAME (blends) on emissions, timajority of the available data is
based on Euro2 and Euro 3 engines (up to 2005/2806}ruck engines the

particulates emission show a decrease with inargd®100 percentage from 0% to -
70% depending on the engine type. ,NBowed an increase of between 0% and +30%.
For passenger cars the variation was even largemesitive and negative effects for
both NQ, and particulates. The variations are caused byahations in biofuel
properties and engine technology. Because of tige kamission variations and

durability concerns for passenger car engines eiébkel particulate filter, it is
recommended to limit the biodiesel (FAME) contemtfassenger cars to 7%.

For Euro IV and V truck engines and also futurespager car engines equipped with
deNQ, catalysts, there appears a risk of a steep risx emissions due to the impact
of biodiesel. To prevent this some truck manufagtuprovide special calibration
software for the deNgQcatalyst when biodiesel is used. To prevent B@ission
problems, it is advised to monitor N@®mission of vehicles using biodiesel extensively.
The problem might be solved when closed loop, N@nhtrol systems are implemented
(expected phase-in between 2008 and 2014).

Synthetic diesel fuels (blends) show a more paspicture. Generally reductions for
both NQ, and particulates are seen for passenger caraeidegngines in the range
between 0% and about 30%. There is however a setalttion in fuel economy and
power output due to the lower (energy) densityheffuel. Also for future engines no
negative effects are expected. It should be ndigdwith the general application of
particulate filters with future diesel engines,tgalate emission reductions of the
engine itself become less relevant.

Summarizing it can be stated that implementing lbdewnd biodiesel can lead to both
positive and negative effects on PM and,N@issions, in particular for higher blends.
Synthetic (bio)diesel fuels will generally leadeimission reductions.

Overview of emission effects of biofuels

In the tables below, a schematic overview is giwkthe various emission effects of
biofuels discussed above.
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Table 2 Effect of ethanol blends on petrol engifigso 3 and older based on experimental data.rfExpe
view for Euro 4 and later.

Euro 5
2000 - 2005 2005 - 2009 2009 - 2014 > 2014

NOx

NOx variations within limits possible

E10 - E20

E40 - E85Y NOXx variations within limits possible

HC |[E5 HC variations within limits possible
E10- E20
E40 - E85" HC variations within limits possible
Y EFV vehicle
Table 3 Effect of biofuel (blends) and synthetiesdil on passenger car diesel engigeso 3 and older
based on experimental data. Expert view for Euand later.
Euro 5
2000 - 2005 2005 - 2009 2009 - 2014 > 2014
B5 - B10 PM no significant effect
PM
B20 - B100 PM no significant effect
pure XTL, -
HVO PM no significant effect
B5-B10
NOXx
B20 - B100
pure XTL,
HVO
Table 4 Effect of biofuel (blends) and synthetiesdil on heavy-duty diesel enginEsiro 3 and older
based on experimental data. Expert view for Euand later.
* Euro 5 H
2000 - 2005 2005 - 2009 2009 - 2014 > 2014
PM |B5-B10 no significant effect no significant effect
B20 - B100 no significant effect
XTL, HVO no significant effect
NOx [B5-B10 no significant effect no significant effect
B20 - B100
XTL, HVO NOXx stable
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Conclusions and recommendations for government pyli

Based on the findings of this BOLK study, Tablenbws the recommended (bio)fuels
mix up to 2020.

Table 5 Recommended fuel mix up to 2020
Otto engines Diesel engines
Main E5 for main stream and old B5 or B7
stream vehicles. Optionally E10. B20 — B100 for dedicated heavy-

E85 for Flexible Fuel Vehicles duty vehicles

Niche CNG / biogas E95 with ignition improver

1) Biofuels mix up to 2020; low blends for mainstram, high blends for niche
applications. The Dutch 20% target is not recommened.

The desired share of biofuel components up to 28RMest be made up of low blends
for main stream in combination with high blends $pecific (captive) fleets of
vehicles. For petrol engines E5 and optionally El@commended for main stream, in
combination with up to E85 for flexible fuel veheel For diesel engines B5 or B7 is
recommended for main stream in combination with B2B100 for dedicated heavy-
duty vehicles. This means that the 20% biofueldatigat the Dutch government will be
very hard to achieve. Having a different standaed than the rest of Europe would
lead to complicated infrastructural, legislativel gmmactical issues. With the above
mentioned B5-7 and E5 blends only a reduction 5%3en energy content is feasible,
which means that for an overall 20% energy shakgaftiels around 15% of the
replacement should be achieved with high perceribaels. Potential niche fuels for
petrol engines are CNG or biogas and for diesehesgt is E95 with ignition improver
(see table 5).

2) Short-term emission effects: in general no win-im situation, large variability
Based on the data and findings of this study,nhcé be concluded that biofuels can
both decrease G@missions and lead to a significant and consiseshiction of
atmospheric pollutants when applied in currentlgilble engines. In other words, in
general there is no win-win situation. Emissioradgtiow a large variability. For
specific diesel engines types (especially Euranidl older truck engines) engine
particulate emissions can be reduced with no onallNOx increase. For Euro IV and
V truck engines, special engine software is ne¢dguevent a (steep) rise in NOx
emissions.

In the case of synthetic fuels (BTL, GTL) a coramstemission reduction is expected.

3) Emission effects up to 2020

Given that future diesel engines will be equippéith warticulate filters and closed-loop
NOx control, the impacts are in general expectduetmme insignificant. Major
concerns however are possible incompatibilitiesvbeh biofuels and the operation of
advanced emission control systems. This requimtisduresearch. With Otto engines
possible negative emissions impacts will disapple@rto the implementation of low
and high blend (E85 in Flex Fuel Vehicles) ethandhe European emissions
legislation.
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4) Emission legislation is the main tool for avoidig excessive emissions

In order to avoid undesirable effects on exhaussgions with the use of biofuels
(blends) in general, the most important point igriplement the desired biofuels
(blends) into the European emission legislatione Buthe long lead time of
development of legislation and the life time of tkehicles it is necessary to plan for 20
years ahead. Even though a lot of work is currdming done, much more is required
to avoid problems in the period from 2020 to 2(B@ure emission legislation should
not only refer to the type approval test as sudhatso to OBB-requirements,

durability and in-use compliance.

5) Risk of excessive NQemissions can be avoided by regulation
Clear communication and (national) regulations @awid undesirable side effects such
as NOx increase with high blends biodiesel (B20-®1Regulations that should be
considered are:

Type approval, in particular for Euro IV and V hgaluty engines

Avoid usage of high blend biodiesel in passenges ca

Monitoring of flex fuel vehicles with high blendretnol.

6) Synthetic diesel is promising from an emissiorand engine durability point of
view, but available quantities up to 2020 are expé&d to remain limited

Further increase in biocomponents share withoutaahrgrse effects on vehicle
durability and exhaust emissions is possible withdtimulation of synthetic diesel
fuels (hydrotreated vegetable oil and biomasseoidi diesel fuels).

7) Pre-introduction of EEV® or EURO VI will help

Stimulation of heavy duty EEV vehicles or pre imtnation of Euro VI vehicles before
2015 can likely improve air quality. These vehiatas be equipped with engines
running on (bio)diesel fuel, CNG or ethanol.

Recommendations for future research

Emissions of vehicles running on biofuels blendsesped to be strongly dependent on
the engine technology, fuel composition and al$ardy behaviour. Future engine
technology can lead to an even increased sengitoxtards fuel variations, due to the
applied emission control devices. It is theref@eommended to extensively monitor
emissions performance of future vehicles on a tsagebiofuels (blends). Especially
important are the monitoring of heavy-duty diesahicles on high blend biodiesel
(FAME) and passenger car Flex Fuel Vehicles on bighds ethanol. It is also
recommended to investigate the toxicity of the emth@ases, since very little data is
currently available and some studies reported as@e emissions of certain toxic
components or increased mutagenity related togheotibiofuels.

The emission measurement programs can be perfamuetperation with
international platforms such as DACHNLS, IEA or EC.

4 OBD stands for On Board Diagnostics
5 EEV stands for Enhanced Environmentally friendbhitle
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Table 2 Shortlist of possible consequences ofiiecof biofuels

Aspect of biofuels Consequence

Biofuels not (yet) implemented in Emission may vary and exceed limits

emission legislation

Energy density is generally lower Reduced driviagge or increased tank
size

Biofuels can contain impurities Possible catalytedoration and engine
fouling

Biofuels are more aggressive Metals corrosion atdribration of
elastomers and coatings

Different boiling range, viscosity and Engine oil deterioration

stability
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Introduction

Objectives and context

Biofuels are an important option for achieving £&nission reductions in the transport
sector. In response to the European Biofuels Duedhe Dutch government has set
targets for the share of biofuels in the total ftmhsumption for road transport, ranging
from 2% in 2007 up to 5.75% in 2010. For the yed2@targets up to 10 or 20% are
being considered.

For biofuels not only greenhouse gas reductionslarmed, but also benefits with
respect to exhaust emissions that affect locajuatity. The impacts, however, are
generally different for different fuels and avalimeasurement results show a large
scatter, with the spread in results often larganttihe average of the measured impacts
(see e.g. [Smokers 2004]). A complicating factdhéat establishing reliable emission
factors (average emissions of average vehiclesrawdgage driving conditions) for
conventional vehicles on conventional fuels alreduires advanced statistical
analysis of a large amount of measurement resuédalthe very different emission
behaviour of the various vehicle models on the miafkurthermore effects of using
pure biofuels in vehicle emissions can not be tliyéranslated into effects of biofuels
blended into conventional fuels.

Knowledge of the impacts of the use of biofuelsaad vehicles on atmospheric
pollutants is important from the point of view othl air quality problenisas well as
of emissions at the national level. The latterragulated by means of National
Emission Ceilings (NEC). Possible exhaust emisbemefits of biofuels can create a
win-win situation between air quality and climatdipy, but conflicting impacts, i.e.
trade-offs between impacts on air quality and gneese gas emissions are also
possible.

Beginning of 2007 new and more ambitious climatiéicgdargets have been declared at
the European as well as national level. Many oftleasures foreseen under these
climate policies may have side effects on emissidrar pollutants. Some of these
side-effects are still uncertain. For the Dutch igtiry of VROM knowledge of these
side-effects is important input for the determioatof new National Emission Ceilings
which are being prepared for the year 2020. Thiseadge is also relevant for the

local air quality policy that aims at meeting Eueap standards in 2015.

For this reason the Ministry of VROM has initiatiaé BOLK programmé which is
co-ordinated by the Netherlands Environmental Assesnt Agency MNP. Besides
biofuels for road transport the technologies evaldian this programme include
application of biomass in stationary energy gemnanagystems and Gapture and
storage. In the BOLK programme TNO and CE Delfetbgr evaluate the Tank-to-
Wheel (= exhaust) emissions resulting from theafdgofuels in road transport. Well-
to-tank emissions in the energy supply chain fofugls are evaluated by Ecofys.

® European Air Quality Directive, Nationaal Sameriiregsprogramma Luchtkwaliteit - NSL
" Beleidsgericht Onderzoeksprogramma Lucht en Klir2888-2009
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Whereas the focus of the BOLK programme is ondingér term, i.e. emission impacts
of biofuels applied in the 2015-2025 period, SeMteem is interested in the short term
emission impacts of biofuels and a range or otheilable alternative fuels. TNO has
investigated these impacts on the basis of an sixteneview of available literature.

This report combines the results of work carrietunder the BOLK programme as
well as the contract with SenterNovem. The biofpetgect under the BOLK
programme, as reported here, is to be considerad asentory phase. Based on the
results described in this report a more in depsessment of remaining issues is
expected to be carried out in a second phase qirdggamme between May 2008 and
December of 2009.

Structure of this report

Chapter 2 of this report sketches the state-ofath@nd overall developments in the
field of conventional, fossil fuels and biofuelsshnilar picture for conventional
engine and exhaust aftertreatment technology i€ls&d in chapter 3. Chapter 4
assesses dedicated fuel-engine combinations thainaler development.

Based on conclusions from Chapters 2 to 4 one @m donclusions concerning
biofuels that are likely to be used in short amtyler term future. This is especially
relevant to narrow down the work for the assessmglainger term impacts on
emissions from the use of biofuels as reportedhapter 6.

Results of the study for SenterNovem on impactsafiuels and other alternative fuels
on emission of vehicles with currently availablegiee and aftertreatment technology
are presented and discussed in chapter 5. Possiiidets of biofuels when applied in
vehicles that may be on the market in the 2015252ibneframe are assessed in
chapter 6. Conclusions from both projects are sumsein chapter 7, while chapter 8
contains recommendations for future work, including possible set-up of an
international measurement programme to improvetipednowledge of the emission
impacts of biofuels and to provide experimentabdhtt can serve as input for
emission factor modelling.

Note that abbreviations are listed in Appendix A.

Literature

[Smokers 2004] Smokers, R.T.M. and Smit, R. (2004¢)mpatibility of pure
and blended biofuels with respect to engine peréorce,
durability and emissionsSenterNovem report nr.
2GAVEO04.01.



TNO report | 18 /158

2

2.1

2.2

2.3

Developments in conventional fuels and biofuels

Introduction

The current biofuel market in the Netherlands cgissnainly of biodiesel (FAME),
bio-ethanol and ETBE, with a small share of puenpbil (PPO) in a number of niche
applications. Biodiesel, bio-ethanol and ETBE aenty sold as blends with
conventional fuels; PPO is used as a pure fuel.é¥ew in view of the R&D efforts
currently ongoing that are aimed at developingdoethd cheaper biofuels for the
future, it can be expected that other types ofuabimay enter the Dutch market in the
next 10 to 15 years. Furthermore, due to the irsingebiofuel targets set by both the
EU and the Dutch government, it can be expectedhlegpercentage of biofuels
blended into conventional fuels will in-crease dgrthat period, as will probably the
market share of pure biofuels (100%) or high palamgmblends (e.g., E85).

This chapter provides an overview of the stateherdrt and expected future
developments with respect to conventional and kisfut starts with an overview of

the current types of biofuel available and of theiaus biofuels under development that
might enter the market in the next 10 years. Wkalsb try to assess the most likely
types of biofuels and biofuel blends that will loe $ale in 2020. This analysis is based
both on literature, expert knowledge at CE Delff &NO and on interviews with
experts.

Characteristics of current conventional fuels

In the assessment of the suitability of biofuelsuise in combustion engines and of
their impacts on exhaust gas emissions the pregesfithese fuels, both as neat fuel
and blended into conventional petrol and diesely ph important role. Fuel properties
are measurable physical and chemical characterstithe fuel. An overview of the
definition of some relevant fuel properties is give Annex B. When looking at
impacts of biofuels on engine operation and emissften fuel characteristics are
compared to those of conventional petrol and diesel

Specifications of existing conventional fuels aowgyned by international standards
and European legislation. Tables with standardiBpa&itons of conventional fuels are
included in Annex C. The actual properties of theventional and alternative fuels,
which are assessed in this report, are listed imeXrD.

Developments in conventional fuels

Important developments in conventional fuels fadeehicles over the last decade
include a strong reduction in sulphur content a agereductions in aromatics content.
According to European legislation unfesulphur levels must be lower than 10 mg/kg
(10 ppm) fuel for both diesel and petrol by 1 Jan@®09. A first reduction step was
taken in 2000 (petrol S < 150 ppm, diesel S < 3@fd)pand a second step by 2005
(petrol and diesel S < 50 ppm). Due to governmesgntives the actual delivery of low
sulphur fuel is generally a few years ahead ofdihmal requirement.

8 See: http://europa.eu/scadplus/leg/en/lvb/128G#Y.h
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According to EN590 the poly aromatic hydrocarboostent of fuels must be below 11
% (m/m) for all three sulphur content levels on iterket (350, 50 and 10 ppm).

A more recent trend has been the introduction bipwua fuel producers of new
premium petrol and diesel fuels, whereby some @fitemium diesel fuels (e.g. Shell
V-Power) contain GTL components.

Proposed changes in the Fuel Quality Directive

Introduction

The quality of the fuel distributed in Europe isreumtly regulated by EU Directive
98/70/EC. The community strategies on air qualityf an climate change require that
higher volumes of biofuels are used to replaceilfasss, in order to reduce
greenhouse gas emissions from transport. Sinceutinent directive contains fuel
guality demands that conflict with the use of derta@ofuel types, a proposal for
amendment was introduced to enable the use ofdd@fAt the same time this proposal
sets environmental and health requirements to ptekiat the introduction of biofuels
introduces other adverse effects. The proposdéisraeant to reduce the emissions of
particulate matter, mainly by reducing the maximalfowed sulphur content in the
fuel. The main changes introduced by the propo#hbes described in this paragraph.

Reviewed documents

The relevant documents that have been reviewetharmellowing:

- COM (2007) 18 final: Proposal for a Directive oétRuropean Parliament and of
the Council amending Directive 98/70/EC as reg#ndsspecification of petrol,
diesel and gas-oil and the introduction of a meisdmarto monitor and reduce
greenhouse gas emissions from the use of roawerfsels and amending
Council Directive 1999/32/EC, as regards the spetibn of fuel used by inland
waterway vessels and repealing Directive 93/12/EHE]1-2007 [EC 2007a].

- This document is not a fully revised directiveotly lists the amendments to the
original text of Directive 98/70/EC. The objectiva® clarified in the
introduction.

- SEC(2007) 55: Commission Staff Working Documentpauot Assessment of a
Proposal for a Directive of the European Parlianaemt of the Council modifying
Directive 98/70/EC relating to the quality of pétand diesel fuels”, 31-1-2007 [EC
2007h].

- This document accompanies the proposal for chatogee FQD, and forms a
basis for most of the proposed changes.

- Final rapporteur report, Committee on the EnvironinBublic Health and Food
Safety, Rapporteur: Dorette Corbey, 6-12-2007 [€pr2007].

- Regulation (EC) No 715/2007 of the European Pasdiginand of the Council of 20
June 2007 on the type approval of motor vehicléb raspect to emissions from
light passenger and commercial vehicles (Euro 5&rahd on access to vehicle
repair and maintenance information, 20 June 20@72&07c].

Directive structure
Apart from Directive 98/70/EC, there are some otliezctives that involve fuel
guality. For completeness, these are identifie@:her
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Directive 2003/17/EC is amending Directive 98/70/BGwever this mainly
concerns some changes to the allowed sulphur dantére fuel.

Before Directive 98/70/EC entered into force, thel fquality was regulated by
Directive 93/12/EEC. It was almost completely redidy Directive 98/70/EC,
except for one article. With the new proposal thasdirective will be fully
replaced.

Directive 1999/32/EC also specifies fuel qualityt this is restricted only to ships
on inland waterways.

Proposed changes to the fuel quality directive

As an introduction to the document with the proplbbamendments, the main changes
are described together with the motivation. Thetmalsvant changes for this study (in
the wording of the proposal) are:

The mandatory date for a maximum of 10ppm sulphuliésel is confirmed as
2009. This will result in lower pollutant emissiomsimarily particulate matter, as
well as facilitating the introduction of other pathnt control equipment and
provides certainty to industry.

The maximum poly aromatic hydrocarbon content aseli will be reduced to 8%
from 2009. This might result in a reduction in parfate matter and poly aromatic
hydrocarbon emissions; however the level and date been chosen to ensure that
there will be no cost from the change proposed.

To enable a higher volume of biofuels to be usggkitnol, a separate petrol blend is
established with higher permitted oxygenate confientuding up to 10% ethanol).
For the same reason, the vapour pressure limtigeased for petrol blended with
ethanol. All blends available on the market willddearly labelled. These changes
will facilitate development of the biofuel markehile avoiding the possible risks
of damage to existing vehicles. Higher emissiongodditile organic compounds

will be controlled by collecting emissions in pétstations for all fuels. The
Commission will bring forward a proposal for maratgtintroduction of filling
station vapour recovery in 2007.

A mandatory monitoring of lifecycle greenhouse gasentroduced from 2009.
From 2011 these emissions must be reduced by 1%eper This will ensure that
the fuel sector contributes to achieving the Comitglandonger term greenhouse
gas reduction goals and parallels efforts on imipgpvehicle efficiency. It will also
stimulate further development of low carbon fueld ather measures to reduce
emissions from the production chain.

The permitted maximum vapour pressure for ethaleslds has been changed in
order to allow the biofuels industry to develoghe early years. However, as base
petrol could be manufactured to allow a higher enhbf biofuels and ethanol with
a lower vapour pressure, oil companies have beateéhto develop these blends
also in Europe. When this lower vapour pressure pagrol is available in
sufficient quantities, the vapour pressure limightibe reviewed.

More concretely, the following is proposed to aghi¢hese objectives:

The vapour pressure limit for ethanol blended fsi@hcreased from 60 to 70 kPa
for those member states that experience arctievars winter conditions. For the
summer period the vapour pressure may also exbeegDtkPa limit, depending on
the ethanol content (since the relation betweeansthcontent and vapour pressure
is non-linear, see e.g. Annex D.4).

As of January 2009 member states are obliged trtrep the fuel use related
emissions of greenhouse gases, taking into comgiderthe whole lifecycle of the
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fuels. Between 2011 and 2020 an annual emissiarctied of 1% has to be
achieved. The reported greenhouse emissions (jtesfienergy) in 2020 may not
exceed 90% of the reported value for 2010.

- Demands to the fuel quality of so-called ‘high bielfpetrol’ are defined separately
(refer to Annex V of the proposal). This fuel spiieation allows for a maximum
ethanol content of 10% v/v (3.7% m/m as maximumgaxycontent).

- Important pre-requisite for the allowance of bidéu® the market is that this may
not lead in any way to an increase of negativethemlenvironmental effects. To
serve this obligation, the Commission shall byater than 31-12-2012 deliver a
report that will address a.o. this requirement.rigtieree years after that, an
updated report will be published. If necessarysé¢heports may be accompanied
by a proposal for amendment of the directive.

Draft regulation [EC 20078fpecifies the (proposal for a) revised fuel qyaift
reference fuels. In Annex IX the reference petnel for type approval testing is
specified to have a volumetric ethanol content%f(&5), while the diesel reference
fuel needs to contain 5% FAME (B5). For flexiblefwehicles also other reference
fuels are specified (E85 and —provisionally— E7&/Bio-methane G20 and G25).

Impact assessment

An Inter Service Group was established in April 280 prepare the Impact Assessment

that would accompany the proposal for changindgukkequality directive. The

Directorate generals AGRI, ECFIN, ENTR, JRC, SG,TREN participated in the

group. Important recommendations of this assessarerthe following:

- In contrast to the EN590, no limit on the maximuAME content in biodiesel is
set.

- There is no need to define quality specificatiarshfydrogen, emulsion fuels and
DME.

- The PAH content can be lowered from 11% to 8%.

- The maximum allowed ethanol content is 10%. This igmit car emissions and
ensure fuel compatibility with the existing vehidleet. Ethanol is incompatible
with some vehicle fuel systems, so a fuel thataiastethanol can only be
permitted as a separate blend for compatible vehiGince NQemissions may
rise for vehicles on a high oxygenated fuel, theimam ethanol level is limited to
10%.

- Itis undesirable to make an exception for a higlagour pressure to allow the
blending of ethanol, since this is not technololfjazeutral. Since ethanol suppliers
are in direct competition with both ether suppligrg). ETBE) and other biofuels,
this would de facto favour one production pathweagramthers.

These recommendations have largely been followdideiproposal. The only
remarkable exception is the last point, on the énglilowed vapour pressure for
ethanol blends. The consultants estimated thatremel blend that meets the 60kPa
requirement by extracting the volatile componerasifthe base fuel would increase
the production costs by 0.14 €cents per litre. &lage also indications that the total
cost to fuel suppliers of using ETBE as a routerioorporating ethanol in petrol is
lower than direct ethanol blending. A major fagtothis may be because ETBE has a
higher value as a blending component and createsr feonstraints in distribution.

® See Annex IX of the document that can be dowrdddtbm:
http://ec.europa.eu/enterprise/automotive/catp_imggtagenda9l/euro_5_and_6_comm_regulation.pdf
See also Annex C.6.
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Issues and positions

There are questions concerning the claimed tafgetocing 10% of the fuels’
lifecycle greenhouse gases by this proposal, eslhesince there is also other existing
or upcoming legislation to reduce g@&missions or to encourage the use of biofuels
and other renewables. Issues surrounding this h@geéttare:

How should efforts of fuel suppliers to cut greemém gases before 2011 be
accounted for?

The 1% per year target is seen as overly rigiceralitively this could be achieved
in a more flexible way by two five year stages wathinterim goal of 5%, or by a
2% reduction every 2 years.

The fuel suppliers and oil producers fall underfEweEmissions Trading Scheme,
which is already an incentive for them to cut gremrse gases, so some argue that
no further legislation would be needed. Furthermiags than 15% of the fuel
related greenhouse gases is associated with thprwdiction, while the remainder
is produced by using the fuel. On the other hamd,groposal sets an absolute
target, while fuel suppliers can also decide ta@pase emission rights in the ETS.
Therefore, both obligations seem complementarycantradictory, but there might
be some overlap.

There are also those that embrace the 10% target alternative for the
requirement of 10% biofuels by 2020. They claint thés requirement gives too
much weight to the biofuels path, while a Q@duction may also be obtained by
improving vehicle technology, or by employing otlesiergy sources (e.g. green
electricity). A CQ-based target would therefore be more technologyrale

Various stakeholders have expressed the followamgerns™

There are concerns that quantitative targets foathount of biofuels alone could
encourage fuel suppliers to invest in cheaper butenmentally harmful biofuels.
Dutch Socialist MEP Dorette Corbey says legallydivig criteria on how biofuels
must be made should be included in the directitkef3 have questioned if the fuel
quality directive is the right place for such crige

On November 27th 2007, Parliament’s environmentrodtae approved a number
of basic biodiversity and social criteria for tpigsrpose, as well as the requirement
that the life-cycle CO2 savings of biofuels woutdeast be 50% with respect to
fossil fuels in order to be counted for the 10%¢ar However, these criteria are not
yet into force, so separate criteria will be neeeitie meantime to prevent the
lifecycle reduction obligation causing unsustaiegioduction of biofuels.

The European Petroleum Industry Association Eurspessed the inconsistency
between promoting higher quality fuels and biofueighe one hand and the
introduction of a lifecycle approach on the otlsaying that such an approach
would put highly-upgraded refineries, capable ofenmomplex conversion
techniques, at a disadvantage because they aremdiee energy-intensive, and that
this would ultimately create a "perverse incentife'the incomplete and

inefficient conversion of crude oil.

The European Bioethanol Fuel Association (eBlO)negdrthat this proposal may
form a political barrier to the development of segtgeneration biofuels. They
explained: “Focusing solely on the greenhouse gangs of biofuels leaves other
sustainability concerns out of the equation. Bitfwath relatively high greenhouse
gas savings, such as Brazilian bio-ethanol, aree@o¢ssarily produced in an
environmentally sustainable manner.” In order wrass this situation, eBIO

10 see: http://www.euractiv.com/en/transport/reviawfeel-quality-directive/article-167990
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believes the solution is to subject only fossill$uand not renewable fuels, to the
10% lifecycle greenhouse gas reduction goal. Th&y@commend including an
obligation for the car manufacturers to raise thimum capacity for biofuel
consumption.

- The manufacturers association ACEA welcomed tleeyitle approach, since they
feel that also the fuel suppliers should take tresponsibility. They feel that until
now the Commission has focused too much on theleetdchnology.

Presently available biofuels

Introduction

The term biofuel covers a number of different fubkst may be produced from different
types of biological feedstock (biomass). The bifwirrently on the market are often
called “I* generation” biofuels, while a number of*“2jeneration” biofuels are
currently under development.

There is some confusion about the definition oféhgenerations, but in most casés, 1
generation biofuels are considered biofuels thapanduced from food crops, such as
wheat grains, sugar beet, sugar cane, maize, egpefer sunflower oil. These biofuel
products thus compete for their feedstock direstth the food industry, which has, in
the past few years, caused price increases ofaefdhese commodities.

The 2¢ generation biofuels are generally produced fromfo@d biomass, such as
woody biomass (straw, waste wood from forests pwi/lmiscanthus, etc.) and waste
streams such as used frying fat or organic houdehaste. Especially the conversion
of woody types of biomass into a high quality lidjfiiel is technically more complex
than conversion of plant oil or crops with high augr starch content. These biofuels
are still in the R&D stage. The processes are ntlyrbeing demonstrated, tested and
improved in small scale production or test fa@hti Biodiesel production from frying
fat is already being done commercially. Contrarwtmt the terms®*land 2
generation biofuels may suggest, apart from ethadhnese new technologies are quite
different from the current ones.

Biofuels are more expensive than their fossil cerpsrts, the current market is thus
created and strongly determined by governmentigsliétn response to the EU biofuels
directive 2003/30/EC, the Netherlands started \githe-scale biofuels policy in 2006.
In that year, the fuel tax was reduced for biodiase ethanol/ETBE, and a number of
PPO projects were granted tax exemption. This tesirh biofuel sales as shown in
Table 3, replacing 0.3% of all petrol and diesédsan 2006.

Table 3 Total biofuel sales in 2006 the Nethersand

million litres
biodiesel 18.5
bio-ethanol/ | 30.1
ETBE
PPO 2.3

Source: Rapportage over 2006 ingevolge artikekdste lid, van richtlijn 2003/30/EG ter bevordgrin
van het gebruik van biobrandstoffen of andere leembare brandstoffen in het vervoer,
VROM, 2007
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From 2007 onwards, the tax exemption was replagedtibofuels obligation, setting a
minimum biofuels share for each year from 2007 (888010 (5.75%). This will be
discussed further in section 2.9. Actual sales ftatd007 are not yet available, but it is
expected that the 2% biofuel obligation of thatryleas been met (for both biodiesel and
bioethanol/ETBE) It is expected that these shailtsnerease further after 2010, up to
10 or 20% in 2020, though there is currently afadebate about the sustainability of
current biofuels (mainly regarding greenhouse gdsction and potential impact on
biodiversity) and their effect on the global foodnket.

Current biofuels

The current biofuel obligation of 3.25% (in 2008)lwost likely be met by bio-diesel
(FAME) and bio-ethanol or ETBE, blended into coni@mal fuel (petrol and diesel) up
to the limits the fuel specifications allow. These currently the biofuels that can be
produced and blended using well established prese8sodiesel and bio-ethanol can
be blended into diesel and petrol respectively, ETBN replace the petrol additive
MTBE. However, base fuel properties (i.e. the flossinponents of the blends) need to
be adapted to some extent when these fuels aréduleim order to keep the resulting
blend within fuel specifications.

Current fuel specifications allow blending of ups (by volume) biodiesel and bio-
ethanol, and up to 15% ETBE in the standard patrdldiesel that is being sold. For
100% biodiesel separate specifications have beeglafed (see e.g. DIN EN 14214)
In a recent proposal of the European CommissionZ8@A], new fuel specifications
are proposed for 7% and 10% biodiesel, in ordengble oil companies to meet the
higher future biofuel targets. The 2007 proposaktftanges to the Fuel Quality
Directive, summarized in section 2.4, containsa@ppsal for specifications for the base
fuel for a 10% ethanol blend.

These fuels can be produced from a wide rangeoohdss sources. Biodiesel requires
plant oil as a feedstock, and is currently maintydaced from rapeseed oil in the EU,
with some sunflower oil, soy oil and palm oil asliw&he specifications of the final
product depend on the plant oil used, and rapdsaefavourable characteristics to
meet the standard.

In addition to these, a number of other biofuels carrently be produced that have not
(yet) achieved a significant sales volume or masketre, for various reasons. These
biofuels are:

- pure plant oil (PPO) or virgin plant oil (VPO), mbi rapeseed oil in the Dutch
situation. PPO can be used in adapted diesel eshiltican not be blended in
diesel, and is thus only used as pure fuel. Thelbgbvernment has awarded tax
exemption for a limited number of PPO projects. Séhare now sold at a limited
number of pumps, and used in dedicated (adaptéxt)led™;

- biogas, from land fill sites, fermentation of ma@ar crops such as maize (the
latter often in combination with manure);

- bio-methanol;

- ‘renewable diesel’, a diesel fuel produced withrting hydrotreatment of either a
mixture of diesel with plant oil, or of pure plait. Also referred to as HVO (hydro
treated vegetable oil). As this option is notgedilable in large quantities but does

" For example, the road sweeping trucks of Venloppét and Leeuwarden have been adapted to use PPO
(www.senternovem.nl/gave).
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seem a promising candidate for the near and loteger{uture, it is discussed in
section 2.6 on “Future biofuels”.

In the following, a brief overview of the varioumfuels is provided, describing the
main feedstocks, conversion processes etc. Mooeniation on these processes can be
found for example in [IEA 2004], [WI 2007] or [RefLi2008].

1% generation bio-ethanol

Ethanol is currently produced from feedstock thmattains sugar or starch. Currently,
most ethanol is produced from sugar cane, sugaywheat and corn. The ethanol is
produced from the fermentation of sugar by enzypneduced from yeast. When sugar
crops are used, the sugar first needs to be renfomedhe rest of the crop, after which
it can be fermented. When cereals are used asdekdthe starch first needs to be
separated. After that it is converted to sugardligly enzymes), which is then
fermented. The final step in both processes idipation of the ethanol, and removal of
the water.

Bio-ethanol can be blended with gasoline. Mostgeiars in Europe can run on
ethanol blends of up to 10%, but many car manufaciuwithdraw the warranty if
blends higher than 5% are used. An increasing nuofl@ar manufacturers now offer
flex fuel vehicles (FFV) that can run on petroltwitp to 85% ethanol. So far, only a
very limited number of these FFVs have been sottiénNetherlands.

In the Netherlands, most of the ethanol consumedoiduced from sugar beet and
wheat. The price of ethanol from sugar cane froazBis lower than that of European
ethanol, but import tariffs currently prevent laggmle import of that ethanol here.

Biodiesel / FAME

Biodiesel, a term generally used for fatty mettstees (FAME) is produced from oils
or fats. The feedstock can be vegetable oils satha of rapeseed, sunflower, soy,
palm etc., used frying oil or animal fat. To produmodiesel, the oil or fat needs to be
filtered and pre-processed, after which it is miwéth an alcohol (usually methanol)
and a catalyst, for transesterification. The charéstics of the biodiesel will depend to
some extend on the type of oil or fat used as dsteek.

The biodiesel can then be blended with dieselsedwas neat (100%) fuel in engines
suitable (in many cases adapted) to run on nedidsiel. Most conventional diesel
engines can run on blends up to 10 or 20%, bualhoar manufacturers provide
warranty if blends higher than 5% are used. Blafits/e 20% often require
modifications of the engine, since some rubberspzah be sensitive to the biodiesel.

In the Netherlands, most biodiesel is currentlydpiced from rapeseed oil, but plans for
a large palm oil biodiesel plant in the Rotterdassaare in an advanced stge

Biogas

Biogas, upgraded to natural gas specifications peanlended with natural gas, and
used in CNG vehicles, as is currently done e.ylatmd, Sweden. In the Netherlands,
biogas is not yet used in transport, mainly dughéovery limited use of natural gas for
transport and the costs involved. Biogas, howaserchieving more attention,

12 http://gave.novem.nl/gave/index.asp?id=25&detARE
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especially in relation to the plans of several Dutties to apply natural gas in buses
for public transport and to convert their municifiaéts to natural gas.

For application of biogas in CNG vehicles it is netessary that the biogas is
physically used in the vehicles. It is also posstbl buy the biogas using green gas
certificates, whereby the vehicles are fuelled wiltural gas from the grid at the
location of vehicle use, while the contracted b®igamixed into the grid at the location
of production.

Bio-methanol

Bio-methanol can be produced through gasificama has similar characteristics to
ethanol. However, not much effort has been putangto promote the production and
use of bio-methanol, mainly because of its toxjaiygressiveness to materials and low
energy content. Car manufactures do not allow nmethia current vehicles.

It should be mentioned here that methanol mighd heel for the longer term future,
since it could be a suitable fuel for fuel cell idds. The methanol then needs to be
reformed on-board to hydrogen.

Future biofuels

A number of different biofuels are currently underestigation or in the phase of pilot
plants. Some of the R&D is directed at producirgdhrrent biofuels with different
feedstocks, some R&D aims to develop new routeaderof the current feedstock, and
other R&D efforts investigate new routes for thedurction of biofuels altogether:

- Probably the most well known R&D into existing pesses but new feedstock is
the development of ligno-cellulosic ethanol. Tligthanol produced from woody
biomass, such as straw and grass, forest resieliezes,

- For biodiesel, efforts are aimed at using alga& f@edstock, or plants such as
Jatropha. R&D is mainly aimed at improving cultieat of the biomass, not at the
production of the fuel itself (the technology islleown, also for these new
feedstocks);

- BP is currently investing in the development offagess to produce bio-butanol,
from feedstock such as wheat. Butanol is somewidlias to ethanol, but has more
favourable characteristics (closer to the propgxiepetrol), providing advantages
both for the blending into petrol and for its useéhe current car fleet;

- Fischer-Tropsch biofuel is anothéef Beneration biofuel currently under
investigation and testing. It can (in theory) caheelarge range of bio-mass into a
synthetic fuel (petrol, diesel, kerosene, etc)e Tthnology of gasification and
Fischer-Tropsch synthesis is proven technologgdéat and gas (coal-to-liquid,
CTL, and gas-to-liquid, GTL), but is still in the&® stage (pilot plant) for biomass
(BTL, biomass-to-liquid);

- One can argue that the ‘renewable diesel’, alr@aglytioned in the previous
paragraph, is also still in the R&D phase, sinds fuite a new technology
(although already in operation in a small numberetiheries worldwide);

- In the Netherlands, efforts are also being direetadaking the hydro-thermal
upgrading process operational. The HTU processisarwet biomass as a
feedstock, and produces a crude oil that can teesohverted to diesel,

- Hydrous ethanol is ethanol with water content highan the 1% seen as maximum
in standard, anhydrous ethanol. It has the advantes it does not require
dehydration, saving cost and significantly redugingcess energy use. In current
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gasoline separate. Research is currently ongoingate blending possible, for
example by the Dutch company HE Bletfd3hey report successful tests with
ethanol/gasoline blends with up to 50% ethanol,revtiee ethanol has a water
content of up to 10%.

Biofuels that can convert cellulosic biomass aterotalled # generation biofuels.
Cellulose based feedstock is much more resistamgitay broken down than the
feedstocks used today for biofuel production, bhs a number of advantages over the
current types of feedstock: it can be cheaperetlseless competition with food, and the
greenhouse gas emissions during cultivation ofékdstock are generally less due to
lower fertiliser requirement. A number of compartte®ughout the world are therefore
putting a lot of effort into investigating methaisconvert this feedstock to a liquid
biofuel. There are two primary pathways to pre psscthese cellulosic feedstocks:
thermo-chemical and biochemical conversion (seexfample [WI 2007] for a brief
description of these routes). The first is typigalsed for the Fischer-Tropsch biofuel
route, the latter for cellulosic ethanol production

Cellulose-based bio-ethanol

Cellulose-based ethanol has exactly the same chkatimposition and properties as
current ethanol. The difference is in the feedstadkich may be any type of biomass
with a high content of cellulose or hemicellulosech as straw or other crop residues,
grasses, trees, forestry waste, etc.

The cellulose first has to be converted to fivesigtcarbon sugars via a process called
saccharification. Various types of saccharificatima currently being developed by
different researcher institutions and companiesrntial, chemical and biological
processes are being considered. The resultingsugarthen be fermented and
distilled, with the use of specific organisms. et} research is also aimed at
developing a combined process, “consolidated bigssing” (CBP) in which the
saccharification and fermentation take place ingigp, i.e. in one reactor. The lignin,
the third major component of this type of biomass) be used as an energy source, for
example to power the production process.

There is currently no large scale commercial cedlid ethanol production in operation,
but various governments, most notably the US anth@a, attempt to speed up these
developments with significant financial support.

Bio-butanol

Butanol can be produced from biomass by fermentatiing the A.B.E. proce¥sThe
process uses the bacterium clostridium acetobutylicThe process also creates a
recoverable amount of+and a number of other by-products such as adatit; and
propionic acids, acetone, isopropanol and ethdr.difference from ethanol
production is primarily in the fermentation of theedstock and minor changes in
distillation. The feedstocks for butanol are theeas for ethanol: energy crops such as
sugar beets, sugar cane, corn grain and wheatlbasaagricultural by-products such as
straw and corn stalks. According to DuP@nexisting bioethanol plants can cost-

3 http://www.heblends.com/
14 See: http://en.wikipedia.org/wiki/Biobutanol
15 See: http://www.dupont.com/ag/news/releases/BP obulFact_Sheet_Biobutanol.pdf
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effectively be retrofitted to biobutanol productid@urrently also processes are under
development to produce biobutanol using algae.

Butanol has significant advantages over ethanol:
- higher energy density
- due to that higher blends possible in conventiengines
- less impact on volumetric fuel consumption
- no segregation of water if blend falls below 10%
- lower vapour pressure
- as aresult no or less likely poisoning of carbanister and thus less risk of
increased evaporative emissions.

“Renewable diesel” or hydrotreated vegetable oil

“Renewable diesel” is a term mainly used in theBuSproduction is increasing
worldwide. It is currently being produced by ConBubillips in the US, by Petrobras in
Brazil, and by Neste Oil, in Finland (see e.g. [WSED07]). The first two use a
process in which diesel is mixed with animal faptant oil, the latter uses pure plant
oil as feed-stock and is known by the name of NBXBT

NEXBTL and other renewable diesels, also refereakstHVO (Hydro-treated
Vegetable Oil), are produced in a vegetable oihnef) process, which entails direct
catalytic hydrogenation of plant oil. The plantwifjlyceride is converted into the
corresponding alkane. As the glycerol chain ofttlidyceride is hydrogenated to
propane, there is no glycerol side stream. Thega®oemoves oxygen from the oil so
that the resulting fuel is not an oxygenate. Tiselteng fuel has specifications very
close to that of conventional diesel, so thatduiees no modification or special
precautions for the engine.

Synthetic biofuel from the Fischer-Tropsch process

Using the so-called Gas-To-Liquid (GTL) technolagig possible to produce liquid
fuels from synthesis gas. This synthesis gas cabtaned by means of gasification
from a variety of feedstocks including coal (caalijuid, CTL), natural gas (GTL) and
biomass (biomass-to-liquid, BTL). From the syng&sel is produced using the
Fischer-Tropsch (FT) process.

16 See e.g.: http://www.nesteoil.com/default.asp?gh#il,539,7516,7522
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Figure 2.1 The Fischer-Tropsch process for prodnaif synthetic fuels

The FT-process produces a mix of outputs with vayghain lengths. The composition
of this mixture can be influenced by variation odgess parameters. The maximum
share of diesel in the output of the synthesisgssds about 20%. A higher diesel share
can be obtained by cracking of the higher alkangka mixture. The other outputs
besides diesel, however, also have market valgeas.result of their high purity.

Synthetic diesel from the FT process is a premiuehfvith zero sulphur and high
purity.

DME

Dimethyl ether (DME) is a gaseous fuel that captoeluced from syngas from fossil
sources, but also from a variety of biomass souinekiding wood, waste and
agricultural product. It has been used for decades as a benign aprogellant,

more recently its potential as an automotive faddging explored. Its vapour pressure
is similar to LPG, and it can be contained as aidi@t relatively low pressure, but it
requires special sealing materials in the engineh(sis metal-to-metal sealing) since it
dissolves most standard sealing materials usdteiawtomotive industry.

DME can be used in both gasoline (30% DME/70% LB®) compression ignition
(diesel) engines. Research is mainly focussingppfiGation in diesel engines, and
optimisation of diesel engines to DME, becauséneirthigher fuel efficiency and the
emission benefits that the DME can provide. Rogdstare ongoing to test its
durability, performance and practicability [W1 2Q07

DME production is not yet taking place at largelscaainly due to the high cost
(compared to CNG). Also vehicles with DME engine aot yet commercially
available.

¥ For more information on DME, see http://www.alsbue.org
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Chemical components and characteristics of biofuels

An overview of the characteristics of the biofudilscussed above is presented in
Annex D. Recently proposed standards for highergreage blends of ethanol in petrol
and biodiesel in diesel are listed in Annexes @d @.5.

Considerations regarding the impact of the producion and distribution
infrastructure on (bio)fuel characteristics

Not only the production but also various stepsmdistribution and storage determine
the properties of the fuel before it is used invbkicle’s engine [Kattenwinkel 2008].

In general the fuel industry is limited in the nuenlof fuel grades it can handle.
Offering multiple low-percentage blends (e.g. BExtrto B7 and E10 next to E5) is not
preferred. Every additional grade introduces addél risks of contamination and
resulting high damage costs. Niche fuels are atsé@referred but generally easier to
handle. These are often offered by smaller spseidlcompanies.

Refinery products are made in batches. During prasnd distribution these batches
can not be fully separated. There will always baedevel of mixing with other
batches. "Empty” fuel storage tanks usually stithtain about 10% product so that
transfer of a batch from one storage tank to amatheses mixing. At a fuel producer’s
depot usually also “comingling” takes place witlogucts supplied by third parties.
Fuel producers make large efforts to properly mareagl control distribution chains in
order to guarantee that the product delivereddcctistomer meets the
expected/required specifications.

In the distribution and storage of ethanol and malipetrol blends the following

aspects require attention:

- Ethanol and ethanol/petrol blends are hygroscaater in the fuel can cause
corrosion and may lead to segregation;

- Terminal blending of ethanol is considered besttira. This eliminates water
sensitivity issues in the refinery and the primdistribution system. Pipeline
shipment of ethanol/petrol blends is usually netctical because of the risk of
water pickup. Terminal blending also allows betientrol of the blending ratio;

- To keep the vapour pressure within the allowed ifpatons a low vapour
pressure base fuel is necessary;

- One must ensure that all materials in the distidimusystem are compatible with
ethanol. It is recommended to add a corrosion itdrito the ethanol.

In the distribution and storage of biodiesel armt@sel/diesel blends the following

aspects require attention:

- The low temperature properties of biodiesel mayeaegregation of the fuel and
filter plugging.

- Ideally blending should be carried out at the ®fininto warm product run-down
to ensure thorough mixing and dissolution of cdddvfadditives. Terminal
blending requires special precautions. The based{®BOB) may need cold flow
guality margin to ensure that the finished blene&ts&N590 climatic
requirements. Cold flow additives may need to hected. Splash blending into
ships, barges, etc. is not recommended due teudliifts in guaranteeing
homogeneity across all tanks. Also temperature iiond and the presence of
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water can cause haze problems. Splash blendirtgefunbre has poor cold flow
additive mixing conditions and limited opportunity thorough testing of finished
blend;

- The stability of biodiesel is worse than that ofieentional diesel. This gives
problems with long term storage. Fuel may furtheeraxidize in the vehicle’s fuel
tank.

Policy and legislation for biofuels

EU legislation and policy

In 2003, the EU agreed on directive 2003/30/ECthenpromotion of the use of
biofuels or other renewable fuels for transportisTdirective states that Member States
should ensure that a minimum proportion of biofuglglaced on their markets, and set
indicative targets for 2005 and 2010, namely 2% ®i@8% respectively. This directive
is the main driver for all recent biofuels actig#tiin the EU.

In 2007, the European Council decided on a 10%ubidfrget for transport in 2020

(subject to production being sustainable, secomageion biofuels becoming

commercially available and the fuel specificatibeing amended accordingly to allow

for adequate levels of blending (SEC(2008) 85/3 f08b]. The European

Commission therefore recently published a propfusead binding biofuel target of 10%

in 2020, in the EU (COM (2008) 19 final [EC 2008alhis proposal also sets out a

route to enable the sales of higher percentagesi®l®y:

- defining diesel fuel specifications for 7% and 1bBadiesel/diesel blends

- obliging Member States to ensure that diesel faeigying with the 7%
specifications is made available by 31 Decembef2bifilling stations with more
than two pumps that sell diesel fuel

- obliging Member States to ensure that diesel faeigying with the 10%
specifications, or other diesel fuel with at |€8%i biofuel content by volume, is
made available by 31 December 2014, in fillingisteg with more than two pumps
that sell diesel fuel

It also aims to promote second generation biofusistating that biofuels produced

from wastes, residues, non-food cellulosic mateaiadl lignocellulosic material shall be

considered to be twice that made by other biofuelthe next months, this proposal

will have to be discussed by the EP.

Biofuel strategy in the Netherlands

In the Netherlands, specific biofuel targets haeerbset for the coming years, as shown
in Table 4 (% by energy content). It is expecteat these targets will be met mainly by
blending biodiesel into diesel, up to the maximunrently allowed in the diesel fuel
specifications (for both petrol and diesel, a maxmof 5% by weight is allowed), and
by blending ETBE or ethanol into petrol. These esutquire the least modifications to
the current fuel infrastructure, and they do nguiee changes to the car park (i.e.,
dedicated vehicles).
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Table 4 Required content (energy base) on macte e€hiofuel in petrol and diesel in The
Netherlands
Minimum share
in the total amount of fuels in petrol in diesel
sold for road transport
2007 2% 2% 2%
2008 3,25% 2,5% 2,5%
2009 4,5% 3% 3%
2010 5,75% 3,5% 3,5%

Source: Besluit Biobrandstoffen, Staatsblad, 2006

In the future, the biofuel targets are expectedst further, which will lead to either
higher biofuel blend percentages or dedicated blofahicles. As mentioned above, the
EC has recently proposed to set an obligatory mimrarget of a 10% share of energy
from renewable sources in transport, in 2020, &mheMember State. The Dutch
government may even go further than this, sineaiiounced in 2007 that it will
investigate whether a 20% share is feasible in ZURIDM, Schoon en Zuinig, 2007).

Biofuel strategies in other EU member states

Some European countries had implemented biofudisigmprior to the EU directive
2003/30/EC, but most EU Member States set their lmefuels targets, and
implemented policies in the past few years. Pdigi@y strongly from country to
country, ranging from subsidies for biofuels proehs; to fuel tax exemptions, to
biofuels obligation®. It is currently not expected that the target @586 will be met in
all EU Member States in 2010; Eurobserver predidi®fuel share of about 4.2% in
2010 within the EU [Eurobserver 2007]. However fiaé production and consumption
have clearly increased strongly within the EU ia ffast years (the biofuels share was
only about 1% in 2005), and the growth is expetbecbntinue, as is shown in Figure
2.2.

[ Bio-diesel [ Ethanol = (ilseeds for bio-digsel
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Figure 2.2  Ethanol and bio-diesel use in the EUktolic trends and future prognosis [OECD 2007]

18 Details about the policies and targets adoptehdrvarious EU Member States can
be found at http://ec.europa.eu/energy/res/legisidiofuels _members_states _en.htm
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Note: Ethanol and bio-diesel data before 2006 refer dalpetion, from 2006 to 2016 to
consumption.

Biofuel strategies worldwide

Brazil was the first country worldwide to adoptiafbels strategy, with an ambitious
bioethanol program that was started in the 1976isgusugar cane as feedstock). This
has resulted in Brazil being the world’s main b&lfproducer, and production is still
increasing now that the global demand is growing.

More recently, ambitious biofuels targets and pediare also adopted in many other
countries worldwide, in all continents [WI 2007}. the US, for example, the
Renewable Fuels Standard (RFS) was adopted asfjthet Energy Policy Act of 2005.
The RFS adjusts fuel standards in favour of ethandlother biofuels, provides tax
incentives for E85 refuelling stations, and setseéased mandated biofuel consumption
guantities. Most biofuels currently produced andstoned in the US is ethanol from
corn, although recent policies are also aimedatasing the consumption of biodiesel.
In addition, the research, production and conswngif new types of biofuel (mainly
cellulosic ethanol) are explicitly promoted by tH8 policies. Many Asian countries,
including China, India and Japan, have now alsbisétel targets and implemented
biofuel policies such as tax exemptions.

2.9.5 Pure versus blended biofuels

There are a number of options to meet a futuregabtin of up to 10 or 20% biofuels:

- First of all, there is uncertainty about what typéiofuel will be available on the
market in 2020, and at what cost. This will dependssues such as supply and
demand of the feedstock and technological develogsr@ the various biofuels
currently under development. But also on policigshsas support for'2generation
biofuels, import tariffs for non-EU biofuels, suisiability criteria, support for flex
fuel vehicles or other types of policies to enahkesales of high percentage blends,
etc.

- Secondly, it is as yet uncertain whether thesedrighares will be achieved by
large-scale blending of these percentages of dofodhe general fuels sold, or if
part of the fuel market will remain low blends arre fossil, and a separate vehicle
market develops that tanks very high percentagbgfiiels, such as 100%
biodiesel or E85. This depends on cost of bleng@gure biofuel distribution, but
also on the characteristics of the biofuels avé&laibn2020 and the characteristics of
the 2020 vehicle park. The latter two issues ddtexwhether there are any
technical limitations to use high percentage bléndke whole vehicle park, or
whether separate fuel/vehicle systems need tothgs&overnment policies may
also be a strong determining factor in this, faaraple through promotion of E85
and/or B100 vehicles or vehicle regulation, or tlyto promoting biofuels with
properties similar to current fossil fuels.

Sustainability criteria for biofuels

Now that the global biofuels demand has grown fianitly in a relatively short period
of time, it is broadly recognised that there anees& sustainability issues that need to
be addressed. For example, some specific biofuelfoand to emit more greenhouse
gas emissions than the fossil fuel they replacedgus life cycle analysis approach).
NGOs and scientists have draw attention to thewtggin of rain forest to convert the
area to oil palm plantations, and prices of comuieglsuch as corn and cereals are
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found to increase significantly, creating seriousbpems for the poor that depend on
these food products.

The Netherlands, the UK and Germany have theréfie@ to develop sustainability
criteria for biofuels. In the Netherlands, theders$ have led to a report by the
commission Cramer, in which sustainability critdnabiomass were proposed (to be
applied for both biofuels and bio-energy). As ddwelup, CQ-tools were developed
with which the greenhouse gas emissions of spdeifidstock-to-biofuel and bioenergy
chains can be calculated. In line with these deraknts, the EU has recently included
a number of sustainability criteria in the propasalithe promotion of renewable energy
[EC 2008a].

Implementation of ambitious sustainability critecen be expected to limit the biofuels
supply, since some of the current feedstocks dubis on the market may be excluded.
They may also increase the cost of the biofuelthemmarket, due to scarcity and
perhaps also due to higher production cost of Busdile versus unsustainable biofuels.
This may lead to the EU (or its Member Statesjragtower targets.

Another effect may be that some types of biofuedsexcluded. One of the main
criteria in the proposal is the requirement thafuels must achieve a minimum GHG
reduction (well-to-wheel). In the proposal, thisimium is set at 35%, and one might
expect that this minimum may increase in the futliré is increased above about 60 or
70%, it may be very difficult for first generatigourrent) biofuels to meet this target.
This will result in much higher shares of biofustsm waste or cellulosic feedstocks,
compared to the situation without this criterion.

It is too early to draw any definite conclusiongabthe impact of these criteria (and
the broader sustainability discussion currentlyaing) on the future biofuels volumes
and types. The discussion on the exact definitidhecriteria is still ongoing, and we
would expect that biofuel producers may find wayseiduce the GHG emissions (and
sustainability in general) of the current biofuetse these criteria have to be met. In
more general terms we can conclude, however, lleaetdevelopments will lead to
increased efforts into R&D and market implementatié biofuels from waste and
lignocellulosic biofuels (i.e. into Fischer-Tropsahd cellulosic ethanol). We would
also expect that the proposed target of 10% bisfure2020 [EC 2008a] will not be
exceeded, and may even be lowered in the coming.yea

Economic viability of biofuels

Besides criteria with respect to e.g. applicabilityarious engine types and Well-to-
Wheel greenhouse gas reductions the economicgiofigabiofuels will be a decisive
factor fir their future success. For users thesmemics are mainly related to impacts
on fuel costs. For governments the economics ebwaroptions, together with their
Well-to-Wheel greenhouse gas reductions, also mierthe CQ abatement costs, i.e.
cost effectiveness of biofuels with respect to gheeise gas emission reduction.

Cost effectiveness of biofuels will strongly depgrh the policies applied to promote
biofuels, the scale of production and the assatietst developments and the price of
oil.
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If insight in the economic viability turns out te lorucial for the determination of the
most likely fuels to be considered for the 201322 period, this aspect may be
studied in more detail in the follow up of this jmct. For the moment, however, the
hypothesis is that not cost but policy will be thain determinant for the choice of
specific biofuels.

Fuel industry perspective

From the perspective of the fuel producing induiteychoice of biofuels is determined
by yet different criteria. For this industry alsonsiderations regarding system
integration, system efficiency and value of by-protd are important.

Transport fuels form about 50% of the end produgpuat of a refinery [Kattenwinkel
2008]. This includes petrol, diesel, kerosene aait fuel oil for shipping. The shares
of different fuel outputs can be varied by changimgrefinery process design, by
varying process parameters and by treatment d@dilinéfinery products (e.g. cracking
of heavier fractions into lighter fractions). Evegfinery has its optimum fuel output
mix and changing this mix goes at the expense efailvefficiency. Over the last
decade, however, the demand for diesel has shagbased in Europe due to the
increased popularity of passenger cars with Dlaliesgine. This has resulted in a
diesel shortage in Europe. At the same time thén&kSa petrol shortage and diesel
surplus, resulting in a vast amount of fuel tradamgl transport between Europe and the
US. The diesel shortage in Europe makes that Earofugel producers are more
interested in biofuels that can be blended witheptace diesel then in alternatives for
petrol.

From a system perspective it may furthermore bedateeesting to integrate biomass
feedstocks into the conventional refinery procésshe moment this option would not
yield biofuels that would be acknowledged as suadrelation to the biofuel share
obligations under the Biofuel Directive becauséhim output of a refinery that uses
fossil and biomass feedstocks it is not possiblaliel which share of the various fuel
outputs is biofuel. The objective for 1% p.a. rethrcof lifecycle CQ emissions, as
included in the recently proposed amendment oftkequality directive, would allow
this option to be accounted for as a,&&duction technology.

Further details of considerations that are relef@nthe choice of biofuels from an
industry perspective may be investigated in thia¥olup of this inventory project.

Drivers for the fuel mix for the future

Some considerations on drivers that determineuted fuel mix are discussed below.
The fuels that will play a role for transportatiorthe future will depend on a number
of market drivers. These drivers generally originfadm the industry, who tries to

negotiate favourable conditions for these fuelsftbe government. These favourable
conditions can include (with existing examples):

- fuel tax exemption CNG, biogas, LPG
- financial support for infrastructure CNG, biogas
- financial support for vehicles CNG, biogas (LPG)

- direct support for R&D programs oH
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The government (EU and/or national government)visg this support because they
believe that a fuel is important from e.g. an ecenitoor environmental point of view.
The car industry basically makes available thoselyets of which they believe that
they can be sold for a number of years and whightrdontribute to a positive brand
image.

The drivers for a number of fuels are presenterthiole 5. It can be concluded that
government support or legislation plays a key folemany fuels. Without government
support, there would not be many LPG and CNG vekiahd the quantity of FAME
and ethanol used would only be a fraction of whist now. The question is: is the
government supporting the fuels, which can redHy ja significant role in the future?
That means: will there be sufficient quantity, wiibod environmental impact and costs
and will the costs of infrastructure and vehiclescbmpetitive?

Table 5 Overview of drivers for several fuels
Fuel Drivers
FAME, ethanol, ETBE It is available;

Push form agricultural sector;

Govern mandates min blend in standard fuel,

Pull from vehicle users / society.

Synthetic diesel: BTL, HVO | Oil companies are positive, due to good compatybili
(e.g. NExBTL) with standard fuels;

Car industry is positive due to good compatibnitigh
standard fuel.

Synthetic diesel: GTL Push from oil companies;

Used as blend to upgrade standard fuel or as pure
environmentally friendly fuel

Biogas, CNG (LNG), LPG Government push: tax exechpgémulation of
infrastructure;

Push from (parts) supply industry;

Pull from vehicle users / society: low emissionsdge.

Butanol Oil industry (BP).
Methanol No strong drivers;

Proposed again by a few parties.
H, Push from R&D industry;

Government financial support for R&D.

Basically all possible fuels or energy carries sttoaviewed against a number of
criteria. This is for example done by Volvo AB [Wol 2008]. They proposed the
following criteria:

- climate impact: well-to-wheel GQ@eduction

- energy efficiency: proportion of primary energ@aching the wheel

- land use efficiency: driving distance per acreysar

- fuel potential: availability of raw material

- vehicle adaptation:  complexity of adaptationtd vehicle to the fuel

- fuel costs: costs of fuel including all distributiand handling costs
- fuel infrastructure: impact and costs of a new fafrhstructure

Of course the criteria can be altered somewhadsirdd, for example exhaust
emissions can be included or combined with clinvaigact. Also safety can be added.
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It can be concluded, however, that a multi critenalysis would be necessary to decide
on the best or most likely fuel options.

2.13 Conclusions

Assuming that the EU objective of 10% biofuels @2@ will be upheld, there are a

number of options regarding how these are thendbrioento the market:

- The biofuels share will be increased further bydgedly increasing the blend
percentage in petrol and diesel up to an average(b§ energy content). This
requires further development of high-percentagadbpecifications, in
combination with large scale market introductiorvehicles that can run on these
higher percentages biofuels

- The biofuel content of the ‘standard’ fuels soldl e kept low to prevent engine
problems with the current car fleet. The remairaféhe target is achieved by
selling E85 and 100% biodiesel. This option requtfet an increasing share of the
car fleet can run on these neat or high-perceribyel fuels.

- New biofuels come onto the market that meet theeatidiesel and petrol
specifications, and thus do not require any chatmeshicles or engines.
Examples of these are the Fischer-Tropsch fuets fimmass, renewable diesel
and butanol.

Very likely the future will be a mix of these 3 tes. For impact on emissions clearly

the blending route is the most important optiothés affects almost all vehicles in the

fleet. Niche application of pure biofuels or higerpentage blends can have significant
impacts at the vehicle level but overall impactdNEC emissions will only be
significant if the amount of niche vehicles is kgnough.

Clearly, both biofuels policies and technical R&N eave quite some uncertainty
regarding the types of biofuels one may expecetorthe Dutch market in 2020.
Nevertheless, we can identify a number of posdildéuels on the market in 2020. A
comprehensive overview of all potential biofuelsreatly known can be found in
Table 6. Which biofuels will actually be on the Blutmarket in 2020 depends on a
number of developments:

- Government policies have created the biofuels naakel strongly determine its
development. If, for example, stringent sustainghjlolicies are put in place, and
2 generation biofuels are strongly promoted, oneecquect that generation
biofuels (from waste streams and ligno-cellulosantass) will have a significant
share in the biofuels market in 2020. OtherwiSkgdneration biofuels may still
provide most of the biofuels on the market. If fewernment puts policies in place
to promote biogas in transport, it could be possibat this gas may achieve a
significant market share in the coming decade.[&tter will also strongly depend
on the development of the market for natural gas @ansport fuel.

- Government policies may also determine the wayhitkvthe biofuels are used. If
fuel specifications are modified to enable largalesd 0 of 15% blends on the
market, the biofuel obligations will probably betriigat way. Alternatively, if E85
and B100 vehicles are strongly promoted, the aihganies might rather meet their
obligations by selling these high-percentage ftek part of the market.

- As there are a number of biofuels currently unaasmetbpment, technological
developments may prove to be very important. ifgicample, production of ligno-
cellulosic ethanol becomes technically feasiblegasonable cost, this fuel is
expected to replace the current ethanol on theeharke same might hold for
butanol or for biodiesel from algae. If the teclogital hurdles of BTL can be
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solved, and costs can be brought down, BTL mighiea®e a significant share in
total biofuel sales.

The share that various fuels may have in the biohagket for 2020 is also determined
by the rate at which production capacity can béseé Especially GTL plants involve
high capital costs. For the production of FT-fueten biomass (BTL) also still some
technical problems need to be resolved. As a rigsluite likely that ¥ generation
biofuels will not be able to meet the demands geat.fy. a 10% biofuels target for 2020.
Investments in ¥ generation biofuel production will only be madé.iél producing
companies see a stable and promising developméiné aharket for biofuels. For this
the short term use of'eneration biofuels is a necessity. Investmengsants for
production of i generation biofuels will need to be earned badkabit is likely that
production facilities built in the coming 5 to 18ars will still be in operation in the
period from 2015 to 2025.

For a detailed comparison of biofuel options wiggect to various criteria a draft
multi-criteria matrix tool has been developed. e moment, however, this tool is not
yet used due to lack of time and inputs. In the®felup of this project inputs from
external experts and additional literature researalt be used to fill the comparison
matrix and to provide a more systematic selectigoramising fuels for the short and
longer term.
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Table 6 Overview of biofuels and other alternatiseailable for the short and longer term
Type Fuel Production process Feedstock type i el I el i
engine short term longer term
alcohols methanol gasification and synthesis variety of biomass Sl X
alcohols ethanol fermentation sugar cane SI X
alcohols ethanol fermentation wheat Sl X
alcohols ethanol fermentation sugar beet SI X
alcohols ethanol cellulose hydrolysis and fermentation woody biomass SI X
alcohols wet ethanol fermentation food crops (¢f] X
alcohols wet ethanol cellulose hydrolysis and fermentation woody biomass (¢f]
alcohols butanol fermentation wheat, sugar beet, ... Sl
alcohols butanol cellulose hydrolysis and fermentation woody biomass Sl
additives MTBE based on bio-methanol all feedstocks for biomethanol Sl X
additives ETBE based on bio-ethanol all feedstocks for bioethanol Sl X
plant oils PPO pressing of seeds rapeseed Cl X
esterified oils biodiesel (RME) esterification of virgin vegetable oil rapeseed oil / sunflower oil (¢]] X
esterified oils biodiesel (SME) esterification of virgin vegetable oil soybean (¢]] X
esterified oils biodiesel (PME) esterification of virgin vegetable oil palm oil (¢]] X
esterified oils biodiesel (UVOME) esterification of used vegetable oil virgin rapeseed oil / sunflower oil (¢]] X
esterified oils biodiesel (FAME) esterification of animal fat and other residu{ animal waste products (¢]] X
esterified oils biodiesel (JME, algae) | esterification of virgin vegetable oil Jatropha, algae (¢]] X X
synthetic fuels FT petrol / BTL BTL Fischer Tropsch synthesis organic waste / woody biomass Sl X
synthetic fuels FT diesel / BTL BTL Fischer Tropsch synthesis organic waste / woody biomass (¢]] X
synthetic fuels FT designer fuel / BTL | BTL Fischer Tropsch synthesis organic waste / woody biomass X
‘renewable diesel’ renewable diesel refinery based hydrotreatment plant oil, animal waste products, ... (¢f] X X
hydrothermal upgrading | HTU diesel hydrothermal upgrading wet biomass (¢f] X
biogas biogas (NG quality) collection from landfills waste Sl
biogas biogas (NG quality) fermentation dry or wet manure Sl
biogas biogas (NG quality) fermentation ?o%ztﬁno;t%:?/;igorﬁ;’n?:n MMEEE 17 Sl X
liquefied gas DME from biomethanol all feedstocks for biomethanol (¢f] X
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3

3.1

3.2

3.2.1

Developments in engine technology

Introduction

In this chapter, the developments regarding futimgine technology for 2020 will be
described. The description focuses on the interombustion engines (ICE) and
emissions control technology. Other developmenishss hydrogen and
electrification) are only described as far as rafe\for using biofuel as a transport fuel.

Starting point of the analysis is a summary oflibandary conditions that present and
foreseen emission legislation puts on the developwieengines and aftertreatment
systems. Besides compliance with future emissiegislation and the continuing strive
for improvement of quality and performance, esghc20, emission reduction, as
required by new European legislation that is culydreing prepared, will be an
important driver for engine development.

Relative to this legislative context, the on-goargl expected developments in spark
ignition engine technology (S, Otto principle) acmmpression ignition engine
technology (Cl, Diesel principle) will be describsgparately. Besides general
developments also a distinction will be made withpect specific developments for
passenger cars and heavy duty vehicle, as weliranfjines running on gaseous fuels.

European emission legislation

Exhaust emission legislation

An overview of the emission legislation for passemears and light duty commercial

vehicles is presented in Table 7. For passengsr tter main developments are (euro 6

compared to euro 5):

- NOy: 55% reduction (from 180 to 80 mg/km)

- PMyq same value (4,5 mg/km measured by PMP measurgiraotol; particulate
number 6,0 * 18

An overview of the European emissions legislatmnheavy-duty Cl engines for trucks
and buses is presented in Table 8. From the tabémibe concluded that especially
from Euro V to Euro VI a large emission reductismequired: NQemissions needs to
be reduced by a factor of 4 while PM needs to Haaed by a factor of 2 to 3.
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Table 7 Overview European emission limits for pagse cars and light commercial vehicles (in g/km).
Category | Date Test cycle| Unit | CO| HC | HC+NQ | NMHC | NO | PM? | PN
Passenger car Otto (SI)
Euro-4- 2005 MVEG-B gkm | 1.0| 0.0 - 0.08 -
M1 ( 8+1 seats)
Euro-5— 2008 | MVEG-B g/km | 1.0 | 0.10 0.068 0.06 0.009
GVW 2500 kg?
Euro-6- 2014" | MVEG-B gkm | 1.0 | 0.10 0.068 0.06 0.00
Passenger car diesel (CI)
Euro-4- 2005 MVEG-B g/km | 0.50 0.30 - 0.25 0.024
Euro-5 — 2008 | MVEG-B g/km | 0.50 0.23 - 0.18 0.005 6x10“
M1 ( 8+1 seats)
0.003?
GVW 2500 kg?
Euro-6- 2014" | MVEG-B g/km | 0.50 0.17 - 0.07 | 0.005 | 6x16'
0.08?
Light commercial vehicles (Cl)
Euro-4- 2005 MVEG-B g/km | 0.50 0.30 - 0.25 0.024
N1 class | GVW
1305 kg Euro-5- 2008" | MVEG-B g/km | 0.50 0.23 - 0.18 0.005  6xX%0
Euro-6- 2014" | MVEG-B g/km | 0.50 0.17 - 0.08 0.005 6xX%0
N1 class 11 1350 < | Euro-4- 2006 MVEG-B g/km | 0.63 0.39 - 0.33 0.04
GVW 1760 kg Euro-5 — 2008 | MVEG-B g/km | 0.63 0.295 - 0.235 0.00§  6X10
Euro-6- 2014" | MVEG-B g/km | 0.63 0.195 - 0.105| 0.003  6%10
N1 class Ill 1760 <| Euro-4- 2005 MVEG-B glkm | 0.74 0.46 - 0.39 0.06
GVW 3500 kg Euro-5- 2008Y | MVEG-B glkm | 0.74 0.35 - 0.28 0.005  6Xi0
Euro-6- 2014Y | MVEG-B g/km | .0.7 0.215 - 0.125 | 0.005| 6xio
4

1) Proposed values, for Euro-6 a PM number valug lmeaproposed
2) For Euro 5 and 6 a revised measurement procesthailebe introduced before the application ofsamg/km limit value,

substituting the 5.0 mg/km valid for the currentasigrement procedure

Table 8 Overview European emission limits for heduty Cl truck and bus engines
Category Date Test cycle | Unit | CO | NMHC | NG | PM
Europe
ESC g/kWh 15 0.46 35 0.02
Euro-IV- 2005
ETC g/kWh 4.0 0.55 3.5 0.03
GVW > 3500 kg ESC g/kWh 15 0.46 2.0 0.02
Euro-V- 2008
ETC g/kWh 4.0 0.55 2.0 0.03
Euro-VI—2014" ESC/ETC g/kWh 0.4 0.01
1) Expected date. Values are based on ESC/ET@¥elsts. Test cycle will probably change to Worldrkionized Determination
Cycle (WHDC)

Apart from lower emission levels, the future engssilegislation will include more

requirements to secure the lowest possible emissimeal world driving. These are:

- requirements for durability for the emissions perfance;

- requirements for On-Board Diagnostics (OBD): thisams that the engine
diagnostics system detects possible malfunctioafrthe emission control system
and that the driver is warned;

- requirements for off-cycle emissions: this meatas tinder all conditions; driving,
ambient and altitude certain emission limits aré. me
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Especially for HD vehicles the Euro V and VI legisbn means more focus on real
world emissions. The expectation is, that alsddture emission legislation for
passenger cars the focus will be more and moreanworld emissions.

3.2.2 Developments related to G@missions legislation
In COM(2007) 19 and SEC(2007) 60 the European Casion has outlined its plans
for a new Community Strategy for reaching the Ejgdtve of reducing C®
emissions from new passenger cars to 120 g/kmi2.2lhe present average £€O
emission of passenger cars, as measured on thapppeval test, is around 160 g/km.
As the main part of that strategy the European Cission has recently proposed in
COM(2007) 856 and SEC(2007) 1723 new legislatidtingea sales averaged €O
emission limit for passenger cars of 130 g/km ia20rargets for the sales averaged
CO, emissions per manufacturer are set using a Imeas-based limit function.
Similar legislation for light commercial vehiclesin preparation. This legislation will
force manufacturers to develop and apply moreiefficengine technology, advanced
transmissions, hybrid powertrains as well as varimgasures reducing the energy
requirements of the vehicle such as lightweightstrction and improved
aerodynamics.

Although proposals to this effect have not beenanaal, it is assumed that between
2012 and 2020 the limit value for the sales weidlatecrage C@emission will be
further tightened and that the target for vans bélllined up with that for passenger
cars. The target for 2020 could be around 80 toglk®. This will result in the need
for further efficiency increase of Sl engines imtjgallar, probably closing the gap with
Cl engines by introducing technologies such asougtiarging, direct injection and
variable valve actuation, ultimately combined with hybridisation.

3.3 Development of Sl engine technology

3.3.1 Engine downsizing
The development of the spark ignition (Otto cy@ayine technology primarily takes
place in the light of the demand for higher engiffeeiency (lower CQ) and
improvement of driveability and performance. On ¢tdphat of course the engines need
to meet the future exhaust gas emission legislabionthis can generally be achieved
by further optimisation of the emission control @eg including fuel injection systems
and catalysts.

Measures to increase engine efficiency are gegdralssed on reducing engine losses
especially at part-load where most of time is spgarméal world driving. In Table 9 an
overview is given of measures to reduce these $o33e measures are often combined

in one engine.

Table 9 Measures to reduce engine losses

Reduction of losses Measure

pumping losses Downsizing (w/wo turbocharging)jalale valve
timing and lift, EGR, lean burn

engine mechanical friction Downsizing, improved iiaxes such as efficient
water and oil pump, cam rollers instead of slidkEns,
viscosity lubricants
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The potential for fuel consumption reduction wassarized in [Smokers 2007]:
- direct fuel injection 10%
- engine downsizing in combination with turbochargiri@-12%
- variable valve timing and/or lift: 3-7%
- improved cooling and/or lubricant system: 1,5%-3%

The most general technological direction is engio@nsizing in combination with
turbocharging and direct (in-cylinder) injections A result the same power and torque
is achieved with a (much) smaller engine displaggntengine efficiency then
improves because the engine internal friction andng losses are reduced. The
engines will generally run stoichiometric (lambdg) across the engine map, because
then the very efficient 3-way catalyst can be u3éd pumping losses are further
minimised by EGR and in few cases by variable valsteiation (VVA).

Variable valve actuation (without turbochargingaiso becoming more and more
popular. Honda started in the nineties with a senalriant of VVA: “VTEC” which
was tuned to reduce pumping losses and /or incegeesefic power output. After that,
more advanced systems followed such as from T@miesBMW.

In addition to or instead of downsizing, lean-bangine concepts can be considered.
Lean-burn is also a way of reducing the pumpingdef the engine. For examples
this was done by Mitsubishi, Volkswagen and Renauwitmber of years ago. In later
models the lean-burn operation was phased out gg@sumably because the
emissions control turned out to be too complex. dtieantage of direct injection
remains an improved driveability and also a poBgjlid increase the specific power
output of the engine.

Mercedes and BMW are using the lean-burn operatiannumber of engine types
(respectively referred to as CGIl and HPI). Theselthe so called “spray-guided
combustion”, which is basically a form of stratdfieharge combustion where the
injector takes care of a good ignitable mixtureuabthe spark plug. These lean burn
engines are using NOx adsorption catalysts for Kgdbction.

In Table 10 an overview is given of recently intnosdd or announced downsized spark
ignition engines in the popular vehicle ranges ikxpected that these types of engines
will become more and more common in the coming deca

The trend of downsizing, started in recent yeais,cantinue. Specific power output
for Sl engines in 2007 was up to 89 kW/litre. e fhture, engine cylinder volume can
be expected to drop below 1.0 litre (1000 cc),esgeannouncements from Fiat (2
cylinder engine 900 cc turbo, 60kW, 69 g/km, prddurcis scheduled for 2009) and
Toyota (1/X concept car with 500 cc engine).
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3.3.2

3.3.3

Table 10 Overview of new downsized S| engines

Brand Type Displ. |Power sgv?/g:ic Technology
dm3 kw kw/dm3

Audi 1.8 T FSI 1.8 125 69 Turbocharging, VVA, DI
BMW (PSA) | 1.6 DIl turbo | 1.6 90 56 Turbocharging, DI

2.0 Dl turbo | 2.0 125 63 Turbocharging, DI
FIAT 14T 1.4 110 79 Turbocharging, DI

09T 0.9 60 67 Turbocharging, DI *

+

W 14 14|15 (89 | Gneicherging. i, no v
Nissan 3.5 3.5 230 66 Turbocharging, DI

Remarks regarding difference between diesel anlpet

In [Smokers 2006], more available efficiency impement options for Sl (petrol)
engines are listed than for CI (diesel) engineselMtombining these options,
attention was paid to combine only options thatcamapatible (such as strong
downsizing, friction reduction and advanced cooliirguit). However, even
compatible technologies have a reduced reductitenpal when combined. This
effect is much stronger for Sl as there is moreratuttion (e.g. between variable
valve control, DI lean burn & downsizing for S| emes). Currently diesel vehicles
are more fuel efficient that petrol vehicles, btda expects that the difference in
efficiency between Sl and CI will diminish. Whenp#yping all CG, reduction
measures known today, including hybrid technolegy expect that in 2020 petrol
cars can on average achieve g @@ission on the standard type approval test cycle
of around 106 — 114 g/km, where as diesel car®2® 2vould achieve on average
around 104 — 109 g/.

New combustion concepts for petrol engines

Controlled Auto Ignition (CAl) or partially pre-miauto ignition is a new combustion
concept that is under development for petrol ergyifibe concept is described by
[Kalghatgi 2006], [Kalghatgi 2007] and [Sauter 2p@asically, the fuel is injected at
a very early stage (earlier than normal and enftedéhe combustion starts). The fuel
will ignite as in a diesel combustion. The advaetaga more homogeneous mix, which
keeps the local combustion temperature low. Asaltediesel efficiency can be
obtained with a gasoline engine. Due to the comefegine control, it is not expected
that this technology will be introduced soon. Néveless Daimler-Chrysler is currently
promoting this type of engine concept which is mefé to as “diesotto” principle.
According to DC, it is a downsized engine with avpo of 175 kW from 1.8 litre

engine displacement. Apart from de more usual tetiarging and direct injection, it
would have a variable compression ratio.

Sl engines for vehicles with hybrid powertrains

Passenger cars with hybrid powertrains such a$dfeta Prius, the Honda Civic
hybrid, and the Lexus GS450h, LS600h and RX400le h&en introduced during the
past 5 years in order to reduce the fuel consumtiad CQ emissions of vehicles. In
addition to this recently are also vehicles wittcatled micro hybrids (start-stop
system) have been introduced on the market. Thyssenss are for example supplied
among others by PSA, BMW and Ford. All these velsiére so-called charge
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3.34

sustaining hybrids, meaning that the battery ischarged from the grid but by
electricity which is generated by the ICE.

A number of other vehicle manufacturers have anocedimo introduce mild or full
hybrid vehicles in the coming years, such as VWIf{(@ybrid) and PSA.

Another recent development is the so called plulgyiorid. One extreme variant of the
plug-in hybrid is basically a battery-electric vebiin which a small engine is fitted
which is only used as a range extender. The badtare primarily charged from the
grid, and the vehicle will run in pure electric neaghost of the time. At the other end of
the spectrum there are full hybrid plug-ins whicé derived from charge sustaining
concepts to which additional battery capacity am@éxéernal charger have been added
to allow increased electric range and reduceddassumption (replaced by electricity
consumption). Toyota is currently testing a plugriémsion of their Prius.

In general hybrids are fitted with smaller engittesn comparable vehicles with the
same performance. When the engine is on, it isrgin®perated at higher loads. This
leads to improved efficiency but generally alsdigher engine-out NQOemissions.

Due to the more stationary engine operation, howéke exhaust aftertreatment
system can be better optimised to yield low ta#dpimissions. As the engine is
operated in a start-stop mode care needs to be takkeeep start-up emissions at an
acceptable level.

As the impact of biofuels on emissions can be dfiefor part load than for peak load
the impact of biofuels on emissions of hybrids ddfer from the impacts on emissions
from conventional vehicles.

Development of petrol emission control systems

The mainstream emission control technology forlsggrition engines is the 3-way
catalytic convertor in combination with stoichiometngine operation (lambda = 1).
Stoichiometric means that the amount of oxygeménintake air is precisely in balance
with the amount of fuel dosed. In that way the amiaf HC and CO emitted can be
balanced with the amount of N@ the absence of oxygen in such a way that the HC
and CO act as a reducing agent for,N®the surface of the catalyst. Exhaust gas
recirculation (EGR) at part load is sometimes addeatder to reduce the pumping
losses of the engine. In addition EGR will reduwe éngine out NEas well.

For engines operating in a lean burn combustiaieddly, a NOx adsorption catalyst or
Lean NQ Trap (LNT) catalyst can be used in combinatiomviaGR. For the LNT two
engine operating modes are necessary which ismiessan Figure 3.1. Periodically

(say every 30 — 60 s) the engine goes for a sleoidghin a rich operating mode in

order to release the adsorbed,Nfiblecules from the catalyst and convert them4o N
and HO according to the 3-way catalyst principle. Atheg engine loads these engines
operate in the stoichiometric combustion mode iictvithe catalyst operates in the 3-
way conversion mode.
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NO+O, NO, HC, CO, H, NO,
\ / ! CO,, H,0, N, l /— {
NO, < . m(
A ¢
PGM Base metal PGM Base metal
Catalyst Support Catalyst Support

Rich Transient
(Reduce Stored NOXx)

Lean Operation
(NOx Trapping)

Figure 3.1 Operating principles of the Lean NOxpT¢aNT) or NOx adsorption catalyst

The 3-way catalytic convertor is a very powerfuligion reduction device. For this

reason, it will also be the mainstream emissiortrobtechnology for Euro 5 and Euro

6 engines. Further developments to comply withettméssion legislation include:

- Improvement of catalytic convertor technology biothmprovement in catalyst-
washcoat combination as well as more efficient sates (catalyst carrier);

- Closed coupled and possibly electrically heatedlgstis;

- Improved fuel dosage strategy and calibration.

Development of Sl engines up to 2020 will be prilggdocussed around
downsizing, direct injection and variable valveuation technology in combination
with Lamba = 1 combustion with 3-way catalyst farigsion control.

Development of CI engine technology

Cl engine development in relation to emission lagmn

Historically the Cl engines technology for truckelgpassenger cars followed quite
different paths. This was related to the emisségislation and the high requirements
for truck engines on engine efficiency (fuel congtion) and durability.

With respect to emissions legislations the emphaiistrucks was on low particulates
emission to be achieved in a test cycle with re¢atiigh engine loads and power. For
passenger cars the emphasis was generally on loytd\§2 achieved in a test cycle
with relatively low engine load and speed. Thieste to a large extent the
development of the engine emission control tectqyl®assenger car Cl engines were
generally (from Euro 2 onwards) equipped with EGRhaust Gas Recirculation) to
control NQ, emission. The EGR systems were quite simple bedaGRk was only
necessary at low to medium engine load. The EGRgeasrally not cooled. For trucks
up to Euro Il most engines could do without spkemission control devices such as
EGR and exhaust aftertreatment. The emphasis whiggbrpressure fuel injection
systems and combustion optimisation in order tdesehthe required particulates and
NOx levels, while maintaining optimal engine efficignc

Looking at current legislation, Euro 4 and 5 rd$pand V, there are still differences.
While all passenger car engines use EGR, only arigvik manufacturers use this
technology. The majority of the trucks producers 8€R deNOx aftertreatment for
NO, control.
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3.4.2

With SCR deNOXx, a reagent is injected upstrearh@BCR catalyst. The reagent is an
agueous urea solution called “AdBlue”. The mairctieams upstream and within the
SCR catalyst are:

Urea hydrolysis:
NH,-CO-NH, + HLO ® NH;+ CO,

Reaction of NH with NOy:
4ANH; + 4NO + Q ® 4N, + 6HO (1)
2NH; + NO + NQ ® 2N, + 3H,O (2)

For passenger cars a general introduction of u@N-tliesel particulate filter takes
place, while this is not seen for European trucigirees. For HD engines meeting EEV
limits an open filter is used.

For Euro 6 and VI, it is expected that the techg@s for truck and passenger car
engines will further merge. All engines are baycakpected to be equipped with EGR
for NO, control and a wall-flow diesel particulates filfer particulates emission
control. In addition to this all but the small paisger car engines will be equipped with
a lean NQ catalyst, a lean NQrap (LNT) or an SCR deNOx catalyst. The lattealso
expected for the majority of the truck engines. frack engines a continuous increase
of injection pressures is seen, when going to n&mgime generations. This is
necessary to minimise the particulates emissiores) though wall-flow particulates
filters are applied.

The CQ legislation for passenger cars (130 g/km fleetaye by 2012) is likely to
further trigger downsizing of the Cl engines. TWidi result in an increased share of
vehicles with advanced air systems such as vargdadenetry turbo (VGT), two-stage
and sequential turbocharging.

Development of ClI engine technology for passenges ¢

Downsizing of Cl engines by applying turbochargivas started more than a decade
ago. Most Cl engines these days are already tudbget. Recently the trend towards
higher specific power outputs is boosted by thdiegion of sequential or in other
words a special form of two-stage turbocharginghla configuration a small
turbocharger is combined with a somewhat biggdiacinarger. The small charger
takes care of the boost pressure at low enginedsp#ée bigger charger at medium
speeds and the two chargers work together at mgime speeds. The specifications for
several of these new engines are presented in TabEEIAT announced that with the
introduction of the 1.9 JTD M, they are planningtwase out the 2.4 litre engine.

Downsizing works for Cl engines in a similar wayfasSI| engines and will result in a
fuel consumption reduction. This is due to two effe 1) lower internal friction losses

due to the smaller engine displacement and 2) lewegght of the engine which results
in a lower vehicle weight.



TNO report | 50/ 158

3.4.3

3.4.4

Table 11 Overview of Cl engines with high specif@mver output

Specific
Brand Type Displ. |Power power Technology
dm® | kw kw/dm®
BMW 30L 3.0 210 70 Dual turbo sequential
20L 2.0 150 75
FIAT 1.9JTDM 1,9 140 74 Dual turbo sequential
Volkswagen | 2.0L 2.0 147 74 Dual turbo sequential

New combustion systems

The objective of improved combustion processes udeeelopment for Cl engines is
to reduce the local flame temperature by dilutiod homogenisation of the air-fuel
mixture. In that way, the formation of N@nd particulates can be suppressed to a large
extent. This combustion type is often referreds&i&€CI combustion (Homogeneous
Charge Compression Ignition), but also many othéreviations are used, such as:
PCCIl:  Premix Charge Compression Ignition

CAl: Controlled Auto Ignition

LTC: Low Temperature Combustion

HPLI:  Highly Premixed Late Injection

HCLI: Homogeneous Charge Late Injection

DCCS: Dilution Controlled Combustion System

These combustion systems can both be used foatypiesel as well as typical Otto
cycle fuels, although the objectives are differémt:Cl engines this is emissions
reduction, while for Sl engines the objective ipmved engine efficiency.

A characteristic for homogeneous charge combusitimat the start of combustion is
not directly after the injection or after the spafkltlser 2006] and [Gautam 2006]
mention that in order to have good emissions tfeefion phase should be ended before
the combustion starts. Process parameters subke asixture temperature determine
the start of the combustion. For petrol this terapee is much higher than for diesel
fuel. With the very weak relation between momenngction and start of combustion,
the engine control (injection, EGR, air) becomeywmportant. For that reason closed-
loop control using a combustion sensor (pressaresénse) is probably necessary
[Hilser 2006]. For Cl engines with a practical emgiay out HCCI combustion is
limited to light load and possibly medium load citioehs [Duffy 2005]. For this reason
and also because of the availability of flexiblentoon rail fuel injection systems,

HCClI is expected to be introduced first for passemgr Cl engines. In that way costly
deNOx aftertreatment systems can probably be agidfde not too large vehicles).

Development of diesel emission control systemgdssenger cars

Currently standard or frequently applied emissiontol systems for passenger car Cl
engines are:

- EGR: Exhaust gas recirculation: to control NOXx esiois

- DPF: diesel particulate filter: to control partiatds emission
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Figure 3.2 Diesel particulate wall flow filter (DPF

Many Euro 4 vehicles are equipped with diesel paldies filter, but this is generally
not necessary from technology point of view to niketemission target. It is due to
national stimulation programs or the preferencthefcar owner to have a clean diesel
vehicle. The limits for Euro 5 have been set ilhsaavay that from this Euro stage on
diesel particulate filters will be necessary to tribe PM limits.

For future diesel vehicles additional N@ftertreatment is required, especially for the
heavier vehicles. The options are:

- DeNOx catalyst;

- Selective catalytic reduction of NQSCR) with AdBlue injection in the exhaust

pipe.

The DeNOx catalyst can either be a “lean,N@talyst” or a lean NQtrap (LNT). With
the lean NQ catalyst, the HC content in the exhaust gasesisased by post injection
or by injection in the exhaust manifold. The N®@acts with the HC in the catalyst and
is converted to Bland water. With the LNT, the CI engine has torga rich operating
mode periodically in a similar way as explainedtfo S| engines (see section 3.3.4).

Emission control is more complex for heavier pageears and light duty trucks than
for lighter vehicles. This is due to the fact ttie# emission limits are set in g/km and
that NQ, and PM limits are not or hardly vehicle mass delean For a heavier vehicle
the engine work in order to drive the test cycllaiger which would result in extra
emissions if not additional measures are takers iBhespecially the case for NOx
control. In Figure 3.3 it can be seen that withréasing vehicle size an increased share
of vehicles with NQ adsorption catalyst (DeNOx-cat) or SCR catalyshwidBlue
injection (SCR) is to be expected. All engines Wwdlve EGR and from Euro 5 and later
all vehicles will be equipped with a wall flow dedgarticulate filter.
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3.4.5

Luxury Cars
SUVs

DeNOx-Cat

Small Cars

| |' |'
today Euro 5 Euro 6

Figure 3.3 Exhaust aftertreatment technologiepésisenger cars

Development of diesel emission control systemisdavy duty vehicles
An overview of emission control technology for hgaluty Cl engines is presented in
Table 12.

Table 12 Emission control technologies for heaviydti engines depending on emission legislation

Legislation Emission control measures

Euro Il and I high pressure fuel injection angeiction timing control

Euro IV option 1 EGR and optional oxidation catalyst or flow throwgjbsel
particulates filter

Euro IV option 2 SCR (with AdBlue injection in the exhaust)

Euro V option 1: SCR

Euro V option 2: High EGR and optional oxidation catalyst or flowabgh
diesel high pressure fuel injection > 2200 bar

Euro VI Medium EGR with SCR and wall-flow DPF, tvetage turbo-

charging likely for higher ratings

Many trucks sold during the last year in Europeadready Euro V, even though the
introduction date of Euro V is formally between Gmtr 2008 (new engine types) and
October 2009 (all engine types). This is primadilie to the German road pricing
(Maut), which is lower for vehicles complying wiuro V and to a lesser extent Euro
IV. For Euro VI the NQ limit will be a factor five lower and the PM limitill be a

factor 2 lower. This really requires a stackingafiphe emission control devices such as
EGR + SCR + DPF. Also important is that the Eurdegjislation is setting additional
emission control requirements, namely On Board Baatjcs and in service emission
requirements (real world emissions).

The Euro VI strategy is graphically presented iguiré 3.4. The engine out N@vel is
reduced to about 2 g/kWh with EGR. ConsequentlyP& 3 applied to meet the
particulate emission requirement and an SCR catalgglded to meet the NO

emission requirement of 0.4 g/kWh. One positivenpwi this is that EGR and SCR are
quite well complementary and compatible. Sincedtffieiency of SCR is good under
high load high exhaust gas temperature conditithestequirements on the EGR system
can possibly be relaxed compared to the EGR sgstéiauro V or US 2007 engines
(without SCR).
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Figure 3.4 Emission control technology for Euro(8burce: Iveco [Ellensohn, 2007])

Development of gaseous fuel engine technology

Main application of gaseous fuel engine technoldlybe for niche application and
captive fleets (e.g. buses) due to absence of Earowide infrastructure and packaging
difficulties and limited range.

Stoichiometric SI engines on natural gas will beedb meet Euro 6 and Euro IV
emission limits. Emission advantages compared timlpgnd diesel will diminish. For
LD vehicles CNG engines will undergo the same dgwekent as petrol engines.

Conclusions

For gasoline engine technology, the main trend 2680 will be downsizing, due to

the focus on improving engine efficiency. The irage of hybrid vehicles also results in
smaller engines, as part of the peak power carebergted by the electric motor. To
achieve stricter emission limits, the after-treaitrsystems will be further optimised,
but no new devices are to be expected.

For diesel engine technology, the main trend @0 will be the completing of the
emission control after-treatment system, as atre$tihe focus on emissions. Closed-
loop diesel particulate filter and deNOx catalyet be expected on almost all vehicles,
both heavy duty and passenger cars. The efficiehtlye diesel engine will also further
improve due to downsizing and possibly diesel iybehicles.

For both diesel and gasoline, there will be andased focus on real world emissions of
particles, nitrous oxides and real world fuel conption.
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Regarding developments in engine and aftertreatteehhology which are relevant to
the assessment of impacts of biofuels on emissienfollowing more detailed
conclusions can be drawn:

- Euro 6 for LD vehicles and Euro VI for HD vehiclesl enter into force in 2014.
With Euro 6 the emission limits for petrol and dikgehicles will be the same for
NO, and PM and almost equivalent for CO and HC. Eulimiés for NO, and PM
emissions from LD diesel vehicles are a factor oésp. 5 lower than Euro 4. For
HD vehicles Euro VI legislation involves emissiamits for NO, and PM which
are a factor of almost 9 resp. 3 lower than Euro IV

- For petrol vehicles Euro 6 limits can be met bytar optimisation of existing
engine and aftertreatment technology. For meetiag=turo 6 / VI limits for diesel
vehicles application of aftertreatment systemd\iGy and PM is necessary.

- The absolute impact (i.e. in g/km) of the use ofleels in Euro 6 / VI vehicles will
be limited due to the already very low limits faurg 6 / VI. The relative impact,
however, can be large especially if the use ofuailsf affects the conversion
efficiency of the applied aftertreatment.

- Over the next decade development in LD engine wolgy will be largely driven
by the requirements for efficiency improvement ttesiult from the recently
proposed European legislation on £fmissions from LD vehicles. Where CI
(diesel) engines are currently some 15 — 20% maekffficient than SI (petrol)
engines, beyond 2012 the difference in efficieneyeen Cl and Sl will decrease.
The technologies that are foreseen to be appliedder to improve engine
efficiency (e.g. direct injection for petrol enggelownsizing with turbocharging
and variable valve actuation) do not conflict vittle effort to further lower exhaust
gas emissions. As the impact of biofuels on emiss@an be different for part load
than for peak load the impact of biofuels on erissiof hybrids can differ from
the impacts on emissions from conventional vehicles

- Overall the expected development of engine andtedsment technology up to
2020 is as follows:

- Application of direct injection to Sl engines;

- Further downsizing of engines (emphasis S| passaragesngines);

- Further integration of both internal engine emissiontrol and exhaust
aftertreatment systems. Broad introduction of dipadiculate filters and deNOx
catalysts on diesel engines;

- Broad introduction of on board diagnostics andetbl®op emission control
leading to better real-world emissions;

- Increase in market share of FFV vehicles;

- The blend percentage of FAME in diesel respectiegianol in petrol (for non-
FFV engines) will remain an issue. For that redslend percentages will probably
be limited for a large share of the vehicles. Nthadess a number of diesel trucks
are already released for higher blends up to BbdQtlze availability of trucks
suitable for B100 is expected to increase towaf#9)?2

- New combustion concepts such as CAl and HCCI amectly under development,
promising low emissions and good efficiency. Duedmplex engine management
issues these technologies are not expected todliedypn a large scale in vehicles
sold around 2020.
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4

4.1

4.2

4.2.1

Dedicated renewable fuel-engine combinations

Introduction

This chapter explores the compatibility of renewedbiels and engine and
aftertreatment technology, and describes developweath respect to dedicated
combinations of renewable fuels and engine teclyyolhis includes both low-blends
in standard engines as well as high blends or fpete in dedicated engines. For the
first group the emphasis is on possible compatyigisues, while for the second group,
the differences with standard engines are descrilieg influence of the application of
biofuels on exhaust emissions is presented in en&pand 6 for respectively existing
and future engines.

Biofuels in Spark Ignition (SI) engines

In Table 13 an overview is given of the compatipibetween the renewable petrol
based fuels and the spark ignition (SI) engines. hmmber of cases the engine needs to
be adapted to accept the renewable fuel.

For Sl engines the following fuels can be usedearrconventional engines:
1. ethanol: low or high percentage blends

2. butanol: low or high percentage blends

3. neat hydrous ethanol

4. biopetrol

Table 13 Compatibility of petrol based renewabke$with S| engine technology

Fuel Special engine/ vehicle Engine — fuel compatibility
Spark ignition

ETBE No Good

Low % blend ethanol No water segregation possible
High % blend ethanol Yes, FFV water segregation possible
Neat hydrous ethanol Yes, E100 Sl engine Cold start with petrol

Low % blend butanol No Good"

High % blend butanol Yes, FFV Good?

Biopetrol No Excellent?

Y Expected compatibility, needs to be confirmed BDR

Below the fuel engine combinations are describaddne detail.

ETBE

Fossil ETBE is currently blended on a large saalgasoline as octane improver. In that
respect it replaces MTBE which was used before. HTEs phased out because of
toxicity risks (ground water contamination). ETB&ncalso be produced via bioethanol
and (fossil) isobutylene. In that way a 17% ETBE&nol with petrol would count as
5.75% bio-component on an energy basis.
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4.2.2

4.2.3

Ethanol low percentage blends

Petrol with a low percentage of ethanol blendealrsady a standard fuel. The addition
of 5% ethanol to petrol (E5) is within the standfrel specification and many standard
petrol vehicles produced after 1990 can run on (i formal approval of vehicle
manufacturer). According to an assessment in Geyr@@% to 95% of the vehicles can
run on E10 without technical problems. This doesdwer mean that 5-10% of the
vehicles does have or may have technical problBnublems in this context refer to
driveability or durability problems. The exhaustissions of vehicles will change with
low blend ethanol in petrol (refer to paragraph).5.9

Low blends do not require many vehicle or engingpgations. The most important one
is that the materials used (metals, elastomergaatihgs) for the fuel system can
withstand the ethanol blends. In addition to ttia,engine control software needs to be
able to adjust the fuel-air mixture to the righles (in most cases stoichiometric) such
that the catalytic convertor remains fully opena#ib For Euro 5, E5 will be the
standard test fuel for the type approval test (refgparagraph 6.3.2). This means that
engine is optimised and calibrated for emissiorth Wb instead of currently standard
reference petrol (EO).

Ethanol high percentage blends (FFV)

High percentage ethanol blends (up to 85% in petan only be used in Flexible Fuel
Vehicles (FFV). Vehicles and fuel are already ontarket for many years. The
additional costs to make the engine fuel flexibke law. The FFV engine has engine
control software which can adjust the engine tadifferent air-fuel mixture
requirements for petrol and ethanol. In additiamfirel injection parts and tank need to
be resistant to ethanol which is more aggressiwdastomers and metal parts. In order
to have the same driving range on E85 the fuel tedds to be about 30% larger due to
the lower energy density of ethanol. This wouldbataly also lead to a larger carbon
canister in order to fulfil evaporative emissiogugements.

Ethanol has a higher octane number than petrolenlgme efficiency can benefit from
this. From [Serves de 2005] it can be concludetlttreengine efficiency increases
with E85 resulting in a 3% lower fuel consumptionan energy basis. From a
theoretical point of view, it is to be expectedttH& emissions just after cold start are
higher than with petrol. This is because it is ndifécult to vaporize ethanol than
petrol. In general, it is believed that with thght amount of optimisation and
calibration of the emission control system simiksgulated emissions can be achieved
as with 100% petrol. In this respect it is impottdrat the emission requirements with
E85 and other blends should be well implementdterfuture emissions legislation.

The currently available FFV vehicles have enginbeng the fuel is injected in the inlet
manifold. Building an engine with direct injectitimat can accommodate different
petrol-ethanol ratios is more difficult, due to thiéerences in fuel quantity and (in-
cylinder) spray pattern. [Taniguchi 2007] describafirect injection engine optimised
for E100 (100% ethanol). The engine has injectatis svhigher fuel flow rate in order
not to increase the injection duration. To makeafdbe better octane number of
ethanol the compression ratio could be increased fr1.5:1 to 13:1. The engine torque
increased with about 10% over a large part of tiggne torque range. This is due to a
combination of increased engine efficiency and r@tric efficiency. The engine
showed an improvement in injector deposits fornmatibien running on E100, but also
on E50 and E20.
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4.2.4

4.2.5

In the period up to 2020, more and more directiiga fuel systems will be seen on
vehicles. It is likely that also FFVs will come tre market with direct injections, since
Tier 1 suppliers are likely to provide direct injiea systems which can be calibrated
for a range of ethanol blends.

For FFVs the Euro 6 legislation will almost certgialso involve type approval testing
with E85 on the NEDC cycle with cold start. Furtiere a -7° C test is foreseen,
probably using E75, with separate limits for HC &1. A proposal for amending the
test procedure is to be approved by the CATP (Cdtaenfor Adaptation and Technical
Progress). After introduction of Euro 6 limits, memt elevated cold start emissions from
FFVs will thus no longer be a problem.

Hydrous ethanol

Pure hydrous ethanol, also referred to as E10Gfengines is studied in Brazil
[Junior 2002]. Hydrous E100 contains about 5% wademever, as the maximum
water content is not defined, it may be double #mbunt. A potential problem is
impurities solved in the water. It may contain ig@mic salts that may cause significant
increase wear and injector clogging. Also exhaasilgsts are sensitive and will in
future become even more sensitive for these salts.

The advantage of hydrous ethanol compared to “elitynol is that it is reduced costs
and improves chain efficiency. Removing the watdrich is formally necessary with
the use of ethanol in petrol blends, requires gnettgch also translates into higher
costs.

Starting on pure ethanol below 15°C can createlpnaf This can be solved with a
small petrol tank such that during engine warmhgdngine runs on petrol. It is
expected that emissions and fuel consumption wilbb a similar level as E85,
provided the engine is correctly optimized.

New in this area is the proposal to use hydrouasrethalso for blends with petrol,
because of the above mentioned energetic and etoadvantages. A disadvantage
could be the increased risk of separation of wiaténe fuel tank, especially at
concentrations below 10%. R&D and field tests anube of hydrous ethanol petrol
blends are still ongoing and results still needeésummarised.

OEMs are currently not supporting hydrous ethahbgy prefer the very low ethanol
water contents, max 0.24 % to prevent segregatidrcarrosion. From a logistics point
of view, there are considerable advantages to bagesthanol specification for both
low and high blend percentages and possibly alspue ethanol with ignition
improver (for diesel engines).

Butanol: low or high percentage blends

BP and DuPont are currently promoting the use iaf)ifotanol as an alternative to

ethanol. The production process of butanol is cgiitélar to that of ethanol. Only

different enzymes are necessary for the fermemtgtiocess of butanol from sugars. If

this can be sufficiently industrialised and if faii¢és become operational, butanol can

be a good alternative to ethanol. BP and DuPore paesented the following

advantages compared to ethanol:

- more compatible to petrol: i.e. lower influencefoal vapour pressure and lower
risk of water separation;

- higher energy density: combustion value closeh#b of petrol.
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4.2.6

4.3

43.1

Butanol and ethanol both have a high octane numb&h can lead to somewhat
higher engine efficiency. The lower vapour pres&ireutanol reduces possible
problems with evaporative emissions such as regpdorepetrol engines running on low
blend ethanol.

From a fuels properties point of view, it is exgetthat FFV engines can also run on a
butanol-petrol mixture with no or little modificatis.

Biopetrol

Shell and Virent have announced the joint develogroébiopetrol components which
have higher energy content than ethanol and buf&hell 2008]. The biopetrol
components are fully compatible with gasoline aad loe used in conventional petrol
engines. The biopetrol would not require a sepatsteibution infrastructure as would
be the case for ethanol and butanol.

Biofuels in Compression Ignition (Cl) engines

In Table 14 an overview is given of the compatipibetween various renewable fuels
and compression ignition (Cl) engines.

Table 14 Overview of compatibility between the neable diesel fuels and compression ignition (CI)

engines

Fuel Special engine/ vehicle Engine — fuel compatibility

Compression Ignition

Low blend biodiesel or FAME No Good

High blend biodiesel or fame Yes, fuel system Injector wear, engine
modifications lubricant deterioration

BTL, HVO, GTL low or high No good

blends

Pure hydrous ethanol with Yes, E95, Cl engine Good

ignition improver

Pure methanol with ignition Yes, Cl engine Good

improver

Dimethyl-ether (DME) Yes, DME engine Still in R&D phase

Special oxygenates No Good

The compatibility between the engine technology tredrenewable fuel (components)
is described below.

Biodiesel or FAME

Any diesel engine will run on a diesel fuel conagnup to about 7% FAME, Fatty

Acid Methyl Esters. Above this percentage technizablems are reported with engine
oil dilution. For this reason there is a recommdiotiafrom ACEA to limit the FAME
content in standard diesel to 7% m/m (B7). A nundjdruck types are released for
higher blends up to B100. Oil change intervalstii@se vehicles are reduced and more
corrosion resistant materials and compatible efaste are chosen for the fuel system.

The following technical problems are reported edab the use of FAME (see e.g.
[Nylund 2008)):
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- possible fuel injection equipment problems sucbegsosits formation on injector
tips;

- hygroscopic properties and risk of microbial growftter clogging;

- corrosion of metals, dissolve of paint coatings swdlling of elastomers (seals,
hoses);

- engine lubricant deterioration, including polymemax formation (reduced drain
interval necessary).

- Increased NQemission.

Vehicle manufacturers generally prescribe a fa2tor 3 shorter oil drain interval for
trucks that are released and are running on bieldiB20 — B100). QOil drain interval

can be increased again in some cases by installiagger oil sump and increasing the
lubricant quantity. Also elastomer materials in thel system are replaced by biodiesel
resistant ones and water-separators are instétegine out NQgenerally increases
somewhat, reason why for some Euro IV or V vehialdh SCR deNOx aftertreatment
new software can be installed in order to bringkthe NQ tailpipe emission to its
original level.

In addition to this there are some risks with respe the durability of emission control
components such as catalysts, diesel particulsgesfand EGR systems. These issues
are likely to become more relevant with future eegidue to the general application of
diesel particulate filters and catalysts and thereesed temperature level within the
EGR coolers.

The durability issues of exhaust aftertreatmentesys are related to the possible
presence of sodium, potassium or phosphor in biofire first two are related to the
production process of FAME, while phosphor can tes@nt in the feedstock. [Brezny
2007] reported that alkali and alkaline impuritiesse the following detrimental impact
on catalyst performance and durability:

- Substrate thermo-mechanical properties

- Washcoat surface area stability

- SCR catalyst acid site neutralization

- Precious metal dispersion and active site blockage

[Sugiyama 2007] reported that FAME is relativelystable and readily generates acids
such as acetic acid and propionic acid. Becausiebdbxidation degradation is
accelerated. In general, problems can be decrégsadiding 1000 ppm antioxidant
additives (BHT) to the fuel.

It is also imaginable that the regeneration charastics of the diesel particulate filter
are changed as a result of the use of biodiesalifg to a possible shorter lifetime of
the filter. FAME possibly leads to a different peutate composition with oxygen
containing hydrocarbons attached, which might keadgher temperature gradients
during active regenerations. This might shorterfittez’s lifetime.

Synthetic diesel: GTL, CTL, BTL, HVO

The synthetic diesel fuels consist of paraffins modparaffins and are very similar to
the standard components within diesel fuel (se€léayama 2007] and [Rantanaen
2005)). It is generally acknowledged that synthdtesel has no adverse effects on Cl
engines and that it can be blended in any ratib stindard diesel. ACEA also
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recommends to increase the biocomponents sharmwlittsel fuel above B7 with
synthetic diesels BTL and HVO (Hydro treated VebktaDil) such as NExBTL.

Synthetic diesel is characterised by a high cetameber and low aromatics. The cetane
number is an indicator for the auto-ignition tengtere. The higher the cetane number
the easier and quicker the fuel will combust. Irstrengines the combination of high
cetane and low aromatics this will result in loED, and particulates emissions.
Synthetic diesel can be used as blend in standesélduel in order to upgrade the
cetane number or as a pure fuel with high cetangbeun The advantages of high
cetane diesel components will slowly diminish wittwer technology CI engines (i.e.
Euro VI). This is because the CI engines will baipged with closed loop NCrontrol
and diesel particulate filters and will consequestiow a relatively constant tailpipe
emission level. When vehicles are equipped with SEROXx aftertreatment this can
result in a somewhat lower AdBlue consumption.

E95: Hydrous ethanol with ignition improver

Compression ignition of ethanol is already use®bgnia for more than a decade. The
main application is public transportation in thgy @f Stockholm, where some 600
buses are running on ethanol. World wide thereaboait 700-800 vehicles from Scania
on ethanol.

Since ethanol has a very low cetane number, al8éugbition improver is blended and
the compression ratio is increased compared taralatd Cl engine. The ethanol fuel
also contains about 5% water. Because of the loambustion value compared to
diesel, the injection quantity and flow rate duringction are quite different. Due to
the oxygen in the fuel the emission control posigibivith EGR is better. Scania can
deliver these engines in EEV (Enhanced Environntigrftéendly Vehicle)

specification without SCR deNOx aftertreatment a#ittiout diesel particulate filter.

[Rehnlund 2007] gives a good overview of the tecahissues and possibilities.
Ethanol without ignition improver can be combusieth glow plug assistance. In that
way a single (anhydrous) ethanol specificationlmamised for both E95 compression
ignition and EB85 spark ignition. The air-fuel mixtun the tank with pure ethanol is
explosive in a much wide ambient temperature rdhge other fuels, but in 15 years no
accidents have occurred. [Rehnlund 2007] recommeedsioping a European fuel
standard for ethanol to be used as pure ethanotp€ssion ignition ethanol is
expected to remain a niche application up to 28&thng others because engines are
not readily available.

Methanol with ignition improver

Methanol with ignition improver for compression ityon engines is recently proposed
(again) by Volvo [Volvo 2008]. It would require silar engine adaptations similar to
ethanol with ignition improver: a special (highvlgate) fuel injection system and
special optimisation of combustion and emissiontrabisystems. Methanol can be
produced via biomass gasification where ethanptasluced via fermentation.

Methanol was popular as alternative fuel for prifgeBl / flex fuel engines in the
eighties and nineties of last century. It, howewes replaced by ethanol because
ethanol can be produced renewably in an easy wathawol also got a bad name
because of risks of toxicity when consumed or wépiled to the ground water and
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because of safety issues due to the invisible fldimeethanol would be considered
again as an alternative fuel, these issued woudd tebe addressed.

General disadvantage of oxygenate fuels such dsamett DME and ethanol is the low
energy content per litre fuel. This means a redulteehg range and/or an increased
fuel tank size (up to a factor of 2). Especiallyntoercial vehicle owners see this as a
large disadvantage, since space on a tractor ek isdimited and driving range is very
important.

Dimethyl-ether (DME)

Dimethyl-ether (DME) as an alternative fuel for&igines has been extensively
investigated by Volvo, AVL, BP, Haldor Topsoe arislbal NO. Currently the emphasis
of the R&D is in South East Asia and Volvo is wargion a third generation system.
DME can be produced from natural gas or from reidevieedstock (same feedstock
and similar process as GTL/BTL).

DME is basically a very nice “compression ignitidnel, because it has a very low
auto ignition temperature and it vaporizes to aaja®st instantaneous after injection.
Because of these characteristics thg W@ PM emissions are intrinsically very low in
a correctly optimized engine and without completerifeatment systems such as SCR
deNOx system and diesel particulate filter.

Unfortunately DME has also some disadvantages:

- Itis aliquid gas (similar to LPG) which requir@special fuel system both for the
low and high pressure side;

- Evenin liquid phase it is relatively compressiatel characteristic are sensitive to
temperature. This requires a special fuel injectiggstem even though the fuel
injection pressure is much lower than for diesel;fu

- ltis relatively aggressive to elastomers;

- It would require a new infrastructure for fuel distition.

Volvo has built several demonstration vehicles imitBuropean or Swedish national
programs. The Energy Technology Research Instiiud@pan published a field test
with a DME truck in which 13,000 km was accumulafieitsuharu, 2007]. The engine
had a NQ level of about 2.5 g/kWh; 27% below the Japan@€§8 2egulation.
Particulates emission is practically absent dubednstantaneous evaporation of DME
after injection. It is expected that with DME thark VI emission level can be achieved
without NQ, aftertreatment.

Series production of DME vehicles is uncertairhé stage. A prerequisite for that
would be an agreement between government and nydosttimulate such a vehicle
technology and the required fuel infrastructure. DM a more practical fuel than for
example hydrogen or natural gas because it isialigas. Well to wheel efficiency
might be among the best in comparison to otherwahke fuels [Volvo 2008],

[Verbeek 1997]. DME can also serve as a practicat@y carrier for fuel cell vehicles.

It can be concluded that up to 2020 DME will attb@sa niche fuel for captive fleets or
for fuel cell vehicles.

Special oxygenate for diesel fuel
FAME, PPO, ethanol and butanol are all oxygenagésfFAME, PPO and ethanol
when blended with diesel fuel often have a positiffect on the particulate emissions
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of compression ignition engines: these tend togemalthough this is very dependent
on the engine type. In [Kadijk 2008] it was con@ddhat with FAME the PM emission
reduction varies between 0% and 60%, while for BH©is between 8% and 71%.

This is of course a very positive effect althougtifer research is needed with respect
to possible toxicity of the exhaust gases. On therchand N@can increase somewhat.

Well known are fuels with ethanol blends, deliveoedier the names E-diesel ang O
diesel. Ethanol contents are respectively 10% &ady volume. This does lead to
reduced energy content per litre fuel of 3-4% dsd & a similar power reduction of
the engine. Effects found on particulate emissanmge from 0-30% reduction.

Research is ongoing into specially designed oremagygenates which could be
(much) more effective than standard oxygenate foietliditives. These are for
example complex species like: DiButylMaleate (DBMiipropylene Glycol
Monomethyl Ether (TPGME), Tri-ethylene Glycol Dirhgtether and Glycerol Tertiary
Butyl Ethers (GTBE). In [Boot 2007] some of thepedes are investigated and
compared with standard diesel, syndiesel and #fsmel-syndiesel blend using an
engine with EGR. The blend percentages range f8no615%. It appeared that under
certain conditions the blends with TPGME and ethamoe very effective: PM
emissions were 5 to 8 times lower than with stathd#esel. Further research would be
needed to demonstrate the performance across gfireeanap and with different engine
types. Also compatibility with metals and elastosngiould be checked or investigated.
[Eijk 2008] diesel with low percentages GTBE anlestbio-component blends with
diesel fuel were investigated in a passenger emetliengine. It was showed that 2%
GTBE blend or 1% GTBE blend plus 4-5% biocomponerdee effective in reduction
of particulate emissions: 5-35% reduction dependim¢est cycle.

Oxygenate blends or additives can be considerad@ethod to clean up existing,
relatively conventional engines (Euro 3 and older}hat case it should be checked
whether the oxygenate is economically affordablé @amn be produced in sufficient
guantities. Also fuel properties with respect ttegg such as the vapour pressure,
should remain within the official fuel specificatio

For future engines equipped with wall flow diesattrulate filters, the advantage of
the lower particulates emissions resulting formgegate fuel disappears to a large
extent: with wall flow filters the diesel partictdaemissions will be very low anyhow.
An advantage in that case might be a reductiohehumber of active regenerations of
the diesel particulate filter, which might leadatduel consumption saving of up to 1 or
2%. An oxygenate additive might also prevent plaggif a retrofit diesel particulate
filter (for vehicles where regeneration is critjcal

For the future engines the possible use of oxygeiugis or blends actually has a large
influence on the required development effort. Tikisecause the performance and
durability of engine and emission control systemgehto be secured for the whole
range of different fuels that are likely to be udedreasing the spread in characteristics
of available fuels by means of allowing varying degs of oxygenate contents means a
lot of (costly) engine dynamometer and field duligbiesting and possible product
adaptations. For this reason the general introolneif oxygenate blends in diesel fuel

is probably not feasible. The use of oxygenateddaran be considered for the use in
captive fleets and should probably be limited todEivehicles and older.
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Conclusions

Regarding dedicated engine-fuel combinations theviing conclusions can be drawn:

Besides by blending into petrol and diesel for @riional vehicles, biofuels can

also be used as high-percentage blends or neatifudédicated vehicles. Likely

candidates for application in the near and longentfuture are:

- Flex Fuel Vehicles with SI engines running on E&@5possibly high percentage
butanol/petrol blends);

- HD engines running on B20 - B100 (100% FAME biodlgs

- Hydrous E100 ethanol with ignition improver usedCihengines (for niche
markets);

Use of synthetic petrol and diesel (GTL, BTL) aatfeel is not expected as the

premium fuel qualities makes these fuels idealltable for blending into

conventional petrol and diesel. For use as ne&ddlie does not require engine

adaptations. But various engine modifications (elgnging compression ratio,

injection rate and timing etc.) can be applied tikenbetter use of the specific fuel

properties, allowing for further reduction of enngss.

It is highly unlikely that future mainstream engsnaill be designed to run on a

wide variety of fuel specifications related to #plication of various types and

percentages of biofuels. Such flexibility will k@otexpensive due to advanced

emission control systems (including OBD) and thedfer high reliability and low

maintenance.

Considerations on the application of biofuels iargggnition engines leads to the
following conclusions:

The compatibility of ETBE with petrol is excelleimtit ETBE is only partially
renewable.

Up to 10% ethanol blend in petrol (E10) can be usedost vehicles without
problems. It is probably sensible to keep E5 atsbeldor old vehicles.

Additional complexity and costs of FFV vehicles tme of high percentage blend
ethanol in petrol is limited. Development of Dirégjection FFV vehicle is more
complex.

Little information is available for butanol and pitrol. Butanol in high blend
percentage with petrol would also require a FFVialehBiopetrol is expected to
be fully compatible with standard petrol.

Concerning the application of biofuels in compressgnition engines the following
conclusions can be drawn:

Use of FAME for passenger cars will remain limitedow blend (B7) due to the
post injection technology used for DPF regeneration

A number of diesel trucks are released for highemds B20 to B100. It is expected
that the availability of trucks suitable for B10&ncbe increase towards 2020 if
desired. Use of high blend FAME will require songlaatations and affect oil drain
intervals.

BTL, HVO and GTL can be used in any blend percesgagithout any adverse
effects on engine maintenance. Their high cetangbeuin combination with low
aromatics leads to leads to lower emissions, ealbheti conventional diesel
engines.

Use of pure ethanol or methanol with ignition imggodoes require special Cl
engines. Within a reasonable period (5-10 yearsgrangines could be made
available on a larger scale if desired. These faisnot expected to be attractive to
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commercial vehicle owners because of the much l@mergy content of the fuel
(up to a factor of 2). Also a European wide fuétastructure would be required. It
is currently seen as suitable for niche applicasioch as for captured fleets (i.e.
city buses).

Dimethyl-ether (DME) does require an all new engine currently has limited
support. Consensus would be needed within indastdygovernment, before this
can be developed as an automotive fuel.

Oxygenate blends in diesel fuel (FAME, ethanol spekcial oxygenates) can be
effective for particulate emission reduction, britarily for Euro 3 and older
engines. More R&D would be required to prove tHfeaiveness for a wide engine
range. Compatibility with diesel engines with adseh emission control devices
might be a problem.

A special low cetane fuel for premix combustiorH&Cl engines has substantial
advantages and even is a prerequisite for apmitafti the HCCI combustion
concept over the full range of the engine mags ldwever considered not likely
that special engines will be developed and markietethis type of fuel by 2020.
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5 Emissions of current biofuels in existing vehicles

5.1 Introduction

Biofuels have been launched on the current fuekatan order to realise a WTW-GO
reduction. Many biofuels have been introduced emtlarket and are offered in two
concepts: Biofuel as low blend in regular petr@gdil or biofuel as high blend/neat
fuel. The latter require dedicated vehicle techgpldJp to 2010 for road transportation
purposes the biofuel share (on macro scale) wilhbeeased to 5.75 % (energy
content). However the effects of biofuels on vehigmissions are not well known.
Biofuels may positively or negatively influence exist emissions, evaporative
emissions, driveability of a vehicle, maintenancieeslules or sustainability of a fuel
system.

Originally the current fleet is developed with arglard fuel specification (petrol: EN
228 and diesel: EN 590). These fuel standards alowaximum of 5 vol% biofuel.
During vehicle development the main focus has lpegron compatibility of fuel and
hardware (tank, fuel lines, pump, injectors andkgts. In this way the fuel-fuel system
compatibility is secured. However the vehicle einisdype approval tests are carried
out with fossil fuel, the effects of a biofuel share unknown.

This chapter presents the results of a literaewvew, carried out by TNO on behalf of
SenterNovem, on the possible impacts of the ussobdiels and alternative fuels in the
short to medium term on emissions of existing elicAll biofuels are reported
separately and the publications have been selectdukir quality and applicability.

The emission data are laboratory data and colldobed different sources, all of which
strongly influence emission levels. Despite theditioning in these laboratories a lot of
circumstances are different, the experiments amgedaout with different vehicles
(technologies), different (bio)fuels, differentttegjuipment and different test cycles. As
a consequence of this diversity the test resusts sthow a large spread, and a similar
spread is expected in real-world emissions. Treicgiship biofuels-emissions is very
diffuse because vehicle technology and human bebasare two primary factors which
influence this relationship.

The results of this study can be used as an indécanly, because of the restricted
available amount of emission data. Emission regpdtuel are plotted in graphs, EN
228 petrol or EN 590 diesel are applied as referdéunels (100% emision levels).

Currently ethanol and FAME are major players intifefuel market. Ethanol/FAME
reduce WTW CO2 emissions but the results of tiidysshow that regulated pollutants
can increase or decrease, their effect on reguéateskions is not clear. Obviously
application of biofuel does not result in a win-veiffiect.

Generally a captive fleet on biofuel offers thetlmEmditions for possible emission
benefits (CNG city buses with biogas or diesel bifges with biodiesel). In order to
guarantee a local emission decrease every capgremust be analysed, a biofuel-
vehicle technology/emission reduction assessmentjisired.
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5.2 Fuel-engine combinations for the short term (now 2020)

Table 15 presents the fuel-engine combinationthi®ishort term as considered in this
chapter. The list is not based on consideratiogarding the likelihood of the various
applications for the short term but rather on teenis of Reference for the
SenterNovem assignment. Information on the impaictisese engine-fuel
combinations on exhaust gas emissions is relewaishort term R&D and taxation
policies aiming at stimulating development and reaigatry of biofuels.

Table 15 Studied fuel-engine combinations forghert term

Sl engines Cl engines
petrol high % gaseous diesel high % gaseous
low % blends fuels low % blends fuels
blends neat fuels blends neat fuels
E2-E5- | E85 LPG B2 — B5 PPO bio-DME
E10 ethanol| ethanol FAME
ETBE wet ethanol| CNG / LNG B100
FAME
E95/E100 | CBG™ / E95/
LBG(biogas) E100***
BTL/HVO BTL/HVO

") LPG in G3 and non-G3 engines

™) 95% ethanol / 4-6% water,

™) 95% ethanol / 5% ignition improver (AVOCET) / &6water, mainly for application in
HD engines

") CBG Compressed Bio Gas is not directly usedeiniales, but upgraded to natural gas
quality and distributed via de natural gas grid

General considerations

Selection of literature for this study

A number of recent review studies were identifiad ¢hese studies have been used as a
basis for this screening study. In addition, papeic reports that were published from
2004 onwards have been included in order to prekenhost up-to-date information

and to capture ongoing developments in this ardgarrnation from studies before 2004
has been included only if it presents added valube most recent knowledge (e.g.
unique study, relevance with respect to curreffiiture vehicle technologies). Most
references report test results of Euro 2 and iehi

Biofuels and exhaust emissions

In response emission legislation large reductiangehicle emissions have already been
realised over the past two decades due to impremgthe and aftertreatment
technologies. As engine and aftertreatment teclgyadm production vehicles have
changed rapidly, the results of emission measurenemlder studies have to be
interpreted with care and may overestimate thenpiadefor emission reductions by the
use of alternative fuels in current and future gkdsi. On the other hand, available
emission data on the performance of biofuels agelg based on retro-fitted or bi-
fuelled (flexible fuelled) vehicles. This may undstimate the potential emission
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reductions that can be achieved with alternatiesfin dedicated vehicles and through
optimised engine design.

For petrol vehicles the use of a three-way cataijtt closed-loop lambda control has
enabled emission reductions of a factor of 20 fosihemission components. For the
next ten years further emission reductions arestme with the introduction of Euro 6
emission limits. [TNO 2003a] shows that even furtlegluctions are feasible and that
petrol vehicles will be able to reach so-calledbzeffect level emissions. Obviously,

for these vehicles it will not be possible to glairge emission benefits in absolute
terms for specific pollutants by switching to cértalternative fuels. As the closed-loop
control of the engine and aftertreatment systeabls to adapt to and compensate for
changes in fuel quality, the impacts of fuel chegastics on emissions and
performance are reduced and complex in nature. if@less, some relative differences
in emissions between conventional and alternatieésfshould still exist.

For diesel vehicles the progress in emission réalucs considerable due to the
introduction of Euro 4 and Euro 5 technologies. §5ain legislation for diesel vehicles
is more stringent and it is expected that Euro &gion levels for diesel and petrol
passenger cars are equal.

Impacts of the use of biofuels are therefore exqubtts be more prominent in diesel
engines without aftertreatment systems than inksigaition engines as used in petrol
vehicles. The impacts are particularly relevardiasel vehicles (passenger cars and
trucks) have a relatively high share in the,N@d PM emissions that pose problems
with respect to national emission targets and lagajuality. For the near future
significant potential for emission reductions isigeated by the development of engine
EGR-technology, diesel particulate filters and etife= NO, reduction technologies
such as NQstorage catalysts and SCR-deNOx. These technelagliebe applied on a
large scale with the introduction of Euro 4, 5 &nemission limits for diesel vehicles.
As with the case of petrol vehicles and Euro 6aligshicles described above, the use
of effective aftertreatment will reduce the possibinission benefits associated with the
use of alternative fuels in diesel engines.

Several publications have directly averaged pubtistmissions data to compare the
emissions performance of (equivalent) vehiclesaisither alternative fuels or
conventional petrol or diesel fuels. From a statidipoint of view, this approach raises
the question of significance of the results. Fgtance, it could be that, although
emission results differ substantially, they aréaict not statistically significant due to
e.g. a small sample size or large variation in simisresults among test vehicles.
Already for vehicles on conventional vehicles géaspread can be observed in the
emissions of vehicles of the same type or of coalfgarvehicle types. Establishing
statistically significant results in experimentatission studies therefore requires
testing a large number of vehicles and properssizdi handling of the test results.

Due to the different test procedures for Light &tehvy Duty vehicles the LD and HD
emission trends should be investigated separatdlyp vehicle test starts with a cold
engine and a HD engine emission test starts whibit &ngine. Cold and hot engine
operation with biofuel may lead to different emisseffects.

In this study emission results are collected atatively plotted in graphs. If the base
emission levels of a vehicle are low, the relaéffects of the application of a biofuel
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blend might be enormous. Especially NOx emissiangeirol cars are very sensitive
and in some cases the biofuel emissions can ire&@3- 1200%. If a substantial
amount of these cars run on biofuel they can bé&eabas “a very high emitting
category” and their impact on the total fleet emisss also substantial.

The different studies/publications are carriedwith different vehicles, fuels,
laboratories and test cycles. The emission effedbsofuel to all these different
circumstances must be taken into account.

Biofuels and fuel consumption

The density and heating value of the biofuels stidh this report is generally different
from that of conventional petrol or diesel. Witle ttame engine efficiency (expressed
in MJ engine output divided by MJ fuel input) thelf consumption expressed in /100
km will therefore generally be different. From arewall energy point of view this is
not a very relevant issue as vehicle efficiencyusdhde measured in MJ/km. For the
consumer, however, higher volumetric fuel consuamptéads to reduced vehicle
autonomy with the same tank size. For the distidiounfrastructure lower energy
content also has consequences as transportingairgydarger volumes generally
induces higher costs.

Biofuels and C®

With respect to C@ this report only considers exhaust emissions@f for the
different fuels. Well-to-wheel aspects are not tek#o account. When comparing
direct CQ emissions from the use of biofuels and conventifirés the differences are
caused by two factors:

- difference in the engine efficiency for the diffetduels;

- difference in the C/H ratios of the fuels.

Biodiesel and petrol as low blend in automotivd fue

Since 2007 most European fuel suppliers are obligeell a certain percentage
biofuel. In 2007 in The Netherlands 2% (on energgi$) of the total sold volume is
biofuel. The required amount of biofuel can be gmide or added to the petrol/diesel
main stream. As a consequence of this standarg bagch in a filling station may have
a different content of biofuel. Nowadays it is anoriissue but in 2020 the biofuel
content of automotive fuel may vary substantiatigtiveen 0 and 10%). Due to this
possible biofuel content variation adaptive engimanagement control might be
needed.

Table 16 Required content (energy base) on maede st biofuel in petrol and diesel in The

Netherlands
Minimum share
in the total amount of fuels in petrol in diesel
sold for road transport

2007 2% 2% 2%
2008 3,25% 2,5% 2,5%
2009 4,5% 3% 3%
2010 5,75% 3,5% 3,5%
2020 10%*

* Proposed in EU 23.1.2008
Source: Besluit Biobrandstoffen, Staatsblad, 2006
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Biofuels and exhaust aftertreatment systems

Most petrol LD cars are equipped with stoichiontegmgines with closed loop adaptive
emission control. The possible effects of biofuekEnly are eliminated by the lambda
control system. If the lambda control system hdfcgent adaptive performance it will
be able to handle different fuel qualities in acsfperange.

Diesel vehicles with Euro 4,5 and 6 technology fydsave aftertreatment systems with
different conversion rates. An engine aftertreatnsgatem with high conversion rate
(80-95%) generally is less sensitive for biofudieTabsolute emission levels are
relatively low and the effects of biodiesel (blendse small. If aftertreatment systems
are equipped with closed loop control (N€&nsor) the effects of biodiesel might even
be compensated by the emission control system.

LPG (G3 and non-G3)

LPG (Liquified Petroleum Gas) is a propane/butandure and its origin is from crude
oil, it is not produced from biomass.

LPG-vehicles mostly are bi-fuel vehicles and areigged with uncontrolled (non-G3)
fuel systems or controlled (G3) fuel systems. Seny®G installations (non-G3) mix air
and fuel with a carburettor, it is a system withaintfuel control device. The more
advanced LPG installations (G3) have a lambda obeitrwhich will result in better
catalyst performance. Due to the bi-fuel concepstrb®G vehicles start on petrol and
after 1-2 minutes engine operation is switchedR&L

LPG vehicles are offered as OEM vehicle and asfiettonfiguration. Generally the
guality standard of OEM vehicles are higher tharofi vehicles.

Nowadays LPG retrofit non-G3 systems are technyiegual to G3 systems. Liquid or
gaseous LPG is sequentially injected in the intetgpof an engine. These systems can
be implemented in nearly all petrol cars. The LHG#anufacturer is able to cover the
whole market with one system. G3 as well as nor-BG systems run with closed
loop control. The G3 class is certified and vehagissions must comply with
emission legislation. Exhaust emissions of the 88nclass are not optimised and not
certified, LPG tax of non-G3 vehicles is higherrila3 vehicles. Practically high
volume series the LPG systems are certified, lolwme series are not certified.

Emission Impacts

LPG is not produced from biomass so there is naddated emission benefit. Most bi-
fuel vehicles start on petrol and after some wagmip LPG operation is activated. Bi-
fuel emission effects of LPG fuelled vehicles mustelated to their petrol operation
periods. The cold start and warming up effectsetfqh are discussed in the
accompanying chapters.

Data of non-G3 systems are not available. Prabtieahaust emissions of non-G3
systems are expected to be good. The lambda dentihctive but not optimised.

Regulated pollutants
The emission benefits (CO, NAPM) of LPG are reasonably well-established.
Experimental studies [e.g. TNO 2003b] have shovah @EM-equipped Euro 3
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passenger cars on LPG produce regulated tailpigseEms equivalent to or lower than
those of petrol vehicles.

In 2003 retrofit LPG vehicles were tested by TNOI{T 2003c]

Table 17: Relative test results of retrofit LPG ietgs (100% = petrol) [TNO 2003c]

cycle name Cco HC NOx Average | Driving
[%] [%] [%] speed | dynamics
[km/h] [RPA]
urban hot (UDC) +857 +588 +82 18.7 0.14
extra urban (EUDC) +183 -44 +408 62.6 0.09
CADC Urban +754 +87 +113 175 0.30
CADC Road +61 -23 +69 60.3 0.16
CADC Highway -2 -63 +438 116.4 0.10

UDC: Urban driving Cycle (0 — 50 km/h), type appabtest cycle
EUDC: Extra Urban Driving Cycle (0 — 120 km/h), &ppproval test cycle
CADC: Common Artemis Driving Cycle (0 — 130 km/hgal world driving cycle.

For detailed time-speed profiles see Appendix E.

During the cold start and warming up vehicles egegwith (non-)G3 LPG systems
mostly have a similar emission behaviour as pethbicles, because a LPG vehicle is
started and warmed up on petrol. Due to the higitsoof the optimisation of a LPG
cold start emission control strategy the petr@tetyy is prefered. In case of an
increased biofuel petrol content G3 and non-G3 kMeKicles have a similar emission
behaviour. No special effects are expected dulegtincreased biofuel content.

[TNO 2003Db] investigated in 2003 the emission pentance of petrol, diesel, LPG and
CNG LD-vehicles.

Figure 5.1 Relative emissions LPG-G3 vehicles [TA003b]
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Table 18 Emissions different fuels Euro Il LD veleis [TNO 2003b]

Average driver
Petrol Diesel LPG Rel. Rel.
LPG-petrol | Diesel-LPG
[%6] [%6]

NH; [mg/km] 17.3 0.9 50.6 292 2
SO, [mg/km] 8.9 3.7 2.8 31 132
N,O [mg/km] 3 7 3 100 233
NO [g/km] 0.07 0.33 0.05 71 660
NO, [g/km] 0.02 0.37 0.01 50 3700
oC [mg/km] 1.1 11.5 0.4 37 2875
EC [mg/km] 0.6 26.1 0.2 33 13050
CO [g/km] 1.48 0.10 1.39 94 7
HC [g/km] 0.13 0.02 0.10 77 20
NOy [g/km] 0.10 0.80 0.07 70 1143
HC+NOy [g/km] 0.24 0.83 0.18 75 461
PM [g/km] 0.006 0.046 0.005 83 920
CGo, [g/km] 208.1 180.5 189.3 91 95
FC [I/200km] 8.86 6.78 11.74 - -

Except for ammonia emissions, LPG vehicles perfbetter then petrol vehicles.

There are considerable quality concerns with radpeetrofit systems which will lead
to higher real world emissions. This was demoretratith the evaluation of the Dutch
LPG fleet in the period form 1999-2003. Althougk tjuality seamed to go up for
newer regeneration retrofit systems, these coneemain. Due to the series size of
retrofit system per vehicle type, the developmeit @urability testing is very small in
comparison to that was done for the original fuette engine manufacturer.

In table 5.4 the comparison for diesel and LPG alekiis made for Euro 3 LD vehicles.
For most emission components LPG vehicles perfattebthan diesel vehicles. Diesel
vehicles only perform better for CO, HEH;andCO, emissions.

For Heavy Duty applications LPG is not often appkes automotive fuel. The relative
low MON-number of LPG (89-93) only allows low enginompression ratios, engine
efficiency is poor.

Unregulated components

Figure 5.2 report an overall result of the emisgierformance of a LPG vehicle. Due to
the fact that those vehicles are bi-fueled (petral LPG) a very good comparison can
be made. In general LPG vehicles with current tetdgy have equal or better emission
performance then petrol vehicles.

The most outstanding points are:

- The overall evaluation shows that for a hot englireehuman health effects are very
low in the case of Sl engines.

- Inlocal situations (with cold start) LPG has a lmmpact potential.
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- Itis assumed that the additional cold start emissirom the LPG (and CNG)
engines are primarily caused by their starting etngb. If the content of biofuel is
increased no significant increase of exhaust earisss expected.

- In general the gaseous fuels show the lowest emnis$or the average driver, and
diesel the highest emissions.

Figure 5.2a Emissions and emission profiles: Averdgver [TNO 2003b]
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Figure 5.2b Emissions and emission profiles: Averdgver [TNO 2003b]
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5.4.2 Exhaust Gas Aftertreatment & Evaporative Emissiedition
Monofuel LPG vehicles have pressurised fuel syst&tosmally hydrocarbon
emissions due to leakage are negligible. If LP&piglied in a bi-fuel concept (petrol
based) car evaporative emission behaviour aspextsp negligible. In case of
increase of biofuel content in petrol no emissitiaats in the aftertreatment system are

expected for LPG vehicles.

5.4.3 Fuel specifications
LPG automotive fuel specification is described M3B9. Bio aspects are not applicable

for LPG. No special attention is needed for the &NStandard.
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5.4.5

5.5

In-use compliance emissions

Most LPG vehicles are equipped with retrofit systein 2003 TNO investigated

emission performance of Euro 2 and 3 LPG vehiclé§] 2003c]. The most

outstanding conclusions are:

- LPG-equipped retrofit vehicles exceed more ofterssion limits than petrol
vehicles

- Practical emissions of LPG retrofit vehicles arehfigher than petrol vehicles. NOx
can be 3 times higher, HC and CO emission levelglaf times higher. These
statements are based on measurements in Polaritharidetherlands.

- Emissions of OEM LPG vehicles are below the lirfiltiO 2003b].

Conclusions

LPG offers emission benefits to petrol if the LRGtallation has been installed by the
vehicle manufacturer (OEM), retrofit LPG instaltais generally offer emission
detereorations. LPG is a fossil fuel and applied@lie Netherlands as a third possibility
(after petrol and diesel). LPG vehicles which andtfpy car manufacturers (OEM)
have a good quality standard and comply with emisstandards. The emission levels
of an OEM LPG vehicle are somewhat lower thangbeehicles.

The emission behaviour of retrofit G3-LPG vehiaien exceed the legislative
emission levels. Due to the type approval familgrapch of a group of vehicles, the
restricted amount of required emission tests aadliffierent installation companies
some vehicles exceed their type approval emisgiats|

For most emission components LPG Euro 3 vehiclesme better than Euro 3 diesel
vehicles. Diesel vehicles only perform better f@,EC,NH; andCO, emissions.

Biofuel effects of LPG-vehicles are not related RG but to their petrol operation
periods. The cold start and warming up periodseletively short and can be
neglected.

CNG/Biogas

Biogas is derived from renewable materials suckeasmge, landfills and agricultural
waste by means of anaerobic fermentation. Deperafirtge source the composition of
biogas differs greatly, with methane contents vayyietween 65 - 85% for biogas from
agricultural waste, and 30 - 70% for landfill gBesides C@the remainder may
contains air (@and N), water vapour and for some processes also hydrid and
carbon monoxide (CO), and other impurities.

Raw biogas can be used in (stationary) combustigmes, but for use in modern
vehicles upgrading to natural gas qualities is gahyerequired.

For biogas upgraded to natural gas quality theladgad emissions may be expected to
be similar to those of vehicles running on natgesd. The WTW C@reduction of
biogas (compared to natural gas) is about 75% [EQ8P

Natural gas and biogas mostly are applied in sjggnikion (otto) engines. For
passenger cars stoichiometric engines {) with a three-way catalyst are most
commonly used. In heavy-duty applications bothcstioimetric and lean burn & 1)
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engine concepts are used. Stoichiometric NG engjersrally have emission

advantages, while lean-burn NG engines generallg hebetter fuel efficiency. Natural

gas and biogas can also be used in engines opeeatithe compression ignition
principle. There a two options for doing this:

- diesel pilot injection: In this technology piloféction of diesel is used to ignite the
natural gas. These engines thus consume two finelétaneously. These are
referred to in the industry as dual fuel enginex {a be confused with bi-fuel
vehicles that can operate on either natural ggasoline);

- hot surface ignition: In this technology naturas gmignited by means of a glow
plug in the cylinder.

When sufficiently upgraded the fuel characteristitbiogas are comparable to natural
gas, although natural gas also contains smallgwtf non-methane hydrocarbons
such as ethane.

Although specific information with respect to bisga very limited, there is increasing
interest in using this alternative fuel in motohigtes (e.g. [Landahl 2003]).

Emission impacts
The emission impacts are studied for mono-fuelldifzGrehicles.

Regulated pollutants

The emission benefits (CO, NAPM) of natural gas are reasonably well-estabiishe
(e.g. [Nylund 2000][Umierski 2001][TNO 2003b]). Eeqpmental studies [e.g. TNO
2003b] have shown that OEM-equipped Euro 3 passe&age on natural gas produce
regulated tailpipe emissions equivalent to or lothan those of petrol vehicles.

[TNO 2003b] investigated in 2003 the emission penfance of petrol, diesel, LPG and
CNG LD-vehicles.
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Figure 5.3  Relative emissions CNG Euro Il LD-veaifTNO 2003b]
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Table 19 Emissions different fuels Euro Il LD veleis [TNO 2003b]
Average driver
Petrol Diesel CNG Rel. CNG
[%]
NH; [mg/km] 17.3 0.9 34.5 199
SO, [mg/km] 8.9 3.7 1.5 17
N,O [mg/km] 3 7 1 33
NO [g/km] 0.07 0.33 0.03 43
NO, [g/km] 0.02 0.37 0.00 0
oC [mg/km] 1.1 11.5 0.0 0
EC [mg/km] 0.6 26.1 0.3 50
CO [g/km] 1.48 0.10 1.58 107
HC [g/km] 0.13 0.02 0.11 85
NOy [g/km] 0.10 0.80 0.04 40
HC+NOy [g/km] 0.24 0.83 0.15 63
PM [g/km] 0.006 0.046 0.002 33
CO, [g/km] 208.1 180.5 168.6 81
FC [I/200km] 8.86 6.78 9.54

Except ammonia emissions CNG vehicles perform bt petrol vehicles.
5.5.1.2 Unregulated Pollutants
OEM-equipped Euro 3 passenger cars on naturakgsedtin [TNO 2003b] showed
that Euro 3 NGVs emit favourable levels of unretpdacomponents. The emission
behaviour of biogas is similar to that of naturas gas compared to diesel fuel, emission
benefits would apply with respect to several aiids such as BTX and PAHSs [e.g.
Nylund 2000]. Since methane will account for thgangart of HC emissions (> 90%),
the proportion of NMHCs (e.g. photochemically reaeHCs) is small. On the other
hand, exhaust emissions of methane, which is sfgoegnhouse gas, are relatively
high.
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Figure 5.4b Emissions and emission profiles: Averdgver [TNO 2003b]
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5.5.2 Exhaust gas aftertreatment and evaporative emiggidaction
Special palladium-based catalysts are requireddardo achieve acceptable methane
emissions. The long-term stability of the emissiontrol system may be problematic
[IEA 1999][Ahlvik 2002]. In addition, one researactAhlvik 2001] anticipates some
problems with future NQstorage catalyst technology as methane is orfeegbdorest
HC reducing agents.

Euro 5 standards for passenger cars can be readthedatural gas vehicles using
already available technologies. Euro 5 standandslfbvehicles and the Euro 6 limits
as presently under discussion can be reached wiitiai gas vehicles using already
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5.5.3

available stoichiometric technologies. Alternativelew to be developed technology
based on diesel SCR might be applicable. CNG engiilenot require particulate
filters to meet stringent PM emissions limits. kan-burn HD engines it is not yet
certain whether Euro 6 limits can actually be aobie

Monofuel CNG vehicles have pressurised fuel syst&osmally hydrocarbon
emissions due to leakage are negligible. If CN&piglied in a bi-fuel concept (petrol
based) car evaporative emission behaviour aspextiso negligible.

Fuel specifications

Depending on the source the composition of biogdaNG differs greatly. Biogas
from agricultural waste usually contains around 85% methane with the remainder
mainly CQ.. Biogas may also contain water vapour and siganifi¢races of other
substances (e.g. up to 1%weighB) The methane content of landfill gas may vary
between 30 and 70%. Besides Qfe remainder contains air {@nd N), water vapour
and for some processes also hydrogef) @dd carbon monoxide (CO).

Gas impurities may cause corrosion, deposits arsd. Vi8ibstances requiring attention

are:

- H,S: causes corrosion (by formation of $®ut can be washed out;

- H,0: causes corrosion and may accumulate in coldeeplof the fuel system. The
latter can be solved by heating the gas supplgsyst

- Syloxanes: resulting from the presence of deteggariandfills, may form abrasive
particles which cause damage to valves and valngss;

- Chlorine and fluorine (from refrigerators in laritj;

- Dust particles.

For stoichiometric (= 1) port-injected otto engines biogas must beaagbed to at least
the quality of the G25 reference test fuel (85%haee, 14% B, as this is the

minimum fuel quality for which these vehicles aypd approved. The G25 specs are
close to those of Dutch low-calorific “L-gas”. Impiies must be removed. Open loop
lean burn engines can be calibrated to run on warias qualities but are very sensitive
to variations in gas quality. Closed-loop lean bemgines can to some extent adapt to
variations in gas quality, but N@missions will generally suffer from incorreet

control and ignition timing.

Upgrading of biogas to natural gas quality is aleoessary for mixing biogas in the
natural gas distribution grid. A high percentageimgas of other gases than methane
also leads to higher energy requirements for cossiwa per unit energy output and to
a reduced range given a fixed tank size.

Compressed natural gas (200 bar) for automotivesusgecified according to ISO
Standard 15403. Safety regulations are accordifigfCté R 110. Natural gas has a
varying composition through Europe. The engine roastply with the delivered fuel.

The knocking resistance of methane fuels is mughdrithan that of petrol. The octane
number standard scale can not be applied for CNfdsareplaced by the methane
number scale.
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5.5.5

5.6

5.6.1

5.6.11

Emissions of future CNG engines

Stoichiometric S| engines on natural gas will beedb comply with Euro 6 and Euro
VI emission legislation. Differences in emissiormgvieen CNG on the one hand and
petrol and diesel on the other hand are expectdddrease. Remaining differences by
2020 may be a small advantage of CNG in the areamfgulated emissions.

Conclusions on CNG and biogas

CNG/Biogas offers emission benefits if the CNG-afistion has been installed by the
vehicle manufacturer (OEM). CNG is a fossil fuetlatowadays most CNG vehicles
are produced by car manufacturers. Retrofit CNGckeh are rare. CNG-vehicles
(OEM) have a lower emission level than petrol vebidf biogas is upgraded to CNG
quality it is expected that biogas vehicles hawdlar emissions to CNG-vehicles.
Due to non-stable biogas quality variations rawgb®is not a favourable automotive
fuel. If biogas is upgraded to CNG quality spedifions (ISO 15403) vehicle emission
behaviour will not deviate from standard CNG aptiizn.

Biodiesel low and high percentage blends

Nowadays pure biodiesel (EN 14214) often is a Fatig Methyl Ester (FAME) and it
is made from different feed stocks. In genera ily used as automotive fuel in pilot
projects (public transport). More frequent engire@ntenance and extra fuel handling
are practical issues which must be solved. In coatlin with extra costs it is not
attractive for commercial companies to switch wdmsel.

The WTW CQ reduction of biodiesel (compared to regular diesethe EU is about
38% [EU 2008]. The main feedstock for biodiesdhe EU is rapeseed.

Within the next years the effective biodiesel canta diesel fuel will be increased to
5,75 % (energy based). All diesel vehicles will smme low blend biodiesel fuel, the
possible (emission) effects will be caused by al titeet.

ACEA has stated a maximum of 7 vol% (B7) biodigsdlight Duty vehicles. Diesel
engines with a closed DPF require an active regéioerstrategy, fuel is injected

during the expansion stroke. In most vehicleschisses extra dilution of engine oil and
reduces the lubricity of the oil. In order to hat#ficient lubrication in all
circumstances ACEA prefers a maximum of 7 vol% lasell.

Emission impacts

For determination of the emission impacts of bisdie certain amount of publications
has been studied. Light and heavy duty test rekaite been investigated separately as
their test procedures and circumstances are differe

Regulated pollutants

In Figure 5.5 to Figure 5.14 the emission resuliSAME/biodiesel in LD and HD
vehicles are reported. They scatter in a wide rahige effects of biodiesel in LD and
HD engines differ.

The test data are based on [Chuepeng 2007], [1Zi2&K7], [Hu Li 2007], [Arapaki
2007], [Williams 2006], [Fontaras 2006], [McCormi2R06], [Krahl 2006],
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[Blassnegger 2005], [Verhaeven 2005], [Tibbet 2005&kko 2000], [Aakko 2002],
[Montero 2006].

Application of biodiesel blends in HD vehicles ritsin:

- increase of NQemissions;

- decrease of CO and THC emissions;

- decrease of PM emissions;

- slight increase of CQemissions.

Application of biodiesel blends in LD vehicles résun:

- increase of CO, THC and N@missions;

- increase of PM emissions for low blends and a dseref PM emissions for high
blends;

- no change of C@emissions.
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Figure 5.5 CO emissions from HD engines on biodligdends)
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Figure 5.6  CO emissions from LD vehicles on biodi€blends)

The test data are based on [Chuepeng 2007], [1Zi2&K7], [Hu Li 2007], [Arapaki
2007], [Williams 2006], [Fontaras 2006], [McCormi2R06], [Krahl 2006],
[Blassnegger 2005], [Verhaeven 2005], [Tibbet 2005&kko 2000], [Aakko 2002],

[Montero 2006].

HC emissions HD

140%

120%
*
» 100% X3 . ° °
5 P . .
£ 80% $ $ L 3
IS ¢ * ¢ 4
@ *
g 60%
() * * 2 3
=
B 0% 3
L . :
20% ¢
.
0% . . . . . . . . . =
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 110%
% biodiesel

Figure 5.7 HC emissions from HD engines on biodi@sgends)
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Figure 5.8 HC emissions from LD vehicles on biodigblends)

The test data are based on [Chuepeng 2007], [12i2&7], [Hu Li 2007], [Arapaki
2007], [Williams 2006], [Fontaras 2006], [McCormi2R06], [Krahl 2006],
[Blassnegger 2005], [Verhaeven 2005], [Tibbet 2005&kko 2000], [Aakko 2002],
[Montero 2006].
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Figure 5.9 NQemissions from HD engines on biodiesel (blends)
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Figure 5.10 NQ@emissions from LD vehicles on biodiesel (blends)

The test data are based on [Chuepeng 2007], [12i2&K7], [Hu Li 2007], [Arapaki
2007], [Williams 2006], [Fontaras 2006], [McCormi2R06], [Krahl 2006],
[Blassnegger 2005], [Verhaeven 2005], [Tibbet 2005&kko 2000], [Aakko 2002],

[Montero 2006].
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Figure 5.12 PM emissions from LD vehicles on bisdigblends)

The test data are based on [Chuepeng 2007], [1Zi2&K7], [Hu Li 2007], [Arapaki
2007], [Williams 2006], [Fontaras 2006], [McCormi2R06], [Krahl 2006],
[Blassnegger 2005], [Verhaeven 2005], [Tibbet 2005&kko 2000], [Aakko 2002],

[Montero 2006].
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Figure 5.14 C@emissions from LD vehicles on biodiesel (blends)

The test data are based on [Chuepeng 2007], [12i2&K7], [Hu Li 2007], [Arapaki
2007], [Williams 2006], [Fontaras 2006], [McCormi2R06], [Krahl 2006],
[Blassnegger 2005], [Verhaeven 2005], [Tibbet 2005&kko 2000], [Aakko 2002],
[Montero 2006].

The effects of biodiesel in LD and HD engines affeent. The different requirements
and the specific performance of LD and HD vehicésailt in different engine operation
(speed and load). In general injection systemdbllesel engines have less
performance than injection system of HD-vehicldse ihjection pressures are lower
because LD emission tests are not covering full lg@eration, combustion is optimised
at part load and not at full load. For LD-vehictesst publications report NEDC test
results. The NEDC test start with a cold phasedamihg testing the engine reaches a
nominal hot status. Heavy duty engines only aredeim hot condition. Their fuel
injection systems and combustion chambers arewellydeveloped and should least
for at least 1 million kilometres.

Biodiesel can result in different effects in ongiee. [Czerwinski 2007] measured
different fuels in a HD-engine. EN 590 diesel faptl biodiesel as well as VPO are
compared in steady state operation points. Thétseme reported in Table 20. They
show for application of RME/VPO (compared to regulsel fuel) a PM increase at
low load and a PM decrease at high load. At higid$éathe penetration of the fuel in the
combustion chamber is good and the fuel relategexyontributes to a low PM-
emission. At low loads due to increased viscosigy/ftiel injection is relatively poor,

the fuel is not well mixed with air and the engPlél emissions increase. The integrated
nanoparticles measurements (SMPS) give a simialire

This experiment shows the complex mechanisms dfeiugine-combustion
combinations. Depending on engine speed and loathan fuel can result in better or
worse emission results.
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Table 20 PM emissions of a HD engine at 1500 rpeef@inski 2007]
PM [g/kWh] | Rel.PM[%] | PM[g/kwh] | Rel. PM [%]
Load 10% Load 10% Load 80% Load 80%
Diesel 0.28 100 0.36 100
RME 0.32 114 0.09 25
VPO 0.44 157 0.08 22

5.6.1.2 Unregulated pollutants

5.6.2

5.6.3

Most biodiesel fuels have an ester structure,ishasdifferent structure as the structure
of diesel hydrocarbons (parrafins, aromatics). €lse some concerns about the toxic
emissions of biodiesel. The principal structurdiotiesel (ester) is quite different from
regular diesel fuel (hydrocarbon) and this may eapecific toxic components. Due to
the penetrant odour of this exhaust gas it makehreanse to investigate the possible
health effects. Toxic components mostly are foumidyidrocarbons and particles.

Exhaust gas aftertreatment and evaporative emiggidaction

The low sulphur content of biodiesel reduces supparticle emissions and reduces
poisoning of diesel oxidation catalysts and hengaroves conversion efficiency. A
general finding in the literature [e.g. Sharp 2080he shift towards less soot (IOF) and
more volatile organic compounds (SOF) in partiaikmnissions. This would create a
more favourable environment for exhaust treatmgrat iesel oxidation catalyst.
Diesel oxidation catalysts may prove to be adequeateduce PM (SOF), making the
use of DPFs unnecessary due to low IOF. Howevgh levels of (cooled) EGR will
probably be necessary to control N@ has been observed that potassium methoxide
[Yamane 2004], which is a biodiesel fuel componants as a soot oxidation catalyst
which causes DPF self-regeneration.

Fuel specifications

Defined fuel specifications are required to regtisaper vehicle operation. Biofuel
quality is influenced by the production of the fstetk, storage, production, transport
and handling. Especially the very different sourakthe feedstock, the different
production sites and the big demand do not cortiibua stable biodiesel quality.
The main parameters which may have impact on lsetiguality are: Acid number,
impurities, oxidation stability, content of sulphphosphorous, magnesium, calcium,
water and ash. [Schuemann 2005] show in a fieldres 2001 — 2005 by several
biodiesel producers/traders that biodiesel fuelityuaften does not meet the DIN
51605 specifications.

Table 21 Samples which do not comply with fuel sfieation DIN 51605 [Schuemann 2005]

Amount of Reference
samples [%0]

Acid number 105 11.9 EN 14104

Impurities 287 32.5 EN 12662

Oxidation stability 152 17.2 EN 14112

Sulphur content 42 4.8

Phosporous content 112 12.7 EN 14107

Water content 140 15.9 EN I1SO 12937
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5.6.4

5.7

|Total amount samples | 882 | 100 | |

An underestimated item of a fuel functional lifeckeyis the infrastructure. All tanks,
vessels, lines, pumps, trucks and vehicle systenss$ be clean and closed. Water
and/or impurities may have big impact on vehiclgiea functionality. Due to
production and storage failures biodiesels oftencat of their fuel specifications.

An ester-biodiesel normally contains 10-12% oxyged this will have negative impact
on the stability of the fuel. In some cases fust@ed for years and it is required to
monitor the fuel quality.

Due to the different fuel molecule structure (arstwosity) of biodiesel the fuel

injection spray is different. Some publicationsad@bout a fuel spray that may be
spread against the cilinder walls (wall wettingheTcondensated biofuel dilutes engine
lubricant and lubricant stand times will decreddest vehicle manufacturers require a
double amount of oil changes (compared to nornedalioperation).

Conclusions on biodiesel

Application of biodiesel results in positive as had negative emission effects The
chemical structure and the source of biodieseédiffrom regular EN-590 diesel and
this results in a different combustion behaviounigsion impacts of biodiesel are
substantial and scatter more dominant in LD vehitdt@an in HD vehicles. Fuel
injection systems and combustion chamber configamatimainly determine the result
of combustion quality and emission levels. In nezstes oil drain intervals should be
shortened. For low blends (0-10%) only a few da¢samailable.

Virgin Plant oil (VPO)

Apart from past experimental studies on plantioilslder technology diesel engines
[Fort 1982] and reactors or one-cylinder enginesr$i& 1981], there is recent
information with respect to the effects on virgiant oils (VPOSs) in current (on-road)
diesel vehicles. VPOs are unmodified oils that inayiltered, alkali-refined, water-
degummed and/or ozone purified. The majority ofi&tsi with regard to plant oils have
been undertaken on esterified products.

VPO can be used in pure form but can also be bteimde diesel up to 25%vol.
[McDonnell 1999]. These blends can in principleuged in unmodified DI engines.
Also higher percentages blends and blends witlewdifft oils and e.g. ethanol are
possible [IEA/AFIS 1996].

For use on 100% VPO vehicle engines are generaflyarted using a retrofit system
[e.g. Elsbett 2008]. Conversion kits are availdbfeall IDI diesel engines and for some
types of DI diesel engines, and contain new injegtinel hoses, dedicated glow plugs,
temperature sensors, electric filter heating, b&ehangers and other components .
Some engines can be started on VPO so that a pkeyatem can be used. For many
engines start-up on conventional diesel is requirethat case a dual tank system is
used.

It is demonstrated in several pilot projects thRfO/can be applied as an automotive
fuel. There are some items which need specialtaiteriLubricant is diluted with VPO
(instead of diesel fuel), the viscosity of lubritaill be affected negatively. This will
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57.11

have a big impact on lubricant stand times. In sengines the formation of deposits in
the combustion chamber and near the piston rintjgMtck the piston ring movements
and this may harm the engine.

Emission Impacts

Recently emission effects of VPO in Heavy Duty eegihave been studied and
investigated [TNO (2007-1)]. Most of the studiedlications [Blinger 2007],
[Hausberger 2007], [Lenaers 2008], [TNO 2007a] @O 2007b] relate VPO
emissions to diesel emissions (Euro 2 and 3). Teegaes mostly run without
aftertreatment systems and thus the results gsighhin the combustion behaviour of
VPO. VPO has no boiling point or boiling range.&finjection in a combustion
chamber the VPO fuel molecules collapse, boil &adtrwith oxygen. The cetane
number is appr. 38 and relatively low to diesel {p0-55), this will have a negative
impact on the N@emission and noise production. In most engineadjiostments are
made for VPO and this will result in a greaterfael-ratio, this has a positive effect on
CO and HC emissions. [Lance 2004] from Ricardo haudished emission test results
of two VPO Euro 2 LD-vehicles.

Regulated pollutants

The VPO emissions of HD-engines have a solid teardlare reported in Figure 5.15.
In Figure 5.16 VPO LD emissions are plotted and theviate extremely from diesel
emissions. Due to the LD test procedure with ctddt ®f the engine the VPO exhaust
emissions are measured with a relative cold enginediesel vehicle emissions also
are very dependant on fuel quality. The very ddfervVPO fuel quality will result in
very different vehicle emissions.

Relative VPO emissions
Euro 2 and 3 HD engines
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Figure 5.15 Exhaust emissions of HD engines on YBlidger 2007], [Hausberger 2007], [TNO2007b],
[Lenaers 2008]
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5.7.1.2

Relative VPO emissions
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Figure 5.16 Exhaust emissions of LD vehicles on \[Pahce 2004]

Unregulated Pollutants

[Krahl 2007] reports on emissions with diesel, RMEaight vegetable oil, modified
straight vegetable oil and GTL in a Euro 3 centifiéD engine. Compared with
standard diesel, RME reduces particle emissiomsfiigntly, but increases NO
emissions. GTL, on the other hand, reduces both &l@axPM emissions, but is less
efficient than RME for PM reduction. The unmodifisilaight rapeseed oil increases
both NQ, and PM emissions. [Krahl 2007] also carried outdgical testing. The
results are alarming for straight vegetable oinagagenicity increases significantly.
[Krahl 2007] summarize the results: “Compared wiith reference diesel fuel the two
RSO qualities significantly increased the mutageffiects of the particle extracts by
factors of 10 up to 60. RME extracts had a moddratesignificant higher mutagenic
response. GTL samples did not differ significafitym diesel fuel. Concerning the
regulated emissions, the results remained belowndrgins except a up to 15%
increase of NQfor the tested bio fuels.” Straight vegetablehait entered the transport
fuel market in Germany, and the experts are vengemed about this phenomenon.
This is also summarised in [Kadijk 2008].

VPO and diesel engine emissions are also investigat [Krist 2007]. Their results are
contradictory to [Krahl 2007]. [Blnger 2007] hasasered an increased mutagenity for
VPO use, [Krist 2007] has measured a decreasedyanitg. After detailed

investigation of the experiments it was clear thatsampling procedures of both
parties are different. Additional thorough resedscheeded to clarify the relationship
of fuel properties and mutagenity.

The application of VPO as an automotive fuel inigigds without aftertreatment
systems results in a penetrant odour in exhaust gas



TNO report | 95/158

5.7.2

5.7.3

5.7.4

5.8

Exhaust gas aftertreatment and evaporative emiggidaction

Oxidation catalysts in aftertreatment systems coaolivert the hydrocarbon emissions
and the toxicity of the exhaust gas. Additionalrthah research is needed to clarify the
relationship of aftertreatment systems and toxisftgxhaust gas. A relationship of an
SCR system and toxicity of exhaust gas is not explethis must be verified in an
experiment.

Fuel specifications

VPO is produced from various natural feed stock&sE products are relatively viscous
and must be heated (to 70 °C) to have an accept&ligsity for injection into the
combustion chamber. The base requirements for eapesl are specified in DIN

51605. Impurities, chemical properties (acid nuhbed molecule structures can vary
in a wide range and may effect engine emissions.

Conclusions VPO

Application of VPO as automotive fuel requires niisditions of fuel systems and
sometimes fuel injectors. The cold start of theiemghould be done on regular diesel
fuel. VPO is applied as a niche fuel and has sualiateffects on engine emissions. HC
and PM10 emissions decrease and NOx emission seseAdditional thorough
research is needed to clarify the relationshipuef properties and mutagenity.

There are durability concerns with respect to fiystems and combustion chamber.
Due to oil dilution oil drain intervals are shorésh

BTL/GTL/XTL

Fischer-Tropsch (FT) fuels have been used to sageed since the 1920s, and are
more and more put on the market as a future faebouth Africa neat Fischer-Tropsch
fuels, derived from domestic coal, have poweredfaBouth Africa’s vehicles for the
past 50 years. The majority of publications thabreon FT fuel aspects have used
synthetic FT diesel that is derived from naturad & TL" or gas-to-liquid). Hence no
information was found with respect to bio-FT-diedédvertheless, it may be assumed
that bio-FT-diesel (BTL) has a similar behaviouiGIEL fuels.

FT diesel fuel mainly consists of paraffins. Prdigsrcan vary substantially depending
on the process technology and product streams Idemgled. Generally, FT diesel
fuels have favourable characteristics for use iergjines. For instance, FT diesel is
mixable with petroleum diesel, it has good autdtign characteristics, low sulphur
content and low aromatics and it is suitable fa imsunmodified diesel engines.
Similar to conventional diesel fuel, FT fuel regets a generic type of fuel, rather than
a fixed fuel specification. As a result, there pogentially an infinite number of FT

fuels that each could have their own unique fuetgjation (i.e. density, cetane
number, etc.), which may lead to variation in einisgest results.

NEXBTL is a non-oxygenated hydrocarbon biodiesel laas similar chemistry and
properties to the present synthetic GTL and BTIlsfuk is a mixture of n- and iso-
paraffins.
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5.8.1

5.8.11

Emission Impacts

Regulated pollutants

Examination of Figure 5.17 and Figure 5.18 showas BT-diesel shows rather
consistent results with respect to regulated eomssii.e. CO, HC and PM emissions
are reduced in nearly all cases. Here the acttedtalepended on the test cycle used or
engine tested. The effect of FT-diesel on,N@issions varies from “no effect” to an
improved performance. [Myburgh 2003] reported fiktdiesel appears to provide
further enhanced emission benefits in congestethdrconditions. FT-diesel has a
simple straight chemical structure which will resola good combustion behaviour
(also at low engine loads). Reduction of CO andéftissions can be attributed to the
high cetane number of FT-diesel (74 compared tiobEU2005 diesel), while lower
PM and smoke emissions are the result of the absararomatic compounds in FT-
diesel [Friess 2003].

Relative GTL HD emissions
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Figure 5.17 Exhaust emissions from HD engines oh [&lleman 2003], [Clark 2005], [Krahl 2005],
[Thompson 2004],
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Relative GTL LD emissions
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Figure 5.18 Exhaust emissions from LD vehicles di. GAlleman 2003], [Kitano 2007], [Schaberg 2005]

5.8.1.2 Unregulated pollutants

Application of GTL and diesel fuel has been measime[Krahl et. Al. (2005)]. GTL
doesn’t increase toxic and mutagenic emissions.tBtige simple chemical fuel
structure it is not expected that GTL/BTL resultoxic/mutagenic emissions.

5.8.2 Exhaust gas aftertreatment and evaporative emisgidaction
Since sulphur content in FT-fuels is practicallygzesynthetic fuels are compatible with
a range of sulphur sensitive exhaust gas aftemezgttechnologies such as NO
adsorbers or the CRT filter. Furthermore, this de#nite advantage when using EGR
in diesels (i.e. less corrosion potential). Howesgerce conventional diesel fuel is
improving on this aspect, in response to EU letjmiale.g. ultra low sulphur diesel),
this advantage of FT-diesel is diminishing [AhINZRO02].

5.8.3 Fuel specifications
Fischer-Tropsch diesel has good combustion pregseftr a diesel engine. The cetane
number is 75. FT diesel can be produced with higityand is inherently free of
sulphur and aromatics. The chemical structureriaffiaic and the fuel density is
relatively low (0,77 kg/dr).

A FT diesel has a low lubricity, special fuel addis are needed to comply with
lubricity demands. The low density and high cloethpmay also cause some problems
[e.g. IEA/AFIS 1999].

FT-fuel may have problems (flow, atomisation) itdcaveather, especially during cold

start operation. This must be corrected by furtb&ning, blending with other
components or use of additives [Stavinoha 2000].

5.8.4 Conclusions BTL/GTL/XTL
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BTL is very good applicable as automotive fuel (olpand (after engine optimisation)
the expected emission advantages are substanbahddays no substantial quantities of
BTL are available, the production facilities stile under development.

The chemical structure (parafine) of BTL is equadXTL. GTL is a fossil fuel and in
larger quantities available. BTL/GTL is very coripbg with standard diesel and is
applied as a blend. It also can be used as aueaafdedicated engine calibration is
recommended. Emission data of low blend GTL/BTU are not available.

Bioethanol (low and high percentage blend in gasoie)

Ethanol-fuelled vehicles date back to the 1880swenry Ford designed a car that
ran solely on ethanol. Nowadays, ethanol is probtiid most widely used alternative
automotive fuel in the world. For instance, Brawks petrol with a 22% alcohol
content [Amaral 2001] and a substantial part ofBhezilian fleet runs on neat alcohol
[Kremer 1996]. Since 2004 all petrol sold in Swedentains 5% ethanol. In response
to the EU biofuels directive many oil companies atlthnol as an octane improver
blend into regular petrol. The EU petrol specifisat(EN 228) allows a 5% ethanol
blend.

Ethanol is usually produced from biomass and deradlis primary used as an octane
number improver. It can be produced with high guaitd consequently a very low
sulphur and aromatics content. Due to the chemizgderties of an alcohol it is needed
to apply alcohol resistant rubber hoses and alcasistant fuel system parts.

The European petrol Standard EN 228 allows 5 vetBanol. In Table 22 the primary
petrol and ethanol parameters for vehicle useeperted.

Table 22 Petrol, ethanol and ETBE properties

Petrol Ethanol ETBE
Density [kg/dm"3] 0.75 0.79 0.75
LCV [MJ/kg] 44 27 36
RON [-] 95 108 118
RVP min. [kPa] 45-70 * 28
RVP max. [kPa] 60-100 * 28
Boiling curve [°C] 35-210 77.8 73
Stoich. Air- [-/-] 14.5 9.0 12.2
Fuel ratio

* RVP pressure in petrol/ethanol mixtures is venysstve to ethanol content

A graph showing the relation between ethanol vartd RVP can be found in Annex
D.4.



TNO report | 99 /158

591

Relation Ethanol Volume % - Energy %
in petrol

== Petrol/Ethanol mix

20
18
16

s 14 _—
312 —
£ 10 /
S 8
g
£ 6
w

4

2 -

o= | |

0 2 4 6 8 10 12 14 16 18 20

Ethanol volume %

Figure 5.19 Relationship between volume % and grr@f ethanol in petrol

A 5.75 % biofuel ethanol blend on energy base regwa 8.7 vol.% blend. If a 10%
energy biofuel petrol blend is required and thisildde produced with ethanol, a 15
vol.% ethanol blend is needed. The LCV per volumi¢ af this 15 vol.% blend
decrease 5.3%. RVP also increases significantlyagoline with a 15 vol.% ethanol
blend requires an adaptive engine management ¢ontro

Ethanol is applied in petrol as a blend, is hygopszand tends to dissolve in water. In
a tank or dead volume of a transportation systemdowmater easily be stored and the
available ethanol will dissolve in water. Corrosifrfuel system materials and
separation of ethanol from the base fuel is possitihe fuel properties may change
significantly. Extra attention must be paid to pbleswater contamination.

For the so called FFV (Flexible Fuel Vehicle) aidated fuel system/calibration is
needed. For the use of higher biofuel concentrat{ap to 85 vol.%), FFVs are
expected to dominate the market for ethanol-drligit-duty vehicles. These vehicles
have the advantage that they can run on normall@etd on a wide range of blends.
Ford, Saab, Volvo and Cadillac introduced FFVs Wtdee running on E85 (a mixture
of 85% ethanol and 15% petrol). Engines can beldped to run on pure ethanol, but
E85 is preferred as the 15% petrol improves (cstiditability and flame visibility.
Start-problems with pure ethanol are related tddivevapour pressure.

Emission impacts

In several studies the effects of ethanol as auigmbuel/blend is reported and in
Figure 5.20 to Figure 5.24 the emission effectsavkeral ethanol blends are plotted.
Due to the applied aftertreatment systems and ligir conversion rates the absolute
emission levels are low, emission effects of ethaawe relatively big impact. Positive
as well as negative effects are measured. The ERitles with E85 fuel performs
good. From this point of view it is clear that gtbhhas a good emission performance,
a dedicated engine and or adjustment is required.
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The tables in this chapter are based on [Jeula@d]2Darsson 2006], Terrier 2005],
[De Serves 2005], [Orbital 2003], [Varde 2004], [@so 2003]
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Figure 5.20 CO emissions from LD vehicles on ethafends
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Figure 5.21 HC emissions from LD vehicles on ethahends
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Figure 5.22 NQ@emissions from LD vehicles on ethanol blends
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Figure 5.24 C@emissions from LD vehicles on ethanol blends

Unregulated pollutants

[Orbital 2003] investigated the emission effecta &0 vol.% ethanol blend in petrol.
Addition of ethanol to a petrol fuel results iniaorease of Acetaldehyde. The other
toxic components were not influenced by the ethateid.

Exhaust gas aftertreatment and evaporative emisgidaction

As already reported in [Ecofys 2003] ethanol blema@y have a problem concerning
vapour pressure. Ethanol by itself has a very lapour pressure, but in petrol-ethanol
blends the vapour pressure increases in firstriostavith an increasing share of ethanol
(10% higher vapour pressure for blends betweed vol.% ethanol). Already at the
relatively low volume percentages necessary tor#ae 2010 target of the EU biofuels
directive the vapour pressure exceeds the limbi0okPa as set by the European
Directive 98/70/EC. This can in principle be overeby changing the composition of
the petrol used for the blend. Increased vapowsspire has possible safety
implications, but may also affect evaporative einiss. Above 15-20 vol.% ethanol the
vapour pressure of petrol-ethanol blends againedsess, eventually even dropping
below the level of conventional petrol. E85 therefdoes not have a problem with
respect to vapour pressure limits.

The storage capacity of a carbon cannister is mhed by the volume of carbon. Due

to the relative high boiling point of ethanol tghter hydrocarbons evaporate and enter
the carbon cannister. If ethanol is added to adstahbase fuel vapour pressure is
relatively high and more lighter hydrocarbons wilaporate. The carbon cannister
might be overloaded and emits a hydrocarbon vajvouor its exhaust.
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Figure 5.25 Ethanol versus Reid Vapour Pressure

Fuel specifications

The European petrol fuel specification (EN228)waH®b vol.% ethanol in petrol. For
E85 the ASTM standard ASTM D5798-99 is applicakéthin CEN a CEN Workshop
Agreement CWA 15293 : 2005 (consensus betweerelthmiimber of stakeholders)
has been established and will be upgraded to aabfCEN specification in near
future.

5.9.3 Conclusions ethanol
Ethanol mostly is applied as a low blend (ES) itr@eas an octane improver. It must
be noted that only a very few data are availabies @ the low emissions of petrol
vehicles the relative effects of ethanol as lowtlare substantial.
Ethanol as low blend increases Reid Vapour Pressudeas a result of this evaporative
emissions increase. This can be avoided by adaptatithe base fuel.
E85 is applied as high blend in FFV-vehicles. Timssions of these vehicles are
optimised and equal to petrol vehicles. If a lowend is applied (E43 or E70)
emission levels increase. Probably this is caugdtdfact that vehicles are not
optimised for lower blends.

5.10 Bio-ETBE

Ethyl Tertiary Butyl Ether (ETBE) has been appleda gasoline octane number
improver. ETBE is produced from bio-ethanol (37%l &sobutylene (63%) and
refinery handling is cost effective [Koseki 200The isobutylene fraction can not be
marked as a biofuel. An ETBE blend of 17 vol.%eqgular gasoline results in a 5.6
vol% biofuel content. In chapter 5.9 (Table 22¥pktethanol and ETBE parameters
are reported. ETBE has a high RON number and lahstable RVP and the specific
energy content is more near to gasoline than eth@he density is very close to
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gasoline density. From a technical point of viewBETis a blending component with
very good properties.

Emission impacts
[Koseki 2007] even blended 8 and 16 vol.% (13.5gy#) ETBE to gasoline. Two
modern petrol cars (MPI and SIDI) and 10 gasolireslpcts were tested according to
the Japanese vehicle certification procedure. iregd ETBE blends have no impact on
vehicle emissions.

Regulated pollutants

In

Table 23 the range of measured regulated compofaerdd fuel blends are reported.
The test results show a very stable emission behav®Only minor differences are
measured. Based on these test results ETBE as@dibesn’t change significantly CO,
NMHC, NO, and CQ emissions. Due to the relative low ETBE specifiergy content

at higher ETBE contents volumetric fuel consumptiothincrease slightly.

Table 23 Petrol-ETBE regulated emissions [KoseKi720

Limit 0% 17% 0% 17%

2005 ETBE ETBE ETBE ETBE

Vehicle 1| Vehicle 1] Vehicle2 Vehicle

cO [g/km] 1.2 0.07 0.11 0.07 0.09
CcO, [g/km] - 205 208 173 175
NO, [g/km] | 0.027 0.011 0.013 0.012 0.015
NMHC [g/km] | 0.05 0.009 0.011 0.009 0.010
Fuel cons. [km/1] - 115 11.81 13.85 14.10

Unregulated Pollutants
Aldehyde emissions are measured in all emissida.t&se 0 and 8% blends give very

stable results. The 16 vol.% ETBE blend result glightly increased formaldehyde and
acetaldehyde emission.

Table 24 Petrol-ETBE unregulated emissions [Ko2€Ki7]

ETBE | Minimum | Maximum | Minimum| Maximum

blend

vol%

Vehicle 1| Vehicle1l] Vehicle2 Vehicle p

Formaldehydg [mg/km 0-8 0.8 1.6 0.8 1.6
Acetaldehyde| [mg/km 0-8 0.4 1.2 <0.4 1.3
Acrolein [mg/km] 0-8 <0.25 <0.25 <0.25 <0.25
Formaldehydg [mg/km 16 1.6 1.7 1.6 1.7
Acetaldehyde| [mg/km 16 1.5 1.6 1.6 1.7
Acrolein [mg/km] 16 <0.25 <0.25 <0.25 <0.25
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5.10.4
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Exhaust gas aftertreatment and evaporative emiggidaction
Based on the test results and the chemical fu@epties of ETBE no change of exhaust
emission behaviour is expected.

Evaporative emissions will be equal to regular g§asduel. Based on the ETBE
boiling point of 73 °C and the single pressurizeel fine in a modern vehicle no ETBE
evaporative emissions are expected. The other vadaéle hydrocarbons (i.e. C4 and
C5 molecules) will evaporate and enter the carlamister. Vehicles with a fuel supply
and return line in tropical countries may produd@®BE evaporative emissions. In very
hot conditions (50 °C) gasoline temperature mayesc/3 °C.

Fuel specifications

The EN 228 fuel specifications allow 15 vol.% ethés or more C atoms). From
exhaust emission point of view gasoline cars wittl fnjection and aftertreatment
systems are able to handle 15 vol.% ETBE blendeld.fu

Conclusions ETBE

ETBE is applied as a low blend in petrol as anmeianprover. The properties are very
similar to regular petrol and it can very well usedlow blend. ETBE partly can be a
biofuel (37%) and the complementary part has dlfoature.

No significant emission impact is measured with ETB must be noted that only a
very few data are available

Evaporative emissions and carbon canisters

From 1990 on vehicle evaporative emissions fromopgthicles are regulated. Due to
the boiling range of petrol even at 10 °C the kglitydrocarbons tend to evaporate.
Vehicles produced before 1990 have “open” petmoksaln order to avoid overpressure
in the tank a small open connection is createdhrtoient air. Due to fuel evaporation
these vehicles emit volatile hydrocarbons.

In order to reduce evaporative emissions from 1&@80ards a carbon canister is
installed in the open connection line. During wargnup of the fuel the volatile
hydrocarbons are absorbed by the carbon of thetearsind during engine operation the
engine soaks “backwards” ambient air through timeeseanister. The canister will be
purged and the volatile fractions are consumedbyehgine.

Evaporative emissions from a 50% filled fuel tardegvinvestigated by [Delgado
2003]. In this experiment evaporation of petrottsé 5 °C and during warming up of
the tank (2 °C per hour) evaporation continuesnFi8.5 kg fuel (25 litres) petrol
which is warmed up in a tank from 5 to 40 °C evapes approximately 60 g fuel. A
carbon canister is able to store appr. 99% of@big fuel. In Europe the average
temperature variation per day is far less. In suntheaverage minimum temperature
is 12.6 °C and the average maximum temperatur2,&°Z. Normal vehicle use with
day/night temperature variations and hot soak pttnoperature variations create
evaporative emissions. This evaporative fuel isestan the carbon canister. During
vehicle operation the canister is purged by amlaent
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[Delgado 2003] tested petrol (EO and E5). The EEophas an increased vapour
pressure and more fuel is evaporated during a fiveaning up period. At the end of
the warming up of the tank the canister did nobdab$uel anymore and started to emit
evaporated E5 fuel. Given the results of this erpanmt it can be concluded that the
required dimensions of a carbon canister are dyrdeppendant from fuel RVP pressure
and fuel (tank) volume.

LPG and CNG bifuel vehicles have relatively londrplestand times. A full petrol tank
sometimes won't be refilled in a year. In this pdrthe volatile fractions are stored in
the canister and consumed during CNG/LPG operaforbably the standard carbon
canister capacity is sufficient for bifuel carsisihot expected that evaporative
emissions from bifuel vehicles are higher thangdetehicles.

Carbon canister load mainly is determined by fusidR/apour Pressure (RVP) and
temperature variations. If a bioblend is addedetivgh and RVP is kept within EN 228
fuel specifications no extra evaporative emissemesexpected. Carbon canister
laboratory experiments with E5 blends did not hdvencanister functionality.

FFV vehicles which run on E85 normally have a daniwith more capacity than petrol
vehicles. The E85 fuel properties (low energy dghsequire a bigger tank to create a
certain vehicle range. As a result of the increaaall volume more volatile
hydrocarbons are produced and this requires a eaxdaister with more capacity.

Long term carbon canister behaviour results (witblzol blended fuels) are not
available.

DACHNLS meeting

The findings and conclusions of this project anokeglly this chapter were discussed
during the 2% D-A-CH-NL-S meeting on April 17 & 18, which wasltden Berlin.
This meeting is held twice a year to exchange égpees and knowledge on vehicle
emissions and vehicle emission modelling. The mgetias attended by policy makers
and technical experts from Germany, Swiss, AusBvweeden, Spain, Norway, France
and The Netherlands. The focus of the first day evabiofuels. This was done via two
presentations on biofuels, which present the ouésonfi the “BOLK” project of TNO
and CE from The Netherlands:

- The emission effects of the use of biofuels indheent fleet, which was

presented by Gerrit Kadijk (TNO).

- The expectations for the future, which was preskhieGerben Passier.
At the end of each presentation, several propositieere stated to initiate the
discussion.

The main objectives were:
- To inform the D-A-CH-NL-S group about the findinfyjem the BOLK project
and
- To get valuable feedback from the experts in th&-DH-NL-S group.

The presentations showed that the emission effédi®fuels can not be ignored.
However, currently there is too little real-worldtd to clearly estimate the real-world
emissions effects. This was acknowledged by the BAL-S group. It was suggested
that an international measurement campaign is sapgproduce the data needed to fill
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the knowledge gaps. The main discussion itemseseribed in more detail in the
minutes of the meeting in Appendix F.

Conclusions

Relationship biofuels-emissions:

The relationship biofuels-emissions is very difflileeause vehicle technology and
human behaviour are two primary factors which iafice this relationship. The
application of biofuel (blend or neat fuel) in @ifént vehicles may influence exhaust
emissions, evaporative emissions, driveability wéhicle, maintenance schedule or
sustainability of a fuel system. Therefore, it & possible to use biofuels to achieve a
gain in air quality - rather, a serious risk of gurality deterioration is also present.
However, in niche applications improvements in &iniss are possible for specific
biofuel-vehicle combinations.

Below, the main findings and conclusions per bibfaee summarized. The collected
laboratory data have a non-systematic (randompcherand are laboratory-based. A
fundamental systematic investigation (broad andtma approach) of biofuel emission
effects in combustion engines has not been repggeby any country or research
institute.

LPG:

LPG offers emission benefits to petrol if the LRGtallation has been installed by the
vehicle manufacturer (OEM), retrofit LPG instaltais generally offer emission
detereorations. LPG is a fossil fuel and applied@lie Netherlands as a third possibility
(after petrol and diesel). LPG vehicles which andtfpy car manufacturers (OEM)
have a good quality standard and comply with emisstandards. The emission levels
of an OEM LPG vehicle are somewhat lower thangbe®hicles.

The emission behaviour of retrofit G3-LPG vehiadien exceed the legislative
emission levels. Due to the type approval familgrapch of a group of vehicles, the
restricted amount of required emission tests aadliffierent installation companies
some vehicles exceed their type approval emissiaits|

CNG/Biogas:

CNG/Biogas offers emission benefits if the CNG-afistion has been installed by the
vehicle manufacturer (OEM). CNG is a fossil fuetlaltowadays most CNG vehicles
are produced by car manufacturers. Retrofit CNGolehare rare. CNG-vehicles
(OEM) have a lower emission level than petrol vekidf biogas is upgraded to CNG
quality it is expected that biogas vehicles hawdlar emissions to CNG-vehicles.
Due to non-stable biogas quality variations rawgh®is not a favourable automotive
fuel. If biogas is upgraded to CNG quality speeifions (ISO 15403) vehicle emission
behaviour will not deviate from standard CNG aptiizn.

Biodiesel:

Application of biodiesel results in positive as had negative emission effects The
chemical structure and the source of biodiesetdiffrom regular EN-590 diesel and
this results in a different combustion behaviounigsion impacts of biodiesel are
substantial and scatter more dominant in LD vehitdt@an in HD vehicles. Fuel
injection systems and combustion chamber configamatmainly determine the result
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of combustion quality and emission levels. In nezstes oil drain intervals should be
shortened. For low blends (0-10%) only a few da¢samailable.

VPO:

Application of VPO as automotive fuel requires niimditions of fuel systems and
sometimes fuel injectors. The cold start of theiemghould be done on regular diesel
fuel. VPO is applied as a niche fuel and has sualiateffects on engine emissions. HC
and PM10 emissions decrease and NOx emission seseAdditional thorough
research is needed to clarify the relationshipuef properties and mutagenicity.

There are durability concerns with respect to fiystems and combustion chamber.
Due to oil dilution oil drain intervals are shoréeh

BTL/GTL/XTL:

BTL is very good applicable as automotive fuel flolpand (after engine optimisation)
the expected emission advantages are substanbahddays no substantial quantities of
BTL are available, the production facilities stile under development.

The chemical structure (parafine) of BTL is equadSTL. GTL is a fossil fuel and in
larger quantities available. BTL/GTL is very cormipb with standard diesel and is
applied as a blend. It also can be used as aueagafdedicated engine calibration is
recommended. Emission data of low blend GTL/BTU faire not available.

Ethanol:

Ethanol mostly is applied as a low blend (E5S) itr@eas an octane improver. It must
be noted that only a very few data are availabies @ the low emissions of petrol
vehicles the relative effects of ethanol as lowtlare substantial.

Ethanol as low blend increases Reid Vapour Pressudeas a result of this evaporative
emissions increase. This can be avoided by adaptatithe base fuel.

E85 is applied as high blend in FFV-vehicles. Timssions of these vehicles are
optimised and equal to petrol vehicles. If a lowend is applied (E43 or E70)
emission levels increase. Probably this is caugdtdfact that vehicles are not
optimised for lower blends.

ETBE:

ETBE is applied as a low blend in petrol as anmeiaprover. The properties are very
similar to regular petrol and it can very well usedlow blend. ETBE partly can be a
biofuel (37%) and the complementary part has alfoature.

No significant emission impact is measured with ETB

In Table 25 to Table 27 the emission effects oftrfregjuently applied biofuels are
summarised.
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Table 25 Effect of ethanol blends on Sl enginesoBuand older based on experimental data.

Euro 3 and older
2000 - 2005

NOXx E5 NQ - 50% to + 50%

E10 - E20 NQ - 50% to + 100%

E40 - E8% NO, - 50% to + 300%
HC E5 HC - 40% to + 30%

E10 - E20 HC - 40% to + 40%

E40 - E8% HC - 40% to + 30%

D FEV vehicle

Table 26 Effect of biofuel (blends) and syntheireseél on passenger car diesel engines. Euro 3ldad o
based on experimental data.

Euro 3 and older
2000 - 2005
PM B5 - B10 PM -20% to + 20%
B20 - B100 PM -80% to + 40%
pure XTL,
HVO PM reduction 0 - 40%
NOy B5 - B10 NQ reduction 0 - 20%
B20 - B100 NQ@ - 10% to + 20%
pure XTL,
HVO NO, reduction 0 - 20%

Table 27 Effect of biofuel (blends) and synthetiesel on heavy-duty diesel engines. Euro 3 and olde

based on experimental data.

Euro 3 and older
2000 - 2005
PM B5 - B10 no significant effect
B20 - B100 PM reduction 0 - 70%
XTL, HVO PM reduction 0 - 30%
NOy B5 - B10 no significant effect
B20 - B100 NO, increase 0 - 30%
XTL, HVO NO, reduction 0 - 20%

A biofuel with a deviating chemical structure anffedlent primary parameters
(viscosity, chain length) may result in the differapplied technologies in a different
emission behaviour of unregulated components. BHeated data have a random
character and are laboratory-based. A fundamergaddband practical approach of
biofuel emission effects in combustion enginesoisraported by any country or
research institute.



TNO report | 110/ 158

Local air quality and policy:

The emission effects of biofuels on the actual eleHieet are very diverse and there
are no clear benefits for local air quality (exc€@: emissions). If biofuel will be
applied in a certain region a thorough investigatib possible air quality improvements
iS hecessary.

DACHNLS meeting
The findings and conclusions of this chapter wéseussed and reviewed during the
DACHNLS meeting. Minutes of the meeting can be fbimAppendix F.
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6 Future emissions of biofuels

6.1 Introduction

In chapters 2 to 4 an overview has been given aftsimedium and long term
developments with respect to (bio)fuels and enggoknologies. In this chapter these
insights are first of all combined to create anraiev of relevant fuel-engine
combinations that are most likely to be appliethimlonger term. In relation to the
objectives of BOLK especially insights in possihlel-engine combinations for the
longer term are relevant (2020 and beyond). Toddba work for the assessment of
longer term impacts of biofuels on emissions aenait is made to define most likely
scenarios for application of biofuels in future e@g rather than to further expand the
vast variety of theoretically possible combinations

In sections 6.4 and 6.5 a review is presentede&thailable information on impacts of
future biofuels on emissions of engine technolothes may be available in the 2015 —
2025 period. Sections 6.6 and 6.7 present sonte@irsiderations on impacts on
emissions at the national level and possible ingpaestnon-regulated emission
components. Section 6.8 summarizes the blanksrikreawledge to-date as a starting
point for defining the work to be performed in flodow-up of this inventory project.

All'in all there are two ways of looking at theuss One view is that European and
national policies that further tighten the emisdiarits for engines / vehicles to
improve air quality on the one hand and promoterdorce the application of biofuels
to reduce greenhouse gas emissions on the othéraharndependent processes. In this
situation the climate policy that promotes applaabf biofuels may have (unexpected
negative or positive) impacts on the effectiveridgte vehicle emission legislation
and the National Emission Ceilings policy. Thishis central question of BOLK. From
another perspective, however, the situation cantadsthe other way around, if
application of new, high quality fuels based omiiss allows further tightening of the
vehicle emission legislation. This could especibythe case for synthetic biofuels
such as BTL.

6.2 Fuel-engine combinations for the longer term (202@nd beyond)

As discussed in chapter 2 the existing EU strategiiofuels aims at 5.75% by 2010
and 10% by 2020. The Dutch government is explagipgssible target of 20% by
2020. However, in the light of the recent discusgia the sustainability of especially
1% generation biofuels, we assume that the ambifianapplication of biofuels in 2020
will more likely be reduced than increased. Forrtiement the assumption is that by
2020 at least 10% of all road fuel in Europe idued

6.2.1 Most likely fuel-engine combinations for the longgm
The assumption this is that by 2020 about 10%laball transport fuel use is covered
by biofuels. A large share of this will be implentexhby means of low percentage
blending of biofuels in conventional petrol andsdieused in non-dedicated engines.
Part of the 10% will be used as high percentagedsler neat biofuels used in
dedicated engines. Table 28 indicates the mody liqations.
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Table 28 Fuel-engine combinations for the longemt€015 — 2025)
Sl engines diesel engines
petrol high % blends | gaseous fuels | diesel high % blends
low % blends | neat fuels low % blends | neat fuels
E5 - E10 E85 CNG FAME B100 (FAME)
ethanol
Bu5 —Bul0 | Bu85 CBG (biogas) | GTL E95
butanol
ETBE BTL 100% XTL
Biopetrol HVO
(bio)methanol

") BuX = X% butanol / (100 — X)% petrol
™) 95% ethanol / 5% diesel, mainly for applicatiarHD engines

Low percentages blends in petrol

- Future Sl engines will accept up to 10% ethanddudanol without engine
modifications.

- ETBE is now already used as an octane increasidighad It is expected that
ETBE will continue to be used and that part offiitere ETBE will be derived
from bio-ethanol. Within the present legislatiogaeding maximum oxygen
content ETBE can be blended into petrol up to 1684%

- Although not receiving much attention at the monibetFischer-Tropsch process
can also be made to produce FT petrol from nagaslor biomass (GTL vs. BTL).
As soon as the FT process is used at large scpledoce Fischer Tropsch diesel
from natural gas or biomass (GTL resp. BTL, or gsaup identified by XTL), it is
not unlikely that some synthetic products from Efeprocess will also be blended
into petrol. The amount will, however, be more teai than for diesel, as in the
present European market there is a shortage afldiad a surplus of petrol. This
unbalance between supply and demand is relateldeconie hand to existing
refinery lay-outs and the associated energy-optfoeimix of outputs from the
refining proces, and to a sharp increase in theesbfadiesel vehicles in recent
years on the other hand. This unbalance is expéztenain to some extent also in
the longer term future.

High percentage blends / neat fuels in Sl engines

- Given the present successful market developmenftefofuel vehicles on ethanol
in Sweden and some other countries it is expebt@diex fuel vehicles will have a
significant market share in Europe at least, arssipdy also in the Netherlands by
2020.

- Flex fuel engines by 2020 will also run on lowergamtage ethanol blends and
pure petrol but may be optimised for use of higiteetage blends.

- Itis not yet clear to which extent similar techogy for high percentage butanol
blends will become available, but given the favblgacharacteristics of butanol
over ethanol such developments are considered lijete.

Gaseous fuels in Sl engines

19

See e.g.
http://www.wbfevent.com/ebio_pdf/051102_eBIO_pre¢aton_World_Ethanol_Conference_2005pdf(22).p
df and http://www.ethanol-gec.org/clean/cf04.htm
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- At present natural gas as a transport fuel is émgosenewed attention. Many
municipalities are converting municipal vehicleefie and public transport fleets to
run on natural gas. This development is largelyatriby shorter term concerns
over local air quality in relation to European @irality standards, but the transition
route towards sustainable fuels that is offerethieyuse of biogas (BNG) in NGVs
is also appealing to many of these municipalities.

- Given the present levels of investments in NGVt#iébroughout Europe it is
expected that niche applications for vehicles mgmin natural gas and biogas will
still exist in 2020.

Low percentage blends in diesel

- Future diesel engines will accept up to 10% FAMHEigsel without engine
modifications. Blends containing GTL and/or BTL damused in these engines
without problems at any blending percentage (pedidverall fuel specs are met).

- Although the environmental benefits 6f generation biofuels are currently
guestioned it is expected that a certain shareAME in diesel will continue to be
used until 2020 and beyond. One reason for thtgisgrowing rapeseed may
remain economically interesting for European fasn&he main reason, however,
will be that building the production capacity nexaay to meet a 10% target fdf'2
generation biofuel use will require more time tlamilable between now and 2020.

- ltis very well possible that future diesel willrtain both FAME and synthetic
(bio)diesel components.

- The premium quality of synthetic diesels (GTL, BHYO) can be used to
compensate for the impacts of the use of heavietes on the availability and
guality of conventional diesel.

High percentage blends / neat fuels in diesel exsgin

- Itis considered that the use of pure biodieseD®1n small niche applications still
exists to some extent in 2020. Depending on priiterdntial diesel-B100,
controlled with tax incentives.

- Application of 2¢ generation diesels from biomass (BTL, HVO) as pgureat fuels
is considered unlikely as the premium quality a&fsh fuels has more added value
when it is blended into conventional diesel.

The above scenario is largely based on experthihgigTNO and CE. An important
addition to this will be to collect information @he views that various automotive
manufacturers as well as fuel producers have arigbue. This work will be done in
the follow up of this project.

6.3 Development of emissions legislation

6.3.1 Development of emission standards
As consultant to the Dutch government and the EeanpgCommission TNO is deeply
involved in the international process of emissitamdard setting and emission
legislation through e.g. UN-ECE / GRPE (Geneva) MIMEG (Brussels). In these
groups at present no concrete ideas are beingsdisdwvith respect to post Euro 6 (LD)
/ Euro VI (HD) emission limits. Also no concretevééopments are taking place with
respect to including various biofuels and blendheemission test procedures.
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6.3.2

6.4

Euro 6 legislation for passenger cars and vandzand V1 legislation for HD vehicles
will be in effect by 2014. For Euro 6 the emissiionits for petrol and diesel are
already almost identical. If a next step in emisdegislation will be implemented this
is likely to enter into force around 2020. A veikely characteristic of a possible Euro
7 legislation is that the limits will a further maonisation of the emission limits for
petrol and diesel and for all other allowed fuBlsth for LD and HD the legislation
may be expected to focus more on controlling realldvemissions in contrast to
emissions as measured under the well-controlleel &gproval test conditions.

As is already the case for Euro 6 / VI, the linids Euro 7 / VII legislation for LD and
HD diesel vehicles will require full application ekhaust aftertreatment technology. As
a result it may be generally expected that foralieagines the differences in emissions
between the various fuels on which they can beatpdwill diminish because the
advanced aftertreatment system with closed loofralosystems will result in

extremely low emissions anyway and will be abldéal with variations in engine-out
emissions without exceeding the limits.

Recommendation for amendment of type approval amss@n legislation with
biofuels

An important issue for impacts of biofuels on efgiss of future vehicles is the extent
to which biofuels will be included in the Type Appal test. At the moment vehicles
are only tested on prescribed reference fuelsdhaiot contain biofuels.

According to a EU proposal low and high blends ethand FAME will be phased in
the Euro 5 emission legislation for passenger aadslight-duty vehicles. The
following is proposed and likely to be accepted:

- Introduction of 5% bio-ethanol in reference pefib), resp. 5% biodiesel
(FAME) in reference diesel (B5) as standard tesisfwith Euro 5 (phase in
October 2009-2010) [EC 2007b].

- For FFV tests with E85, same as with petrol witldbb (phase in October
2011-2012). This includes a -7° C test, probaisipg E75, with separate
limits for HC and CO.

Still missing in this proposal are requirementstigh blend FAME (B100). These are
however the first and very important steps to ideloequirements for biofuels into the
emission legislations. This is very important tolge the emissions on biofuels
(blends).

For the longer term (Euro 6/VI and Euro 7/VIl)jstimportant to continue this work to
synchronise the fuel composition for the type apartests with the fuels that are
expected during the life time of the vehicles.Hattrespect a projection of the fuel
composition between 2015 and 2030 is needed asfimipilne emission legislation. The
type approval procedure should also include reqerds for OBD, durability and real
world emissions.

Impact of future biofuels on regulated vehicle emisions

Fuel properties generally influence the performaarue emission behaviour of engines.
Changing fuel chemistry and composition can theesbe a tool to improve
performance or lower vehicle emissions. Examplebefatter are the addition of
oxygenates in petrol to reduce emissions respaniiblsmog and ozone formation, and
the reduction of sulphur content in diesel to loR&t emissions. The use of biofuels
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6.4.1

for reduction of greenhouse gas emissions is eggdotinfluence fuel properties and
may thus be expected to have an impact on emissfaegulated and unregulated
components.

Although many fuel characteristics can be direatlgted to combustion properties, the
prediction of emissions based on fuel propertie®ry difficult [McMillian 1998],
especially when another type of fuel is introduesith a number of different
characteristics. With the introduction of exhauass gftertreatment, of which the
effectiveness often depends on the compositioheofaw exhaust gases (e.g. CO and
HC acting as reducing reagent for Ni® a three-way catalyst) the relation between fuel
properties and emissions has become even more eompl

Biofuels will generally have different fuel charagstics than the conventional petrol
and diesel they replace, or alter the fuel propeif these fuels when used in blends.
Biofuels may thus be expected to have an impaetiaissions of regulated and
unregulated components.

In this paragraph we will introduce the most impattfuel characteristics, and —where
possible— give an indication of the resulting efi@e emissions and engine
performance if these characteristics are changedalthe use of future biofuels. These
mechanisms will prove helpful to give a rough qitative or at least qualitative
estimation of the expected impact of future biofuss in future vehicles.

Starting point for the analysis has been an overakthe relations between fuel
characteristics and engine performance and emssi®presented in [Smokers 2004].
This report was made for SenterNovem (an agentdysobutch Ministry of Economic
Affairs) in the context of the so-called “GAVE” ggamme (inventory of new gaseous
and fluid energy carriers for a sustainable energply) Since this report was already
published in 2004, the project team has searchetidoe recent information from
literature, papers and through personal contaaipdiate the overview and especially to
make it applicable to the issue of applying futbieuels in future engines (2020 time
frame). The definitions of the fuel characteristcsl how they are determined can be
found in Annex B.

The discussion below focuses on fuel charactesigiat impact vehicle emissions. In
contrast to [Smokers 2004] possible compatibikguies, e.g. with respect to corrosive
properties of biofuels, fuel injection problemsuiéiag from high viscosity and cold
start behaviour will not be discussed as it magxgected that such issues have been
resolved by 2020.

This section will start with a general discussiépassible impacts for the main engine
types. A further focus on the various fuels disedrfor 2020 is presented further on.

Sl engines
For Sl engines (four-stroke Spark-Ignition, Ottgiees) the following fuel
characteristics are relevant from the point of vadvemissions:

Octane numbeis an important property of fuels used in Sl eegirirhe higher the
octane number, the better the knock resistandeediuel and the higher the
compression ratio (and hence its efficiency) thaiassible. Knock is spontaneous and
uncontrolled auto-ignition with resulting pressuraves that can cause severe engine
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6.4.2

damage, especially when the knock occurs beforpigtten has reached its highest
point in the compression stroke. Fuel with too R®N (research octane number) or
MON (motor octane number) will cause the enginkrtock at high loads [IEA 1999].
Future biofuels or blends that raise the octanebmurand require a dedicated engine
will lead to higher compression ratios in ordebemefit from the higher engine
efficiency. The exhaust flow will decrease by rolyghe same degree as the efficiency
is raised, leading to lower engine-out emissionkafcombustion process would be
similar. However, due to the increased compressitia the combustion temperatures
will be higher. This will in effect lead to highBlO, emissions while CO and HC
emissions are reduced.

A high volatility is important for a good mixture formation and emgstart in cold
weather, but on the other hand causes high HC mmssand the risk of vapour lock in
warm weather conditions. Petrol is a mixture of poments with different boiling
points. Components with a low boiling point are ortant for cold-start, while heavy
components with a high boiling point are importemtfuel economy. It is important to
create the right mix to meet the contradictory mequents posed on petrol [IEA/AFIS
1996].

The Reid Vapour Pressuoé petrol is regulated. A high vapour pressuresesu
evaporative emissions (HC) and may form a safsky At the same time, engine-out
HC emissions will be lower for high RVP fuels sirtdghly volatile HC fractions are
combusted easier.

Cl engines

The most important parameters specified in diasgltandards for Cl engines are
cetane number, viscosity, cold behaviour, flasmipeolatility, lubricity, sulphur and
additives [Dieselnet 2008]. In terms of emissiamsif biodiesels, cetane number,
density, carbon residue, viscosity, iodine numbeating value, oxygen content,
aromatics content, sulphur content and fatty aoidilp are relevant (see e.g. [Graboski
2003)).

The_cetane numbés a measure of the ignition delay (i.e. intelvatween reaching
combustion conditions in a compressed air-fuel anxtand actual ignition), which
represents the “readiness” of the fuel to ignitensgneously under the temperature and
pressure conditions in the combustion chambereétigine [IEA 1999]. The higher

the cetane number, the easier a fuel ignites.

The cetane number is also related to the numb@ratbms as well as the structure of
the molecule. A higher number of C atoms enharfeesétane number (highest
numbers for the straight structure of paraffind)jlezcompact molecules, double
bondings and oxygen atoms reduce the self-ignieadency. This is illustrated in
Figure 6.1.
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Figure 6.1 Cetane number as a function of C atombmau for different kinds of molecule structures
[Fricke 2007][Pischinger 2007]

In conventional diesel a high paraffin contentggeh high cetane number and thus
good ignition quality of the fuel. Aromatics andhet hydrocarbons with a highly non-
linear structure (with branched or cyclic carborlstons) lower the cetane number. For
fuels with high aromatics content cetane numberdavgrs are used as fuel additives
[Dieselnet 2008].

Fuels with higher cetane number which have shagtetion delays provide more time
for the fuel combustion process to be completeccdehigher speed diesels operate
more effectively with higher cetane number fuatsdiesel engines an increased cetane
number results in lower NQlue to a slower combustion pressure rise, whie@sgi

more time for cooling through heat transfer andtaih and leads to lower gas
temperatures [Dieselnet 2008]. Some researchers! fiawger effects of cetane number
on older high NQengines compared to modern low Néhgines [Stavinoha 2000].
The effect of cetane number on PM emissions depa&isdson the aromatics content.
On its own, a lower cetane number will result lower soot production, as more fuel is
being burnt in the premixed combustion phase. Haweéf/the lower cetane number is
the result of a higher aromatics content with esoaisted increase in PM production,
this effect will be masked, resulting in a lower Riission [Boot 2007]. CO and HC
emissions have been reported to decrease withaisioge cetane number [Dieselnet
2008; Martin 1997] (although especially for HC tmay be more related to the lower
aromatics content than to the slower combustiomnHor modern engines, cetane
numbers well above 50 are desirable for optimumaifmn. There is no performance or
emission advantage when the CN is raised past sippately 55; after this point, the
fuel's performance hits a plateau [Wikipedia 2008].

Long term requirements will depend on the evolutbdiesel combustion

technologies. If homogeneous charge compressiotoigri{HCCI) is adopted for diesel
engines, very high cetane numbers may no longadbantageous [Dieselnet, 2008].
Other effects of cetane number on the engine pagnce involve an increase in engine
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noise with lower cetane number. Some increaseahconsumption with higher cetane
number may also occur due to lower heating valubehigher cetane blends.
[Dieselnet 2008]

NOy emissions in biodiesels are well correlated withez cetane number or density
[Graboski 2003]. In biodiesel more saturated egjass higher cetane numbers and
lower densities than less saturated esters. [GkaB063] reports a highly linear
relationship between increasing number of doubtelbdi.e. higher iodine number and
lower cetane number) and increasing,Nissions. Rapeseed and soybean oil derived
methyl esters are dominated by unsaturated meststeand they tend to have average
cetane numbers in the range of 50-55 that is fleof this. Palm oil methyl esters are
rich in saturates and have cetane numbers vargtween 50 and 70 but generally well
over 60 [Dieselnet 2007].

Ignition delays for alkyl ester biodiesel fuels bavigher activation energies than
typical hydrocarbons found in diesel fuel. In piaet this means that cetane number
will not be a good indicator of ignition delay foiodiesel in engines other than for the
CFR engine used to determine the cetane numbes.i§ Hiustrated for a particular
engine in Figure 6.2 below. The B100 had a cetameber of 49.9 but gave an ignition
delay comparable to that of an 80 cetane numbergpyi reference fuel blend.
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Figure 6.2 Effect of cetane number for three prymaference fuel blends and B100 [Dieselnet 2007]

High cetane number fuels (such as GTL) have hightiéty at low combustion
temperature and are therefore capable of redubagriburned fractions, i.e. HC and
CO [Kitano 2007].

Other effects of cetane number on the engine pedoce involve an increase in engine
noise with lower cetane number. Some increasedahcloinsumption with higher cetane
number may also occur due to lower heating valubehigher cetane blends.
[Dieselnet 2008]

Viscosityis important to diesel engines because it carcttifie operation of the fuel
injection equipment and the development of the $pedy. For some engines, a
minimum viscosity specification helps prevent poveess due to injection pump and
injector leakage and is one requirement for sugfitfuel system component
lubrication. Maximum viscosity however is limitegt bngine design, size and fuel
injection equipment size. Fuels with high viscoséigd to form larger droplets on
injection into the cylinder, which can result ingp@ombustion and increased
emissions. [Dieselnet 2007]. The viscosity of vabét oils is much higher as compared
to diesel, see Figure 6.3 below. Using these dsailleequire a fuel heating system to
lower the viscosity to a suitable value.
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Issues regarding the fuel injection system opemasach as leakage, correct injection
guantities and lubricity may expect to be resolfig@dhe biofuel dedicated engines in

2020.
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Figure 6.3 Kinematic viscosity and density of diéfist fuels (EN590 window shows the boundaries for
diesel) [Fricke 2007]

Cold behaviourcan be described by different properties includilogid point (CP),

pour point and cold filter plugging point (CFPPyrEonventional diesel these are
affected by distillation characteristics. At lowriperatures, precipitation of (paraffinic)
waxes can cause clogging of the fuel filter andhégrruption in fuel supply. Additives
can be used to prevent precipitation, e.g. winielsf or addition of petroleum products
or filter heating [Dieselnet 2008]. Issues regagdime cold behaviour may expect to be
resolved for the biofuel dedicated engines in 2020

Flash poinis the temperature at which a combustible liqueg off just enough
vapour to produce a vapour/air mixture that willitg when a flame is applied. For
diesel flash point is not significant for enginegfpemance, as it does not influence
combustion characteristics. For diesel it is mambafety issue [Dieselnet 2008].

Volatility characteristics are for diesel fuel expressednmg of distillation
temperatures of successive fuel portions (digblteor boiling range — initial boiling
point IBP, final boiling point FBP), which is a fation of the chemical fuel
composition [Dieselnet 2008]. Volatility has a shedfect on HD engine emissions:
reduced volatility leads to a small N@duction and small increases of HC and CO.

Lubricity of diesel fuel is very important for the fuel ioj@n equipment, since many
injection pumps and injectors rely on the lubri@fythe fuel to protect their
components from excessive wear. Sulphur increabeity, whereas lubricity is
reduced when aromatics content and fuel sulphuloarered [Dieselnet 2008]. Issues
regarding the lubricity may expect to be resolvattiie biofuel dedicated engines in
2020, if necessary by using additives for incredgbdcity characteristics.
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Sulphurin diesel depends on the quality of the crudebait,refineries can reduce
sulphur content of diesel by treatment with hydradeow sulphur fuels typically
require lubricity additives to avoid potential dageao fuel injection equipment. On the
other hand sulphur may lead to corrosion and wearg. EGR systems [Stavinoha
2000]. Clearly sulphur leads to $@nd SQ emissions, of which the latter contributes
to PM formation and binds with water to form sulpbhwacid. Sulphur deactivates NO
adsorbers (one of the most important obstaclethistechnology), leads to catalyst
poisoning, and to increased PM emissions when tgidaatalysts are used (§60;
shift). Sulphate particles are also generatedtalytic particulate filters (CRT,
catalysed traps). In the past reductions in sulplare necessary to accomplish
regulated reductions in PM emissions (and alsg&fissions). Nowadays, ultra low
sulphur diesel (10-50 ppm) is required to enabfdiegtion of advanced NO
aftertreatment technologies as well as DPFs [Die$e&1008].

Reduced sulphur content produces a reduction phate particulates. The effect of
reducing sulphur on PM emissions, however, hdaiitations, especially at lower
sulphur levels (sulphates comprise no more thantab@o of total PM in a 0.1 g/bhp-
hr PM engine operated with 300 ppm S fuel). Sulphawever, plays a special role due
to its adverse effect on several catalytic emissmmtrol technologies. Emission
aftertreatment is the main driver behind the woritidapush for reformulated fuels of
ultra low sulphur content.

A literature survey by [Larsen 2007] over multiglaission investigations confirmed
that the emission reduction by using FT diesel (5iktead of reference diesel fuel
increases when the reference fuel contains a largeunt of sulphur. This relation is
especially visible for HC and PM, but also to sawreent for NQ and CO. These
findings are also apparent in literature, exceptN©@,. The lower NQ emission might
be related to the fact that the lower sulphur fagésalso lower in aromatic content,
leading to a higher cetane number and a lower flamperature. At the same time,
there are indications that oxidation rates of D@@d DPFs increase if the sulphur
content of the fuel is lower, and even N®ducing aftertreatment may benefit from
ultra low sulphur fuels [Larsen 2007].

Towards lower sulphur levels in the reference thelow 150 ppm) the reductions in
engine-out emissions from switching to XTL are sighificant anymore [Larsen
2007]. This means that by 2020 the absence of sulptbiofuels will no longer be a
significant advantage as conventional fuels wilklsgn also have a very low sulphur
content.

Also the_phosphorous contdntthe fuel is receiving more attention, sinces thiement
acts as a poison to catalysts, just as sulphur[#oakl et al. 2006]. In a 1000 hours
accelerated aging test, an SCR system lost acteggrding N@Qand PM by using
RME fuels with a (artificially added) high phospbas content. It was also found that
the higher phosphorous content led to an increateiultra-fine particle emissions,
and the aging of the SCR catalyst led to highessioms as well as an increase in
mutations of the PM. Higher PM emissions for thegghorous containing fuel were
attributed to the formation of phosphates, whidghraeasured as PM. It was
recommended that the current European maximum ppih®is lowered.

Additives are specialized compounds or mixtures which ageel ts correct deficiencies
in the properties of the refinery blends. The oNe@ncentration of additives in diesel
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fuel (e.g. ignition improvers, detergents, corrasighibitors, anti-foaming agents,
demulsifiers, lubricity additives, biocides) is geally below 0.1%, so that physical fuel
properties are not affected [Dieselnet 2008; Stzhan2000]. On the other hand, some
additives may impose a secondary effect on emisdigrenhancing other fuel
properties, e.g. cetane improvers.

According to [Smokers 2004] most studies reviewethat report indicate no influence
of aromatics conterdn HC, CO or PM emissions from HDVs. Decreasirtglto
aromatics from 30 to 10% produces a small ben@fii%) for NQ, [Dieselnet 2008].
According to [Stavinoha 2000] the effect of arorosibn diesel emissions is uncertain.
The overall trend in the recent literature is tiealucing aromatics has a small benefit, if
any, on NQ and PM emissions. According to [Martin 1997] partates, smoke and
PAH are influenced by aromatic content.

More recent papers reviewed for this study do regpmme impacts of aromatics on
various emission components but also partially iconthe conclusion from [Smokers
2004]. One example of the relation between aronfasavell as oxygen) content and
soot formation is demonstrated by [Fricke 2007, Biggure 6.4. The overall picture is
that the higher cetane number associated with len@natic s content leads to an
increase in PM emissions. On the other hand thed@aromatics content itself reduces
PM emissions, and this effect is stronger tharfdahmer.
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Figure 6.4 Maximum soot concentration (in-cylinded at the tailpipe) as a function of aromatic and
oxygen content in the fuel [Fricke 2007][Pischingé07]

From Figure 6.4 it is apparent that for aromatioteats below 12% the maximum soot
concentrations inside the cylinder increase folsfuéth higher aromatic contents.
However, soot concentrations at the tailpipe amoat independent of the aromatic
content. More than 99.5% of the soot formed is isgid during combustion. Therefore,
almost no influence of the aromatic content onsib@ concentration in the tailpipe
emissions can be seen. The tailpipe soot conciemtr@itilly coloured red circles) does



TNO report | 127/ 158

appear to show a weak but still visible positiverelation with the aromatics content.
The oxygen containing fuels show higher maximuroytinder soot concentrations for
nearly similar aromatic contents. But in contrasthiat, the tailpipe soot emissions are
lower than for the oxygen free fuels. This resutticates a better soot oxidation process
for oxygen-containing fuel mixtures [Pischinger ZD0

A study by CONCAWE found significant lower N@missions for very low aromatic
fuels, especially in HD engines [Thompson 2004].tmother hand [Kalghatgi 2005]
claims that higher aromatic concentrations are kntiwreduce NQby improving the
conversion efficiency of the catalyst. [Kalghat§03] acknowledges that high aromatic
levels may increase benzene levels in the exhlausstates that this is becoming less
relevant with modern aftertreatment systems leattingear-zero emission vehicles.
Nevertheless it may be expected that higher aromatintent of the fuel leads to higher
tailpipe aromatics emissions.
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Figure 6.5 Effect of aromatic volume percentag€€@/MJ [Kalghatgi 2005].

High aromatic contents lead to higher Ofnissions per MJ fuel [Kalghatgi 2005] so
that the 10% reduction of Well-to-Tank greenhouse gmission from fuels between
2011 and 2020 as recently proposed in relatiohéd-tiel Quality Directive may

induce lower aromatic contents in fuels. [Kahg2@05] however states that the
improvements in engine efficiency and refinery@éincy that can be obtained from
relaxing requirements with respect to aromaticdemrmay outway the increase of
CO,/MJ leading to net WTW greenhouse gas benefits frmmeased aromatics content.

A literature survey by [Larsen 2007] over multiglaission investigations confirmed
that the emission reduction by using GTL insteacetdrence diesel fuel increases
when the reference fuel has a higher aromatic obnidis relation is especially visible
for HC and PM, but also to some extent for,NfBd CO. The lower NOemission was
thought to be explained by the lower flame tempeeat
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Fuel densityis an important fuel property with respect to vokiric fuel economy and
maximum power, but also with respect to emissidiog o complex physical
interactions with fuel injection system). For HDhiges lower PM emissions are
reported with lower density in old engines, whiledarn engines show very little or no
change. According to [Dieselnet 2008] a lower dgrisads to a small reduction in
NO, but slightly higher CO emissions and a partidylrge increase in HC. Density
and cetane number in biodiesels are highly cordlfBraboski 2003]. According to
[Martin 1997] particulates, smoke and PAH are iefloed by density.

A high cetane number and a low density —such asdféor GTL fuels- will reduce NQ
emissions [Krahl 2005].

Data regarding the effect on emissions of addinggerategbiodiesel, ethanol) to
diesel used in HD vehicles should be consideretign, since the majority of
emission studies fail to decouple the additionxyfgenate from changes in other fuel
parameters such as density that occur as the diedé$ diluted by the oxygenate. The
engine must be recalibrated to its original powgpat before valid comparisons can be
made. PM emission reduction is reported to be ptmp@l to oxygen content in
biodiesels with cetane numbers > 45 or density89 (Graboski 2003]. The oxygen
content in the fuel has a pronounced effect on Edliction, but differences in chemical
structure of the oxygenate are found to have effetalmost of the same order of
magnitude. The effectiveness of oxygenates in RMaton changes with the engine
load condition [Boot et.al. (2007)]. It appearsttbaly a large amount of oxygenates
can produce significant PM emissions improvemestajinoha 2000]. The oxygen
content of the fuel has an almost linear relatignghth the heating value, as is
illustrated in Figure 6.6.
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Figure 6.6 Heating value as a function of oxygement for different fuel types [Fricke, 2007][Pischer
2007]
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6.4.3

6.4.4

Using a fuel with a lower heating value means thate fuel is needed to obtain the
same engine output. Therefore, the injection domattill be longer so the combustion
process is extended further in the expansion stibkee injection timing is kept the
same, NQ emissions will be lowered while PM emissions axeéased. The lower
caloric value of oxygenated fuel will have little o effect on the combustion
temperature, since this is balanced by the loveectsbmetric air-fuel ratio [Boot et.al.
2007].

Carbon residue Although the results of carbon residue testsateadirectly related to
engine deposits, this property is considered aication of the carbon deposit forming
tendency of petroleum diesel fuels. It is knowrt tih@n-volatile coke forming
compounds that were not adequately separated ddistidation and other refinery
processes can contribute to engine deposits ifeheyup in diesel fuel.

It is not known if a correlation exists betweenbzar residue values in biodiesel and
engine deposits [Dieselnet 2007].

In general fuel sensitivity of (CO, HC, PM) emigssarom LD diesel engines appears
to be larger than of HD diesel engines, with theegtion of NQ [Dieselnet 2008].
Other extreme fuel property changes studied in fiffpgon 2004] influenced NO
emissions in heavy duty engines, and in light dtyicles on the ARTEMIS motorway
cycle, but not on the NEDC. Fuel effects on,Nfnissions were smaller in light duty
vehicles than in heavy duty engines.

Effect of low-percentage ETBE blends on emissibhgure S| engines

Especially in the US ETBE has been used as an osygén reformulated gasoline
because of its positive impacts on CO, HC and Bifissions. The available evidence,
however, is all related to older vehicles. No nafeimation has been obtained so far
on possible emission impacts of the use of ETBfture vehicles.

Effect of low-percentage ethanol blends on emissafriuture Sl engines
In the literature search so far no information basn found on possible impacts of the
use of low-percentage ethanol blends on exhaustméssions from future Sl vehicles.

One of the practical problems of using low percgatathanol blends is the higher
vapour pressure, leading to higher amounts of eatipe HC emissions. The relation
between ethanol content and the so-called Reid Mapressure (specific test method
to determine vapour pressure for liquid fuels) \®ey non-linear one, as is illustrated
in the graph below.
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Figure 6.7 Relation between ethanol content ofreilipetrol blends and the Reid Vapour Pressure
[Rouveirolles 2007]

For an ethanol content of up to 40-50% the vapoesgure is elevated as compared to
neat petrol, while for higher percentage blends much lower. The maximum increase
lies at 5-10% ethanol, which is the range in whitdnds are currently commercially
available.

According to [Martini 2007] evaporative emissiotsarly appear to be influenced by
vapour pressure. However, this effect is not linaad only the fuels with a vapour
pressure close to 75 kPa gave visibly higher exsperemissions as the base fuel. The
increase in emissions from 60 to 70 kPa was naifgignt. The non-linearity of the
vapour pressure influence on evaporative emissiande easily explained. Carbon
canisters are very efficient at trapping petroloas until they become saturated
(known as breakthrough). Once the breakthroughitionds reached, the canister can
no longer adsorb all the vapour generated in thie &@nd some is emitted to
atmosphere. Evaporative emission control systemssually developed to cope with
fuels having a vapour pressure close to 60 kPArttagimum allowed in reference
fuel), but apparently also allow for some enginegmargin.

Another source for evaporative emissions resufiiog ethanol use is the increased
effect of fuel permeation through plastic and rutdmmponents in the fuel system, e.g.
fuel hoses.

In measurements reported by [Martini 2007] the rwtric fuel consumption increased
with increasing ethanol content, roughly propordioio the oxygen content of the fuel.
However, there was no noticeable effect on, @@issions and energy consumption (in
MJ/100 km). The relation established by statistin®lysis between fuel consumption
(in 1/200 km) and oxygen content was: FC = 1 + 094.0xygen content (% m/m),
relative to the oxygen free reference fuel. Exprdsa ethanol content, this relation is:
FC =1 + 0.0039% fuel ethanol content (% v/v), relative to a testathanol free fuel.
This is very close to the loss in energy contehictvis 3.4% for a 10% ethanol blend
(3.97% according to this formula).
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6.4.5

Effect of high-percentage ethanol blends on emmssod future Sl engines

[Benninger 2007] explores the requirements forifilexfuel systems and especially
engine management systems for use of ethanoléetditjection Sl engines. As general
problems with the use of ethanol in S| engines [Beger 2007] mentions low-
temperature starting and catalyst heating. Usintipfelinjection is seen as a starting
point for solving these problems. The challengasfig ethanol in future Sl engines is
to utilise the potential offered for efficiency ingvement by the high octane number
and high evaporation enthalpy of E85 and other-pigittentage ethanol blends. The
combination of direct injection and turbo-chargoffers maximum synergies.

According to [Benninger 2007] running on E85 regsia higher cold start enrichment
than running on conventional petrol, causing higiwéd-start emissions for E85. This
is further augmented by the high evaporation epthaf E85 which leads to lower
combustion temperatures, lower exhaust gas tempesaand consequently slower
catalyst heating after start-up. With single inj@etthe enrichment for winter grade E85
(class Ill) is about double that for winter graddrpl (S98). With multiple injection this
additional enrichment can be significantly redusegllting in lower cold start
emissions. Using high-pressure stratified injecabengine start-up brings further
improvements. Reducing cold start enrichment fds B&s the additional benefit of
reducing oil dilution from ethanol migrating intieet engine oil.

According to [Benninger 2007] HC emissions for rimgnon E85 are generally higher
than for premium petrol especially for engineshualied for petrol. Multiple injection
can bring these HC emissions down but only at #peese of engine smoothness.

Measurements in [Benninger 2007] on a productioisDéngine with a 200 bar Bosch
fuel injection system indicate that under part |b8g, emissions of a DI SI engine may
be reduced for E85 compared to petrol, while al hbguds NQ emissions for E85 are
higher than for petrol. Overall results on the NE®(Cle are given in Table 29. Despite
application of multiple injection to reduce colagtenrichment and optimise catalyst
heating the HC emissions from running on E85 agldri than for running on petrol.
Once the engine has reached its operating tempetdfD emissions on E85 are lower
than on petrol. NQand PM emissions over the complete cycle are 6. 75%

lower for E85 than for premium petrol in this DI &lgine, and for this specific engine
are about 15% of the limits for Euro 5.

[Taniguchi 2007] showed an up to about 50% lowerdath@ NQ emissions under part
load conditions (warm engine), but higher CO eroissThis was with a DI engine
adapted for ethanol. HC emission under full load wauch higher on ethanol but could
be reduced with a “swirl control valve” in the ihfgort. It can be concluded that indeed
for engines primarily optimised and developed fetrpl, HC emissions with E85 can

be higher under certain conditions. However, th@eetation is that with the

appropriate development effort, HC emissions wi® Ean be brought within desirable
levels. This can be enforced by including the appate tests on E85 in the type
approval test procedure.
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Figure 6.8 Cumulative HC emissions over the NEDCIE€Yor a vehicle running on premium petrol (S98)
and on Class 1 E85 [Benninger 2007]

Table 29 Comparison of S98 (premium petrol) and EB&Ss 1 and 3 applied in a DI SI engine wrt
emissions on the NEDC cycle with normal start a82@&nd cold start a -7 °C [Benninger

2007]

NEDC
Eurob
Limits| sos S98 |EB85/Class3|E85/Class1
[%] @7°C| @20°C | @-7°C @ 20°C
HC 17 20 " 33
NMHC 23 29
co 19 27 1 35
NOXx 35 1
PM 68 16

A vision on the development of ethanol Sl engiseslso given in [Pischinger 2006].
First of all, the higher octane number (RON = 1dfigthanol will allow for an increase
of the compression ratio by 2 to 4 units. In additithe unburned HC emissions are
reduced significantly, leading to an efficiencyrease of up to 10%. [Taniguchi 2007]
also shows an engine efficiency increase of 5-10&b avDI engine with an increased
compression ratio by 1.5 units. The marketabilitgedicated ethanol engines,
however, remains questionable.



TNO report | 133/ 158

6.4.6

6.4.7

6.4.8

= ==  BMEP Gasoline

14 = BMEP Ethanol -
12 e
10

— | +10% -

g 8 | T 9//'/ _Thermal

: Efficiency [%]
SEll I

: Ul ==l
4 \k +10 % w +89%

) ]

e - mm e— EE{""
0

1000 2000 3000 4000 5000 6000
Engine Speed [rpm]

Figure 6.9 Thermal efficiency increase and engergomance for ethanol (E95) compared to regular
petrol [Pischinger 2006 & 2007]

Additional efficiency benefits can be gained frdme tean burn capability of ethanol, by
applying homogeneous lean operation (air-to-fub af 1.8 to 2.0). The higher heat of
evaporation from ethanol can be used to improvevthemetric efficiency, leading to

an improved full load performance. Improvementhef starting behaviour of ethanol
engines is expected when direct injection is usetkad of port fuel injection, due to
reduced wall film effects and the possibility fodiaect start.

Effect of low-percentage butanol blends on emissadriuture Sl engines
In the literature search so far no information basn found on possible impacts of the
use of low-percentage butanol blends on exhaustméssions from future Sl vehicles.

Important differences between butanol and ethamotre lower pressure, reducing
possible risks related to evaporative emissiores|dtver octane number (RON / MON
resp. 98/78 against 129/102) which reduces possfliéency benefits, and the higher
energy density (29.2 MJ/I for butanol against 198l for ethanol).

Effect of high-percentage butanol blends on emissad future Sl engines
In the literature search so far no information besn found on possible impacts of the
use of high-percentage butanol blends on exhagstméssions from future SI vehicles.

Effect of GTL/BTL petrol on emissions of future@i&jines

Although not receiving much attention at the montaatFischer-Tropsch process can
also be made to produce FT petrol from naturalogdsomass. FT petrol is a rather
complex product of syngas-derived products thatiquefied via a high temperature
FT process. The naphta from the FT-process issidag ordinary refinery methods
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6.4.9

6.4.10

such as hydro treating, alkylation, isomerisatind platforming. Olefins originating
from the FT process are treated by the “Conversiddlefins to Distillate” (COD)
process. The final product consists of severalgygenolecules such as normal and
branched alkanes, cyclo-alkanes, alkenes and amhyalrocarbons. It is oxygenated
with ethanol and MTBE. Other ingredients such deng, benzene and toluene are
present too.

In literature, not much is reported on the usepEtrol in Sl engines. This lack of
information was acknowledged by [Larsen 2007], tedefore followed up by some
research of their own on a VW Golf 1.6 FSI (MY 2D08 70% FT petrol blend was
tested together with Aspen 4T, a fully alkylaterpkthat can be seen as the best quality
fuel that could be obtained from a FT process. Resiithe emission tests (starting
with a conditioned cold engine) as compared to lexquetrol showed that CO was
reduced by 20-30% for both FT petrol and Aspen, B@issions decreased about 20%
for Aspen, while this increased slightly for FT q@ét This result could not be
explained. The reduction of HC amounted to 20%bfith fuels. PM was lowered by
25-50%. CQ was 9% lower for Aspen fuel, while the FT petratreased Coby a few
percent. PAH emissions were 50% lower for Aspenleithe FT petrol showed an
increase of some 50%. This is not surprising, sthee=T petrol contained significant
amounts of aromatics (due to the COD process).tharefore necessary to have a well
described fuel standard for FT petrol, in ordeexploit the full advantage of the
emission reducing qualities of this fuel.

Emission of future Sl engines on CNG and CBG

Stoichiometric SI engines on natural gas will bledb comply with Euro 6 and Euro

VI emission legislation. Differences in emissiorgvieen CNG on the one hand and
petrol and diesel on the other hand are expectdddrease. Remaining differences by
2020 may be a small advantage of CNG in the areamfyulated emissions. Assuming
that all CBG is upgraded to CNG quality and mixei ithe gas grid, the use of CBG
instead of CNG will not affect emissions from gaslled vehicles.

Effect of low-percentage FAME blends on emissidrigtore Cl engines

In [May 2007] emission measurements are reportea modified Euro IV HD engine
running on B30. For this test on the ESC cycle ciwhias carried out by AECC, the
engine was equipped with a number of addition&rafatment systems The base
engine was developed to meet US2007 standardppbyirsg cooled EGR and a
ceramic DPF. First, the DPF fitted to the US2003dprction version was replaced by a
new catalysed DPF, suited to meet expected Eureilirements. Then, a catalyst
system was added, consisting of an oxidation csttilyOC), a catalysed DPF,
followed by an SCR system and a second oxidatioAnamonia Slip Catalyst.
Consequently, these results bear relevance tottastigation of impacts of biofuels on
emissions of future engines.

[May 2007] concludes that compared with dieseldhialyst efficiencies on B30
biodiesel were the same for CO, slightly reduced\©, and HC, and slightly higher
for PM. Comparing B30 and conventional diesel theas no significant difference in
particle numbers (see Table 30). It should be nbé&zd that with very high catalyst
conversion efficiencies a relatively small changéhie conversion efficiency leads to a
relatively high change in tailpipe emissions.
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Table 30 Effects of B30 compared to reference tims¢he emissions of a pre-Euro VI HD engine

equipped with cooled EGR, DOC, SCR, ASC, and catal\DPF [May 2007]

Test Procedure Emissions [g/kW.h]
THC NOx co PM
Engine Tail Conv. | Engine Tail Conv. | Engine Tail Conv. | Engine Tail Conv.
Out pipe Effy. Out pipe Effy. Out pipe Effy. Out pipe Effy.
Tests on Standard European Diesel Fuel
ESC (RFO6 fuel) | 0.15| o.os‘ sa%l 154| o.15| aa%l 110‘ o.oo| 1oo%| 0.151| 0.009| 24.3%)

Tests on B30 Biodiesel Fuel

ESC (B30 fuel) | 0.13| 0.05| 58%' 1‘64| 0.2?| BB%l 0‘87‘ [1.00| 100%I 0.513| 0.[][]2| 99.6%)

Effect of high-percentage FAME blends and B100missions of future Cl engines
The overall tendencies found for the impact on sioiss of using high percentage or
pure FAME instead of normal diesel is a reductib€0, HC and PM, while NQis
increased [Krahl 2005]. This is confirmed by thedasions of chapter 5. These effects
may vary as function of the quality of the fuel @hd feedstock from which the FAME
fuel is produced (especially for PM, but also faJ\ but the trends still remain the
same. Also the mutagenicity of FAME is much lowsart that of normal diesel fuel.
This particular investigation showed that all & (FAME qualities observed showed
better emission performance than GTL, except fog.NO

Most of the literature sources report a higher M@ission for biodiesel, as compared
to normal diesel fuel. This NOncrease can be brought back to the level of nbrma
diesel NQ emissions by changing the injection timing. There sensors on the market
that allow for the determination of the biodiegalktion in the fuel, that will adjust the
timing accordingly. Also the fuel quality and fesmtk of biodiesel has an effect on the
NO, emissions. According to [Krahl 2005] for some FAM@&alities the NQemission
may be almost the same as for normal diesel.

[Krahl 2006] has done research with RME on a Euridengine equipped with SCR,
however without adjusting the urea dosing stratéggomparison with regular diesel
fuel, all emissions were reduced (HC and CO maae 0%, PM even more) except
for NOy. After the SCR had received 1000 hours of accildrageing with 10 ppm
phosphorous RME, some of the catalyst activity eeh lost (NQemissions were
higher, as well as the ammonia slip). Also the RiMsssion was raised, and the
difference in emissions between normal diesel avidE Rvas decreased.

In [Kawano 2007] 100% RME was tested in a turbogedrCl engine with variable
EGR and a DPNR aftertreatment system. This Dieasld@late-NQ-Reduction
system combines the properties of a diesel paatiedilter (DPF) and a NGstorage
catalyst (NSR). It was found that RME increasesrengut NQ emissions by roughly
10 to 50%, depending on the operating point, addaes the conversion efficiency of
the NSR catalyst. On diesel the NSR has a reducdi@nof up to 99%, while this is
reduced to less than 50% when RME is used. Asudt the emissions after the catalyst
are an order of magnitude higher on RME than osdlligsee Figure 6.10). The latter
could not be overcome by increasing the quantityobf spike injection. [Kawano
2007] suggests that engine adaptations need tabe to improve atomisation and
vaporisation of RME in the rich spike injection. Né€missions could be strongly
reduced by adapting the EGR rate, which also leattasver PM emissions due to
improved catalyst performance resulting from trghkr EGR rate.
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Figure 6.10 Emissions of 100% RME compared to ezfee diesel on NCemissions before and after
catalyst of a turbocharged ClI engine with varid@®R and a DPNR aftertreatment system
[Kawano 2007]

Effect of low-percentage GTL/BTL blends on emissadriuture Cl engines
Interestingly, research on the effects of blendiTd. with conventional diesel has
shown that the emission reducing effect is highantthe fraction of GTL would
indicate. The reductions are roughly twice as kighe blending percentage, i.e. a 50/50
blend of FT and conventional diesel will almostgwoe the same emissions as a neat
GTL fuel [Larsen 2007]. This conclusion can be gahsed for all XTL diesel fuels.

Effect of high-percentage GTL/BTL blends and puf&/BTL on emissions of future Cl
engines

Generally, XTL has another chemical compositiomtbanventional diesel fuel. The
high n-paraffin content yields a high cetane numlosv density, as well as poor
lubricity and cold flow properties. Furthermoreg tsulphur and aromatics content of
FT fuels is much lower compared to conventionaselieThe general trend following
these characteristics is a reduction of PM, HC, BO, and PAH emissions [Larsen
2007].

[Tsujimura 2007] reports for GTL in a HD truck sonfet lower NQ emissions,
significantly lower PM (possibly also a smallerdtian of ultra-small particles in the
particle size distribution), lower PAH and HC.

[Schaberg 2007] have successfully reduced Biissions from a Mercedes engine on
GTL by applying a lower compression ratio.

Based on a review of papers available up to 20@3statistical analysis of the reported
emission measurement results [Alleman 2003] corddlat GTL leads to lower
emissions for all regulated components. Anotherremecent- comprehensive
literature survey on earlier performed emissionsueements on vehicles fuelled by
GTL also confirmed these findings: CO, HC, PM aridFare reduced considerably,
meaning more than 25%, while N@ reduced by some 10% and {4y a few percent
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[Larsen 2007]. The average reductions over alhef23 studies observed are listed in

Table 31.
Table 31 Average emission reductions of GTL comgpémeconventional diesel [Larsen 2007]

HC CO CO, NO, PM
Average reduction 43 35 3.2 13 27
HD vehicles[%]
Standard deviation 32 30 2.3 10 19
Average reduction 34 43 3.9 -1 32
LD vehicles[%]
Standard deviation 33 40 2.2 13 27

Also the PAH emissions dropped by 35% on averade&his the result of a lower
aromatics content in the fuel (17% on averageéréference fuel, while the GTL
diesel contained on average 1.3%). There is anéih@rocess called FTCOD
(Conversion of Olefins to Distillate) that may puwe fuel with an aromatic content of
around 10%.

Of course, these figures are averaged over diffeednicles, different test cycles and
different fuels, but still the trends seem sigmifit It also needs to be stressed here that
for many of these investigations the engine managestrategy will not have been
changed. If all of the engines were to be tundatieécspecific fuel characteristics, with
the aim of maximising emission reductions, theafevould certainly be higher.

Though there is not much evidence to supportéegtare indications that the relative
improvement of GTL on cold start emissions is highan found for the emissions
under warm running conditions. [Larsen 2007] foundne investigation that the
reduction in emissions increases when the tesé éychore aggressive (or more real-
life oriented than a relatively static NEDC).

Emission impacts of XTL can be partly correlateduel characteristics. [Kitano 2007]
states that GTL fuels reduce PM emitted from thgiren Especially GTL fuel with a
lower distillation range than diesel fuel showsmarkable reduction of PM in the
exhaust gas. It is considered that lowering thelldison characteristics improves fuel
evaporation and mixing with surrounding air, whielults in the reduction of smoke
and PM. However, [Boot 2007] gives a somewhat diffie interpretation of the same
effects: “Notwithstanding its short ignition deléyigh CN), syndiesel has a
considerably lower soot level than the EN590 f@élcourse this is linked to its lower
aromatics content.” Exhaust aftertreatment, in¢hise DPNR, reduces the relative
impacts of GTL on PM emissions. Interestingly [B&607] finds no impact on NO
leading to the hypothesis that GTL has no influemrceombustion temperature NO
aftertreatment.

Engine improvements can further optimize the emissbf engines running on XTL.
GTL/BTL also offers the possibility to lower theropression ratio of the engine. This
leads to a lower compression end temperature, wiasha positive effect on the NO
PM trade-off through a larger ignition delay anidaer combustion temperature.
However, for diesel driven engines this would désa to a lower fuel efficiency and
raised HC emissions. These negative effects arpraséent if the engine is run on GTL,
but the advantages in reduced emissions still renfdiis is a promising development
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path for dedicated GTL engines [Kitano 2007]. [Kile2007] states that besides the
low compression ratio also a high flow rate injentnozzle was beneficial in further
reduction of emissions and improvement of engintpwpower. According to [Kitano
2007] the lower engine out PM, HC and CO emissaiss allow application of higher
EGR rates to further reduce Ne@missions (by up to 50%).

[Pischinger 2007] summarizes the results from [legppf 2006] as follows: “Without
any hardware modifications or a recalibration @ ithjection settings, a reduction of
the PM-emissions by 25 % was possible by the tiiansirom conventional Diesel fuel
to GTL Diesel fuel at low engine load conditions) Additional optimization of the
engine calibration to the needs of GTL fuel allavwgduction of the PM-emissions by
50 % compared to the operation with conventional While advantages with respect to
CO- and HC-Emissions could be maintained. This awpment could be realized
without drawbacks regarding engine efficiency asustic behaviour. Additional
improvements can be gained from the operation @iflh-fuel if the combustion

system layout is optimized to the needs of theseifip fuels.”
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Figure 6.11 Impact of synthetic diesel fuel on eaiss [Lepperhoff 2006][Pischinger 2007]

[Lepperhoff 2006] reports tests done with a posbELusingle cylinder test engine,
which was optimised to find the best emission permce on neat GTL fuel, including
EGR rate, rail pressure, and variations of pil@dtion timing and quantity (some of
these results are also reported in [Pischinger20Ba@r Cl engines running on
conventional diesel, many of the measures thabeaaken aim at a better
homogenisation of the in-cylinder air/fuel mixtuneorder to avoid locally rich areas,
which are responsible for the generation of PM @rgpray holes, smaller hole
diameter, higher rail pressure, reduced compresaiim lower charge temperature).
Significant benefits towards a lower WOM trade-off can be realised (e.g. by lower
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compression ratio), however this may result in @ajtg with regard to fuel efficiency
and HC/CO emisssions, especially at lower engiaddoSome of these benefits can be
realised with GTL, without having the drawbackst tlrauld be encountered using
normal diesel fuel. This confirms the statement§iditano 2007].

According to [Lepperhoff 2006] GTL leads to sigondnt improvements on HC and CO
emissions, as well as on the fuel efficiency, dtierwhole range of EGR variation. At
the lowest NQvalues the thermal efficiency is increased fromiB88%, which is
comparable to a diesel engine without any EGR.iftieased efficiency results from a
fast pilot combustion in combination with an insed effective pilot quantity, leading
to a more efficient combustion phasing. Howevds, fimding concerns part load
conditions, at full load the benefits are much $enalf fuel consumption and HC/CO
emissions are allowed to have the same level aaf@ngine running on conventional
diesel, [Lepperhoff 2006] finds that the NPM trade-off becomes even more
advantageous for GTL in part load conditions.

An investigation by [Degen 2007] into the effect88dL on emissions also showed
that a significant reduction of CO, HC and par@étes (soot) could be obtained. The
hardware of the HD engine used for the test wasnuatified, but the software
parameters were adjusted for optimal emission pedace (EGR rate, start of main
injection, time between pre- and main injectiofedtion pressure). According to
[Degen 2007] the high cetane number enabled thefusigher EGR rates. Using the
NO,/PM trade-off, NQ could be reduced by about 50% while PM was kephen

same level. An investigating into the effect of BBlends on the emission performance
showed that the NZPM trade-off behaves almost proportionally witk 8TL content

in the fuel blend. Another interesting point frobejgen 2007] is that blends with
different amounts of hydrocracked BTL in straight+BTL are reported to show a very
similar effect on emissions. Also the final boilipgint of BTL fuels does not bring a
change in emissions. However, the upper boilingedmit is restricted by the cold
flow properties of the fuel. The addition of oxyges to the BTL (in the form of 10-
20% FAME) is reported to show a further slight imyEment in the N@PM trade-off

[Heinl 2007] reports tests on a VW Golf Euro 4 diesngine which was adjusted to
investigate the effects of BTL on emissions. Cosidns of the work is that BTL leads
to considerable lower HC and CO emissions, andlimag@otential to decrease either
NO, by 35% or PM by 45% by adjusting the fuel injentsirategy. This trade-off can
be utilised to reach overall low emissions e.gopimising the engine for engine-out
NOy emissions and applying a DPF to reduce PM emissibime fuel consumption is
not increased, but G@missions are lowered. Also non-regulated emissioa lower
for BTL. If the BTL has a proper CFPP, the coldtsbeehaviour is better than for
conventional diesel.

An interesting point from [Heinl 2007] is this: Tlkembustion period of BTL is longer
in comparison with diesel. The two reasons for #énesthat the injection takes longer
due to the lower heating value and that the highliesbf n-paraffins ignite leads to
quick combustion but a slow burning process. Assailt, the peak temperatures are
reduced, leading to a lower N®mission and an increased HC and CO emission.
Important conclusion is that the influence of thghhcetane number and the low
aromatic content (leading to a lower HC and CO simig outways the effects of a
longer combustion period.
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6.4.14

6.4.15

6.5

Effect of low- and high-percentage HVO blends ame pHVO on emissions of future
Cl engines

In [Kuronen 2007] measurement results by VTT apored obtained on Euro IV HD
vehicles without engine adjustments running on NBxBResults are 28 to 46% lower
PM emissions, 7 to 14% lower NCHC emissions lowered by 0 to 48% and CO
emissions lowered by 5 tot 78%, with the latter tesults strongly dependent on type
of aftertreatment technology that is applied. Measients of unregulated components
showed lower PAH levels and lower particle numibersNExBTL. [Kuronen 2007]
also quotes tests by MAN and Scania on Euro IVregyivhich show similar results.

The chemical composition of HVO fuel is very congdae than that of GLT / BTL (or
X-TL in general). For that reason the same effentemissions are expected for HVO
as for X-TL.

Effect of high-percentage ethanol blends in diese¢missions of future Cl engines
For 20% ethanol in diesel [Mohammadi 2005] repartsmprovement of the N@OPM
trade-off, with more than 60% improvement in PM &sions achieved under a NO
emission level of 0.52 g/kwh. Ethanol in dieselwer, does increase the ignition
delay.

Biofuels and advanced combustion concepts

HCCI combustion allows petrol-like fuels to be buma CI engine. Based on
measurements on a range of petrol-like fuels [RgB604] concludes that the auto-
ignition quality of these fuels correlates lineanlith a so-called octane index Ol which
is defined as Ol = (1-K} RON + Kx MON = RON — Kx (MON-RON) with the value
for K dependent on engine design and operatingitions. This relationship also holds
when EGR is applied. If blending in biofuels or@tltomponents changes the
difference between RON and MON this will thus affég® auto-ignition quality of the
blend. For ethanol the difference between RON a@NMs much larger than for
normal petrol so that blending ethanol into petvill affect the fuel's behaviour under
HCCI combustion. For butanol RON and MON are closthe values for petrol so that
blending butanol will not affect auto-ignition qitgl

Using the same relation as mentioned above [KadgR2&05] concludes that measures
applied to improve the efficiency of Sl engineg(elirect injection, higher
compression ratios, engine downsizing and turbaghg) will push the K value
downwards and that for modern Sl engines in EueosgeJapan K values are already
negative. This means that for a given RON a low&MNWalue leads to a higher Ol,
resulting in better performance (provided thatehgine is equipped with a knock
sensor). [Kalghati 2005] states that fuels witls fhioperty are also most appropriate for
HCCI combustion. This would imply that ethanol wibible a very good fuel for HCCI
since it has high RON and a large difference betw®@N and MON. [Kalghatgi 2005]
furthermore states that present trends with redpestandardising fuel composition
from the point of view of emission control tendead to petrol with lower RON and
lower (RON — MON). This is opposed to the fuel negments for future engines. The
restrictions would also be unnecessary as [Kalgl2&@5] claims that modern engines
and aftertreatment systems are becoming less isertsittuel composition (with the
exception of sulphur and other such “contaminants”)
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6.6

The impact of various synthetic fuels on emissiohld CCI engines is measured and
discussed in [Pottker 2005]. A test engine wasomdiesel, a diesel/petrol mix, a
synthetic diesel, , a synthetic diesel with toladtled, a primary reference furl PRF 0
(100% n-heptane) and PRF 50 (PRF 0 with 50% isar@)jt Quantitative results are
given for HC and CO. Impacts on N@re not reported. The influence of different fuel
compositions on CO is found to be at most a faot@. With the exception of the
diesel/petrol mix (for which HC emission triple)ghs also true for HC.
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Figure 6.12 Effect of different fuel compositions 6O and HC emissions in HCCI combustion [Pottker
2005]

Estimation at national level

The information reviewed and summarized in the ipte/sections does not yet allow
guantitative conclusions on the average impactabus biofuels and future fuel
compositions on the emissions of future vehicleth@&2015- 2025 period.

In the Netherlands emission factors for existingdrgehicles are determined by the
Task Force Traffic and Transport of the Nationaligon Inventory in which TNO,
CBS, MNP and the Ministry of VROM participate. Ttreerall methodology for
determination of emission factors is describeieih 2007]. The underlying
VERSIT+ LD and HD models are described in [Smit&@0énd [Smit 2007]. Emission
factors for future vehicles are determined by TNCitee basis of emission factors of
existing vehicles, information about of future esios limits that are under preparation
and expert knowledge and judgement.

For the quantification of emission impacts of belfuon existing vehicles it needs to be
explored whether VERSIT+ must be extended to irelmgasurement data obtained on
various fuels, or whether information on impactyafious fuels can be translated into
correction factors that can be applied to the VHRSEmission factors generated on
the basis of measurements on conventional fuel.

The ambition for the second phase of this projeden the BOLK programme is to
arrive at (semi-)quantitative estimates of the iotjd various fuels and fuel
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compositions on the average emissions of futurécleshwhich can be used as
correction factors for the emission factors that\alid for conventional fuels.

6.7 Possible impact on toxic and carcinogen emissions

In the literature review undertaken for this projecly a limited amount of information
has been found on impacts of biofuels on unregdiledenponents or more specific on
the impact on toxic and carcinogen emissions. Aareded literature search will be
carried out in the second phase of this project.

6.8 Blank spots in information

Overall the amount of literature found so far camitay information relevant to the
assessment of impacts of biofuels on future endgegther limited. An attempt has
been made to draw more general conclusions onatsis bf considerations regarding
impact of biofuels on fuel characteristics andithpacts of those characteristics on
emissions. This route needs to be further expltrezligh interaction with external
experts in the field. For the second phase offfogect interviews are foreseen with
experts from the academic research community amd the industry.

More information is required for all fuels covergglthe assessment in chapter 6, but so
far the least information has been available ferfdllowing fuels:

- low percentage blends of ethanol and ETBE in petrol

- low and high percentage blends of butanol;

- GTL/BTL petrol in future Sl engines;

- CNG/biogas (emission behaviour of future engine€biG/biogas);

For a better selection of the most relevant onyilemgine-fuel combinations for the
2015-2025 period also more information is needetherview of the automotive and
fuel industry on the development of the markettiofuels in the longer term.
Interaction with the industry is also necessargramte more insight in the extent to
which maodifications / innovations in engine ancedfieatment technology can help to
overcome possible problems identified above outthér increase the potential of
biofuels for reduction of vehicle emissions.

In the next phase of the project also more attanigeds to be paid to the assessment of
possible impacts of biofuels on the toxicity of axkt emissions from existing vehicles
as well as from future vehicles with more advaneegine and aftertreatment
technology.

6.9 Conclusions

Based on the review presented above the followimglasions can be drawn with

respect to the various fuels assessed in this ehapt

- Low-percentage ETBE blends in future S| engifésinformation has been found
so far relating to impacts of low-percentage blesidSTBE in petrol on emissions
of future vehicles with Sl engines.

- Low-percentage ethanol blends in future S| engiNesinformation has been found
so far relating to impacts of low-percentage blesidsthanol in petrol on emissions
of future vehicles with Sl engines. Low percentate@nol blends have a higher
vapour pressure which may lead to increased evip®missions. This can be
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resolved by blending ethanol into a base petrdi Vatver vapour pressure or by

possibly improved carbon canister technology.

High-percentage ethanol blends in future Sl engines

- Use of E85 may lead to higher cold start emissthresto higher cold start
enrichment and slower catalyst heating after stprtwith multiple injection and
high-pressure stratified injection at engine stgrthis problem may be resolved.

- HC emissions for running on E85 are generally highan for petrol especially
for engines calibrated for petrol.

- Measurements by [Benninger 2007] indicate that upde load NQ emissions
of a DI Sl engine may be reduced for E85 compawgzktrol, while at high loads
NO, emissions for E85 are higher than for petrol./[4@d PM emissions over
the complete cycle were 60% resp. 75% lower for t8&B for premium petrol
in this DI Sl engine, and for this specific engare about 15% of the limits for
Euro 5.

- The higher octane number of ethanol will allow dorincrease of the
compression ratio by 2 to 4 units resulting in o€ emissions and an
efficiency increase of up to 10%.

Low-percentage butanol blends in future S| engihesinformation has been found

so far relating to impacts of low-percentage bleofdsutanol in petrol on emissions

of future vehicles with Sl engines.

High-percentage butanol blends in future Sl engiNesinformation has been

found so far relating to impacts of high-percentapmds of butanol in petrol on

emissions of future vehicles with Sl engines. has yet clear to what extent FFV
vehicles designed for E85 are also able to runigin-percentage butanol blends.

GTL/BTL petrol in future Sl engines$:or this option only one source of emission

information has been found so far. In [Larsen 2G07P% FT petrol blend with

high aromatics content and a fully alkylate FT peliave been tested in a VW Golf

1.6 FSI (MY 2003). Both fuels led to significantetions in CO (20-30%), HC

(20%) and PM (25-50%) emissions compared to comwaaitpetrol. The 70% FT

petrol blend with high aromatics content causedeiases in emissions of N@nd

PAH, while the 100% alkylate FT petrol led to lovegnissions of these

components.

Emission of future Sl engines on CNG and CH®&is combination has not been

reviewed so far but will receive further study lire tfollow-up of this project.

Compared to CNG the use of CBG (upgraded to CNGtgaend possibly even

used in a “virtual” way through green gas contraatler than direct use in the

engine) will not affect emissions. StoichiometriceBgines on CNG are expected
to meet Euro 6 / VI limits.

Low-percentage FAME blends in future Cl engifé4ay 2007] reports impacts on

the conversion efficiency of catalytic convertars €l engines due to the use of

B30 biodiesel. The conversion is slightly reducedNQ, and HC, and slightly

higher for PM. Due to the very high catalyst cosi@n efficiencies a relatively

small change in the conversion efficiency leads telatively high change in
tailpipe emissions.

High-percentage FAME blends and B100 in future i@jiees:The overall

tendencies found for the impact on emissions afgubigh percentage blended or

pure FAME instead of normal diesel is a reductib@@, HC and PM,
accompanied by an increase in Nénissions. This applies to current engines
without NQ, aftertreatment (see above), but is also repoced Euro 4 HD engine
equipped with SCR [Krahl 2006]. For 100% RME tedted turbocharged Cl
engine with variable EGR and a DPNR aftertreatrsgatem (combining the
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properties of a diesel particulate filter (DPF) anNOx storage catalyst (NSR))
[Kawano 2007] found that RME significantly increasmngine-out NQemissions
and reduces the conversion efficiency of the NSRlgst, leading to tailpipe NO
emissions which are an order of magnitude highem tin conventional diesel.
Improvements in injection and EGR rate may redbhesé problems.
Low-percentage GTL/BTL blends in future Cl engin@esearch on the effects of
blending XTL with conventional diesel has showrt tin@ emission reducing effect
is higher than the fraction of XTL would indicate 50/50 blend of XTL and
conventional diesel will almost produce the samessions as a neat XTL [Larsen
2007].

High-percentage GTL/BTL blends and pure GTL/BTIfuture Cl enginesHigh
percentage or pure GTL/BTL is generally found tdi¢o reductions of all
regulated emissions components, with reductiormsa@ind 25% for PM, HC, CO,
and 10% for NQ PAH emissions also drop as a result of the |d&H content of
GTL/BTL. When engines are optimised for use of TL (increase EGR rate,
adjusted injection, lower compression ratio) theskictions can even be higher.
With GTL/BTL the NQ/PM trade-off can be further utilised to reach elldow
emissions e.g. by optimising the engine for engineNOXx emissions and applying
a DPF to reduce PM emissions.

Low- and high-percentage HVO blends and pure HV@itiare Cl enginesTest
results on advanced engines are not availablesdwgtral results obtained on Euro
IV HD engines without engine adjustments runningd®¥0O show much lower
emissions of PM, HC and CO and somewhat reducexdi{di®%) emissions of
NO,. Based on the chemical composition of HVO, theesaffects on emissions
are expected as for X-TL

High-percentage ethanol blends in diesel in fu@irenginesThe limited amount
of information on this option found so far does alddw us to draw conclusions on
emission impacts.

Biofuels and advanced combustion conceBtsnding in biofuels or other
components changes the auto-ignition quality ofilead. Ethanol would be a very
good fuel for HCCI since it has high RON and a éadifference between RON and
MON [Kalghati 2005]. For butanol RON and MON ares# to the values for
petrol so that blending butanol will not affect@ignition quality. Based on the
available information no conclusions can be drawthe impacts of biofuels on the
emissions of CAl and HCCI engines.
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7 Conclusions and recommendations for governmentyoli

Extensive technical conclusions are presentedeatitid of each chapter. In this chapter
the conclusions and recommendations for governpaitty are presented.

Based on the findings of this BOLK study, Tablehbws the recommended (bio)fuels
mix up to 2020.

Table 32 Recommended fuel mix up to 2020

Otto engines Diesel engines
Main E5 for main stream and old B5 or B7
Stream | vehicles
Optionally E10 B20 — B100 for dedicated heavy-duty

E85 for Flexible Fuel Vehicles vehicles

Niche CNG / biogas E95 with ignition improver

1) Biofuels mix up to 2020; low blends for mainstram, high blends for niche
applications. The Dutch 20% target is not recommened.

The desired share of biofuel components up to 282est be made up of low blends
for main stream in combination with high blends $pecific (captive) fleets of
vehicles. For petrol engines E5 and optionally El@commended for main stream, in
combination with up to E85 for flexible fuel vetasl. For diesel engines B5 or B7 is
recommended for main stream in combination with B2B100 for dedicated heavy-
duty vehicles. This means that the 20% biofueldatigat the Dutch government will be
very hard to achieve. Having a different standaed than the rest of Europe would
lead to complicated infrastructural, legislativel gmmactical issues. With the above
mentioned B5-7 and E5 blends only a reduction 5%3en energy content is feasible,
which means that for an overall 20% energy shai®aftiels around 15% of the
replacement should be achieved with high perceriteayels.

2) Short-term emission effects: in general no win-im situation, large variability
Based on the data and findings of this study,nhcé be concluded that biofuels can
both decrease G@missions and lead to a significant and consiseghiction of
atmospheric pollutants when applied in currentlgilble engines. In other words, in
general there is no win-win situation. Emissioradgtiow a large variability. For
specific diesel engines types (especially Euranid older truck engines) engine
particulate emissions can be reduced with no onallSNOx increase. For Euro IV and
V truck engines, special engine software is ne¢dguevent a (steep) rise in NOx
emissions.

In the case of synthetic fuels (BTL, GTL) a coramstemission reduction is expected.

3) Emission effects up to 2020

Given that future diesel engines will be equippéith warticulate filters and closed-loop
NOx control, the impacts are in general expectdaetmme insignificant. A major
concern however are possible incompatibilities leetwbiofuels and the operation of
advanced emission control systems. This requimtisduresearch. With Otto engines
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possible negative emissions impacts will disapple@rto the implementation of low
and high blend ethanol in the European emissiagisléion.

4) Emission legislation is the main tool for avoidlig excessive emissions

In order to avoid undesirable effects on exhaussgons with the use of biofuels
(blends) in general, the most important point igriplement the desired biofuels
(blends) into the European emission legislatione Buthe long lead time of
development of legislation and the life time of thedicles it is necessary to plan for 20
years ahead. Even though a lot of work is currdmting done, much more is required
to avoid problems in the period from 2020 to 2(R@ure emission legislation should
not only refer to the type approval test as sudtatao to OBD-requirements, durability
and in-use compliance.

5) Risk of excessive NQemissions can be avoided by regulation
Clear communication and (national) regulations @awid undesirable side effects such
as NOx increase with high blends biodiesel (B20-®1Regulations that should be
considered are:

Type approval, in particular for Euro IV and V hgaluty engines

Avoid usage of high blend biodiesel in passenges ca

Monitoring of flex fuel vehicles with high blendretnol.

6) Synthetic diesel is promising from an emissiorand engine durability point of
view, but available quantities up to 2020 are expé&ad to remain limited

Further increase in biocomponents share withoutargrse effects on vehicle
durability and exhaust emissions is possible withdtimulation of synthetic diesel
fuels (hydrotreated vegetable oil and biomassefoidi diesel fuels).

7) Pre-introduction of EEV or EURO VI will help

Stimulation of heavy duty EEV vehicles or pre iglugtion of Euro VI vehicles before
2015 can likely improve air quality. These vehiates be equipped with engines
running on (bio)diesel fuel, CNG or ethanol.
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Recommendations for future work

This chapter provides recommendations for futurekvimside or outside of the BOLK
programme, based on the assessments made in theugrehapters. Recommendations
deal with:

- aproposal for an extensive measurement programiiugther improve our
understanding of the impacts of biofuels on vehéstessions and to provide input
data for emission factor modelling;

- the need for international co-operation in expenitakand theoretical work to
increase the knowledge on emission impacts of blefu

- options for work in phase 2 of this project under BOLK programme.

Proposal for a measurement program

As described in chapter 5 and paragraph 6.8, tkexrelear need for a coordinated and
systematic measurement program to fill blanks @itfiormation on emission impacts
of biofuels.

In the Netherlands emission factors for road trartsgre determined in a well-defined
methodolog$’ based on the VERSIT+ emission factor mdtatveloped by TNO,
which is fed with input data from an extensive sewcompliance measurement
programme sponsored by VROM and executed by TN@ci@lfemission factors
concern vehicles in the present and historicalaletiieet in the Netherlands, based on
actual measurement data. For use in future outlanither scenario analysis
indicative emission factors are generated for igeneration vehicles, based on
available technical knowledge, information on fetemission limits and expert
judgement.

The objective of the proposed measurement prograaidathus be to generate
emission data for the use of biofuels in existiiyand HD vehicles that enable
determination of emissions factors with the leviehacuracy that is necessary for
national and international emissions inventories fan quantification of average
emission behaviour of specific vehicles classag uro class, fuel type. size class)
under specific traffic conditions (urban / rurdlighway, or more detailed categories).

This can be achieved by:

- execution of a systematic measurement programmeefected fuel — engine
combinations to determine tank-to-wheel emissioagulated components and
CO,) resulting from the use of biofuels compared tovemtional fuels;

- application of statistical analysis and additiomaldelling to calculate emissions
factors and emission profiles for national andrimional emissions inventories;

2 see: John Klein et al. (2007), Methoden voor delemning van de emissies door mobiele bronnen in
2l\iederland, CBS, MNP, TNO, RIZA RWS-AVV, October 200

See:
Smit, R., Smokers, R., Schoen, E. & Hensema, A0§20A New Modelling Approach for Road traffic
Emissions — VERSIT+ Light Duty, TNO Report 06.O0R.\M\I6.1/RS
Smit, R., Smokers, R., Rabé, E. (2007), A new modehpproach for road traffic emissions: VERSIT+,
Transportation Research Part D 12 (2007) 414422
Riemersma, I.J. & Smokers, R. (2004), Ontwikkehag het Versit+ HD emissiemodel, TNO, Delft.
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- determination of dedicated emission factors fofusts or correction factors to be
applied to emission factors valid for vehicles rmgnon conventional fuels.

Basic measurement program
The measurement programme should at first focubase fuels for which possible
emission benefits or problems might occur. At arlatage it could be considered to
extend the programme to cover all important fuelsh@ market. In first instance the
most important choice will thus be regarding thed#n of the fuel-engine
combinations to be tested. The following selectibmain fuel-engine combination is
recommended, based on the result of this study:
- light duty diesel vehicles with low percentage blewf biodiesel (up to B10)
- From Chapter 5, it can be concluded that the eanissof particulate matter
increase about +20% on average (range from 0%Q@&oc}4or current (up to
Euro 4) light duty diesel vehicles with low bleniddiesel (up to B10).
- From Chapter 5, it can also be concluded that ntitreavy duty engines will not
have a significant increase in PM or Némissions.
- From Chapter 6 (in particular Figure 6.10), it t@nconcluded that there is a
significant influence of the biodiesel componentloa conversion efficiency of
NO, after-treatment systems. For future (Euro 5/6)reesy where NQ
aftertreatment will be increasingly applied, thid e important.
- light duty petrol vehicles with ethanol
- From paragraph 6.8 it has been concluded that thdirited emission data
available for use of low blend ethanol (up to EitOfuture (Euro 5/6) petrol
vehicles and high blend ethanol (E85) in futurer(E/6) flex fuel vehicles.

An essential characteristic of the measurementraroge is that it has to be
systematic. This means that vehicles need to bedtes the same fuels and the same
set of test cycles and under the same test conslitimdeliver results that are
comparable and suitable for further statisticalysis. Each biofuel needs to be tested
in sufficiently large samples of vehicles from di#nt Euro classes over a number of
real world driving cycles.

For a basic measurement programme, the followipgas should be considered:
- Regarding choice of vehicle models:

- Testing of at least 7 vehicles per fuel-engine typ@binations. From statistics
and experiené it can be concluded that 7 tests on comparaltiehes
generally give a representative and reliable in@géfferences in performance.
In the end the number of vehicles to be testedrmipen the variance in
measurement results. Testing a larger number d€leshwill always improve
accuracy.

- Availability on the market can be an issue (e.g.ribmber of FFV models is
currently still limited);

- Test recent technology, that is:

- Euro 4 or Euro 5 vehicles;
- for diesel: common rail, double overhead camsklidsel particulate filter
- for petrol: both homogeneous direct injection amdirect injection
- Regarding choice of fuel:
- As areference standard petrol or diesel shoulaskd;

2 See e.g. P. Hendriksen etBlaluation of the environmental impact of moderasgmger cars on petrol,
diesel, automotive LPG and CNGNO report 03.0R.VM.055.1/PHE, 2003
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- Analysis of biofuel tested, to be able to reprodig=ailts and possibly determine
relation with chemical composition;

- It still needs to be determined whether referenet¢dnd biofuels need to be
further standardised or whether the use of commlegcade fuels with some
minimum requirements is sufficient;

- Regarding the test cycle, vehicles should be testeat least:

- the standard type approval drive cycle (NEDC);

- areal world representative drive cycle (preferaby ARTEMIS cycle);
- Regarding emissions components to be measured:

- fuel consumption (through Gp

- regulated emissions components: PM,,NCO, HC, THC

- unregulated emission components: at least NQ/dfd possibly other
components.

In addition to this basic measurement progranhaugd be considered to add more
specific measurements. Such extensions can bedevediin the following directions:
a) additional (unregulated) emissions components;

b) additional niche fuel engine combinations;

¢) additional indirect effects (e.g. ageing and detation, sensitivity for servicing).

Additional emissions components
As concluded in section 6.7, there is very littlany data available about emissions of
unregulated and toxic components resulting fromueof blends of biofuels in
(present and) future vehicles. As has been inwasiigin [Verbeek 2008] the
application of retrofit particulate filters haslurénce on unregulated components. To
ensure there are no negative effects on unreguategponents from the use of
biofuels, it is recommended to measure for the stegam fuel engine combinations
(B7 and B100 for diesel; E10 and E85 for petrod) fibilowing regulated and
unregulated components:
- Related to health effects

- 2A, 2B PAHSs (possibly also Oxy and Nitro-PAHS)

- BaP

- 1,3 butadiene

- BTX

- Light aldehydes

- CO

- primary PM (PM mass)

- secondary PM (NQ SO, NH,)

- PM size distribution

- PMEC/OC

- NO,

- SO,
- Related to smog (ozone equivalent potential);

- TOPF

- POCP
- Related to ecological effects

- Eutrophication: NQand NH

- Acidification: NO, and NH
- Regarding climate change
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8.14

8.2

8.2.1

- Global Warming Potential: CON,O, CH,
- Ozone Depletion Potential:,

Additional measurements on niche fuel-engine coatioins

From section 6.8 it can be concluded that for dheing niche fuel engine
combinations very little emissions data is avagabl

- CNG, biogas, LPG in future (Euro 5/6) gaseous émgjines;

- butanol (all blends) in petrol engines.

General comments are the same as for the basicapnoghese measurements are
particularly important for determination of effecscaptive fleet application,
especially with respect to local air quality.

Additional measurements of indirect effects (eggireg deterioration, sensitivity for

servicing)

Especially for future aftertreatment systems (E&/f) the impact of biofuels on

performance of these systems is not well-known rédfloee at first a discussion with

industry (Tier 1 suppliers) might give a cleareeaew of the issues. Investigation and

possibly measurements should focus on:

- effects on aftertreatment systems: SCR deNOx, 8l@age (deactivation, thermal
load, poisoning, fuel quality);

- effects on engine and engine control: DI, commahraulti-jet, HP pumps,
injectors (fuel quality, wear);

- effects on future engine concepts: CAI, HCCI, CCS.

Need for international co-operation

Co-operation with networks in which TNO / VROM alitg participates

As indicated in the previous paragraph, for rekatétailed emissions factors for
vehicles running on biofuels it is essential tchgata significant amount of emission
measurement data in a systematic way. With botkclketechnology and fuel
composition being similar in all countries of the Ehese countries face the same
challenges regarding reliable assessment of emigaitors. For all countries the
impact of biofuels on NEC emissions and local aildy will be a relevant issue,
although not necessarily to the same extent.

The required reliability of emission factors is @ibed by state-of-the-art statistical
analysis and modelling. These statistical modejsire a large amount of
systematically collected data as input. Exchangkestiaring of measurement data
among countries allows a larger set of data wittio@itheed to increase national
measurement programs. However, to allow a commtabeae, the emissions
measurements have to be comparable regardingxoelal) driving cycle, fuel
characteristics and preparation of the vehicle.

Sharing of emissions data and (detailed) emissiotofs also allows creation of a
common understanding about the impacts of biofagire combinations on emissions
per emission class (Euro class) and per traffimsitn. Such a common understanding
will support the necessary consensus for Europsgislation regarding biofuels.
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The following international platforms could be siite for international collaboration

in terms of the exchange of information regardifgfuzls and co-ordination of national

measurement programmes:

- DACHNLS: co-operation between Germany (D), AustA3 Switzerland (CH),
Netherlands (NL), Sweden (S) regarding emissiotofac

- IEA: International Energy Agency, especially theplementing Agreement for
Advanced Motorfuels (IA AMF);

- EC: direct consultancy or as research project (Eveonk Programme).

Possible other opportunities for cooperation

Concawe (research branch of the European assaocddtioel producers Europia),

together with Eucar and JRC, are also carryingponjects that are similar to or

otherwise relevant to the BOLK programme. The feiltg work is ongoing or recently
completed at Concawe:

- Impact of ethanol in gasoline on vehicle evapoeaémissions: This 2+ year
programme was completed to evaluate the impadhahel on evaporative
emissions with SHED testing being completed at’liR€ facilities in Ispra. The
work was reported at the July 2007 SAE Confer&hce

- Impact of ethanol on fuel consumption and regulat@issions: This JEC
programme is in progress with testing at JRC'difs planned for the 2Q-3Q08
and is intended to measure how quantitatively modars can adapt to the oxygen
content of low-level ethanol blends. Results frtws tvork should be available by
the end of this year.

- Impact of biodiesel on fuel consumption and reg@damissions: This programme
has the same objective as the one on ethanol aligadut will be conducted
jointly by JRC and CONCAWE at JRC's facilities gpta. Testing is expected to
start in the 3Q08 with analysis completed by the2{3D9.

- JEC Biofuels Programme: The three JEC partners dlaveagreed to work together
to better understand the barriers and opporturii@seet the biofuel ambitions
proposed in recent EU legislation, specificallyrtdude at least 10% biofuels (on
an energy basis) in road fuels by 2020 (see attbsheet). This is expected to be a
3-year programme that began in February 2008 wilogkshop involving
technical experts from the JEC partners, three E€crates, and the bio industry.
Key targets for this year include developing adrgticture of the availability of
different types of biofuels between now and 202@ #aen using this analysis to
assess the fleet problems that may arise fronptmetration of biofuels in road
fuels.

- CONCAWE has also completed some limited testing taird-party lab to evaluate
the short-term impact of ethanol and FAME on pernfance and emissions of an
advanced combustion (Euro 6) bench engine. Althdhghprimary focus of this
work was on the fuel appetite of advanced combosimines, the work did
include some biofuel component up to 10% v/v ireottd look for short-term
advantages and disadvantages.

- Furthermore Concawe is working on several survéyseopublished literature
related to the impact of biofuels on fuel consumptiemissions, advanced
combustion, and product quality. These reportsravarious stages of completion
and may or may not be available for external paltloo.

23 JSAE 20077109 - SAE 2007-01-1928 titled "EffedtSasoline Vapour Pressure and Ethanol Content on
Evaporative Emissions from Modern European Cars"
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In the second phase of BOLK opportunities for fartimteraction or cooperation will
be explored.

BOLK phase 2

As indicated earlier, this report presents theltesid the inventory phase of this
project, providing a first survey on future biofsieluture powertrain technology and the
resulting future emissions associated with theafissofuels.

In phase 2 of the BOLK programme more in-depthyses are foreseen for the
different subjects under study. In the case ofzfﬂ(phase of the biofuels project the
following activities are proposed:
- further literature study
- collection of additional information to fill ideffited knowledge gaps
- interviews with experts and representatives fronDR&iel industry and car
industry to:
- improve insight in the future biofuels market atekeholder interests
- increase knowledge on the interactions betwees feelgines and aftertreatment
technologies with emphasis on technologies undezldpment that may be
applied around 2020
- create an overview of state-of-the-art R&D on fatangine and aftertreatment
technologies and their interaction with differemels
- further fine-tuning of the vision on the most likéliel-engine combinations for
2020 and beyond
- in cooperation with the project carried out by Bgodn emissions in the fuel
production chain
- more detailed assessment of other niche fuels
- further assessment of interaction between fuelssagthe developments
- further assessment of possible impacts of biofoelaftertreatment system
conversion efficiencies
- generation of a preliminary set of emission facf{orscorrection factors to be
applied to emission factors for conventional fuéds)the most important fuels
applied by 2020
- generation of policy relevant information, e.g. tze in the update fact sheets for
emission reduction measures
- supporting activities for setting up internationallaboration for measurement
programmes and knowledge exchange beyond the soopldetime of the BOLK
programme:
- further interaction with country representatived &boratories from countries in
DACHNLS
- development of the necessary measurement protacdlsther test requirements

The above options are indicative of the work ttmatld be a logical follow-up to the
analysis presented in this report. A more detagileject plan will be separately worked
out and discussed with the BOLK project team.
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ASTM
B#
B100
BTL
BTX
Bu85
CAl
CBG
CEN
Cl
CIDI
CNG
CcoO
COo;
CRT
CTL
DME
DPF
DPNR
E#
E85
EC
EEV
EGR
FAME
FFV
FT
GRPE
GTL
HC
HCCI
HD
HHV
HVO
IDI
IEA
ISO
LD
LHV
LPG
MON
MVEG
NGV
NMHC
NO,
NSR
OBD
PAH

Abbreviations

American Society for Testing and Materials
mixture of #% biodiesel (FAME) in (1-#)% diesel
100% biodiesel (FAME)

biomass-to-liquid

benzene, toluene, xylene

mixture of 85% butanol and 15% petrol
controlled auto-ignition

compressed biogas

European Committee for Standardisation
compression ignition

compression ignition direct injection
compressed natural gas

carbon monoxide

carbon dioxide

continuously regenerating trap
coal-to-liquid, FT diesel from coal
dimethyl-ether

diesel particulate filter
diesel-particulate-N@eduction

mixture of #% ethanol in (1-#)% petrol
mixture of 85% ethanol and 15% petrol
European Commission

Enhanced Environmentally friendly Vehicle
exhaust gas recirculation

fatty acid methyl ester

flexible fuel(led) vehicle

Fischer-Tropsch

UN-ECE working party on pollution and energy
gas-to-liquid, FT diesel from natural gas
hydocarbons

homogeneous charge compression ignition
heavy duty

higher heating value

hydro-treated vegetable oil
indirectly injected engines (diesel)
International Energy Agency

International Organisation for Standardisation
light duty
lower heating value

liquefied petroleum gas

motor octane number

Motor Vehicles Emissions Group

natural gas vehicles

non-methane hydrocarbons

nitrogen oxides (NO, N£)

NQ, storage catalyst

on-board diagnostics

poly-aromatic hydrocarbons
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PM
PPO
RME
RON
RVP
SAE
SCR
SI
SIPI
SIDI
SME
THC
UVOME
VPO
XTL

particulate matter

pure plant oil (VPO)

rapeseed methyl ester
research octane number

Reid vapour pressure

Society of Automotive Engineers
selective catalytic reduction
spark ignition

spark ignition port injection
spark ignition direct injection
soybean methyl ester

total hydrocarbons

used vegetable oil methyl ester
virgin plant oil

Appendix A | 2/2

FT diesel made from natural gas (GTL), coal [$®r biomass (BTL)
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B.1

Definition of fuel characteristics

Fuel properties affect many aspects of engine desiggine operation, fuel storage and
handling and safety hazards. The following fuek#fimtion parameters are of
relevance to the compatibility of biofuels for useoad vehicle combustion engines
(see [Smokers 2004][Bechtold 1997][Ermers 2001]).

Fuel characteristics

Octane number

A measure of the resistance of a fuel to combustimtk, determined in standardised
engines using standardised test procedures (ASTMddeD 2699 for Research Octane
Number and ASTM Method D 2700 for Engine Octane Nerjp Octane numbers are
defined in comparison to n-heptane (octane numi¥rand iso-octane (octane number
= 100).

Cetane number

The ignition quality of a diesel fuel, determinedrbeasuring the ignition delay of a
fuel or fuel mixture in an standardised Co-opemftuel Research (CFR) engine
(according to ASTM Method D 613 or ISO 5165), andhparing the result with that of
different mixtures of two pure reference fuelsacet (cetane number = 100) and
heptamethylnonane or isocetane (cetane number.Th&)cetane number is calculated
on the basis of the concentration of heptamethynerin a mixture having the same
ignition delay as the test fuel: cetane numberl2&aetane + 0.15 * vol.%
heptamethylnonane.

Note:

- Based on a test programme [Aakko 1997] concludststhie traditional cetane
number does appropriately describe ignition defdydavy-duty engines, but that it
is more suitable for conventional than for alteweafuels. Moreover the method
does not adequately describe the combustion pratestvanced light-duty
engines, and the reference fuels do not functiopgmnly in these engines. For
biodiesels the cetane number is claimed to ovenasti the effect of cetane
improvers.

Auto-ignition temperature
Minimum temperature of a substance to initiate-sefitained combustion independent
of any ignition source.

Flammability limits
Minimum and maximum concentrations of vapour inc&low and above which the
mixtures are unignitable.

Flash point
Minimum temperature of a liquid at which sufficiargpour is produced to form a

flammable mixture with air.

Cold filter plugging point (FCPP)
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A measure of the ability of a fuel to operate $atorily at low temperatures. CFPP is
the highest temperature at which wax formationosesty reduces flow through a
standard test filter under specified conditions.

Density
Mass per unit volume in kg/l or kgfm

Heating value
Energy content of the fuel, expressed as the leézdsed when a fuel is combusted

completely, corrected to standard pressure anddaeatye. The higher heating value
(HHV) is complete combustion with the water vapouthe exhaust gas condensed.
The lower heating value (LHV) is when the wateroapin the exhaust gas is in the
vapour phase. As this is the way in which watevdsahe engine, engine efficiency and
fuel consumption are generally expressed in tefnb$y.

Note:
- LHV: petrol: 31.2 MJ/I, diesel: 35.7 MJ/I, ethangtt.2 MJ/I, biodiesel: 32.8 MJ/I
and DME: 18.2-19.3 MJ/I [IEA 1999].

Latent heat of vaporisation
The quantity of heat that is absorbed by a fugkissing from the liquid to the gaseous
phase, measured at the boiling point under atmoEphessure.

Vapour density
Weight of a volume of pure (no air present) vapmumpared to an equal volume of dry

air at the same temperature and pressure.

Vapour pressure
Equilibrium pressure exerted by vapours over adig a given temperature. The Reid

Vapour Pressure is typically used to describe #pour pressure of petroleum fuels
without oxygenates (ASTM Method D 323). A low vappuessure leads to low
evaporative emissions but may also cause coldstailems.

Note:

- According to [Bechtold 1997] the Reid Vapour Preedast involves saturating the
fuel with water before testing and cannot be usegétrol-alcohol blends or neat
alcohol fuels. A procedure has been developed wihoes not use water, measuring
the so-called Dry Vapour Pressure Equivalent (AI4814-95c). Other studies,
however, explicitly mention the use of ASTM D 328 fneasuring the RVP of
ethanol-petrol blends [e.g. Guerreri 1995].

Viscosity
The resistance of a fuel to flow.

lodine number

For biofuels the iodine number is a relevant priyptrat provides information on
chemical composition (level of saturation). It imaasure of the degree of saturation or
number of double bonds (higher IN = more doubée,unsaturated, bonds). lodine
number has a strong inverse correlation with cetameber [Graboski 2003]. The
reaction with iodine (titration) was long used &ralyzing the number of double bonds,
that is, the degree of saturation. lodine solutimange a violet colour. In the reaction
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with a double bond, the iodine molecule will lotedolour. The iodine number is
determined by the quantity of iodine which will fssill be decoloured by the fat or oil.
Nowadays iodene number can be easily determinesgpdgtroscopic measurement (See
e.g. http://www.ft-nir.com/Nutrition/iodzahl.htm).
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C Fuel specifications (standards)

Ci1l EN 228 Petrol

EN 228 is an international standard that desctibesninimum requirements for petrol.

Table 1 - Requirements and test methods for premium grade unleaded petrol

Property Units Limits Test Method *
Min. Max. (See 2. Normative references)
Research octane number, RON 95,0 - prEN ISO 5164 b
Motor octane number, MON 85,0 - prEN ISO 5163 b
Lead content mg/l - 5 prEN 237
Density (at 15 °C) © kg/m3 720 775 EN ISO 3675
EN ISO 12185
Sulfur content © ma/k - 150 (until EN ISO 20846
9’kg 2004-12-31) | EN I1SO 20847
or EN ISO 20884
50,0
. 10,0 EN ISO 20846
EN ISO 20884
Oxidation stability minutes 360 - EN ISO 7536
Existent gum content mg/100 ml - 5 EN ISO 6246
(solvent washed)
Copper strip corrosion rating class 1 EN ISO 2160
(3hat50 °C)
Appearance clear and bright visual inspection
Hydrocarbon type content™ o ASTM D 1319°°"7
% (VIV) prEN 14517
- olefins - 18,0
- aromatics - 42,0 (until
2004-12-31)
or
- 35,0
Benzene content © % (V/V) - 1,00 EN 12177
EN 238
prEN 14517
Oxygen content ° % (m/m) - 2,7 EN 1601
EN 13132
Oxygenates content ° % (V/V) EN 1601
EN 13132
- methanol ¢ - 3,0
- ethanol " - 5,0
- iso-propyl alcohol - 10,0
- iso-butyl alcohol - 10,0
- tert-butyl alcohol -- 7,0
- ethers (5 or more C atoms) - 15,0
- other oxygenates' - 10,0
NOTE Requirements in bold refer to the European Fuels Directive 98/70/EC [1], including Amendment 2003/17/EC [2]
*  Seealso5.7.1
b A correction factor of 0,2 for MON and RON shall be subtracted for the calculation of the final result, before reporting according to
the requirements of the European Directive 98/70/EC [1], including Amendment 2003/17/EC [2]
°  Seealso5.7.2
d The content of oxygenate compounds shall be determined as prescribed in Table 1 in order to make the corrections when
necessary according to clause 13.2 of ASTM D 1319.
© When Ethyl-tert-butyl ether (ETBE) is present in the sample, the aromatic zone shall be determined from the pink brown ring
downstream of the red ring normally used in the absence of ETBE. The presence or absence of ETBE can be concluded from the
analysis as required in footnote d.
f For the purpose of this standard ASTM D 1319 shall be applied without the optional depentanisation step. Therefore clauses 6.1,
10.1 and 14.1.1 shall not be applied.
9 Stabilising agents shall be added.
‘h Stabilising agents may be necessary.
! Other mono-alcohols and ethers with a final boiling point no higher than prescribed in Table 3.
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EN 238
prEN 14517
Oxygen content © % (m/m) - 2,7 EN 1601
EN 13132
Oxygenates content © % (V/V) EN 1601
EN 13132
- methanol ¢ - 3,0
- ethanol " - 5,0
- iso-propyl alcohol -- 10,0
- iso-butyl alcohol - 10,0
- tert-butyl alcohol - 7,0
- ethers (5 or more C atoms) -- 15,0
- other oxygenates ' - 10,0
NOTE Requirements in bold refer to the European Fuels Directive 98/70/EC [1], including Amendment 2003/17/EC [2]

?  Seealso5.7.1
® A correction factor of 0,2 for MON and RON shall be subtracted for the calculation of the final result, before reporting according to
the requirement of the European Fuels Directive 98/70/EC [1], including Amendment 2003/17/EC [2]

¢ Seealso5.7.2

The content of oxygenate compounds shall be determined as prescribed in Table 2 in order to make the corrections when
necessary according to clause 13.2 of ASTM D 1319

When Ethyl-tert-butyl ether (ETBE) is present in the sample, the aromatic zone shall be determined from the pink brown ring
downstream of the red ring normally used in the absence of ETBE. The presence or absence of ETBE can be concluded from the
analysis as required in footnote d

For the purpose of this standard ASTM D 1319 shall be applied without the optional depentanisation step. Therefore clauses 6.1,
10.1 and 14.1.1 shall not be applied

Stabilising agents shall be added
Stabilising agents may be necessary
Other mono-alcohols and ethers with a final boiling point no higher than prescribed in Table 3

When regular grade is marketed, RON and MON shall be specified in a national annex to this European Standard, but not lower
than 81,0 MON and 91,0 RON
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C.2 EN590 Diesel

EN590 describes the physical properties that alielifuel must meet if it is to be sold
in the European Union, Iceland, Norway and Switz

Property Units lower limit | upper limit
Cetane number 51,0 -
Cetane index 46,0 -
Density at 15°C kg/m3 820 845
Polycyclic aromatic hydrocarbons %(m/m) - 11
Sulphur content 350 (until
mg/kg - 2004-12-
31) or 50,0
10,0 (on
the 01-01-
2009)
Flash point T Above 55 -
Car_bon residue (on 10% distillaiton Y%m/m i 0,30
residue)
Ash content % (m/m) - 0,01
Water content mg/kg - 200
Total contamination mg/kg - 24
L():é))pper strip corrosion (3 hours at 50 rating Class 1 Class 1
Oxidation Stability g/m® - 25
Lubricity, corrected wear scar diameter
(wsd 1,4) at 60 °C m J 460
Viscosity at 40 °C mm?/s 2,00 4,50
Distillation recovered at 250 °C, 350 °C | %V/V 85 <65
95%(V/V) recovered at T - 360
Fatty acid methyl ester content % (VIV) - 5
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EN 14214 is an international standard that dessitive minimum requirements for

biodiesel.

Property Units lower limit | upper limit
Ester content % (m/m) 96,5 -
Density at 15°C kg/m3 860 900
Viscosity at 40°C mm2/s 3,5 5,0
Flash point °C > 101 -
Sulfur content mg/kg - 10
Tar remnant (at 10% distillation remnant % (m/m) - 0,3
Cetane number - 51,0 -
Sulfated ash content % (m/m) - 0,02
Water content mg/kg - 500
Total contamination mg/kg - 24
Copper band corrosion (3 hours at 50 °Q) rating s€la Class 1
Thermal Stability - - -
Oxidation stability, 110°C hours 6 -
Acid value mg KOH/g - 0,5
lodine value - - 120
Linolenic Acid Methylester % (m/m) - 12
Polyunsaturated (>= 4 Double bonds) | % (m/m) - 1
Methylester

Methanol content % (m/m) - 0,2
Monoglyceride content % (m/m) - 0,8
Diglyceride content % (m/m) - 0,2
Triglyceride content % (m/m) - 0,2
Free Glycerine % (m/m) - 0,02
Total Glycerine % (m/m) - 0,25
Alkali Metals (Na+K) mg/kg - 5
Phosphorus content mg/kg - 10

Proposed specs for high percentage ethanol blend

Proposed specs for petrol fuel containing up to Ei8anol.

See: COM(2007) 1&Rroposal for a directive of the European Parliamantl of the
Council, amending Directive 98/70/EC as regardsdpecification of petrol, diesel and
gas-oil and the introduction of a mechanism to rtwrand reduce greenhouse gas
emissions from the use of road fuels and amendoun@il Directive 1999/32/EC, as
regards the specification of fuel used by inlandemaay vessels and repealing

Directive 93/12/EECBrussels, 31 January 2007
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C.5

Proposed specs for high percentage biodiesel in ded blends
Proposed specs for diesel fuel containing 7% rE3% biodiesel.
See: COM(2008)yyy finaRroposal for a Directive of the European Parliamantd of

the Council on the promotion of the use of energy frenewablesversion 15.4,
Brussels 23.01.2008
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C.6  Reference fuels for type approval testing

Draft Regulation (EC) No 715/2007 [EC 2007c] conseamended specifications for
the reference fuels to be used in type approvahggsvhich also contain specifications
for 5% (v/v) ethanol in the reference petrol and &%) FAME in the reference diesel.
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D.1

Fuel properties of specific conventional and bitgue

Overview of fuel properties of various conventionabnd
alternative fuels

Based on Annex D of [Smokers 2004].
Footnotes regarding table on fuels for Sl engines

1) Varying butane/propane ratio, e.g. 70% propar89® butane to 100% Propane [IEA 1999]. For
some parameters only separate data for 100% pr@pah&00% butane have been found;

2) Octane number has been developed for liquidsfaeti NG exceeds maximum value of 120, and
thus the octane scale is not appropriate for CNG/L&ead the methane number has been
developed with pure methane as the most knockiaesifiiel having a value of 100 [EC 2000];

3) Based on pure methane [dieselnet 2003];

4) Requirement in summer period.

5) Biogas for use as transport fuel is assumed tgpgeaded to NG quality.
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Fuels for Cl engines
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D.2 CHOREN SunFuel

Chemical components of BTL produced by Choren [Ba(2005)]

Characteristics of BTL produced by Choren [Blad2306)]
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Characteristics of BTL produced by Choren compane@TL [Blades (2005)]

D.3  Properties of NExBTL
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D.4  Reid Vapour Pressure of petrol-ethanol blends

Graph taken from [Rouveirolles 2007]
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E Emission test cycles
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F Minutes DACHNLS meeting

Introduction
April 17 & 18, the 2% D-A-CH-NL-S meeting was held in Berlin. This meetiis held
twice a year to exchange experiences and knowledgenhicle emissions and vehicle
emission modelling. The meeting was attended bigypohakers and technical experts
from Germany, Swiss, Austria, Sweden, Spain, Norwagnce and The Netherlands.
The focus of the first day was on biofuels. Thiswlane via two presentations on
biofuels, which present the outcomes of the “BOIddject of TNO and CE from The
Netherlands:

- The emission effects of the use of biofuels indheent fleet, which was

presented by Gerrit Kadijk (TNO).

- The expectations for the future, which was preskhieGerben Passier.
At the end of each presentation, several propositiere stated to initiate the
discussion.

The main objectives were:
- Toinform the D-A-CH-NL-S group about the findinfyjem the BOLK project
and
- To get valuable feedback from the experts in th&-DH-NL-S group.

The presentations showed that the emission eftédt®fuels can not be ignored.
However, currently there is too little real-worldtd to clearly estimate the real-world
emissions effects. This was acknowledged by the BAL-S group. It was suggested
that an international measurement campaign is sageproduce the data needed to fill
the knowledge gaps. Below the main discussion iteamsbe found in more detail:

Feedback on the presentation about biofuels ircthveent fleet:

- For LD Cl it was shown that a 10% biodiesel blemtikely to result in a
reduction of the N@emission. However, higher biodiesel blends tengiie
increased N@emissions. Could an explanation of this phenomédagiven?

- It was mentioned that the fuel quality potentidlfs an effect on the emissions.
In the BOLK study the currently used European stashdiesel (low sulphur
content) was taken as reference.

- Emission figures for HD were given in g/kWh unidsquestion was raised if it
is realistic to compare type approval test resaltgkWh for different fuels
(biofuel versus regular diesel) with a differenergy content.

- For VPO it was mentioned that there might be (ltergn) durability problems
(as the VPO might cause damage to the injectossitieg in drastically
increased emissions (over 100 %). Tests in Swedened that long term
durability can indeed be a problem. In these testsncreased fuel
consumption of only 2-3 % was measured. Howeveguladed emissions,
increased drastically.

- A guestion was raised if differences are to be etguein emissions of older
and newer vehicles? In addition it was felt thdtfference needs to be
considered between dedicated biofuel vehicles ¢(iald be optimized for
running on a specific biofuel) and non-dedicatexfusls vehicles.

- A guestion was raised if in the study any resuksesfound about the correct
functioning of the DPF with biofuels. There is aacern that unburned fuel is
stored in the DPF leading to uncontrolled combusiinothe filter. As this was
not a topic of the current study, no indicationgsevieund.
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There was a discussion about the inclusion of leisfin the type approval
tests. Common view was that this should be dose, lz@cause of the vision of
the Commission to increase the use of biofuels. él@w it might not be
feasible to include all different mixtures. Two pitslities were mentioned, but
no common agreement was found:

- only testing the endpoints in the biofuel range ltdae a pragmatic
solution (e.g. EO5 and E85). However, this doesieoessary cover
the range in emissions.

- only testing the most common biofuel blends is alsssible. This
might not be realistic since any blend percentageoccur by
refuelling the vehicle (low blend vs. high blend).

-1t was mentioned that the focus of biofuels shdnddn sustainability (W-T-W

CO02) and on really dangerous effects of biofudls toxicity. A small increase
of NO, en PM emissions in (e.g. 10-20%) was said to Hessfinterest. This
was not the common view of the group.

Feedback on the presentation about expectationthéfuture:

Regarding the desirable fuel blends it was mentidhat

o the current focus of customers is mainly on econerof fuels and not
on environmental impact. In other words, currenilyst customers
will buy the most economic (cheapest) fuel and oioreally consider
the environmental impact. As such which biofuel become
mainstream significantly depends on the costs indiktion
measures from the government.

o0 in Europe an overcapacity of gasoline exists. Thoeedt is likely that
currently sustainable substitutes (or blends) &irg will not be
pushed by oil companies.

o0 it was mentioned that the majority of ethanol Wil low blends as
high ethanol blends might cause cost problemsddiitian high blend
biodiesel is expected to remain a niche fuel bexzafigurability-
problems.

0 it was suggested to make a clear distinction betfiegt and second
generation of biofuels. In addition it was suggedtet regarding
sustainability the focus should be on W-T-W andomf-T-W.

0 The industry currently states that 7% biodiesehdlis the maximum
blend they can allow in their vehicles. It was neméd that this could
also be B10 as the exact feasibility limit is nobtvn.

It was mentioned that Euro V (HD) and Euro 5 (LBhicles equipped with a
SCR system, the system is likely to be optimizeduge of regular diesel. This
might become critical when running on biodieselpBrding on the size of the
of adblue injector a significant increase in N&nissions can be expected.
In-use-compliance testing was discussed in relatidhe responsibility of the
car manufacturer: is the vehicle manufacturer iggponsible if a vehicle is
driven with a non-certified fuel and emissions wgse in in-use-compliance
testing. The evaporation problems with vehiclesimg on E5 in Sweden were
mentioned as an example. In this case the manuéachentioned that E5 was
not part of the certification (and thus he wasnesponsible).

It was mentioned again that the focus for biofséiguld be on sustainability.
As emissions from Euro V / VI (HD) and Euro 5 /L] vehicles are low
anyway, a slight increase in N@nd PM emissions is less important. The
effect on total air quality could be limited. Thime it was suggested not only
to look at relative values, but also look to absolalues to see what the real
effect of change in emissions could be.
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One attendee mentioned the lack of On Board Didgrso@®BD)-issues in the
presentations. Due to higher blends (B10/E10) tB® Gystem might detect a
failure.

Due to the high boiling point of high ethanol bleritle cold start behaviour of
Flexi Fuel Vehicles (FFV) is probably very diffetdrom petrol vehicles.
Therefore it was suggested that the cold starofeSEV-vehicles should be
included in the type approval procedure.



