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1 Introduction

1.1 Scope and objectives

The aim of this report is to identify and evaluate 6 Be s t Avail able thechnique
control and reduce emissions from mobile sources. This report provides the technical

background for an update of the guidance document on mobile sources supporting the

implementation of the Gothenburg Protocol (GP) of the UNECE LRTAP Convention.

This report summarizes both technical and non-technical measures to reduce emissions
from new and existing engines and vehicles, mobile machinery, railcars, locomotives, sea
and inland waterways vessels, and aircrafts. Technical measures include powertrain, fuel,
and aftertreatment technologies that can be used to control emissions. Non-technical
measures include infrastructural, regulatory and policy interventions that can also
contribute in reducing emissions.

Those techniques that are proven in practice to be effective in emission control and

economical in relation to the benefit they bring, are all candidates for 6 b e s t availabl e
t e c h ni (BAIle ®roemission reduction. A more precise definition of how different

techniques can be elected as BAT is provided in subsection 2.5.

1.2 Background

The UNECE Convention on Long-Range Transboundary Air Pollution (LRTAP
Convention)' aims at limiting atmospheric emissions of pollutants that have harmful
impacts on human health and the environment. Specific Protocols under the Convention
specify targets and agreements in reducing emissions of specific pollutants from the
various anthropogenic sources.

The 1999 Protocol to the LRTAP Convention to abate acidification, eutrophication and
ground-level ozone (Gothenburg Protocol)® entered into force in 2005 and set national
reduction commitments for Parties, while at the same time applying specific emission limit
values and/or @est Available Techniques {BAT) for sources listed in the GP. The detailed
description of BAT in each case is to be outlined in guidance documents that are adopted
by the Parties and which are to be used when meeting the obligations under the GP.

The GP was revised in 2012° extending its scope of pollutants as well as the range of
sources covered. The revision also called for an update of the guidance documents under
the GP which have been partly updated and adopted by the Parties for application both
under the current and revised GP*. Specifically for mobile sources the GP requires Parties
to apply limit values for certain fuels and new mobile sources (product standards) identified
in Annex VIl and that they should apply BAT to existing and new mobile sources.

The existing guidance document for mobile sources was adopted in 1999 by the Parties to
the LRTAP Convention. Since then, major advances in engine and exhaust control
techniques have been made, specifically to control fine particulate matter emissions. The
revised GP also significantly extended the range of covered mobile source categories and

! http://iwww.unece.org/envilrtap/welcome.html
2 http://www.unece.org/env/Irtap/multi_h1.html

3 http://www.unece.org/fileadmin/DAM/env/irtap/full%20text/Informal_document no 17 No
23 _Consolidated text checked DB _10Dec2012 - YT - 10.12.2012.pdf

4 hitp://www.unece.org/environmental-policy/treaties/air-pollution/guidance-documents-and-other-
methodological-materials/gothenburg-protocol.html
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also included particulate matter emissions (PM) in the focus of control. Therefore, the old
guidance document related to BAT for mobile sources needs to be updated.

The current report provides the analysis of the technical and the non-technical measures
that are currently identified as BAT candidates, in order to provide the background technical
information required to produce a new guidance document.

1.3 Content and structure of the report

This report is structured as follows:

9 Section 2 describes the mobile sources and pollutants considered, health and
environmental impacts, and general information of present emission levels. It also
provides the methodological outline that has been followed to analyze the different
BAT candidates, including sources, evaluation scheme and assessment
methodology.

9 Section 3 presents the main BAT candidates for different aggregate categories of
mobile sources. A range of technical details is presented for each of the techniques
identified (e.g. pollutants addressed, environmental benefit, synergies and side-
effects, cost, technical and other limitations, and more).

1 Section 4 performs the synthesis of the results per mobile source category and
pollutant considered, using the methodology presented in Section 2, so that the
selection of BAT is facilitated. Justification of BAT assessment is also provided.

1 Finally, section 5 summarizes the main conclusions of the study. Based on the
technical descriptions of section 3 and the assessment of section 4, this summary
section contains specific recommendations for emission reduction clearly
distinguished into measures for new vehicles/engines produced by OEMs (current
situation), in-use vehicles/engines (existing stock), and future vehicles/engines
(prospective or promising emerging technologies).

1.4 Statement on copyrights

Written permission has been acquired from the original source for each third party images
used in this document. The original source of images or other third party information is
properly referenced throughout the document.

12



2 Methodology

2.1 Mobile sources considered

Mobile sources include a wide range of vehicle types, engine categories, machinery,
vessels, with different technologies and usage (e.g. from large deep sea ships of thousands
of horsepower to light handheld equipment with fractions of a horsepower). Therefore,
identification of possible BAT candidates is not a priori possible without distinction of the
different mobile sources considered. Table 2-1 shows the range of mobile sources
considered in this report.

Table 2-1: Individual vehicle, vessel, and equipment type to be considered for evaluation of BAT

. Main fuel
Mode Vehicle Type concerned*
Mopeds 2-stroke
4-stroke .
Gasoline
Motorcycles 2-stroke
4-stroke
Small
Passenger cars Lower-Med!um Gasoline / Diesel
Upper-Medium
Executive
Road Buses Urban Diesel
Coaches
N1 -1 Gasoline/Diesel
Light Commercial Vehicles N1 -1l
N1 -1l
Rigid <=14 t .
Heavy Duty Trucks Rigid >14 t piesel
Articulated <34 t
Articulated >34 t
Jumbo and wide-body jet
Narrow-body jet
Aviation Aircraft Regional jet Jet fuel
Turboprop
Supersonic jet
Locomotive
Railway Train Urban train Diesel
Railcar
<5000 GT
Short sea shipping vessel 5000-30000 GT HFO/MGO
>30000 GT
Waterborne Deep sea shipping vessel >1000 GT HFO
0-250 t
Inland waterway ship 250-3000 t MGO
>3000 t
Recreational crafts Gasoline/Diesel
Industrial, construction, <75 kW
agricultural and forestr
? machines / >75 kW Diesel
Non-road Agricultural and forestry <75 kW
tractors >75 kW
Handheld
Household and gardening Non handheld <225 cm® Gasoline
Non handheld >=225 cm®
Electric public Tram, metro, and
transport systems trolleybuses

* The main fuel concerned should be seen as a reflection of the combustion concept
considered. For example, passenger cars may also operate on liquefied petroleum gas (LPG),
however its combustion (and hence the BAT candidate techniques) do not fundamentally differ
to gasoline combustion.

13



The above classification originates mainly from the TRACCS® project with extensions for
off-road equipment according to EMEP/EEA AEIG®. In performing the analysis of the
various BAT options, we have considered the applicability of the techniques for each of
these vehicle/engine/vessel types and fuels.

It should be noted that in view of the continuous tightening of emission limits, vehicles,
vessels and other non-road machinery are expected to be increasingly equipped with more
advanced powertrain and aftertreatment systems. At the same time, there is an increase in
the diversification in powertrain (conventional, hybrid, battery electric, range extender, etc.)
and fuel types. The above classification tries to balance on one hand the need to provide
the necessary vehicle and technology detail to assess the suitability of different BAT
options and, on the other, the need to work on a manageable level of analysis.

2.1.1 Mobile sources not included in the Gothenburg Protocol

Annex VIII of the GP does not include all transport modes identified in Table 2-1. In
particular, the following are not covered: aircraft emissions, sea going ships (short sea or
deep sea), and (electric) trams, metros, and trolley buses.

However, emissions from airplanes, in particular during the landing and take-off (LTO)
phases are included in the national inventories in the framework of LRTAP; hence, there is
a need to include them in the transport modes to be considered. Similarly, domestic
shipping is also included in the national inventories. Deep sea shipping (international
maritime) is not included in national inventories; however, (i) such vessels use the same
engine types as domestic vessels (though somewhat larger), and (ii) there are
considerations how to include international shipping emissions to inventories. Hence, there
is the need that these are covered in this report. Electric trams, metros, and trolley buses
do not have tailpipe emissions, but they produce heavy metal emissions due to the wear of
their components and, in particular, sparking that occurs in the power lines.

Based on the above, this report covers all mobile sources identified in Table 2-1, including
those not covered in the GP. However, it is clarified that aviation and electric public
transport systems (tram, metro, and trolley buses) are only addressed in section 3
(technical description of BAT candidates) and no further detailed assessment (with the
evaluation scheme and methodology described below) is provided for them. This is
because, for aviation, the two techniques which are described can be implemented by the
manufacturers only; hence, no assessment can be made to compare various options and
propose measures that can be implemented by public authorities. For electric trams,
metros, and trolley buses, which produce heavy metal emissions, the existing literature and
assessment studies are very limited; hence, only a list of indicative measures is provided
without further assessment.

In addition to the above mobile sources, there are two emission sources missing from
Annex VIII of the GP for all modes. These are:

1 non-exhaust PM emissions from component wear and abrasion,
1 NMVOC emissions from fuel evaporation.

Relevant studies (in particular for the road sector) show increasing relative contribution of
these two sources due to less stringent emission controls compared to exhaust emission
sources. Therefore, BAT recommendations for these two separate pollution generation
mechanisms are also identified.

® http://traccs.emisia.com
® http://www.eea.europa.eu//publications/emep-eea-guidebook-2013
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2.1.2 Source categories for BAT assessment

The individual vehicle/vessel types in Table 2-1 provide an extended list for which the
suitability of each technique should be assessed. This would make the analysis
overwhelming with multiple repetition of information. In order to make the analysis useful,
we have aggregated the individual types to higher level categories that are of similar
relevance for assessment of each technique. When a technique is considered to have a
differentiated impact depending on the type considered, then the individual types from
Table 2-1 for which a differentiation is expected are identified and clearly presented in the
analysis. The following aggregated mobile source categories have been selected to assess
each of the available techniques:

1 Gasoline road vehicles (mopeds, motorcycles, passenger cars, light commercial
vehicles)

Diesel light duty road vehicles (passenger cars, light commercial vehicles)
Diesel heavy duty road vehicles (heavy duty trucks, buses)

Gasoline engines in non-road mobile applications (hand-held and non hand-held
equipment, i.e., household and gardening)

91 Diesel engines in non-road mobile applications (industrial, construction, agricultural,
and forestry machinery, trains)

1 Gasoline engines in boats and recreational crafts

9 Diesel engines in vessels, propulsion as well as auxiliary engines
1 Aircrafts’

q Trams, metros, and trolley buses®

In some cases that this is considered relevant, some of these categories are further
aggregated in Section 3.

2.2 Pollutants considered

The following pollutants are covered by the Protocol:

1 SO,
T NOy
T NHs
I VvOC
1 PMzs

Mobile sources are a key category to PM and NO,. Sulfur components may also be
important for fuels with high sulfur content such as heavy fuel oil (HFO) used in sea going
vessels. In all other applications, including road, rail, aviation and IWW, low sulfur fuels are
used and the contribution of the sectors in total anthropogenic sulfur emissions is
decreased. Even in cases where this category heavily contributes to sulfur emissions, the
obvious technique to control the problem is to reduce the sulfur in the fuel. Hence, most
emphasis is given to BAT options for controlling PM and NO, emissions (cf. also Figure 2-1
to Figure 2-4 below).

! Only addressed in section 3 (technical description of BAT), no further assessment in section 4.
8 -1l-
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VOC can be important from gasoline vehicles and engines, while NH3; emissions may also
increase for some of the emission aftertreatment concepts considered. Hence, the
emphasis which is given in each pollutant varies depending on the application and the
mobile source category considered.

Other pollutants may also be significant and may also be affected by the use of each BAT
technique. Again, specific discussion is provided when a potential BAT has a significant
impact on a species not included in the GP. The most relevant pollutants for mobile
sources include CO, direct NO,, PMy,, PN (particle number), BC (black carbon), smoke,
individual heavy metal emissions, as well as some other organic species such as
aldehydes, ketones, polyaromatic hydrocarbons, etc. Also, impacts on greenhouse gases
(GHG T CO,, N,O, CHy) are considered. A discussion on the effect of techniques on these
pollutants is included in the following sections when this is deemed necessary.

In addressing the control of pollutants, the following two effects need to be taken into
account in the evaluation of the various techniques:

1. Synergies: Certain techniques may result to synergetic effects for some of the
pollutants. For example, an oxidation catalyst used to reduce hydrocarbon
emissions has been shown to also have a positive effect in terms of PM reduction.
Such synergistic effects are clearly identified and generally boost the probability
that a technique is considered as BAT.

2. Secondary effects: Several of the techniques used in the past to control a
particulate pollutant were proven to have detrimental effects to some other
pollutants. The best known example is the implementation of oxidation catalysts in
urban buses (e.g. in London) that led to a decrease in PM but a significant increase
in NO, emissions. Such phenomena are also considered in the study and are
clearly earmarked.

2.2.1 Health and environmental impacts

If we could burn gasoline or diesel perfectly in pure oxygen it would produce only carbon
dioxide (CO.), water vapor, and energy’. However, in reality there are always some
emissions of unburned and partially burned fuel, giving carbon monoxide (CO),
hydrocarbon (HC) and 1T especially for diesel engines i particulate matter (PM), plus
nitrogen oxides (NO,) formed from nitrogen present in the air. Health and environmental
experts have concluded that emitted pollutants adversely affect human health and
contribute to acid rain, ground-level ozone and reduced visibility. Specifically™®:

T Human health: exhaust emissions can lead to serious health conditions like asthma,
allergies, and respiratory problems; they can worsen heart and lung disease,
especially in vulnerable populations such as children and the elderly, and there is
increasing evidence that they may cause cancer in humans.

1 Environment: the engines used in mobile applications (especially the diesel ones)
emit particulate matter (soot), nitrogen oxides which contribute to the production of
ground-level ozone (smog) and acid rain, hydrocarbons, air toxics, and black
carbon; these emissions can damage plants, animals, crops, and water resources.

1 Global climate: climate change affects air quality, weather patterns, sea level,
ecosystems, and agriculture; reducing greenhouse gas (GHG) emissions from
mobile sources can help address climate change and improve energy security.

° http://www.aecc.eu/en/Air Quality and Health Effects.html
0 http://mww.epa.govicleandiesel/basicinfo.htm
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A short summary of health and environmental risks per main vehicle pollutant follows.

91 Particulate matter (PM) is mainly soot particles with volatile hydrocarbons and some
sulfate and metallic residues from the fuel and engine lubricant. Particles are found
in the air in a range of sizes. Diesel engines are responsible for the majority of ultra-
fine particulates (less than one micron in diameter or PM;). There is evidence that
fine and ultra-fine particles are linked to increased rates of premature death for
causes such as cardiovascular and lung disease. Also, WHO IARC™ has classified
untreated diesel exhaust as carcinogenic to humans. In addition, diesel PM is
primarily made of black carbon (BC) which is a short-lived climate forcer with a high
global warming potential.

1 Nitrogen oxides (NOy) react with hydrocarbons in sunlight to form harmful ozone
and photochemical smog. Ozone in turn causes breathing difficulties and damages
plants and materials, and is also a climate gas. NOy is furthermore a contributor to
acid rain and eutrophication, both affecting ecosystems and their biodiversity. NO,
alone is implicated with direct respiratory illnesses and other health problems.

1 Hydrocarbons (HC) and particularly Volatile Organic Compounds (VOC) contribute
to photochemical smog in the atmosphere. Some HCs, such as benzene, are
known carcinogens.

9 Carbon dioxide (CO,) is the final product of all combustion processes and the major
contributor to the 'greenhouse’ effect.

2.3 General information of present emission levels

Mobile sources contribute varying amounts to the total pollutant emissions, depending on
pollutant, the region and its economic structure. The following charts present an overview
about current emissions in four major UNECE regions: North America (NAM), Western
Europe (WEU), Central and Eastern Europe (CEE), and the Eastern Europe, Central
Caucasus and Asia Region (EECCA)*.

M http:/mww.iarc.fr/index.php

2 The following countries are associated with

WEU (17 countries): Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy,
Luxembourg, Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, United Kingdom;

CEE (18 countries): Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, Czech Republic,
Estonia, Hungary, Latvia, Lithuania, FYROM, Malta, Poland, Romania, Serbia and Montenegro, Slovak
Republic, Slovenia;

EECCA+TURK (12 countries): Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, Kyrgyzstan, Moldova,
Russia, Tajikistan, Turkey, Ukraine, Uzbekistan;

NAM (2 countries): Canada, United States of America.
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Figure 2-1: NO, emissions from mobile sources in different UNECE regions in year 2010:
Absolute emissions with all sources (left), relative distribution of mobile sources only (right).

Data source: WEU and CEE: GAINS TSAP; NAM and EECCA: GAINS ETP.

Mobile sources contribute about 40% to 60% of all NO, emissions in the different UNECE
regions in the year 2010 (Figure 2-1, IIASA GAINS 2014). The biggest single sources are
(diesel powered) cars and trucks, followed by agricultural tractors. Diesel powered rail
traction can be a significant source in some countries, as well as ships. Transmission

stations in long pipeline networks may also be a significant source.
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Figure 2-2: PM, 5 emissions from mobile sources in different UNECE regions in year 2010:
Absolute emissions with all sources (left), relative distribution of mobile sources only (right).

Data source: WEU and CEE: GAINS TSAP; NAM and EECCA: GAINS ETP.

Mobile sources contribute about 10% to 30% of all PM, 5 emissions in the different UNECE
regions in the year 2010 (Figure 2-2, IIASA GAINS 2014). The biggest single sources are
(diesel powered) cars and trucks, followed by agricultural tractors and construction
machinery. Rail, ships and pipeline transmission stations can also be significant sources in
individual countries.
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Figure 2-3: VOC emissions from mobile sources in different UNECE regions in year 2010:
Absolute emissions with all sources (left), absolute emissions of mobile sources only (right).

Data source: WEU and CEE: GAINS TSAP; NAM and EECCA: GAINS ETP.

Mobile sources contribute about 20% of all VOC emissions in the different UNECE regions
in the year 2010 (Figure 2-3, IIASA GAINS 2014). The biggest single sources are (gasoline
powered) cars, mopeds and motorcycles, followed by smaller machinery, and agriculture
machines, and in some countries aircrafts and pleasure crafts.
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Figure 2-4: Emissions from mobile sources in different UNECE regions in year 2010: SO, (left)
and NH; (right). Data source: WEU and CEE: GAINS TSAP; NAM and EECCA: GAINS ETP.

Land based mobile sources contribute less than 1% to total SO, emissions and 1% to 4%
of total NH3 emissions in the different UNECE regions in the year 2010 (Figure 2-4, IIASA
GAINS 2014). Emissions of SO, essentially depend on the sulfur contents of the fuels
used. Generally marine fuels have still very high sulfur levels, but also diesel fuel in
individual countries may not be desulfurized. NH3; emissions originate mostly from catalyst
equipped (gasoline) cars and some other non-road mobile machinery.

Given this situation, most attention is on control of NO, and PM emissions from mobile
sources, and road vehicles in particular. In addition, controls of VOC emissions are treated
with some detail in this document.

2.4  Data collection and organization

An extensive collection of information on available control techniques has been performed.
This includes literature analysis, interviews with stakeholders from research and industry,
as well as data collection by questionnaire. Here, we summarize comprehensive and up-to-
date information on the technical and environmental performance, boundary conditions and
infrastructural requirements, technical and economic feasibility and potential restrictions.
The performance is considered separately for each pollutant controlled by the GP, as well
as for potential side-effects on GHG and other pollutants and, in cases deemed important,
on fuel efficiency.

Estimates of additional costs related to emission control measures are an important part of
the assessment. Here, we take the perspective of a regulator/policy maker and consider
potential costs and benefits over the full lifetime of the equipment (an indicative period of 10
years is usually assumed), at social discount rate of 3% p.a., and using costs to the
consumer/end user. Typical cost values were collected from publicly available sources.
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These were streamlined to the extent possible to come up with comparable values. The
approach followed is explained in subsection 2.5.3.

2.5 Operational definition of BAT for mobile sources

The overarching question that the @hatareathece docum
best proven solutions that can be applied to reduce emissions from mobile sources?0

However, neither the CLRTAP nor the GP provide an exact definition on what BAT for

mobile sources stands for. For consistency, the tentative definition used for mobile sources

here is based on the respective guidance document on control techniques for emissions

from stationary sources'. In this (stationary sources) document, BAT is defin e d thes i
mo s t effective and advanced stage é to prevent
impact on the environment as a wholeo . This definition is general e
to mobile sources as well.

The term @vailablebrefers in the guidance document for stationary sources to technical and

economic conditions;the t echni que i n qudewlogedtio a scaleetdas t o be
all ows i mplementation in the relevant ¢é sector
c ondi toWhetheréa technique is economically viable for the operator or customer is

hard to judge a priori (the guidance document for stationary sources mainly lists costs for

control measures without judging on viability). Th e t e r meadshneost tefective in

achieving a high general level of protection of the environment as a whole.

The BAT definition is not differentiated by operating environment (e.g. normal and sensitive
conditions) or by territory (or country), although the technique actually chosen as BAT in a
specific country may well depend on its economic, environmental and technological
circumstances, and probably additional social, legal and administrative aspects that are far
beyond the technical scope considered here.

2.5.1 Criteriaused to identify BAT
The following criteria are used in identifying the environmental and economic suitability of a
potential BAT option:
(i) emission and effect of regulated pollutants,
(i) emission and effect of non-regulated pollutants,
(i) energy efficiency,
(iv) consumption of fossil or renewable resources,
(v) consumption of rare or precious elements,
(vi) emission of noise,
(vii) use of hazardous material, wastes and recyclability.

Related work in the framework of the Scientific Assessment of Strategic Transport
Technologies provides justification for the transport-related criteria (Aparicio et al., 2012;
Ntziachristos, 2012).

Some techniques may present trade-offs, i.e. having less emissions for some pollutant, but
higher for some other, or performing worse on other criteria. Such trade-offs are clearly

3 hitp://lwww.unece.org/fileadmin/DAM/env/documents/2012/air/Guidance document on co
ntrol_techniques for emissions of sulphur NOX....pdf
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signaled and options for reducing negative impacts are discussed, e.g. by combining with
other techniques.

2.5.2 Reference technology

We consider BAT candidates for both, existing and new vehicles. Together with the
different technical level in the UNECE regions, this means that different technologies have
to be considered as current standard (or reference) technologies against which BAT
candidates are assessed. Any alternative (viable) technology that performs better, i.e. has
lower pollutant emissions, without performing worse on any other criteria, can be
considered better compared to the reference technology.

For each vehicle or vessel type we define a reference technology which is used as a
baseline for the assessment and comparison of different techniques. The reference
technology does not coincide with the latest emission control technology, but with good
common practice (a technology still met often in many countries, with known environmental
impacts that should be addressed). We then make the implicit assumption that the relative
impact of a BAT remains within the same order of magnitude for more advanced or less
advanced technologies. When this assumption is obviously violated, this is clearly identified
in the evaluation.

2.5.3 Evaluation scheme

The assessment of a technique as BAT is based on a two-step approach. First, the cost-
effectiveness of the various techniques is assessed using the boxes of Figure 2-5. In this
way, a technigue is evaluated in terms of its expected cost and environmental benefit for a
specific pollutant, and then it is allocated to one of the nine classes shown below. The
various techniques are compared to each other on a relative scale and their placement
within the boxes of the evaluation grid is indicative.

Probable BAT Neutral

Probable BAT Neutral Ratherimprobable BAT

Environmental Benefit

Limited impact | Ratherimprobable B

Cost

Figure 2-5: Nine classes for the relative cost-benefit comparison of potential BAT techniques for
a specific pollutant and mobile source category (1* step of evaluation scheme)

The exact cost and environmental benefit of each technique will vary with application.
Therefore the position of individual techniques on this graph is not to be scaled; rather this
should correspond to the relative assessment of the individual techniques. In general,
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measures that fall in the green cells appear more probable to be recognized as BAT than
measures in the red cells (the important for each technique is the box, not the placement
within the box). The following clarifications have to be provided with respect to
environmental effects and costs:

1 Environmental Effect

The environmental effect of the implementation of each particular technique refers
to the total environmental benefit expected (emission reduction potential) if all
individual vehicles of reference technology are affected by the technique proposed.
Obviously, the benefit decreases proportionally as the extent of implementation of
each technique decreases. The expected effect should be seen for individual
measures and is not to be used cumulatively if more than one measure are
implemented at the same time.

T Cost

Costs depend on production volumes, technical specifications and desired
performance, discount rates, etc. and all this in turn usually changes with time.
Therefore, costs given are intended as indicative of the magnitude, not exact end-
user costs. They usually comprise purchase and registration costs, ownership and
maintenance costs, end-of-life costs, etc. Costs are expressed on a per vehicle
basis, to create a meaningful order-of-magnitude value that can be used for
comparison of the various technical and non-technical measures identified.
Depending on the extent of the implementation (whether all vehicles or some
vehicles only are affected by the measure) this cost unit will fluctuate upwards or
downwards. Again, to simplify our approach, and in consistency with the approach
followed in the fenvironmental effectd analysis, each measure is considered to
affect the whole fleet of vehicles.

Once promising BAT candidates are identified through the cost-effectiveness assessment,
compliance or exclusion with respect to the additional criteria is checked, as illustrated in
the flow chart diagram of Figure 2-6. This approach examines whether there are any
limiting factors (and possible solutions to those) that limit the wide implementation of the
techniques identified as probable BAT.

The techniques that have been allocated to the dark green area (i.e. the destbat first sight)
are examined first and, depending on the outcome of the process, less attractive options
are gradually examined (hierarchically going from dark green to light green, to grey, to light
red and, finally, dark red).

There are two critical questions that have to be answered with this approach in a
successive order:

- First (Q1), one has to answer whether despite the low relative extra costs and the
high environmental benefit of the selected technique, does the particular measure
fail a minimum threshold for any of the other criteria? For example, use of SCR in
agricultural tractors is an option that can be economically manageable and has
proven benefits in terms of NO, emissions. However, low sulfur fuel is required and
urea additive will need to be made available in the rural areas of the region
considered. This is currently not the case in the whole UNECE region.

- The second question (Q2) examines whether reasonable interventions can be
foreseen. In the above example, this could e.g. be a ban of high sulfur diesel and
expansion of the additive network. Indeed, the decrease of sulfur in the fuel may be
considered as BAT for SO, emissions in other sectors; hence SCR may become a
reasonable policy intervention for the future.
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ALTERMNATIVE
TECHNIQUE

01. Does the selected measure exceed the minimum
threshold in all criteria set for BAT?

NO

02. Are there are any solutions foreseen to pass the
threshold with reasonable policy interventions?

YES ),
BAT

Figure 2-6: Flow chart diagram of BAT selection process (2nd step of evaluation scheme)

With this approach, a multi parametrical problem is addressed in two levels. First, two key
criteria (environmental benefit and costs) are examined on a relative scale to order options
in terms of BAT probability. Then, the remaining criteria are examined in a more qualitative
manner by identifying potential bottlenecks and major obstacles. Such an approach is
suggested as a starting point for the discussions and for consideration of the different
stakeholders.

It should be understood that BAT may mean several and not a single technique, and this in
turn depends on vehicle and pollutant. Different techniques may be comparable in terms of
their environmental effects and their economical dimension. In such cases, various
techniques can be qualified as BAT. Then, parties to the Protocol will have a wider choice
to select and adapt the most suitable technique according to their specific needs and
circumstances.

In general, the above approach for assessment of various emission control techniques
intends to provide an evaluation scheme that considers both the relative position of each
technique in the boxes of Figure 2-5 and the limiting factors in the flow chart of Figure 2-6.

2.6 Range of techniques considered

The techniques considered as BAT candidates first and foremost consider engine and
exhaust aftertreatment measures which have long been established as key technologies in
reducing emissions of pollutants.

Second, fuel improvements are considered. Apart from the main fuels used in each vehicle
type (Table 2-1), fuel switching (i.e. use of alternative fuels and biofuels) is also considered
as possible BAT candidate. The fuels and energy carriers that are mainly considered are:
conventional fuels (gasoline/diesel/HFO/MGO/jet fuel), LPG and CNG/LNG, 1% and 2™
generation biodiesel, renewable diesel, emulsified diesel, bioethanol, (bio)methanol,
biokerosene, DME, H,, and electricity.

Although current vehicles are already compatible with E10 (10% vol. ethanol blended in
gasoline) and B7 (7% vol. biodiesel blended in diesel), higher biofuel blends may be
additional options for certain vehicle types. Also, different control techniques might be
considered depending on the type of fuel used (e.g. higher activated carbon quality and low
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permeation materials may be required for controlling evaporative emissions when ethanol
blends are used).

Non-technical measures may also offer significant benefits, as they can be applied to a
wide range of the existing fleet. For example, implementation of environmental zones and
Intelligent Transport Systems (ITS), introduction of fiscal incentives, enhanced inspection
and maintenance schemes, scrappage schemes, etc.
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3 Technical description of BAT candidates

In this section, each BAT candidate is described in detail. The emission control techniques
considered here are for both new and existing vehicles and machines, and include
technical and non-technical measures. The following issues are clarified below, concerning
the applicability of BAT on new or existing vehicles:

1 Some of the BAT candidates described in this section may concern only the
existing stock (e.g. accelerated scrappage schemes), some may be used in both
new and existing vehicles (e.g. DPF OEM and DPF retrofit for HDVs), and, finally,
for some techniques there may be such technical difficulties (e.g. integrating EGR
on existing engines), so that it is impractical to recommend them for retrofit
(therefore, they mainly concern the new vehicles). In any case and in order to avoid
unnecessary duplications, each technique is described only once; if there is a worth
mentioning distinction between new/retrofit application, then this is presented here
and further clarified in the next sections 4 and 5.

1 In order to retain consistency and assist in the assessments of section 4, the
environmental benefit (% reduction range of pollutants addressed) of each
technigue is given relative to a reference technology (described in this section and
further elaborated in section 4). This given range is intended as indicative of the
magnitude of the emission reduction that can be achieved and, in general, can be
considered the same for both new and retrofit applications.

1 A similar approach is also followed for costs; that is, the given cost range is
intended as indicative of the magnitude of the cost to implement the technique
considered. If this technique can be retrofitted, then the cost is usually given for a
retrofit application; otherwise, it is given appropriately, e.g. manufacturer cost, cost
as a replacement part, etc. Especially for the manufacturer cost, this usually
depends on commercial agreements with the suppliers and also includes
engineering costs which are different for each OEM. Therefore, exact values are
difficult to provide and we only give an indicative order-of-magnitude estimate as
guidance for further assessment.

In general, the description follows to the extent possible the outline as described below, in
order to retain consistency in comparing different techniques.

1. General description

o0 name of technique

0 pollutants addressed

0 engine/vehicle/vessel types considered
0 short description of technique

2. Environmental benefit and costs

o0 specific claims (% reduction range of pollutants addressed)
0 costs for implementation and operation, i.e. to the final customer

3. Environmental side-effects

o0 impact on fuel consumption (positive/negative impact and typical % effect)

0 non-regulated pollutants and trade-offs (e.g. on NHz or N,O emissions, NO,
formation, PM/NO, trade-offs, etc.)

4. Limitations and implementation issues
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o limitations in applicability (e.g. environmental conditions, fuel specifications,
technological barriers, behavioral changes, etc.)

o ease of implementation (technology or expertise required, infrastructural
needs, etc.)

0 maintenance and operation (additional maintenance and/or monitoring
requirements, etc.)

0 durability/lifetime of emission control equipment
0 impacts on safety (users, citizens, etc.)

5. Examples, references and other points

o any other comments or remarks not addressed above
0 successful examples of implementation (with literature reference)
o references for further details

The justification of selecting the key measures presented in this section is to seek for
solutions in order to address the main environmental problems related to mobile sources.
These can be summarized as follows:

1 Gasoline road vehicles
o VOC from mopeds/motorcycles
o NO, and PM from gasoline direct injection (GDI) vehicles
91 Diesel road and non-road vehicles
o0 NOy and PM tailpipe emissions
0 VOC crankcase emissions
1 Small gasoline engines non-road
o PM and VOC emissions
1 Diesel vessels
o NOy, PM, sulfur
M Aircraft
0 NOy (no clear evidence for PM)
1 Component wear and abrasion
o PM
The range of techniques considered is summarized as follows.

a) Measures organized per mobile source and key pollutant addressed:

- Engine measures
- Exhaust aftertreatment

b) Horizontal measures:

- Non-exhaust PM control (component wear and abrasion)
- Control of VOC from fuel evaporation
- Fuels, fuel switching, alternative powertrains (multiple impacts on pollutants)

¢) Non-technical measures
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Due to their importance for air quality, measures discussed here focus on PM,s and NO
controls, but VOC and sulfur are also addressed separately where this is appropriate. As
mobile sources are not a key category for ammonia, effects on NH3; and the other pollutants
identified in section 2.2 are not separately presented but, where necessary, are discussed
within the Aenvironmental side effectsodo assessmenrn

Engine measures and exhaust aftertreatment provided per mobile source category and key
pollutant will be compared with techniques from the horizontal categories in order to make
the final assessment in section 4. For example, Exhaust Gas Recirculation (engine
measure), Selective Catalytic Reduction and Lean-NOy Trap (aftertreatment) are described
for NO, control in diesel vehicles category. These options will be compared with techniques
such as hybridization (alternative powertrain) and natural gas (fuel switching) for the
assessment in section 4.
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3.1

Gasoline road vehicles

3.1.1 Volatile organic compounds (VOC)

3.111

Two-way oxidation catalyst

Table 3-1: Summary information for two-way oxidation catalyst

General Description

Nameof technique

Two-way oxidation catalyst

Pollutants addressed

Mainly: VOG CONMVOG Synergies: GB (formaldehyde), HAPs (EPA
classified Hazardous Air Pollutants)

types considered

Engine/vehicle/vesse

1 Allgasolinevehicles: passenger cars, light commercial vehicles, moped:
and motorcycles

9 Mainly used in the past, now superseded by thweay catalysts

Short description of
technique

1 Oxidation catalysts are the original type of auttalysts and were used
from the mid-1970's forgasolinecars until superseded by thregay
catalysts. They look much the same as thvegy catalysts and their
construction and composition is similar but slightly less complex.

9 Oxidation catalysts convednburned hydrocarbons (HC) andrisan
monoxide (CO) to carbon dioxide (§f@nd water(H,O)by burning
(oxidizing) them over a platinum and/or palladiygee figure below), but
have little positiveeffect on nitrogen oxides (N They are now rarely
used ongasolinecars in Europe because of the advantages of ttweg
catalysts, but they are still used in some parts of the world where
emissions legislation is less stringent. They may also be used oné@e
buses

)
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=2 Environment

Environmental Benef

it and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technologyark-ignition gasolineenginewithout aftertreatment
control

VOQ(60-95%) CO (765%), NWOC40-90%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

€150¢e 300 (indicative cost as a replacement péot passenger cars, even
lower for smaller vehiclgs

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

No significant impact orfuel consumption.

Non-regulated
pollutants and trade
offs (e.g. Nklor N;O

Reduction in CHD (6695%), HAPs (685%)

' Source of figure: http://www.meca.org/qgalleries/files/Motorcycle_whitepaper_final 081908.pdf
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emissions, N©
formation, PM/NQ
trade-offs, etc.)

Limitations and Implementatiorissues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Twoway oxidation catalysts have littfgositiveeffect on nitrogen oxides
(NQ) and have been superseded this reason by threavay catalysts.

1 To work most effectively, a catalytic converter needs to reach an optim
temperature; it may not reach this in a short journey (devices teyaem
the catalyst may be necessary).

1 Precious metals required for productigplatinum, palladium).

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 When catalytic converters were first introduced, most vehicles used
carburetors that provided a relatively rich direl ratio. Q levels in ekaust
stream were generally insufficient for catalytic reaction to occur efficien
so most installations included secondary air injection into the exhaust
stream to increase available oxygen and allow the catalyst to function.

9 Many newer vehicles do ndtave air injection systems. Instead, they
provide a constantly varying awuel mixture that quickly and continually
cycles between lean and rich exhaust.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE lj dzA NB Y Sy

1 Vehiclemust be regularly serviced (according to manufacturer
specifications) to ensure that the catalyst works correctly.

9 Fuel additives must be carefully used, since they may not be suitable fq
use with the catalytic converter.

Durability/lifetime of
emissioncontrol
equipment

1 The emission reduction effectiveness of a catalytic converter may be
severely degraded or even completely destroyed over time.

9 Excessive vibration or shock, excessive heat, lack of proper vehicle
maintenance or improper operation eaclan cause catalyst failures.

9 The catalytic converter can also be damaged if the engine is not prope|
tuned and excess fuel enters the component.

1 In addition, converters can be structurally damaged in vehicle accident;
by hitting an obstruction on theoad.

Impacts on safety
6dza SNE > OAX

Trained personnel should make any modifications.

References and Other Points

Comments or
remarks not
addressed above

No other comments or remarks.

Successful examples
of implementation

Manufacturers oimid-1970's equipped gasolinghicles with catalytic
converters to comply with stricter regulation of exhaust emissions-ivey
catalytic converters were rendered obsolete ByWCghat also reduceNO,.

References for
further details

- http://www.meca.org/galleries/files/MECA _aftermarket converter white
paper 1209 FINAL.pdf

- http://www.aecc.eu/en/Technology/Catalysts.html

- http://catalyticconverters.com/

- http://catiatutorialsv5.blogspot.qr/2012/02/exhaussystem.html
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3.1.1.2

Secondary air injection (SAIl) (for mopeds and motorcycles)

Table 3-2: Summary information for secondary air injection (SAI)

General Description

Name of technique

Secondary airrijection (SAI)

Pollutants addressed

Mainly: VOC, CGsynergies: white smoke

Engine/vehicle/vesse
types considered

9 Mainly formopedsand motorcycles
1 Improves the effectiveness of twway oxidation catalyst

Short description of
technique

1 Air/fuel calibration of both twestroke and fousstroke engines directly
affects the release of undesirable pollutants to the environment.
Supplemental air delivery systemmay beincorporated in the exhaust
stream to increase the oxygen content in the axbt (e.g. in the form of a
simple reed valve).

1 The typical twestroke scavenging losses provide one source of oxygen
but this is usually not enouglin advanced twestroke engine designs,
oxygen availability is improved by adjusting thetaifuel ratio to provide
a relatively lean intake charge.

9 Additionally, a simple passive secondary air injection system (SAl), suc
a reed valve, can be installed upstream of the catalyst to provide exceg
to the catalyst(see figure beloW ¢ two catalysts ircombination with SAl

o

Clean-up Catdvst

Maz Catabat LI ' ! a
T '

4 Extarsann cone

9 The rich air/fuel calibration of foustroke engines may limit the availabili
of oxygen for postombustion oxidation of HC and CO and, therefore,
four-stroke engines must use a secondary air injection systertregs of
the catalyst (e.g. reed valves).

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

9 Two-stroke: the addition of SA$ estimated to increase averageduction
efficiencies to approximately 80% fgOC(from 50% without SAI) and to
75% for CO (from 50% without SAl).

1 Four-stroke: two-way oxidation catalyst in combination with SAl achieve
estimated reductiorefficienciesof 80% forvOCand 90% for CO

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

eygampn O6AYRAOFGAGS O2ad & | NBLJY

Environmental Side Effects

Impact on fuel

consumption

No significant impacbn fuel consumption.

'5 Source of figure: http://www.meca.org/qgalleries/files/Motorcycle whitepaper_final 081908.pdf
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(positive/negative
impact and typical %
effect)

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

No significant impact on neregulated pollutants.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
condtions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

No specific limitations in applicability.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Easy to install.

Maintenanceand
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

No specific maintenance requirements.

Durability/lifetime of
emission control
equipment

Trouble free operation

Impacts on safety
6dza SNE = O

Trained personnel fanstallation.

References and Other Points

Comments or
remarks not
addressed above

SAlinproves catalyst lighoff performance during cold start.

Successful examples|
of implementation

Mostly recommended in countries where two wheelers usage (especially
two-stroke) has been expanding rapidly over the past several years (e.g.
urbanized areas of Asia).

References for
further details

- http://www.meca.org/galleries/files/Motorcycle whitepaper final 08190
-pdf

- http://dspace.mit.edu/bitstream/handle/1721.1/57990/648965340.pdf?..
1
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3.1.1.3  Three-way catalyst (TWC) with oxygen sensor control

Table 3-3: Summary information for three-way catalyst (TWC) with oxygen sensor control

General Description

Name of technique

Threeway catalyst (TWC) with oxygen sensoontrol

Pollutants addressed

Mainly: NQ, VOC, CO, Synergies;,;OHfformaldehyde), HAPs (EPA classifi¢
Hazardous Air Pollutants)

Engine/vehicle/vesse
types considered

All gasolinevehicles: passenger cars, light commercial vehicles, mopeds {
motorcycles.

Short description of
technique

1 ThreeWay Catalyst (TW@®@as been the primary emission control
technology on lightluty gasoline vehicle@ndgasolineengines in general]
sincethe early 1980sAlthough the primary components and function of
TWC have remained relatively constant, each of these components
(catalytic coating, substrate, mounting materials) has gone through a
continuous evolution and redesign process in ordemtpriove the overall
performance while maintaining a competitive cost effectiveness of the
complete assembly.

1 The reduction and oxidation catalysts are typically contained in a comn
housing, however in some instances they may be housed separately. A
three-way catalytic converter has three simultaneous tasks (these three
reactions occur most efficiently when the catalytic converter receives
exhaust from an engine running slightly above the stoichiometric point)

- reduction of nitrogen oxides to nitrogen amygen,

- oxidation of carbon monoxide to carbon dioxide,

- oxidation of unburned hydrocarbons (HC) to carbon dioxide and
water.

9 The catalyst uses a ceranf&s in figure belo@\?) or metallic substrate with
an active coating incorporating alumina, ceria and other oxides and
combinations of the precious metatglatinum (Pt), palladium(Pd),and
rhodium (Rh) The substrate typically provides a large number of paralle
flow channeldo allow for sufficient contacting area between the exhaus
gas and the active catalytic materials without creating excess pressure
losses.

INSULATION

INSULATION
OVEi

CATALYST

COATING HALFSHELL
(A ‘1; UMINA) HOUSING
>

i L
o~ % INTUMESCENT
HC, CO. I o SUBSTRATE MAT

1 Operates in a closetbop system including a lambda or oxygen sersor
regulate air:fuel ratio.tloxidizes CO and HC to £&mdH,O while reducing
NQ, to nitrogen. Fast lighoff catalysts allow the catalytic converter to
work sooner by decreasing exhaust temperature required for operation

'8 Source of figure:

http://www.meca.org/galleries/files/IMECA _aftermarket _converter white paper 1209 FINAL.pdf
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Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: Spaidnition gasolineengine withoutaftertreatment
control

T NQ, (90-95%), VOGB(-95%), CO (995%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or anyother metric)

ecgmMmIHnn OAYRAOI GA@S fdpassénger darsland N
light commercial vehiclgs

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

No significantimpact on fuekconsumption.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

9 Reduction in C}D (8095%), HAPs (885%).
1 Unwanted reactions can occug,g.formation of hydrogen sulfide ¢3)
and ammonia (N§).

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

9 To work most effectively, a catalytic converter needs to reach an optim
temperaure (devices to pravarm the catalyst may be necessary, e.g.
electrically heated catalyst systems).

1 TWCs are effective when the engine is operated within a narrow band |
air-fuel ratios near stoichiometry, such that the exhaust gas oscillates
between rid (excess fuel) and lean (excess oxygen) conditions. Howey
conversion efficiency falls very rapidly when the engine is operated out
of that band Under lean engine operation, there is exc€&sand the
reduction of NQis not favored. Under rich conditions, the excess fuel
consumes all of the availab@® prior to the catalyst, thus only stored
oxygen is available for the oxidation function.

1 Precious metals required for production (platinum, palladium, rhodium)

Easeof
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 Closedloop control systems are necessary because of the conflicting
requirements for effective NQeduction and HC oxidation. The control
system must prevent N@eductioncatalyst from becoming fully oxidized,
yet replenishO, storage material to maintain its function as an oxidation
catalyst.

1 Oxygen sensors are used to monitor the exhaust oxygen content befor
and after the catalytic converter and this information is usgctthe
electronic control unit (ECU) to adjust the fuel injection.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

1 Vehicle must be regularly serviced (according to manufacturer
specifications) to ensure that theatalyst works correctly.

9 Fuel additives must be carefully used, since they may not be suitable fq
use with the catalytic converter.

Durability/lifetime of
emission control
equipment

1 The emission reduction effectiveness of a catalytic converter may be
severely degraded over time; excessive vibration or shock, excessive |
lack of proper vehicle maintenance, or improper vehicle operation eact|
can cause catalyst failures.

1 The catalytic converter can also be damaged if the engine is not prope|
tuned and excess fuel enters the component; in addition, converters ca
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be structurally damaged in vehicle accidentdgrhtting an obstruction

9 More thermally durable catalysts with increased stability at high
temperature allow the catalytic converter to be mnated closer to the
engine and increase the life of the catalyst

Impacts on safety
6dza SNE = O

Trained personnel should make any modifications.

References and Other Points

Comments or
remarks not
addressed above

Improvements:

1 Electricallyheated catalyst systems
Theyuse a small catalyst ahead of the main catalyst. The substrate, on
which the catalyst is deposited, is made from metal so that, when an
electric current is passed, it will heat up quickly. This brings the catalys
its full operating temperature in a few seconds.

1 Optimized systems
The use of additional catalytic converters close to the exhaust manifold
(closecoupled catalysts)educes the time to lighoff in the cold start and,
therefore, the total emissions. Lighf times have been reduced from as
long as one to two minutes to a few seconds. Improved substrate
technology, combined with highly thermally stable catalysts axyten
storage components, allows the cleseupled catalyst approach to meet
latest standardslmprovedoxygen storage components stabilize the
surface area of the washcoat, maximize the airilek Y R2 ¢ Q -iag
2LISNI GA2Y | YR A f#fliekatalysi r OBKsysteK S | f

Successful examples
of implementation

- Development oAdvanced and Low PGM TWC System for B2V and
LEV3SULEV3Matsuzono, Y., kuroki, K., Nishi, T., Suzuki, N. StA&t.
Technical PapeR012-01-1242, 2012

- Utilization of advanced Pt/Rh TWC technologies for advanced gasoling
applications with different cold start strategies. Schmidt, J., et al. SAE
01-0927.

- Practical experience with the EHC system in the BMW AlpinaHzitl, F
J., et alSAE 970263.

References for
further details

- http://www.aecc.eu/en/Technology/Catalysts.html

- http://www.aecc.eu/content/pdf/Emissions Control Technologies to me
current and future Bropean vehicle emissions legislation.pdf

- http://www.meca.org/technology/technology
details?id=5&name=Catalytic%20Converters

- http://www.meca.org/galleries/files/MECA _aftermarket converter white

paper 1209 FINAL.pdf

- http://ww w.meca.org/galleries/files/LEV_Ill_Tier_3_ white_paper_final.|

- http://www.corning.com/WorkArea/showcontent.aspx?id=60285

- http://catalyticconverters.com/

- http://catiatutorialsv5.blogspot.gr/2012/02/exhaussystem.htmi
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3.1.2 Nitrogen oxides (NOy) from direct injection vehicles

3.121

Stoichiometric combustion for gasoline direct injection (GDI) vehicles

Table 3-4: Summary information for stoichiometric combustion for GDI vehicles

General Description

Name of technique

Stoichiometriccombustion for GDI vehicles

Pollutants addressed

NG

Engine/vehicle/vesse
types considered

Gasoline d@ect injection vehicles (passenger cdight commercial vehicles)

Short description of
technique

1 One of the main changes in recent years oartgiines is the development
of gasoline direct injection (GDI) engines. Early fuel injected engines u{
port injection approach where fuel was injected into a port to allow it to
evaporate and mix uniformly with the air. This provides little control ove
the air and fuel mixture entering the cylinder.

1 GDI engines inject the fuel directly into the combustion chamber allowil
varying injection strategies depending on engine load. At high load, fue
injected into the engine early during the induction dteogiving a
stoichiometric or rich air/fuel ratio. A GDI engine can also operate in an
ultra lean combustion mode during cruising situations when little
acceleration is required.

1 The reason that partial lean burn GDI engines have not reached broad
applicaton in the market is the difficulty in meeting Né@missions
regulation during long periods of lean operation. GDI engines can also
designed for stoichiometric operation and make use of thwesy catalysts
for lowering exhaust emissions.

EnvironmentalBenefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: Gasoline direct injection Keamn engine
1 NQ, (70-85%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any othemetric)

/280 F2N YI ¥dzpnO 0deNRNMI AcRydg £ 02 Y L|
GAGK ao62G02Y dzLJ FLIINBFOK i AyOl
etc., 2008 data fronttp://www.epa.gov/otag/climate/420r08008.pdY.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Fuel consumption increase by ~%&6mpared to lean)

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

Positive impact on nonegulated pollutantsmposed by use of TWC.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,

technological

Imposed by use of TWC.

37


http://www.epa.gov/otaq/climate/420r08008.pdf

barriers, bdavioral
changes, etc.)

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 Wellestablished technology.
1 Can basically be implemented only by the manufacturer.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

Vehicle must be regularly serviced (according to manufacturer specificati
to ensure proper operation.

Durability/lifetime of
emission control
equipment

Imposed by use of TWC.

Impacts o safety
6dza SNEZ OA

No safety impacts.

References and Other Points

Comments or
remarks not
addressed above

To improve mixing and reduce rich PM formation, some stoichiometric ar
all lean GDI engines operate in a mitfjection mode. This modef
operation injects the fuel over several pulses that can span both the intal
and compression stroke.

Successful examples
of implementation

Several manufacturers have released GDI engines in recent years.

References for
further details

- http://www.meca.org/technology/technology
details?id=11&name=Enhanced%20Combustion%20Technologies
- http://www.epa.gov/otag/climate/420r08008.pdf
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3.1.2.2

Lean NO,

Trap (LNT) for gasoline direct injection (GDI) vehicles

Table 3-5: Summary information for Lean-NO, Trap for GDI vehicles

GeneralDescription

Name of technique

Lean NQTrap (LNT) for GDI vehicléaslso known as N@dsorber)

Pollutants addressed

NG

Engine/vehicle/vesse
types considered

Gasoline @ect injection vehicles (passenger cdight commercial vehicles)

Shortdescription of
technique

9 Conventional threevay catalyst used ogasolineengines needs a 'richer'
environment with less oxygen in the exhaust than is available intheam
GDI engines. So, other approaches are required, like LNT that can be |
in theselean applications.

T LNTSs function by trapping the NiD the form of a metal nitrate during
lean operation of the engine. Under lean air to fuel operation, NQActs
to form NQ over a platinum catalyst.

1 Following a certain amount of lean operation, thagping function will
become saturated and must be regenerated. This is commonly done b
operating the engine in a fuel rich mode for a brief period of time (one ¢
two seconds is enough) and giving up,iCthe form of N or NK; (see
figure below).

NO, Reduction

- STer

NO, Adsorption

e NOx adsorber s

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: Gasoline direct injection keamnn engine
TNQ (70-85%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

eyggmInnn OAYRAOFGAGS O024ai

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Fuel economy penalty (~2%) because of required kpéafods of rich
operation to regenerate (also a corresponding increase ine@issions).

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ

trade-offs, etc.)

Ammonia (NH) is generated in the LNT during the richeegration phase.

" Source of figure: http://www.aecc.eu/en/Technology/Adsorbers.html
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Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

Lowsulfur fuel is required, because N@dsorbers also adsodulfur oxides
resulting from the fueulfur content.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

No specific implementation requirements.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE Ij dzA NB Y Sy

Tt SNA2RAOIffes G(GKS &aeaidSy st AA 8 ¢4
to remove any adsorbesdulfur compounds (which are more difficult to
desorb).

feKAE &588ABSYSNI GA2Yy LINEOSRAz2NB NE
around 700C) and requires about 15 to 20 minutes to be completed.

Durability/lifetime of
emission control
equipment

The durability of LNT is linked directlygolfur removal by regeneration.

Impacts on safety
6dzaSNEZ OAX

Trained personnel guired for installation.

References and Other Points

Comments or
remarks not
addressed above

LNT (NQadsorber) should not be confused with Lean,3atalyst (LNC),
which refers to the selective catalytic reduction of M@ hydrocarbons (an
entirely different emission control technology).

Successful examples
of implementation

- https://wwwl.eere.energy.gov/vehiclesandfuels/pdfs/merit_review 201
veh_sys sim/vss017 wagner 2010_o.pdf

- http://energy.qgov/sites/prod/files/2014/03/f10/ace022 daw 2012 o.pd

References for
further details

- http://www.aecc.eu/en/Technology/Adsorbers.html

- http://www.aecc.eu/content/pdf/Emissions Control Technologies to me
current and future European vehicle emissions legislation.pdf

- http://www.meca.org/technology/technology
details?id=5&name=Catalytic%20Converters

- http://www.meca.org/galleries/filesIMECA_diesel_retrofit_white paper

009.pdf
- http://www.corning.com/WorkArea/showcontent.aspx?id=60285
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3.1.3 Particulate matter (PM) from direct injection vehicles

3.1.31

Table 3-6:

Engine measures for gasoline direct injection (GDI) vehicles

Summary information for engine measures for GDI vehicles

General Description

Name of technique

Enginemeasures for GDI vehiclghigh pressured & LINHzA RifulR-£
injection)

Pollutants addressed

PM, PN, BC

Engine/vehicle/vesse
types considered

Gasoline d@ect injection vehicles (passenger cdight commercial vehicles)

Short description of
technique

9 GDI(gasoline direct injectiorimproves engine fuel economy and power |
directly injecting fuel into the cylinder rather than upstream of the intak
valve. This allows the engine to operate in a did¢ikel lean combustion
mode at light engine loads or in a stoichiometric combustiordesimilar
to PFI(port fuel injection)engines in other situations.

9 Lean combustion mode of operation reduces the amount of time the fu
has to mix with the air, which can increase PM and UFP (ultra fine
particles) formation due to the incomplete combigst caused by
heterogeneous mixing.

1 In the stoichiometric mode, PN and PM emissions strongly depend on |
injection strategy and hardware configuration used in the engine.
_alye D5L Sy33dsSRS Rz ST &xSfl t Xy 2SO0
the fud injector is placed off center from the cylinder and injected fuel
impinges on the cylinder wall and piston head. Fuel in contact with the
cylinder wall during combustion is more likely to form soot or other sern|
volatile compounds.

_The alternative towll-3 dzA RS R A y 2 SUIAMRRS/R éA aA yog
configuration, the injector is centered over the cylinder (where the spar
plug would be on a watjuided or PFI engine). The fuel injector confines
the fuel spray such that it does not contact tbg@inder walls, improving
mixing and reducing soot formation.

1 While the wallguided injector configuration is not optimal, it is commonl
used because it is cheaper to implement than spgaided designdviore
stringent emissions standards.g.Euro 6¢c GDPNIimits) are likely to
compel engine manufactures to move to spigyided designs with
advanced piezoelectric injectots meet lower N and BV emission limits

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutantsaddressed)

Engines with gray-guidedinjection produce particle emissions smaller in
mass and less in number (even two orders of magnitude) taihguided
injection.

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or anyother metric)

9 Sprayguided injection is more expensive to implement than vgalided
injector configuration (which, although not optimal, is commonly used).
1 Fuel savings-8%.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Fuel consumptiormay improve2-5%(corresponding reduction in GO
emissions)

Nonregulated

pollutants and trade

No significant impact on neregulatedpollutants.
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offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

Lowsulfur fuel is required.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 More difficult to implement than walguided injection.
91 Only implemented by OEM.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB |j dzA NB Y Sy

No specific maintenanc@quirements.

Durability/lifetime of
emission control
equipment

No significant performance degradation over time.

Impacts on safety
6dza SNEZ OAX

Trained personnel for any modifications or maintenance.

References and Other Points

Comments or
remarks not
addressed above

To improve mixing and reduce rich PM formation, some stoichiometric ar
all lean GDI engines operate in a mifection mode. This mode of
operation injects the fuel over several pulses that can span both the intal
and compreasion stroke.

Successful examples
of implementation

- Piock, W., Hoffmann, G., Berndorfer, A., Salemi, P., Fusshoeller, B.,
Strategies towards meeting future particulate matter emission
requirements in homogeneous gasoline direct injection engiSéd&
technicalpaper 201101-1212.

References for
further details

- http://Iwww.meca.org/resources/MECA UFP_White Paper 0713 Final

- https://delphiauto.com/pdf/techpapers/201101-1212.pdf

- Ogris, M., Hollerer, P., Kapus, P., Fraidl, G., Reduction of particulate nt
emission of GDI engines by applicati6ﬂ International Forum for Exhausi
Gas and Particulate Emissions, 2010.

- Price P, Stone R, Collier T, Davies M., Particulate matter and hydrocarl
emissions measurements: comparing first and second generation DISI
PFl in single cylinder optical enginB4E technical paper 2008-1263;
2006.
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3.1.3.2

Gasoline Particle Filter (GPF)

Table 3-7: Summary information for gasoline particle filter (GPF)

General Description

Name of technique

Gasoline Particle Filter (GPF)

Pollutants addressed

PM, PN BC

Engine/vehicle/vesse
types considered

Gasoline @ect injection vehiclespassenger cardght commercial vehiclgs

Short description of
technique

9 Euro 6 legislation introduces a particle number limitdasolinedirect
injection (GDIlyehiclegwhich show significantly higher PM and PN
emissions compared to fuel port injection enginasf may requirghe
use of GPFs to ensure particulate emissions control undemredd
operation.

1 GPF is an effectivechnology to reduce particulate emission with high
filtration performance under all engine operation points and ambient
temperature variation.

1 The filter technology is drawn from the large experience base with dies
particle filters (DPFs) based on widiw filter technology(see figure below
¢ GPF constructiof.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technologyzasoline direct injectioengine
1 PM (75-95%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

1 Indicative costs a replacement part 806ce 1,600

9 Some nore detailed info can be found in
http://www.theicct.org/sites/default/files/publications/GFPworkingpaper

011.pdf

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impactand typical %
effect)

Increasen fuel consumption-1-3%due to increased back pressure and GF
regeneration especiallyn high engine speeds and full loé#lith a
corresponding increase in Ge@missions)

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ

trade-offs, etc.)

No significant impact on neregulated pollutantgany effects should rather
be on the positive side)

18 Source of figure: http://www.meca.org/resources/MECA_UFP_White Paper_0713_Final.pdf
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Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

Similar to diesel applications, the accumulation and uncontrolled oxidatio
soot is expected to lead to high GPF temperatures and therefore high
thermal stress.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Trained personnel required for the implementation, approved component
need to be used.

Maintenance and
operation (additional
maintenance
requirements,
monitoring
requirements X 0

9 Regeneration and cleaning system needed as in DPFs (filters require
periodic maintenance to clean out narombustible materialaind
accumulated sogt To prevent blocking of filter, it is necessary to
WNBISYSNI §SQ Al -dif the doléchedl parfiicul&re. £ £ &

9 However, the problem is natsintense as in DPFs, because the soot ma
emitted by the engine is lowand the gasoline engine exhaust
temperatures are relatively higher than those of their diesel counterpar

Durability/lifetime of
emission control
equipment

No significant performance degradation if properly maintained.

Impacts on safety
6dza SNE = O

Devices need to be maintained by trained personnel to limit exposure to
pollutants.

References and Other Points

Comments or
remarks not
addressed above

Current research focus on combination of TWC and (G&tRmercial systems
already appedng). Potential onengine system configurations include:

g ! RR 2y¢ aeaitasSvya odzyO2l iSR 2NJ |
downstream positionpr

_ Integrated systems (substitution of conventional coated ftbvough
substrates by close coupled or underbody GPF with integrated TWC
functionality).

Successful examples|
of implementation

- Mamakos, A., Steininger, N., Martini, G., Dilara, P., Drossinos, Y.C3t 2
effectiveness of particulate filter installation on Direct Injection Gasoling
vehicles. Atmospheric Environment 77 -28.

- Richter, J., Klingmann, R., Spiess, S., Wong, R..Afdlication of
catalyzed gasoline particulate filters to GDI vehicles. SAE International
Journal of Engines 5, 13@B70.

- Chan, T., Meloche, E., Kubsh, J., Rosenblatt, D. et al., Evaluation of a
Gasoline Particulate Filter to Reduce Particle Emis$ionsa Gasoline
Direct Injection Vehicle. SAE Int. J. Fuels Lubr. 5(3)}:1297, 2012,
doi:10.4271/201201-1727.

References for
further details

- http://www.aecc.eu/en/Applications/Light_dutytml

- http://www.meca.org/galleries/files/LEV_Ill_Tier_3 white_paper_final.p

- http://www.meca.org/resources/MECA UFP_White Paper 0713 Final

- http://www.corning.com/WorkArea/showcontent.aspx?id=60285

- http://www1.eere.energy.gov/vehiclesandfuels/pdfs/deer 2012/wednes
ay/presentations/deer12 bischof.pdf

- http://www.cambridgeparticlemeeting.org/sites/default/files/Presentatio
s/2013/PKattaah%28NGK%29 2013 Wall%20flow%20filter%20for%?2
ticulate%20emission%20reduction%200f%20petrol%20engines.pdf
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3.2

3.2.1 Nitrogen oxi

3.21.1 Exhaust G

Table 3-8:

Diesel vehicles road/non-road (excl. vessels)

des (NOy)

as Recirculation (EGR)

Summary information for exhaust gas recirculation (EGR)

General Description

Name of technique

Exhaust Gas RecirculatidgGr)

Pollutants addressed

NG

Engine/vehicle/vesse
types considered

Diesel engines and vehiclesrs, light commercial vehicldseavyduty
trucks, buses, nonoad vehicles (construction and agriculture machinery),

trains.

Short description of
technique

1 As the name implie€GR redirect@e-circulates)a portion of engine
exhaust back into the engir(eharger inlet or intake manifoldd cool and
reduce peak combustion temperatures and pressuhesnost systems, an
intercooler lowers the temperature of the reirculated gases, which then
have higher hetacapacity and contain le€3, than air; hence, combustion
temperature in the enginés lowered thus inhibiting NQformation.

T EGR is commonly used by engine manufacturers as a method to comg
with new engine emission control standar@¥®Fscan beusedwith a low
pressure EGR system to ensure that large amounts of particulate matte
are not recirculated to the enginésee figure beIO\ﬁ’).

Low Pressure EGR + DPF

Air intake filter

I'I'I

EGR throttie

Alr- Intercooler

temperature

Turbo

charger

Watar out

C Water in

EGR cooler

Controlsignal

Diesel engine

EGR Throttle,
control |

signal
Engine Load status
speed sensor  sensor

Elec
tromic
Control
Unit

Exhaust gases

Environmental Benef

it and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology:

_ Road and nomoad: Turbocharged compressiggnition engine with high
pressure fuel injection

_ Railcars and locomotives: Conventional compression ignition diesel en

TNQ, (25-45%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Indicative cost for manufacturer:

P 1%0¢e250(light duty vehicles).

Y @0ge700(heavy duty vehicles).

_the cost can be even higher e.g. for a large piece ofnead equipment

¥ Source of figure: http://www.meca.org/diesel-retrofit/what-is-retrofit
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Environmental SidéEffects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

EGR slightly reduces engine power.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

Risks by PM recirculationribt combined with a @ksel particle filter DPB.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

Use of EGR as a retrofit technologyiristed.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Retrofit EGR systems require major engine integration

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

1 EGR requires electronic control strategy to ensure operation.

1 Functionality and effectiveness of EGR is enhanced by the use of dies
particle filters (DPFs), which ensure that large amounts of particulate
matter are notre-circulated to the engine.

Durability/lifetime of
emission control
equipment

Exhaust cooling may result in engine wear due to excess wajsr.

Impacts on safety
6dzaSNE X O

Trained personnel required for installation.

References and Othdpoints

Comments or
remarks not
addressed above

EGR is expected to be taken off the engines as SCR efficiency approach
9%%.

Successful examples|
of implementation

- http://lwww.epa.gov/cleandiesel/verification/veriist.htm
- http://www.epa.gov/cleandiesel/verification/emerdist.htm
- http://www.arb.ca.gov/diesel/verdev/vt/cvt.htm

References for
further details

- http://www.epa.gov/cleandiesel/technologies/retrofits.htm
- http://www.meca.orqg/diesetretrofit/what -is-retrofit
- http://www.meca.org/galleries/filesIMECA diekaetrofit white paper 1

009.pdf
- http://wwwl.iaphworldports.org/toolbox%201/cleantech.htm

- http://www.corning.com/WorkArea/showcontent.aspx?id=60285
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3.2.1.2
Table 3-9:

Selective Catalytic Reduction (SCR)

Summary information for selective catalytic reduction (SCR)

General Description

Name of technique

Selective CatalytiReduction (SCR)

Pollutants addressed

Mainly:NQ, SynergiesvOC CO, PM

Engine/vehicle/vesse
types considered

Diesel engines and vehiclesrs, light commercial vehicldseavyduty
trucks, buses, nomoad vehicles (construction and agriculturachinery),
trains.

Short description of
technique

1 SCR is fitted to most negiesel enginesit is also available as retrofit
device for NQemissions reduction.

9 Ammoniais used as a selective reductgatso known as diesel exhaust
fluid - DEF)in thepresence of excess oxygen, to convert NO andthO
elementalnitrogenand water(two natural components of the air we
breathe)over a special catalyst systgsee figure beloﬁ?). Different
precursors of ammonia can be used; one of the most common opitoa
solution of urea in water (e.g. AdBlue®) carefully metered from a sepal
tank and sprayed into the exhaust system ahead of the SCR catalyst.

1 AdBlue® is a stable, ndlammable, colorless fluid containing 32.5% ureg
which is not classified dszardous to health and does not require any
special handling precautions. It is made to internationefigognized
standards. Urea is used as an artificial fertilizer and is found in product
such as cosmetics.

9 The consumption of AdBlue® depends on theant of NQ that needs to
be converted. For example, a Euro Il engine, emitting 5g/kWh NG
been brought to Euro V (2g/kWh NQvith a retrofit SCR system usin2Pb
urea compared to the fuel consumptiomypical AdBlue® consumption is
4% of fuel coaumption for a Euro IV engine, ane&/'% for a Euro V engine
depending on driving, load and road conditioBystems otboard the
vehicle alert the driver when it is time to top up with AdBlue®.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology:
_ Road and nomoad: Turbocharged compressiggnition engine with high
pressure fuel injection
_ Railcars and locomotives: Conventional compression ignition diesel en
1 NQ, (70-95%) VOC(50-90%),CO (5690%),PM (2640%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

_ Forlight dutyvehicles:

1 Indicative manufacturer co3t 350¢e500.

9 Possiblduel savings{OEly)Y 30ge B8O per year(e.g. a§symin@,009 | of
fuel peryear3: FdzSf SO2y2Yeée 0SOldzasS 2]
price, fuel savings i83¢€ .0

1 Cost for wea:€30¢e 70 per year(e.g. assuming AdBlue® consumption
2T FdzSt O2yadzYLIiA2y I | yR48abc €

MM RRAGAZ2YIFE YIFAYGSylyOS 02adyY pj

%0 Source of figure: http://www.aecc.eu/en/Technology/Catalysts.html

a7


http://www.aecc.eu/en/Technology/Catalysts.html

_ For heavy duty and nemad vehicle:

1 Retrofit installation:e€5,000¢e 10,000(one-off) (the cost can be even
higher e.g. for a large piece of nooad equipment).

1 Possiblduel savinggmainly for OEMapplications, not guaranteed for
retrofitting): €500¢€1,100 per year(e.g. assuming0,000 | of fuel per
year,3> FdzSt SO2y2Yeée 0SSOI dzaS g@id fuel/
savings i828¢).

1 Cost for INB 1400ce@00per year(e.g. assuming AdBlue® consumptic
w2 2F FdzSt 02y adzYLIiA2y s | y8e i ®

MM RRAGAZ2YIFE YIFEAYGSylryOS 02adY Hj

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

3-5%possiblemprovement infuel efficiency (and, thereforeCQ benefitg
(mainly for OEM applications, nguaranteed for retrofitting.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

1 Riskfor ammonia(NH) slip. Can be controlled e.g. through calibration
optimization or introduction of a cleanp catalyst downstream of the SCH
catalyst.

1 SCR systems reduce the characteristic odor produced by a diesel engi
and diesel smoke.

Limitations andimplementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

9 Application of SCR may not be appropriate for all vehicles; care must b
taken to design aSCR system for the specific vehicle or equipment
application involvedRetrofit for LDVs has limited potential due to
technical difficulties and limited space available to install SCR.

1 Urea additive (as a precursor of ammonia) has to be nveidely availale.

1 The catalytic reaction requires certain temperature criteria for, NO
reduction to occuy data logging must be performed to determine if the
exhaust gas temperatures meet the specific SCR system requirements

9 Lower NQconversion efficiencies maybe observed indmad city driving
(due to low exhaust gas temperatures and limited urea dosing); better
performance at higher engine loads (e.g. highway conditibigher
speeds.

1 SCR performance is enhanced by the usewflafur fuel.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 SCR units are large, heavy, complex and bulky systems.
9 Ureainfrastructure is necessary in order to facilitate the use of SCR
systems.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE Ij dzA NB Y Sy

1 SCR systems require periodic refillimigh ureaand the systermeeds to be
resistant to ice and freezing conditions.

9 Systems otboard the vehicle, alert the driver when it is tirt@top up
with urea

Durability/lifetime of
emission control
equipment

SCR technology is reliable aatbws the engine to stay focused on produci
efficient power and torque over a long life.

Impacts on safety
6dzaSNE X OAX

1 Trained personnalequired for installation.
1 Urea is a nonhazardous material that does not become toxic at any
temperature.
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References and Other Points

Comments or
remarks not
addressed above

SCR can be combined with Diesel Particle Filter (DPF) for additional emi
reductions.

Successful examples
of implementation

- http://www.dieselretrofit.eu/map.aspx
- http://lwww.epa.gov/cleandiesel/verification/verifist.ntm
- http://www.epa.gov/cleandiesel/verification/emerdist.htm

References for
further details

- http://www.dieselretrofit.eu/technologies_ SCR.html

- http://www.epa.gov/cleandiesel/technologies/retrofits.htm

- http://www.meca.org/diesetretrofit/what -is-retrofit

- http://www.meca.org/galleries/filessMECA _diesel_retrofitvhite paper_1

009.pdf
- http://lwww.aecc.eu/en/Technology/Catalysts.html

- http://www.aecc.eu/content/pdf/Emissions Control Technologies to mee
current and future Bropean vehicle emissions legislation.pdf

- http://www.factsaboutscr.com/default.aspx

- http://www1.iaphworldports.org/toolbox%201/@antech.htm

- http://www.dieselforum.org/aboutcleandiesel/whatis-scr

- http://www.corning.com/WorkArea/showcorgnt.aspx?id=60285
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3.2.1.3

Lean NO,

Trap (LNT)

Table 3-10: Summary information for Lean-NO, Trap (LNT)

General Description

Name of technique

Lean NQTrap (LNT}also known as N@dsorber)

Pollutants addressed

NG

Engine/vehicle/vesse
types considered

1 Dieselpassenger cars and light commercial vehicles.
9 Especially of interest in applications with limited space or in which urea
usage for SCR is difficult.

9 For heavy duty and neroad vehicles LNdoes not seem tde a
preferable option, SCR dominates in these vehicles.

Short description of
technique

T LNB function by trapping the NQn the form of a metal nitrate during
lean operation of the engine. The most common compound used to
capture NQis barium hydroxideor barium @arbonate. Under lean air to
fuel operation, NQreacts to form N@over a platinum catalyst followed
by reaction with thebarium compound to form BaNQO

1 Following a certain amount of lean operation, the trapping function will
become saturatednd must be regenerated. This is commonly done by
operating the engine in a fuel rich mode for a brief period of tiimee or
two seconds is enoughd facilitate the conversion of the barium
compound back to a hydrated or carbonated form and giving upibh@e
form of N, or NH; (see figure beloﬁ}).

9 The rich running mode can be accomplished in a number of ways (usu,
includes combination of intake air throttling, EGR, late ignition timing ai
post-combustion fuel injection).

Rich

Hed
[

NO, Adsorption NQ, Reduction

= mdemrber =
A gUsUTRET =yl

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technologyurbocharged compressidgnition engine with high
pressure fuel injection

TNQ, (70-85%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit

or any other metric)

€300¢e500 (indicativemanufacturercost).

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %

effect)

Fuel economy penalty~2%pecause ofequiredbrief periods of rich
operation to regeneratdalso acorresponding increase in G&mission.

L Source of figure: http://www.aecc.eu/en/Technology/Adsorbers.html
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Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

Ammonia(NH) is generated in the LNT during the riggeneration phase.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Retrofit has limited potential due to technical difficultiaad limited space
available to install LNT.

9 Ultra-low-sulfur diesel (ULSD) fuedquired (<10ppm), because NO
adsorbers also adsoruliur oxides resulting from the fusllfur content.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

No specific implementation requirements.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

ft SNA2RAOIf & GKS aeadsSy st AAd¥F4
to remove any adsorbesulfur compounds (which are more difficult to
desorhb).

f¢KAE H58BASYSNI GA2Y LINR OSRdAzZNB  NXF
around 700C) and requires about 15 to 20 minutes to be completed.

Durability/lifetime of
emission control
equipment

The duraliity of LNT is linked directly wulfur removal byregeneration

Impacts on safety
6dza SNEZ OA

Trained personnel required for installation.

References and Other Points

Comments or
remarks not
addressed above

LNT can be combined witbPF andSCR

TLNT NQ,adsorber)should not be confused with Lean NCatalyst (LNC),
which refers to the selective catalytic reduction of M@ hydrocarbons
(an entirely different emission control technology).

Successful examples
of implementation

- http://www.epa.gov/cleandiesel/verification/emerdist.ntm

References for
further details

- http://www.dieselnet.com/tech/cat_noxtrap.php

- http://www.aecc.eu/en/Technology/Adsorbers.html

- http://www.aecc.eu/content/pdf/Emissions Control Technologies to me
current and future European vehicle emissions legislation.pdf

- http://www.meca.org/technology/technology
details?id=5&name=Catalytic%20Converters

- http://www.meca.org/galleries/files/IMECA_diesel_retrofit_white paper

009.pdf
- http://www.corning.com/WorkArea/showcontent.aspx?id=60285
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3.2.2 Particulate matter (PM)

3.221

Diesel Oxidation Catalyst (DOC)

Table 3-11: Summary information for diesel oxidation catalyst (DOC)

General Description

Name of technique

Diesel Oxidation Catalyst (DOC)

Pollutants addressed

PM, VOC, CO

Engine/vehicle/vesse
types considered

Diesel engines and vehiclesirs, light commercial vehicldseavyduty
trucks, buses, nonoad vehicles (construction and agriculture machinery),
trains.

Short description of
technique

1 DOCsare exhaustftertreatmentdevices that reduce emissiefrom
diesel engines. Typically packaged with the engine muftfie; are widely
used as a retrofit technology because they require little or no maintena
(hundreds of thousandsf on-road and offroad vehiclesetrofitted
worldwide).

1 DOC<gonvert CO and HC to €ahdH,0 (see figure beloﬁf), but have
little positiveeffect on N@ they also decrease the mass of diesel
particulate emissions (but not their number) by oxidizing some of the
hydrocarbons that are adsorbed onto the carbon particles. The level of
particulate masseduction is influenced in part by the perdage of
Soluble Organic Fraction (SOF) in the particulate.

CO3
H:0
503
NO

1 DOCs consist of a flethrough honeycomb structure that is coated with &
precious metal catalyst and surrounded by stainless steel housing. As
diesel exhaust flows througime honeycomb (or substrate), the precious
metal coating causes a catalytic reaction that breaks down the pollutan

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology:
_ Road and nomoad: Turbocharged compressiegnition engine with high
pressure fuel injection
_ Railcars and locomotives: Conventional compression ignition diesel en|
1PM (2640%), VOGA0-70%), © (40-60%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

_ Forlight dutyvehicles ihdicative manufacturer cost Y60¢&100.
_ For heavy duty and nemad vehiclesretrofit A y a G I £ £ | GeAv@y/1y
_ The cost can be even higher e.g. for a large piece ofoathequipment.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %

effect)

No significantimpact on fuel consumption.

2 Source of figure: http://www.meca.org/diesel-retrofit/what-is-retrofit
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Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

Concerns that DOCs may increase the nitrogen dioxideg) (iK&ation of total
NQ, emissions.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Ultra-low-sulfur diesel (ULSD) fuel required (<50ppm).
9 No temperature limitations.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Easy to install, DOCs are designed tdristalled inline into the existing
exhaust system between the muffler and turbocharger.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

Little or no maintenance required.

Durability/lifetime of
emission contrb
equipment

Trouble free operation for hundreds of thousands of miles.

Impacts on safety
6dza SNEZ OA

Devices need to be maintained by trained personnel to limit exposure to
pollutants.

References and Other Points

Comments or
remarks not
addressed above

1 DOCs can be coupled with closed crankcase ventildiGmr lean NQ
catalyssfor additional reductionsthey can also be integrated with DPFs|

1 DOCdave also been shown effective with biodiesel and emulsified dieq
fuels, ethanol/dieskblends and other alternative diesel fuels.

Successful examples
of implementation

- http://www.epa.gov/cleandiesel/verification/verHist.htm
- http://www.epa.gov/cleandiesel/verification/emerdist.ntm
- http://www.arb.ca.gov/diesel/verdev/vt/cvt.htm

References for
further details

- http://www.dieselretrofit.eu/technologies oxidation catalysts.htmi

- http://www.epa.gov/cleandiesel/technologies/retrofits.htm

- http://www.meca.org/diesetretrofit/what -is-retrofit

- http://www.meca.org/galleries/files/MECA diesel_retrofit_white paper |
009.pdf

- http://www.aecc.eu/en/Technology/Catalysts.html

- http://www.aecc.eu/content/pdf/Emissions Control Technologies to me
current and future Hropean vehicle emissions legislation.pdf

- http://www1.iaphworldports.org/toolbox%201/cleantech.htm

- http://www.cor ning.com/WorkArea/showcontent.aspx?id=60285

- http://ipf.msu.edu/news/features/diesefoxidation-catalysts.html
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3.2.2.2 Diesel Particle Filter (DPF)

Table 3-12: Summary information for diesel particle filter (DPF)

General Description

Name of technique

Diesel Particle Filter (DPF)

Pollutants addressed

Mainly: PM, PN,BC SynergiesvOC CO

Engine/vehicle/vesse
types considered

Diesel engines and vehiclesrs, light commercial vehicldseavyduty
trucks, buses, nomoad vehicles (construction and agriculture machinery),
trains.

Short description of
technique

1 As the name implie)PB remove particulate matter in diesel exhaust by
filtering exhaust from the engine. Since a filter can fill up over time, a
means of burning off or removing accumulatey must be provided. A
convenient means of disposing of accumulated particulate mastév
burn or oxidize it on the filter when exhaust temperatures are adequate
@ O0dzaNYyAYy3 2FF GNIFLIWSR YFEGSNRLFf

1 Filter Material: ceramic and silicon carbide materials, fiber wound
cartridges, knitted silica fibaroils, ceramic foam, wire mesh, sintered
metal structures, and temperature resistant paper in the case of
disposable filters.

1 n the figurebelow?, particulateladen exhaust enters the filter frothe
left. Because the cells of the filter are capped at tlosvnstream end,
exhaust cannot exit the cell directly. Instead, exhaust gas passes throy
the porous walls of the filter cells. In the proceBs$/is deposited on the

upstream side of the cell wall. Cleaned exhaust gxits to the ght.
Diesel Particulate Filter

Trapped PM

Plugged

||- Cells
PM
Cco
HCs | - COz
PAHs ! H:0
SO; SO;
NO NO

1 Major regenerdion techniques
_ Catalysthased regeneration using a catalyst applied to the surfaces o
the filter
_ Catalysthased regeneration using an upstream oxidation catalyst
__Fuetborne catalysts
_Air-intake throttling
_ Post topdeadcenter (TDC) fuehjection
_ Onboard fuel burners or electrical heaters
_ Off-board electrical heaters

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology:

_ Road and nomoad: Turbochargedompressiorgnition engine with high
pressure fuel injection

_ Railcars and locomotives: Conventional compression igriieselengine
1 Walklow DPF: PM (805%),VO(Q8595%), CO (500%)

1 Partial DPF: PM (380%),VOQ40-75%), CO (160%)

3 Source of figure: http://www.meca.org/diesel-retrofit/what-is-retrofit
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Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

_Forlight dutyvehicles ihdicative manufacturer cot
1 Walkflow DPF€250¢e450.
Pluse100-€400 additional fudimaintenance costs per year.
_ For heavy duty andon-road vehiclesgne-off retrofit installation):
fwall¥f 26 5t @%00@(tbhexcasiican be even higher e.g. for a
large piece of nomoad equipment).

tfdzaeammnt RRAGAZ2Y T FdzStkYlFAYyGS

Environmental Side Effects

Impact onfuel
consumption
(positive/negative
impact and typical %
effect)

Usually, installation of a filter system on a vehicle may cause a fuel econi
penalty~1-2%(with a corresponding increase in £&nissions).

Nonregulated
pollutants and trade
offs (e.g. M or N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

9 Concerns that catalyzed DPFs may increase thefid@ion of total NQ
emissions. Some DPFs generate BlOa means to help filter regeneratior
at lower temperatures. The N@roduced by a DPF depesan the
catalyst formulation.

1 Soot particulates buroff forms water and C&n small quantity (less than
0.05% of the COemitted by the engine).

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers,behavioral
changes, etc.)

9 DPFshould be properly designed for the particular application to be use
Ideally suited for new vehicleRetrofit for LDVs has limited potential.

9 Exhaust gas temperature data logging must be performed to determine
the exhaust temperature profile meets DBpecific requirements.

1 Ultra-low-sulfur diesel (ULSD) fuel requir¢d50ppm)

1 Passive filters requireperating temperatures high enough to initiate
combustion of collected soot. Active regeneration uses other heat sour
such as fuel burning or electric heaters

1 pDPFs (partial or flothrough filters) arealwayssubject to minimum
temperature requiremats necessary for periodic regeneration (i.e.,
combustion of collected PM).

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Trained personnel required for thastallation,approved components to be
used.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE Ij dzA NB Y Sy

1 Active/passive regeneration and cleaning system needed (filters requir
periodic maintenance to clean out naombustible materials, such as
ash).

1 Since thecontinuous flow of soot into the filter would eventually block it,
Aa ySOSaalNE (2 WNXBISYySNI-dfthe G K/
collected particulate.

9 DPF should incorporate electronic back pressure monitoring equipmen
signal vehicle andquipment operators when the device needs to be
cleaned.

Durability/lifetime of
emission control
equipment

No significant performance degradation if properly maintained. Possible
failures of retrofitted components with time due to melting/cracking.
Monitoring required.

Impacts on safety
6dza SNEZ OAX

Devices need to be maintained by trained personnel to limit exposure to
pollutants.

References and Other Points

Comments or
remarks not

9 DPF can be combined with Selective CataRRtduction (SCR) system or
LeanNQ, Catalyst (LNC) technologies for additional emission reduction
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addressed above

9 DPFs are very important to the functionality and effectiveness of an EC
(exhaust gas recirculation) system to ensure that large amounts of
particulate matter are not recirculated to the engine.

Successful examples
of implementation

- http://www.dieselretrofit.eu/map.aspx

- http://www.epa.gov/cleandiesel/verification/verifist.htm

- http://www.arb.ca.qgov/diesel/verdev/vt/cvt.htm

- http://www.vert -
certification.eu/index.php?option=com_content&view=article&id=77&lt¢
mid=31

References for
further details

- http://www.dieselretrofit.eu/technologies filters.html

- http://www.epa.gov/cleandiesel/technologies/retrofits.htm

- http://www.meca.org/dieselretrofit/what -is-retrofit

- http://www.meca.org/galleries/files/MECA _diesel_retrofit_white _paper |
009.pdf

- http://www.aecc.eu/en/Technology/Filters.html

- http://www.aecc.eulcontent/pdf/Emissions Control Technologies to me¢
current and future European vehicle emissions legislation.pdf

- http://www1.iaphworldports.org/toolbox%201/cleantech.htm

- http://www.corning.com/WorkArea/showcontent.aspx?id=60285
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3.2.3 Volatile organic compounds (VOC)

3.2.3.1 Closed Crankcase Ventilation (CCV)

Table 3-13:

Summary information for closed crankcase ventilation (CCV)

General Description

Name of technique

Closed Crankcase Ventilation (CCV)

Pollutants addressed

Mainly: VOGC Synergies: PM

Engine/vehicle/vesse
types considered

Diesel engines and vehiclésavyduty trucks, buses, neroad vehicles
(construction and agriculture machinery), trains.

Short description of
technique

1 Controlling crankcase emissions is part of overall emissions control
strategy.While crankcase emissions are not typically a @it source of
direct UFPs, they can contribute to the formation of secondary aerosols
when oxidized in the atmosphere. Therefore, diesel UFP control stratey
should consider both the tailpipe emissions and crankcase emissions f
pre-2007 U.S. engirseand preEuro V engines in the E.U.

fLY Ylye 2f RSNJ RASaSt Sy 3ocng/ESm 3 N
RANBOGEE® FNRY (GKS Sy3aayS Ayiaz i
RN} Fd (dzoSéd [/ / + aeé aly§asaetubnlit tdliedzNJ
crankcase, then redirect these gaseous emissions back to the intake s}
for combustion instead of emitting them into the air.

91 Amulti-stage filteris used which idesigned to collect, coalesce, and
return the emitted lube oil to the engine's sump. Filtered gases are
returned to the intake system, balancing the differential pressures
involved. Typical systems consistediilter housing, a pressure regulator,
presaire relief valve and an oil check valigee figure beloﬁf).

9 CCV systems eliminate odor and toxins from vehicle interior (crankcas
fumes exit the engine in the engine compartment while exhaust fumes
through exhaust ductwork); theyao help keep enge compartments and
components clean, and reduce oil usggéminate oil from dripping on to
engine block and ground)

Serv:ce After
m s Cooler mmmmm Turbo

& Pressure Regulator
> L { v .
Crankcase ~<g— 0il Return Line

Emissions lnlel

Air Filter

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technologyrurbocharged compressiegnition engine without

crankcase emission control

1 VOC (and PM) from crankcase emissionso@i).

1 If left open, the crankcase from a p2907 diesel engine can contribute
25% of the total VOC and PM emissions from the vehicle.

1 Theefore, theoverallenvironmental benefit (% reduction of total VOC) i
approximately20-25% (8095% reduction of crankcase emissions * 25%
contribution of crankcase to total VOC from the vehicle).

24 Source of figure: http://www.meca.org/diesel-retrofit/what-is-retrofit
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Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

€ B0-€3,000 (retrofit)

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

CCV systems reduce engine oil consumption.

Nonregulated
pollutants andtrade-
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

No specific impact on neregulated pollutants.

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

No specific limitations in applicability.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Easy to implement (by trained personnel), approved components need tc
used.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE Ij dzA NB Y Sy

1 CCV systems incorporate filter elements that must be periodically replg
fal AydSylyOS NBIldZANBYSyda Ydzaid 0
product and potenially for each configuration.

Durability/lifetime of
emission control
equipment

No significant performance degradation if properly maintained.

Impacts on safety
6dza SNEZ OA

Trained personnel required for installation.

References and OthdPoints

Comments or
remarks not
addressed above

Emissions will be further reduced if the CCV is paired with a DOC or DPF

Successful examples
of implementation

- http://www.arb.ca.gov/diesel/verdev/vt/cvt.htm

- K. Trenbath, M.P. Hannigan, J.B. Milfdtgaluation of retrofit crankcase
ventilation controls and diesel oxidation catalysts for reducing air polluti
in school buses, Atmospheric Environment 43 (2@32)6;5922.

-1'a 9t!1Qa wHwnannT | AIKgl & | Sk P& 5dzié
manufacturers control crankcase emissions as a part of overall emissio
control strategy, most highway engines manufactured since 2007 come
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equipped with CCV systems.

- Hundreds othousands heavy duty vehicles (trucks, buses, new/retrofit)
are equipped with crankcase emission control.

References for
further details

- http://www.epa.gov/cleandiesel/technologies/retrofits.htm
- http://www.meca.org/diesetretrofit/what -is-retrofit

- http://www.meca.org/galleries/filesIMECA _diesel_retrofit_ white _paper |
009.pdf

- https://www.sbeap.org/past_workshops/constructing clean_air 2009/C
A%20

%20Equipment%20to%20reduce%20emissions%20%28Anderson%2¢
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3.3

3.3.1 Particulate

3.3.11

Gasoline engines non-road

matter (PM) and volatile organic compounds (VOC)

Oxidation catalyst

Table 3-14: Summary information for oxidation catalyst

General Description

Name of technique

Oxidation catalyst

Pollutants addressed

PM,VOC, CO

Engine/vehicle/vesse
types considered

Small gasoline engines used in roiad applications (small handheld engin
and groundsupported engines).

Short description of
technique

Oxidation catalysts convert unburned hydrocarbons (HC) and carbon
monoxide(CO) to carbon dioxide (gnd water (KO) by burning
(oxidizing) them (see figure bel&W:.

~

6 ®
— (a8

."7,'_:} i |@ =B~ Environment

— e

Environmental Benef

it and Costs

Specific claims (%
reduction range of
pollutants addressed

1 Up to 5660% reduction of VOC and CO can be achieved for a conventi
two-stroke gasoline engine withowatftertreatment control

9 PM emissionare primarily the result of excedsydrocarbonshence,
reduction ofHChas adirect (and rather proportionakffect to PM as well

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

1 The cost of oxidation catalyst as a replacement part is such that, togeth
with the short lifetime of equipment, make unfavoraltiee investment in
aftertreatment emission control replacement

1 Gomplete replacement of the old higher polluting equipment with newer
machinery may be better solution.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact andtypical %
effect)

Possible increase in fuel consumption dueitth combustion which is
required to retain low exhaust temperature (safety concerns).

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

Rich combustion, which is required to retain low exhaust temperature (so
that an amount of fuel evaporates, thus decreasing the temperature)
increases VOC and CO emissions

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological

1 Increase in exhaust and surface temperatures, thus increasing the risk
skin burns, melting of materials, and lightiag dry grass. This boundary
condition poses a significant limitation on the use of catalysts (tempera
<246'C is given as a safety threshold).

1 More appropriate for non heat sensitive applications.

% Source of figure: http://www.meca.org/qgalleries/files/Motorcycle_whitepaper_final 081908.pdf
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barriers, behavioral
changes, etc.)

Ease of
implementation
(technology or
expertise requied,
infrastructural needs,
etc.)

Additional cooling air may be needed to address heat increase.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

Possibility for pisoning of active materiddy missing limivvalues for oil
additives (to be addressed withsa of good quality and low additizeelg.
Cafree and Sree, lubrication oi).

Durability/lifetime of
emission control
equipment

Lifetime of catalyst may be comparable to the (short) lifetime of the
compldae equipment, thus makingnfavorable the investment in
aftertreatment emission control replacement

Impacts on safety
6dza SNE = O

Technical barrierfrom the additional catalyst heat iclose to body
application$ limit the use of catalystiueto safety hazards

References and Other Points

Comments or
remarks not
addressed above

No other comments or remarks.

Successful examples
of implementation

Catalysts are used today in multi million numbers on non heat sensitive
applications by many sm&ll engine manufacturers.

References for
further details

- http://www.aecc.eu/en/Technology/Catalysts.html

-[20KYFYY |1 ® 6HnmMHOZ a{ Yl fHuromot AEGH
Workshop Nov.2012
[ 20KYLFYY |1 ® 6uHnmMnoOE G9EKI dzald SYA

ANDREAS STIHL AG & Co-S8Euromot, Aug. 2014.
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3.3.2 All pollutants

3.3.21

Engine measures for 2S engines

Table 3-15: Summary information for engines measures for 2S engines

General Description

Name of technique

Engine measures for 2S engines

Pollutants addressed

All pollutants

Engine/vehicle/vesse
types considered

Small gasolin@Sengines used in neroad applications

Short description of
technique

1 Incomplete combustion and scavenging losses ofstvoke enginegre
addressed by the manufacturers of the engines with improved combus;
and measures such as
_ Sratified scavenging
_ (mpression wavénjection (CWI)

_ Drect injection (DI).

1 These are measures mainly targeted to the small handheld engines, e
chainsaws and cut off machines (meditioahigh speed multiposition tools
and applications).

9 Another measure is tenforce the replacement oS engines with 4S or 4
hybrid ones

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

_ Stratified scavenging: 45%
_ CWI: 45%
_DI: 75%

Indicative emission reduction percentages (compared to a conventional Z
engine):

_4S:70%

45S@St 2LIrSyi
i S Y SARA/NH-CohgyeRs | |

SourcelochmannH.etab H nnn v =
PFOSNINSBFGYSYyld {ea
2004 (200401-0149).

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Possible increase of cost for manufacturers to implement these engine
measures.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Potential for improvement in fuel consumption.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

No significant impact on neregulated pollutants.

Limitations and Implementation Issues

Limitations in its
applicability (e.g.

environmental

Possible increase of cost and weight of the engines
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conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

There is not a single technologyeeting all requirements.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

Better to use manufacturer recommended lubrication oils of good quality
rather than cheap alternatives.

Durability/lifetime of
emissioncontrol
equipment

No significant performance degradation over tithequipment is properly
maintained

Impacts on safety
6dzaSNE X OAX

No safety impacts.

References and Other Points

Comments or
remarks not
addressed above

No other comments oremarks.

Successful examples|
of implementation

Engine measures currently being implementechignufacturers.

References for
further details

-[ 20KYl yy Small dandheidiNorEoadiS| Engin@iromot AECC
Workshop Nov. 2012

-[ 20KY Yy Exbaust amissions & small spark ignited enginEs
ANDREAS STIHL AG & Co-38E=uromot, Aug. 2014.
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3.4

Diesel vessels

3.4.1 Nitrogen oxides (NOy)

3411

Exhaust Gas Recirculation (EGR)

Table 3-16: Summary information for exhaust gas recirculation (EGR)

General Description

Name of technique

Exhaust Gas Recirculation (EGR)

Pollutants addressed

NG

Engine/vehicle/vesse
types considered

Diesel shipsnfainlynew ones, many drawbacks foetrofitting).

Short descriptiorof
technique

1 As the name implies, EGR redirectsdireulates) a portion of engine
exhaust back into the engirte cool and reduce peak combustion
temperatures and pressurefn intercooler lowers the temperature of the
re-circulated gases, which then e higher heat capacity and contain les
O, than air; hence, combustion temperature in the engine is lowered, th
inhibiting NQ formation. As such, EGR is a method of primary, biibtrol
rather than a true exhaust gas treatment system.

1 EGR systems worlery well with DPEsince EGR requires a clean exhau:
supply before the exhaust gases are directed back to the engine, the u
a DPF fulfils this process while reducing PM at the same #G® is also
compatible with S@scrubbers.

EnvironmentalBenefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: Conventional compression ignition diesel engine
TNQ (25-80%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any othermmetric)

High uncertainty in cost analysis for EGR in ships. Some indicative range
_ Initial cost (hardware and installatior)0.3m-€ m (in general is
considered higher than SCR)

_ Operation cost: SFOC penaligditional auxiliary powemwater treatment
and sludge handlén general is considered lower than SCR)

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

1 EGR slightly reduces engine power.
9 Possible fuel penalty-2%.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

PMand SQrecirculation if not combined with a DRF SQ scrubber

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral

changes, etc.)

T EGR, although a mature technology within the automotive market, is n¢
to ships (or under demonstration).

T Use of EGR as a retrofit technolagyshipsis limitedwith many drawbacks
because major engine integratiaarequired

91 DPF or SGscrubber in the EGR system is necessary to remoyar&PM
from the recirculated exhaust, to prevent corrosion and reduce fouling
the EGR system and engine components.
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Eag of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Retrofit EGR systems may require major engine integratiahcareful
installation

Maintenance and
operation (additional
maintenance
requirements,
monitoring
requirementg& X U

1 EGR requires electronic control strategy to ensure operation.

9 Due to nature of EGR primary engine controls, system malfunction or
deviation from normal operation can significantly reduce engine efficier

1 Risk of increased maintenance requirementhé scrubber (used with
EGR) does not clean and cool the exhaust gas to the required levels.

Durability/lifetime of
emission control
equipment

Exhaust cooling may result in engine wear due to excess water vapor.

Impacts on safety
6dzZa SNE = O

Trained personnel required for installation.

References and Other Points

Comments or
remarks not
addressed above

Unlike SCR, fusllfur content and low load operation are not constraining
factors for EGR systems.

Successful examples
of implementation

Examples of perimental testing (or under demonstratiomjostlyin low-
speeddieselengines (concerns abouhigh-speed or mediurspeed engins).

References for
further details

1 EGR fowessels
- http://cleantech.cnss.no/akpollutant-tech/nox/exhaustgas

recirculationegr/
- http://www1l.iap hworldports.org/toolbox%201/cleantech.htm

- http://www.alfalaval.com/campaigns/puresox/documents/documents/|
nderstanding_Exhaust _Gakeatment_Systems.pdf
- NQ, Abatement Technique for Marine Diesel Engigésproved Marine
SCR Systems. M. Magnusson. PhD thesis, Chalmers University of
Technology, Gothenburg, Sweden 2014.
9 Dieselvesselgyeneral
- http://www.epa.gov/otag/marine.htm
- http://www.epa.gov/otag/oceanvessels.htm
TE®R general
- http://www.epa.gov/cleandiesel/technologies/retrofits.htm
- http://www.meca.org/diesetretrofit/what -is-retrofit
- http://www.meca.org/galleries/files/MECA diesel_retrofit white_pape
1009.pdf
- http://www.corning.comWorkArea/showcontent.aspx?id=60285
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http://www.corning.com/WorkArea/showcontent.aspx?id=60285

3.4.1.2 Selective Catalytic Reduction (SCR)

Table 3-17: Summary information for selective catalytic reduction (SCR)*

General Description

Name of technique

Selective CatalytiReduction (SCR)

Pollutants addressed, Mainly: NQ, SynergiesvOG CO, PM

types considered

Engine/vehicle/vesse

Wide range of @kselships i.e.,ferries, supply ships, RoRos, tankers,
container ships, icebreakers, cargo ships, workboats, cruise siaipg,
vessels

Short description of
technique

1 SCR is a proven technology for,@ission reduction inliesel vesselsral
manysystems have been installed over the ldstcades.

1 SCR reduces the concentration of Nithe exhaust gases tie engine to
below the emission limits set by IMO Tier Ill. It is an emission reductior]
method of NQthrough catalyticaftertreatmenttechnology.

1 In the presence of higtemperature exhaust gas@50°C) and exces,
an SCR system uses a catalyst to chemicadiyce NQ(convert NO and
NGO, to elemental nitrogen ;) and water, two natural components of the
air we breatheby using ammonia (Njas the selective reducing agent
also known as diesel exhaust fluiBERsee figure belod).

Exhaust Gas
Monitoring

SCR I
Reactor

1 Different precursors oAmmoniacan be used; one of the most common
options is a solution of urea in water (e.g. AdBlue®) carefully metered {
a separate tank and sprayed into the exhaust system ahe#te@CR
catalyst.

T AdBlue® is a stable, ndlammale, colorless fluid containing 32.5% urea
which is not classified as hazardous to health and does not require any
special handling precautions. It is mdokesed orinternationally
recognized standards. Urea is used as an atrtificial fertilizer and is foun
products such as cosmeticke consumption of AdBlue@®rea dosing
strategy and desired NHo-NQ, ratio) depends on the amount of N@hat
needs to be converid and the conditions present in the exhaust (gas
temperature)

Environmental Benef

it andCosts

Specific claims (%
reduction range of
pollutants addressed

Reference technology¥onventional compression ignition diesel engine
1 NQ, (70-95%),VOC(50-90%), CO (500%), PM (2@0%)

%6 Main source of summary information for SCR for ships: IACCSEA (The International Association for
Catalytic Control of Ship Emissions to Air, http://www.iaccsea.com/).

" Source of figure: J. Briggs and J. McCarney, Field experience of Marine SCR, Paper No. 220, CIMAC
Congress 2013, Shanghai
http://imsec.com/Library/Documents/Cimac_2013 Field Experience_of Marine  SCR_Full_Paper No 2

201.pdf
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Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

A first order economic analysis (cost calculation model) of SCR onboard
vessels has been carried out by IACCSES illustrative purposes, the
following are two examples of SCR costs derived from the modefirshis
for a ship that spends 1,500 hours per annum in a NECA and the seconc
a ship that spends 8,000 hours (the whole year) in a NECA:

- Engine size = 10 MW
Vessel weight = 20,000 DWT
Time in NECA 5800 hrs/year

I FLAGEE SELSYRAGIZNBE O2aia r' €0T
[AFTSGAYS oup @SIENL dzNBF O2aid r
[AFTSGAYS OFGFrftead NBOKFNBS 02ai
.01 LINB&aadzaNB Fdz8t LISylfde I ew
t20SYdAlLt ftAFSGAYS FdzSt al gay3a
[ATSGAYS 26YySNBRKALI O2ai I' emdoy
Tonnes NQNeutralized(lifetime) = Approx BO0

- Engine size = 10 MW

Vessel weight = 20,000 DWT

Time in NECA @0 hrs/year (whole year)

/P LIAGEE SELISYRAGAINE O2aia r €0T
[ AFSGAYS oup &SEFENDL daNBI 02 r
[AFTSGAYS OFGFrtead NBOKI HS mau
BackLINB & & dzZNB FdzSt LISyl tdGeé I eccpl
t20SYydAlLt ftAFSOGAYS Fdz8t al gay3a
[ATSGAYS 26YySNBRKALI O02ai I' eodyy

Tonnes NQNeutralized(lifetime) = Approx 10,000

Notes:

__The abovementioned possible fuel savings are more likebetachieved
for OEM applications, not always guaranteed for retrofitting.
g ¢KS AYAGALFE OFLAGET SELISSMNA G dzNJ
depending on ship size

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact andtypical %
effect)

2-4% possible improvement in fuel efficiency (and, therefore,; D efits)
(mainly for OEM applications, not guaranteed for retrofitting).

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

1 Risk for ammoni@NH) slip, especially as the SCR catalyst degrades ov
time. Can be controlled e.g. through calibration optimization or
introduction of a clearup catalyst downstream of the SCR catalyst.

9 SCReducesthe characteristic odor produced by a diesel engine digbel
smoke.

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

9 Urea additivgas a precursor of ammonia) has to be made widely availg

1 The catalytic reaction requires certain temperature criteria for, NO
reduction to occur; data logging must be performed to determine if the
exhaust gas temperatures meet the specific SCR system requirements

1 SCR function at loads below 25% and during slow steaming

- Maintaining sufficiently high temperatures when engines aperating
at low loads (<25%) for extended periods of time is a challenge.

- Special features to increase exhaust gas temperature (even at very

28 hitp://www.iaccsea.com/scr-cost-model/
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loads of 5%) have been introduced by some engine manufacturers
(tuning of the engine/SCR system).
1 SCR perfonancewith highsulfur fuels:

- Sulir is not a poison to conventional SCR catalysts; however, high
sulfur content of marine fuels (global average for HFO is 2.4%) pres
a challenge to the efficacy of SCR, because at low temperatures,
ammonia andsulfuric acid condense as ammoniurnshifate (ABS)
which can block/foul the catalysABS formation is reversible, i.e., the
ABS deposits may be removed and returned to the gas phase by
increasing the temperature.

- If vessels use lowuliur fuels in ECAs with fuslilfur content of 0.1%,
this should be sufficiently low to reduce the sensitivity of systems to
ABS deposition. For HFO, care must be taken to design system
operating temperatures which are high enough to prevent ABS
formation. For typical heavy fuel oithe exhaust temperature would
need to be over 300°C to prevent ABS.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

9 During the design phase of an engine/SCR system, catalyst
suppliers/engine OEMs must ensure thia¢ catalyst is properly sized for
the exhaust stream and that there is the correct urea dosage.

9 SCR units are large, heavy, complex and bulky systéraa.is handled an
stored in designated tanks/lines/fittings/pumps, so as to ensure require
cleanlines requirements.

9 Urearefuelinginfrastructureis necessary to facilitate the use of SCR:

- The total demand for urea solution in marine applications is
approximatelyless than 1% of the total ladoased usdyearly
consumptions of urea for a vessel aypically between 3€L,000
tonnes, 30 tonnes for smaller fishing vessatsd 1,000 tonnes for large
ferries, cruise ships and big deep sea vesddla)ine demand is
expected to grow slowly over time.

- Urea s produced in over 50 countries and is availabtess most of
the globe including Canada, U.S., Europe, Asia and the Middle Eas
Distribution systems are expected to expand to major ports in respg
to urea demand for use on ships. Areas such as the North Sea, Enc
Channel and Baltic Sea alredtyve a well established storage and
distribution network for urea, as ships in these areas are already us
SCR technology due to the Norwegian,Réhd.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

1 SCR systems require periodic refillimigh urea; orboard g/stems alert
when it is timeto top up with urea additive

1 Physical blocking of the catalyst with dust from the fuel may diminish tt
ability to reduce NQ it can be addressed through correct it of
catalyst pitch and/or mechanisms to dislodge weakly bound material, €
use of dust blowers.

1 When chemical components in the exhaust bind tightly to the active sity
2F (KS Ordarteadsz GKSe& NS Y2NB |
These poisons are generally traceable to either the combustion produci
the fuel/lubricant or the thermolysis of urea/ammonia solutiddse of
well-considered standards is recommended (e.g. fuel, lubricant and ure
to ensure that the engine/SCR functicexdequately for many years.

Durability/lifetime of
emission control
equipment

1 Manufacturers guarantee the useful lifetime of the catalyst depending (
its operating conditionsquality of thefuel, etc. (e.g.16,000 hours of
operation).

12 KSy | OFdGrfteadQa LISNF2NXIyOS RS
cannot be achieved, the catalyst is removed and can either be collecte;
and processedr regenerated.

Impacts on safety

1 Trained personnel required fanstallation.
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i Urea is a nonhazardous material that does not become toxic at any
temperature.

References and Other Points

Comments or
remarks not
addressed above

1 SCR can be combined with Diesel Particle Filter (DP&)ddronal
emission reductions; it has also successfully been demonstrated on LN
carriers which switch between heavy fuel oil and gas.

9 Compatibility with S@scrubbersand space issues
- SCR can be used in conjunction with a scrubber (there are exaofple

vessels with both technologies). Given the temperature range withir
which SCR operates efficiently, the common view is that the SCR
system should be positioned upstream of the scrubber. If the SCR |
located downstreamit is necessary to reheat the gssapproximately
250°C (due to lowulfur content) which carries an inherent carbon
cost associated with reheatindlo negative impact on the catalyst.

- Space should not be an issue as the SCR system is part of the engi
and will be integrated as part difie design phase when new Tier IlI
compliant vessels are manufactured. IARRPOIANNnex V]space is,
however, considered as an inhibitor to the technology on recreation
craft <24m.

Successful examples|
of implementation

- http://imsec.com/Library/Documents/Cimac_2013 Field Experience of
arine_SCR_Full_Paper_No_2201.pdf

- http://www.meca.org/resources/Loco _Marine Case Studies update 0
-pdf

References for
further details

9 SCRor vessels
- http://www.i accsea.com/scr/
- http://www1.iaphworldports.org/toolbox%201/cleantech.htm
- http://www.alfalaval.com/campaigns/puresox/documents/documents/|
nderstanding_Exhaust_Gas_Treatment Systems.pdf
- http://ec.europa.eu/transport/modes/inland/studies/doc/201-86-03-
contributionto-impactassessmenbf-measuresfor-reducingemissions
of-inland-navigation.pdf
- NQ, Abatement Technique for Marine Diesel Engigésproved Marine
SCR Systems. M. MagnussehD thesisChalmers University of
Technology, Gothenburg, Sweden 2014.
9 Dieselvesselgyeneral
- http://www.epa.gov/otag/marine.htm
- http://www.epa.gov/otag/oceanvessels.htm
1 SCR general
- http://www.dieselretrofit.eu/technologies SCR.html
- http://www.meca.org/diesetretrofit/what -is-retrofit
- http://www.meca.org/galleries/files/MECA diesel_retrofit white_pape
1009.pdf
- http://www.aecc.eu/en/Technology/Catalysts.html
- http://www.aecc.eu/content/pdf/Emission€ontrol Technologies to
meet current and future European vehicle emissions legislation.pdf
- http://www.factsaboutscr.com/default.aspx
- http://www.dieselforum.org/aboutcleandiesel/whatis-scr
- http://www.corning.com/WorkArea/showcontent.aspx?id=60285
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http://ec.europa.eu/transport/modes/inland/studies/doc/2013-06-03-contribution-to-impact-assessment-of-measures-for-reducing-emissions-of-inland-navigation.pdf
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http://www.epa.gov/otaq/marine.htm
http://www.epa.gov/otaq/oceanvessels.htm
http://www.dieselretrofit.eu/technologies_SCR.html
http://www.meca.org/diesel-retrofit/what-is-retrofit
http://www.meca.org/galleries/files/MECA_diesel_retrofit_white_paper_1009.pdf
http://www.meca.org/galleries/files/MECA_diesel_retrofit_white_paper_1009.pdf
http://www.aecc.eu/en/Technology/Catalysts.html
http://www.aecc.eu/content/pdf/Emissions%20Control%20Technologies%20to%20meet%20current%20and%20future%20European%20vehicle%20emissions%20legislation.pdf
http://www.aecc.eu/content/pdf/Emissions%20Control%20Technologies%20to%20meet%20current%20and%20future%20European%20vehicle%20emissions%20legislation.pdf
http://www.factsaboutscr.com/default.aspx
http://www.dieselforum.org/about-clean-diesel/what-is-scr-
http://www.corning.com/WorkArea/showcontent.aspx?id=60285

3.4.2 Sulfur

3.4.2.1 Scrubber

S

Table 3-18: Summary information for scrubbers

General Description

Name of technique

Scrubbergexhaust gas cleaning systems

Pollutants addressed

Mainly: SQ, SynergiesPM, BC

Engine/vehicle/vesse
types considered

Diesel ships

Short description of
technique

1 Using scrubbers is the main alternative to lsulfur fuel for SQemission
reduction (a common dilemma for ship owner&)scrubber cawperate in
Openloop: Utilizesseawater to remove S@rom the exhaustExhaust gas
enters the scrubber and is sprayed with seawater in three different stag
Thesulfur oxide in the exhaust reacts with water and foredfuric acid.
Chemicals are not required since the natural alkalinity of seawater
neutralizeghe acid.ldeal for oceangoing ships.
dosedloop: A cost effective alternative to logulfur content fuels for
reducing SQemissionsOperates in a closed loop, i.e. the wash water is
being circulated within the scrubber. Exhaust gas enters the scrubber ¢
is sprayd with fresh water that has been mixed with caustic soda (NaO
Thesulfur oxides in the exhaust react with this mixture and are
neutralized. Ideal for ships in areas with extremely low alkalinity or wher
zero discharge mode is required.

Hybrid mode The hybrid approach enables operation in closed loop mo
when required(for instance in port and during maneuvering using NaOH
a buffen; When at seaswitch can be made to open loop using only
seawater Flexible but more complex system; ideal for shipquiring full
flexibility of operations.

Environmental Benef

it and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: Conventional compression ignition diesel engine
1SQ (90-95%) PM(70-90%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Detailed cost analysis for scrubbers is not a straightforward; aaykback

period depends orfuel price, amount of time spent in ECASs, ship aiza

design; costare also higher for retrofitting.
fLYRAOI GAG@S G5ONBD 6 SN Oz2aiy
{ Operational cost: ~1&> 2 F | R T dzS f
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Environmental Side Effects

Impact onfuel
consumption
(positive/negative
impact and typical %
effect)

Increase in fuel consumptio®.6-3%).

Non-regulated
pollutants and trade
offs (e.g. Nklor N;O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

No significant impact on neregulated pollitants.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.

9 Documented operational experience of closed loop scrubbers remains
limited.
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environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 When retrofitting with scrubbers, there are space, weight and ship stab
constraints (design and installation of a scrubber becomes a greater
challenge than land applications).

9 However, srubbers can work with higbulfur HFO.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

9 Scrubbers can be used everywhere and are easy to ope3atae
technical issues below:
_ Back pressure reduction: A fan can be installed on the cold side to re
pressure droghrough the system.
__ Reoxygenation of the system: Air is added to the discharge water to
supplement the oxygen levels (in sensitive areas, such as Alaska, this
often a requirement).
_ Deplume: The exhaust is saturated with water and in cold areasdiun
create a white plume; a dplume system can provide hot dry air to
eliminate this effect.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE lj dzA NB Y Sy

If operation in zero discharge mode is requested, the cleanedesfiffufrom
a closed loop scrubber can be led to a holding tank for scheduled
periodical discharge (instead of directly being discharged into the sea).

Durability/lifetime of
emission control
equipment

No significant performance degradation if propemhaintained.

Impacts on safety
6dzaSNE X OAX

Wash water from open loop and cleaned effluents from closed |
scrubbes can besafelydischarged into the sea with no risk of harm to tl
environment(ensuring conformity to all applicable discharge criteria).

References and Other Points

Comments or
remarks not
addressed above

Scrubbers can be used in conjunction VEBRSCR.

Successful examples|
of implementation

- Exhaust Gas Scrubber Washwdiéfftuent. US EPA Repprt
9t ! my nn m Navember 2041c

- Caiazzo, G., Langella, G., Miccio, F., Scala, F.AtD&2perimental
investigation on seawater $S&crubbing for marine application.
Environmental Progress and Sustainable Energy 27 (4).

- Kjglholt, J., Aakre, S., Jurgensen, C., Lauridsen, J. AA3&8sment of
Possible Impacts of Scrubber Water Discharges on the Marine Environ
Environmental Protection Agency, Danish Ministry of Environment

References for
further details

1 Scrubbers

- http://www.alfalaval.com/campaigns/puresox/documents/documents/I
nderstanding_Exhaust_Gas_Treatment Systems.pdf

- http://www.lloydslist.com/Il/incoming/article418235.ece/BINARY/Scru
ers+survey+big.pdf

- http://cleantech.cnss.no/akpollutant-tech/sox/scrubber/

- http://www.dnv.pl/Binaries/5%20SOx%20reduction%20
%20class%20involvement tcm1836397.pd

- S. BrynolfM. Magnusson, E. Fridell, K. Andersgeampliance
possibilities for the future ECA regulations through the use of abatem
technologies or change of fueElsevier Transportation Research Part
28 (2014) 618.

- Williams, P.J.1.B., 2010he natural oceanic carbon and sulfur cycles:
implications for S@and CQemissions from marine shipping,
International Journal of the Society for Underwater Technology 29 {1)
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http://www.dnv.pl/Binaries/5%20SOx%20reduction%20-%20class%20involvement_tcm144-536397.pdf

19.
9 Dieselvesselgyeneral
- http://www.epa.gov/otag/marine.htm
- http://www.epa.gov/otag/oceanvessels.htm
- http://www.dieselforum.org/dieselat-work/port-and-marine
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3.4.3 Particulate matter (PM)

3431

Diesel Particle Filter (DPF)

Table 3-19: Summary information for diesel particle filter (DPF)

General Description

Name of technique

Diesel Particle Filter (DPF)

Pollutantsaddressed

Mainly: PM, PN, BC, Synergié¢QC CO

Engine/vehicle/vesse
types considered

9 Diesel ships.
1 Technology under demonstration (experimental phasa)not be simply
transferred from automotive/NRMM.

Short description of
technique

9 DPFsre used to trap the harmfl®M present in the exhaust of (diesel)
enginesPMis trapped in and on a porous ceramic substrate

1 Since a filter can fill up over time, a means of burning off or removing
accumulatedPM must be provided. A convenient meangasburn or
oxidize it on the filter when exhaust temperatures are adequate. By
OdzNYyAy 3 2FF GNIFLIWISR YIFGSNRIFT =

9 DPF can be combined with EGR system for additionatexiOction.

Gf

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: Conventional compression ignition diesel engine
1PM @5-90%),VOCand CQ60-90%)(walkflow DPF)
1 Emission reduction may not be as high as in roadAnoad vehicles.

Costsfor
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Still at experimental phase, cannot provide indicative cost ranges.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typica%
effect)

Installation of a filter system may cause a fuel economy penal®9% {with
a corresponding increase in €&nissions).

Nonregulated
pollutants and trade
offs (e.g. Nklor N;O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

9 Concerns thatatalyzed DPFs may increase the [@ction of total NQ
emissiongdepending on catalyst formulationpome DPFs generate Ni3
a means to help filter regeneration at lower temperatures.

9 Soot particulates buroff forms water and C&n small quantity.

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

9 DPF technology from automotive/NRMM applications cannot be simply,
transferred tolarge medium or low speed engisef diesel vessel# is not
entirely ready for commercial operation.

1 The engine cannot be too polluting for application of Dataximum limit
350 mg PM per kWhfurthermore, the exhaust gas should not contain tq
much oil. This implies that the mo#irtyCengines would need to be
replaced first or would need BWE (fuelvater emulsiondevice to reduce
the engineout PM levels

9 Lowsulfur fuel required (<5,000ppmDPF with higher OC (organic carbc
oxidation capability at sulfur insensitivity is needed.

9 Application of DPF (possibly combined with SCR) increases the exhau
backpressure. For low RPM engines this may require the application o
largeraftertreatment systems or, if insufficient space is available, the
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replacement of the engine. On smaller vessels, available space may b
problem due to small engine rooms and small exhaust systems.

9 Exhaust gas temperature data logging must be performed to determine
the exhaust temperature profile meets DBpecific requirements. For
retrofit, a caseby-case / tailor made approach may be required; first, the
condition of the base engine and engine room needs to be verified with
respect to the above restrictions andfter mounting the retrofit device,
the effectiveness in terms of the reduction levels needs to be verified.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Trained personnel required fanstallation approved compoents need to
be used.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

1 Active/passive regeneration and cleaning system needed (filters requir
periodic maintenance to clean out naombustible materials, such as
ash).Since the continuous flow of soot into the filter would eventually
0f201 Al Ad Aa ySOSaal NE G2 -BiNI
the collected particulate.

1 Passive filters require operating temperatures high enough to initiate
combustion of collected soot. Active regeneration uses other heat sour
such as fuel burning or electric heaters, to raise a DPF temperature
sufficiently to combust accumulated PM.

9 DPF should incorporate electronic back pressure monitoring equipmen
signal operators when the device needs to be cleaned.

Durability/lifetime of
emission control
equipment

Spnificant performance degradatioRdzS (2 | OOdzydz | G S

engines.

Impacts on safety
6dza SNEZ OA

Devices need to bmaintained by trained personnel to limit exposure to
pollutants.

References and Other Points

Comments or
remarks not
addressed above

9 DPF can be combined witlicB and LNG dual fuel engiriesadditional
emission reductions.

1 DPFs are very important to tHenctionality and effectiveness of an EGR
(exhaust gas recirculation) system to ensure that large amounts of
particulate matter are not recirculated to the engine.

Successful examples
of implementation

- http://www.arb.ca.gov/diesel/verdev/vt/marine.htm

- http://www.lav.ethz.ch/nanoparticle conf/Former/PresentationsQ.pdf

- http://www.meca.org/resources/Loco_Marine_Case_Studies_update C
4.pdf

References for
further details

9 DPF fowvessels
- http://www1.iaphworldports.org/toolbox%201/cleantech.htm
- http://ec.europa.eu/trangort/modes/inland/studies/doc/201306-03-
contributionto-impactassessmenbf-measuresfor-reducingemissions
of-inland-navigation.pdf
- http://www.worldcargonews.com/htm/w20131017.54604 1itm
i Dieselvesselgieneral
- http://www.epa.gov/otag/marine.htm
- http://www.epa.gov/otag/oceanvessels.htm
1 DPFgeneral
- http://www.dieselretrofit.eu/technologies_filters.html
- http://www.epa.gov/cleandiesel/technologies/retrofits.htm
- http://www.meca.org/diesetretrofit/what -is-retrofit
- http://www.meca.org/galleries/filesMECA_diekeaetrofit white paper
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http://ec.europa.eu/transport/modes/inland/studies/doc/2013-06-03-contribution-to-impact-assessment-of-measures-for-reducing-emissions-of-inland-navigation.pdf
http://ec.europa.eu/transport/modes/inland/studies/doc/2013-06-03-contribution-to-impact-assessment-of-measures-for-reducing-emissions-of-inland-navigation.pdf
http://ec.europa.eu/transport/modes/inland/studies/doc/2013-06-03-contribution-to-impact-assessment-of-measures-for-reducing-emissions-of-inland-navigation.pdf
http://www.worldcargonews.com/htm/w20131017.546041.htm
http://www.epa.gov/otaq/marine.htm
http://www.epa.gov/otaq/oceanvessels.htm
http://www.dieselretrofit.eu/technologies_filters.html
http://www.epa.gov/cleandiesel/technologies/retrofits.htm
http://www.meca.org/diesel-retrofit/what-is-retrofit
http://www.meca.org/galleries/files/MECA_diesel_retrofit_white_paper_1009.pdf

1009.pdf
- http://www.aecc.eu/en/Technology/Filters.html
- http://www.aecc.eu/content/pdf/Emissions Control Technologies to
meet current and future European vehicle emissions legislation.pdf
- http://www.corning.com/WorkArea/showcontent.aspx?id=60285

75


http://www.aecc.eu/en/Technology/Filters.html
http://www.aecc.eu/content/pdf/Emissions%20Control%20Technologies%20to%20meet%20current%20and%20future%20European%20vehicle%20emissions%20legislation.pdf
http://www.aecc.eu/content/pdf/Emissions%20Control%20Technologies%20to%20meet%20current%20and%20future%20European%20vehicle%20emissions%20legislation.pdf
http://www.corning.com/WorkArea/showcontent.aspx?id=60285

3.5 Aviation

3.5.1 Nitrogen oxides (NOy)

3511

Low NO, combustion

Table 3-20: Summary information for low NO, combustion in aviation

General Description

Name oftechnique

Low NQ combustion in aviation

Pollutants addressed

NG

Engine/vehicle/vesse
types considered

Aircrafts

Short description of
technique

9 Leanpremixedcombustion clean ombustor design (includes design of
fuel injector, thermal liner, dynamiand operability).
9 Peak temperature and time spent at this temperatusdimited.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Lower NQemissions by 70%

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

No significant cost increasBasically R&D costs.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Possible fuel savings ~5%.

Nonregulated
pollutants and trade
offs (e.g. Nklor N;O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

9 Smoke formation can be reduced bgw lean burn strategies and by
increasing air/fuel ratio in the downstream parts of the combussar that
smoke produced in the primary zoneoisidized

9 Lean burn combustion may lead to incomplete combustion tanah
increase in CO anghburned hydrocarbonemissions.

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Not easy to meet all requirements for the design of a low, bténbustor,
e.g. good altitude relight requires large and heavy combustor haedce
more NQ emissions.

1 Fuetair mixture preparation is a key requiremeiechnology for clean
burning. This is difficult during the available time which must decrease
increasing temperature and pressure due to risk of aigtation.

9 Operation on both gaseous atiquid fuels is required in many gas
turbines. Premixer is necessary to produce comparable environmental
performance between gas and liquid fuels as the latter are more difficu
mix and provide homogeneousdl/air required for low NQcombustion.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,

etc.)

1 Light weight structures, combustor liners with reduced cooling and
improved high temperature durability are necessary.

9 The lean direct injection concept controls air/fyremixing with
optimized pilot and main stage flame structures to provide low, At
weak extinction stability.
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Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE |j dzA NB Y Sy

No special maintenance requirements.

Durability/lifetime of
emission control
equipment

T Improved inner and outer liners improve liner life.
1 Lean combustion eliminates dilution holes. It removes stress
concentrations and reduces liner cracking.

9 Reduced exit temperature variation improvesrability of high pressure
turbine components

Impacts on safety
6dza SNERZ OA

Reliable performance.

References and Other Points

Comments or
remarks not
addressed above

Less noise.

Successful examples
of implementation

Drylow NQ combustionsystems for GlBeavyduty gas trbines

References for
further details

- Davis, L.B. and Black, S.H., Dry LowQ¥®nhbustion Systems for GE Heay
Duty Gas Turbines. GE Power Systems.

- Chang CT, Lee CM, Herbon JT, Kramer SK (2013) NASA Environment
Responsible Aviation Project Develops N&gheration LowEmissions
Combustor Technologies (Phase I). J Aeronaut Aerospace Eng 2: 116.
doi:10.4172/2168792.1000116

- Emissions from Combustion and Their Effects. SBAC Aviation and
Environment Briefing Papers
http://www.sustainableaviation.co.uk/wgsontent/uploads/emissions
from-combustiorand-their-effectsbriefing-paper.pdf

- Lean Premixed Combustion.
http://www.netl.doe.gov/File%20Library/Research/Coal/energy%20syst
s/turbines/handbook/32-1-2.pdf

- http://www.nasa.gov/pdf/633344main_1d3 _Aeronautics.pdf

- Hosoi, J., Hiromitsu, N., Riechelmann, D., Fuijii, A. and Sato, J., Simple
NQ, Combustor Technology. IHI Engineering Review, 41 (1) 2008.

- VD. Bank, R., Berat, C., Cazalens, M. and Harding, S., Strategy For
Environmentally Friendly Low Emissions Combustion Development in
European Aeronauticd™ European Air and Space Conference, Deutsch
Luft und Raumfahrt Kongress 2007.
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3.5.1.2

Aircraft design improvements

Table 3-21: Summary information for aircraft design improvements

General Description

Name of technique

Aircraft design improvements

Pollutants addressed

NG

Engine/vehicle/vesse
typesconsidered

Aircrafts

Short description of
technique

9 Reduction of basic aircraft weight. This increases the commercial paylc
for the same amount of fuel burn.

1 Improvement of aerodynamics. Reduction of the drag forces and its
associated thrust.

1 Improvemert of overall specific performance of the engine. Reduction o
the fuel burn per unit of delivered thrust.
1 Aircraft design that flies at lower altitudegth reduced speed.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutantsaddressed)

1 NQ, emissions varwith cruise altitude, speedand shape of aircraft (wide
body, narrowbody).
1 The improvement of the aerodynamiozay lead to N@decrease 4%

1 Specific design examples have demonstrated up to 50¥%eMi3sions over
a baseline design.

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

1-1.5% increase in total operating costs for nartbady aircrafts and 3%
increase for widebody aircrafts.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

1 Large and heavy aircrafts that cruise at low altitudes have large fuel
consumption.

9 The minimum NQdesign has higher fuebnsumption rate

Non-regulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

30-50% savings in climate impacts for both narfoedy and widebody
aircrafts by varying cruise altitude and improving the design.

Limitations andimplementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

9 Reduced speed and altitude for existing aircrafts are associated with lg
fuel and operatingost penalties.

9 Operating an existing aircraft at reduced altitude, increases fuel burn a
decreases maximum range.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Technical difficulties may exist.
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Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE |j dzA NB Y Sy

No special maintenance requirements.

Durability/lifetime of
emission control
equipment

No significant impact on aircraft lifetime.

Impacts on safety
6dza SNEZ OAX

No signficant safety impacts.

References and Other Points

Comments or
remarks not
addressed above

No further remarks.

Successful examples
of implementation

Aircraft Technology Improvements. ICAO Environmental Report 2010.

References for
further details

- Egelhofer, R., Simplified Aircraft Design Functional Chain. First CEAS
European Air and Space Conference, Berlin 2007.

- Schwartz Dallara, E. and Kroo, M., Aircraft design: Trading Cost and C|
Impact. 47 AIAA Aerospace Sciences Meeting Including The New Hori|
Forum and Aerospace Exposition,&January 2009, Orlando, Florida.

- Schwartz Dallara, E. and Kroo, I., Aircraft Design for Reduced Climate
Impact. 49 AIAA Aerospace Sciences Meeting includligNew Horizons
Forum and Aerospace Expositjdn 7 January 2011, Orlando, Florida.
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3.6 Trams, metros, and trolley buses

Trams and trolleybuses are electrically driven public transport vehicles run on rails and
powered by electricity usually taken from an overhead wire. They operate in urban,
suburban and regional environment. Metropolitan railways (various abbreviators are metro,
underground, subway or tube) are electric transport systems with high transport capacity
operating on their own i mostly underground - rail network.

Using public transportation systems is by itself an effective measure to reduce air pollution
and improve air quality in cities, by shifting traffic from private cars (and diesel buses) on to
cleaner and higher capacity electric means of transport.

Electric trams, metros, and trolley buses do not generate tailpipe or evaporation emissions.
However, they are a source of heavy metal emissions owed to the wear of their
components and, in particular, friction on the rails and on the power line. Sparking that
occurs in the power lines is an additional mechanism of heavy metal emissions.

Emissions produced when vehicle poles glide and spark on the power lines are largely
unknown and their contribution to an urban inventory is not accounted for. This does not
mean they do not exist. Several studies in US and Europe have demonstrated increased
concentrations of carbon and several metals in metro stations?**°. Moreover, it should not
be forgotten that electric power generation is also associated with significant pollution
generation problems at the power station sites, depending on the energy mix of each
country.

An indicative list of measures related to the usage of (electric) trams, metros, and trolley
buses in order to increase environmental protection and energy efficiency and improve air
quality is given below®".

Fleet and network

1 Modernization of existing stock and fleet management optimization

1 Increase commercial speed through segregated tracks and traffic management
measures

1 Inspection and maintenance of rails, fixed installations, etc.

General measures

1 Make the usage of trams, metros, and trolleybuses attractive (e.g. by park and ride
policies connected to public transport, low fare policies, expansion of network, new
routes, etc.)

1 Increase intermodality and reduce trip duration
1 Use advanced traffic management systems

Technology measures

1 Reduce friction by better design and materials
9 Eliminate sparking by either mechanical or, most probably, electrical measures

% Kam, W. et al. 2013. A comparative assessment of PM; s exposures in light-rail, subway, freeway, and
surface streets environments in Los Angeles and estimated lung cancer risk. Environ. Sci.: Processes
Impacts 15, 234.

%0 Kam, W. et al. 2011. Chemical characterization of coarse and fine particulate matter (PM) in
underground and ground-level rail systems of Los Angeles Metro. Environ. Sci. Technol. 45, 6769.

%! http://www.caprice-project.info/spip.php?rubriquel
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3.7 Horizontal measures

3.7.1 Particulate

matter (PM) from component wear and abrasion

3.7.1.1  Tyre, brake, and road surface measures

Table 3-22: Summary information for tyre, brake, and road surface measures

General Description

Name of technique

Tyre, brake, and road surface measures

Pollutants addressed

PM (mainly PN) primary emissions and resuspension

Engine/vehicle/vesse
types considered

All road vehicles

Short description of
technique

Tyre measures

1 Adjustment of tyres

1 Avoid using studded tyres

Brakemeasures

9 Change brake composition (e.geramic brakes have fewer emissions).
9 Brake particulate collection system

9 Gentle braking.

Road surfaceneasures

1 Adjustment of pavements and gritting material

1 Usage of coarser, wear resistant rock aggregates

1 Alternative pavements (porous, rubber mixezhncrete)
9 Dust binding materials

9 Wet roads reduce resuspension

1 Street sweeping is very effective in reducing resuspengiahcompletely
ineffective in reducing primary emissions.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Practical trials of dust binding Sweden~10-40% reductions of PM

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Improved pavement materials andare environmental friendlylust binders
are expensive.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

No significant impact on fuel consumption.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ

trade-offs, etc.)

Toxic heavy metals contained in brake (as well as tyre) wear are reducec
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Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 The effect of dust binding depends on weather and traffic intensity.
1 Dust binders reduce friction.
1 Road sweeping with good techniques, otherwise;Piay increase.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Different climate conditions among countries must be taken into account,

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE Ij dzA NB Y Sy

Dose problem with dust binding: when, how often, and how muoh
optimal effect and minimal negative effects?

Durability/lifetime of
emission control
equipment

The effect of dust binding is shdived.

Impacts on safety
6dzaSNEZ OAX

Avoiding using studded tyres may have negative safety effects.

References and Other Points

Comments or
remarks not
addressed above

1 In addition to the above, traffic measures such as reducing traffic activi
decreasing the share of trucks and calming traffic would also assist in |
minimizing the sources of wedust and its dispersion to air.

1 In any case, optimal combinations of the above abatement measures g
expected to have better emission reduction potential.

Successful examples
of implementation

Ddza il Faazy ad® 6HnnpoYE dFEREYERY R,
alongside motorways, November 226, 2009, Rotterdam.

References for
further details

- International Workshop Road Transport Wear Emissions, Amsterdam,
22, 2011. Workshop report available at:
http://slb.nu/slb/rapporter/pdf8/ovr2012 005.pdf

- Deniervan der GonHA.C.et@H n Mo 0 X G ¢ KS t 2f A O
Emissions from Road Transport, Now and in the Fuiuka International
Workshop Report and Consendugi I G SYSy (¢ 3 W2 dzNy |
Management Association, 63:2, 1:389.

- http://www.fleeteurope.com/news/brakeparticulatecollectionsysten

developed
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3.7.2 Volatile organic compounds (VOC) from fuel evaporation

3.7.21

Table

Activated carbon canister

3-23: Summary information for activated carbon canister

General Description

Name of technique

Activated carbon anister

Pollutants addressed

VOC (from fuel evaporation)

Engine/vehicle/vesse
types considered

9 Allgasolinevehicles (passenger cars, light commercialiclel, mopeds
motorcycles)

9 Can be installed in uncontrolled vehiclgstrofitting) or as replacement of
smaller canisters (e.g. for meeting stricter limits)

Short description of
technique

1 One of the essential components of evaporative emission control syste
carbon canister. It consists of a plastic housing containing high surface
carbon adsorbenmnaterial. Hydrocarbon molecules are attracted to the
non-polar surface of the activated carbon and stored within the pores b
physical adsorption or physisorption. Canister filling occurs during diurr
events and refueling.

1 Canisters come in many shapesissizes and are proportional to the
volume of vapor generated in fuel tarfgee figure belovV). At the core of
the canister function is the activated carbon that is charged inside the
chambers. Carbon is available in different particle sizes and working
capacities. The particle size or granule size controls the back pressure
whereas the working capacity is a function of surface area and porosity
Vapor migration into the carbon particle occurs via gas phase and surfi
diffusion of the hydrocarbon molecude

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technology: No evaporation control

9 Up to 99% of breathing losses depending on carbon quality, age, purgi
strategy, ambientemperature

9 No effect on other evaporation losses (due to permeation, leakages an
refueling)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

encapn O6AYRAOFGABGS O2 &icarbbrecanister, Misés)

purge valve.

Environmental Side Effects

Impact on fuel

consumption

No significant impact (if any, only small amounts of fuel saved).

%2 Source of figure: http://www.meca.org/galleries/filessMECA Evap White Paper_Final.pdf
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(positive/negative
impact and typical %
effect)

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

No effects.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Canister haso be properly purged for maintaining its working capacity.

1 For correct dimensioning a number of parameters should be taken into
consideration: fuel tank size, fuel specifications, climatic conditions, tyf
application.

9 Adsorption efficiency maglecrease with ethanol content in the fuel.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Easy to install for new vehicles. Space concernsniopeds and mall
motorcycles. More complicated for retrofits as an autation to purge the
system is required.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

1 No additional maintenance required.

9 Malfunctioning purge valve (venting fuel vapor to the engine), and leak|
vent andvacuum hoses may be detected by OBD (in new cars).

1 Evamration-related problems/failures do not have any impact on vehiclg
drivability.

Durability/lifetime of
emission control
equipment

Deterioration of canister performance with mileage.

Impacts orsafety
6dza SNEZ OA

Only trained personnel should maintain the canister.

References and Other Points

Comments or
remarks not
addressed above

1 For an effective control of evaporative emissions, an activated carbon
canister should be combined witbw-permeability fuel tank and hoses.
1 In addition to the quantity of carbon contained in canister, carbon quali
is also important. There are typically two classes of durability of carbon
- Low Degradation Carbons: thevse about 4% to 9% of their capiyci
over the lifetime of the vehicle, due to repeated cycling with gasolir
- High Degradation Carbons: thivse about 12% to 20% of their
capacity overehiclelifetime, due to repeated cycling with gasoline.

Successful examples
of implementation

- http://www.meca.org/galleries/filessMECA_ Evap White Paper_Final.pi

References for
further details

- Estimating the Costs and Benefits of Introducing a New European
Evaporative Emissions Test Procedure. JRC ScientifitodingReports,
EUR 26057 EN, 2013.

- Joint EUCAR/JRC/CONCAWE Programme on: Effects of gagodine
pressure and ethanol content on guarative emissions from modern cars
Final report to DG Joint Research Centre. EUR 22713 EN, Luxembour
Office for Official Publications of the European Communities, 2007.
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3.7.2.2

Low permeability tank

Table 3-24: Summary information for low permeability tank

General Description

Name of technique

Lowpermeability tank

Pollutants addressed

VOC (from fuel evaporation)

Engine/vehicle/vesse
types considered

All gasolinevehicles (passenger cars, light commerediicles, mopeds
motorcycles)small handheldand norrhandheldmachinery (e.g. in lawn and
garden applicationg)andboat/recreational crafeengines

Short description of
technique

1 Low permeability tankare used to control eaporative emissiosi losses
due to permeation(see figure beloW, where a typical fuel system is
depicted). Theyeduce the permeability of plastics and polymers to
gasoline in either the liquid or vapor phase; this can be accomplished
through both design and selection of materiadslvanced tanks consist of
coextruded, multilayer construction with a barrier layer of ethylene viny
alcohol and fluoropolymers to reduce permeation. Furthermore, polymg
can be treated via sulfonation or fluorination to further reduce
permeability.

Manifold Breathing:

PCV & Injector
Spray & Leak\

Electrical Pass-through

Canister
Permeation

FuelCap Bleed |

u
\\

Pump Module |
+= SealPermeation
— \ -

Rail & Injector
Seal Permeation

Fillneck Flex
Connection

- Dipstick

Tank Permeation or Seam Leak

1 Special challenges in permeation emissions and materials compatibility
have resulted since the introduction of ethanol blends in gasohlesvest
vehicles (FFV) are equipped with the lowest permeation materdifie
older vehiclegsparkignited off road engines like those used in lawn
equipment,boats,recreational motorcycles and AT\sill use
conventional fuel system materials which are not compatible with ethar
levels above 10%. There is a concern that if this equipment and vehicle
are fueled with ethanebasoline blends greater than E10 they will result
significant emissions of hydrocarbons into the atmosphé&rathermore
these enginesre not calibrated to operate on higher ethanol blends.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Reference technolog¥luorinated fuel tank with monolayer structure

9 Up to 70% of permeation losses depending on materials ysecdeffect on
other evaporation(e.g. breathinglosses.

1 If contribution of permeation losses is ~20% of total VOC, theroverall
environmental benefit of a low permeability tank (% reduction of total
VOC) is ~14% (70% reduction of permeation losses * 20% contribution
permeation losses to total VOC frometlrehicle).

Costs for
implementation and
operation (orderof
magnitude
estimations per unit

or any other metric)

Typical installation cosR00-25n € @

% Source of figure: http://www.meca.org/galleries/filessMECA Evap White Paper_Final.pdf
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Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

No significant impact (if any, only small amounts of fuel saved).

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

No critical emissions of unregulated pollutants.

Limitations and Implementatiorissues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Metal tanks add weight and limit the shape necessary to meet stringen
packaging requirements (although theffer the highest barrier to
permeation).

9 Permeation and compatibility issues with ethanol blends above fb0%
older vehiclegsparkignited off road engines like those used in lawn
equipment,boats,recreational motorcycles and ATYspncerns for
significant emissions of hydrocarbons

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Easy to install by trained personnel.

Maintenance and
operation (additional
maintenance
requirements,
monitoring
requirements X 0

1 No additional maintenance required.

1 Evamration-related problems/failures do not have any impact on vehiclg
drivability.

Durability/lifetime of
emission control
equipment

Trouble free operation.

Impacts on safety
6dza SNE X OAX

1 Only trainedpersonnel should install the tank.
9 Reducing evaporative emissions also reduces the risk of fires.

References and Other Points

Comments or
remarks not
addressed above

For an effective control of evaporative emissioatyw permeability tank
should becombined with an activated carbon canister.

Successful examples
of implementation

- http://www.meca.org/galleries/filessMECA Evap White Paper Final.p

References for
further details

- Estimating the Costs and Benefits of Introducing a New European
Evaporative Emissions Test Procedure. JRC ScientifitodingReports,
EUR 26057 EN, 2013.

- Joint EUCAR/JRC/CONCAWE Programme on: Effects of gasoline vap
pressure and ethanalontent on evaporative emissions from modern cai
Final report to DG Joint Research Centre. EUR 22713 EN, Luxembour
Office for Official Publications of the European Communities, 2007.

- Effect of Proposed Evaporative Emission Standards for Boat Ownérs. |
FAQ, EPA42B.02-009, July 2002.

86


http://www.meca.org/galleries/files/MECA_Evap_White_Paper_Final.pdf

3.7.3 Fuels, fuel switching, alternative powertrains

Gasoline related fuels

3.7.3.1

Liquefied Petroleum Gas (LPG)

Table 3-25: Summary information for liquefied petroleum gas (LPG)

General Description

Name of technique

Liquefied Petroleum Gas (LPG)

Pollutants addressed

VOCCO

Engine/vehicle/vesse
types considered

Gasoline vehicles (mainlyassenger cars and light commercial vehicles,
secondarily busesand truck$

Shortdescription of
technique

T LPGsproduced by natural gas extraction (60%) and crude oil refining
(40%). It consists of propane and butane molecules composed of
simple hydrocarbons anitlis free of leadand additives

1 High octane number enald®ptimization of spark timing, hence more
efficient engine and more power generatedthe same amount of fuel.

1 Its gaseous nature eliminates the cold/start problems related to liquid
fuels.Easier start, smoother acceleration, efficient burning, less unburn
hydrocarbonsn the exhaust.

T LPG may be combusted in a normal gasadimgine that has to be adjustec
to the fuel specificationsMost suchengines are suitable faonversion
LPG canlso be used ii-fuel engines which can run on both LPG and
gasolineand, as suchhave two independent fuel systems and tanks.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

9 Properly adjusted stoichiometr@@EMLPG vehicles little differ in terms of
their regulated emissions compared to new gasoline ones.

1A ~10% reduction i€0Oand total VO@nay be observednegligible
evaporative emissions due to gaght seals required on the fuel system).

1 As a retrofit,there is no clear evidence that significant emission reductiq
can be achieved.

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

9 Typicalconversioncost:800-2,0n 1 € &

1 Fuel cost savingd00-9n n €  LISdéperddd ddinileage driven
(because of lowek PGorice compared to gasolin)é“.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

1 In general, LPG has ~80% of the energy content of gasoliniégper
9 Reduction in brake specific fuel consumption of abouB®0% compared
to gasoline.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

Higher NQemissions of LPG retrofit.

Limitations andimplementation Issues

Limitations in its

applicability (e.g.

1 Fuel availability
1 Gas tank limits the car storage space when conversion is applied.

% Indicative example: http://www.racq.com.au/motoring/cars/car_advice/car_fact sheets/lp_gas
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environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Aretrofitted bi-fuel vehicle may be inferior (in emissions) compared to ¢
OEM single LPG fuelled vehicle.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 LPG conversion involves fitting an additional fuel tank, lfnes and
associated components; very sturdy tank and cylinders are needed for
storage.Installation may also be performed at new vehicles by the origi
manufacturer.

1 Refueling infrastructure must be expanded.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE lj dzA NB Y Sy

Longer service life and reduced engine maintenance costs (due to its vaj
condition at the engine combustion chamber, it does not strip oil from
cylinder walls or dilute the oil when the engine is cold)

Durability/lifetime of
emission control
equipment

Reduced tear and wear on the engine due to absence of carbon deposits
acids.

Impacts on safety
6dza SNEZ OAX

LPG conversion to be made by trained personnel only.

References and Other Points

Comments or
remarks not
addressed above

Petroleum dependency remains.

Successful examples
of implementation

- http://apem-journal.org/Archives/2011/APEMB 087094.pdf
- In 2012 therewere approximately 5.9 million LPG passenger cars, 2,00!
LPG buses and 262,000 LCVs in the EU.

References for
further details

- Liu, E., Yue, S.Y., LeeAXkstudy on LPG as a Fuel for Vehicles, 1997.
Research and Library Services Division Legislative Council Secretariat
Kong.

- Pundkar A. H., Lawankar S.M., DeshmukRe&formance and Emissions ¢
LPG Fueled Internal Combustion Engine: A Review. attenal Journal of
Scientific & Engineering Research Volume (3) 3 (2012), ISSN2D29

- Saraf R.R., Thipse S.S. and SaxengJ@idparative Emission Analysis of
Gasoline/LPG Automotive Bifuel Engine. World Academy of Science,
Engineering and Technolo) (2009).

- Yang HHChien SMCheng MTPeng CYComparative studpf regulated
and unregulated air pollutant emissions before and after conversion of
automobiles from gasoline power to liquefied petroleum gas/gasoline
duatfuel retrofits. Environ Sci Techndi1) 24 (2007), 8478476.

- Lanje A.S., and Deshmukh MRErformance and Emission Characteristic
of SI Engine using LEEhanol BlendsA Review. International Journal of
Emerging Technology and Advanced Enginee(®)dL0 (2012).

- Europia White Paper on Fuelling EU Transport (2011). Available at
http://www.endseurope.com/docs/110427b.pdf

- Ntziachristos L. and Dilara, Bustainability Assessment of Road Tramspc
TechnologiesJRC Scientific and Policy Reports, EUR 25341 EN, Joint
Research CentreInstitute for Energy and Transport, (2012)
doi:10.2788/28167

- Autogas in Europe, The sustainable Alternative. An LPG IndRsaigmap
Available athttp://www.aegpl.eu/media/16300/autogas%20roadmap.pd

- JEC wello-wheels study version 3, (2008). Assessment of a wide range
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automotive fuels and powertrains relevant to Europe in 2010 and beyol
Available athttp://iet.jrc.ec.europa.eu/sites/about
jec/files/documents/V3.1 TTW_ Report 07102008.pdf

- Mamidi, T. and Suryawnshi, J.G., Investigation§ 6. Engine Using
Liquefied petroleum Gas (LPG) As an Alternative Fuel. International Jo
of Engineering Research and Applications (IJERA), (2) 1 (201357362

- Salhab, Z., Qawasmi, M.G., Amro, H., Zalloum, M., Qawasmi, M.S. an(
Shaeawi, N., Compative Performance and Emission Properties of Spar
Ignition Outboard Engine Powered by Gasoline and l&@an Journal of
Mechanical and Industrial Engineering, (5) 1 (2011527

89


http://iet.jrc.ec.europa.eu/sites/about-jec/files/documents/V3.1_TTW_Report_07102008.pdf
http://iet.jrc.ec.europa.eu/sites/about-jec/files/documents/V3.1_TTW_Report_07102008.pdf

3.7.3.2

Ethanol (EtOH)

Table 3-26: Summary information for ethanol (EtOH)

General Description

Name of technique

Ethanol (EtOH)

Pollutants addressed

PM, NQ, VOC (from fuel evaporation), Synergies: CO

Engine/vehicle/vesse
types considered

Gasoline road vehicles (mainly passenger aatslight commercial vehicles
FFVs (Flextuel Vehicles)

Short description of
technique

1 Ethanol is an alcohdiased fuel for vehicles that can be used as neat fue
or blended with gasoline. It is produced either from stastlgar based
crops or by celllosic feed stocks with biochemical or thermo chemical
procedures.

1 Because of its high oxygen content, ethanol is cleaner burning than
gasoline. It can be used blended with gasoline as e.g. E85, which is
composed of 85% ethanol and 15% gasoline (formul&dedFVs), or E10,
which is composed of 10% ethanol and 90% gasoline (formulated for
conventional gasoline vehicles) or other blends.

1 High combustion speed and high octane number that allows higher
compression ratios (hence, arkihock quality and more #grmally efficient
engine).

9 High latent heat of evaporation (hence, decreased compressed gas
temperature). The combustion products also decrease combustion
temperature and reduce cooling heat loss (these lead to increased torg
and thermal efficiency).

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

In general, environmental benefit mainly depends on ethanol blend. So
indicative ranges for E85 emission reductions (compared to pure gasol
are given below:

1 PM (1620%)

TNQ (10-15%)

1 VOC from fuel evaporation (32D%) (E85 is less volatile than gasoline)

1CO (2040%)

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

1 FFVs are priced the same as gasetinly vehicles, offering drivers the
opportunity to buy an E85 capable vehicle at no additional cost.

9 Conventional vehicles can be upgraded for use with lower percentage
0f SYRa aAvyLi e OKIFy3aAy3a (GKS LI NI
€ T nandiby enginegetuning.

9 Usually, lower price for E85 fuel compared to gasoline, but no significa
fuel cost savings (e.g. per year) because of decreased fuel economy.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Fuel economy of vehicles using ethanol blends depends on the engine ty
and driving conditiondn general, E85 reduces fuel economy and range b
about 2630%, meaning an FFV will travel fewer km on a tank of E85 thar
a tank of gasoline. Thisbgcause ethanol contains less energy than gasol

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

1 Increased unburned ethanol and acetaldehyde emissions.

9 Using E85 may provide significaatiuctions in emissions of many harmfy
toxics.

Limitations and Implementation Issues

Limitations in its
applicability (e.g.

1 Severe issues with coifartability and drivability; can be solved with
additives or by lowering the blend percentage.
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environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 At conventional gasoline vehicles, specific proportions of ethanol/gasol
blends are allowed. Above these limits, corrosion may occur at specific
parts of thevehicles.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 The use of pure ethanol requires some modifications to Sl engines.

9 Appropriate calibration of the lambda sensor is required to retain
stoichiometry with ethaol.

1 E85 cannot be used in a conventional, gaseting engine. Vehicles must
be specially designed to run on it.

9 Conventional vehicles can be upgraded simply changing the parts that
under risk of corrosion.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE lj dzA NB Y Sy

Maintenance for ethanefueled vehicles is very similar to that of regular cg
However, owners should identify the car as an FFV when ordering
replacement parts.

Durability/lifetime of
emission contol
equipment

Clogging of fuel lines due to ethanol deposits when using ethanol blends
E10 and beyond.

Impacts on safety
6dza SNEZ OAX

Ethanol is safe for storage and transportation; safety and storage regulat
are generally the same as gaseliregulations.

References and Other Points

Comments or
remarks not
addressed above

9 Performance of vehicles running on ethanol/gasoline blends is similar t
that of pure gasoline powered vehicles.

1 Ethanol usage may drive up the food cost, so it maycoostitute an
adequate solution to the energy problem.

Successful examples
of implementation

About 39 million FFVs worldwide (23m in Brazil, 10m in US, 600k in Can
230k in Sweden).

References for
further details

- Nakata, K., Utsumi, S., Ota, Kawatake, K. et al., The Effect of Ethanol
Fuel on a Spark Ignition Engine. SAE Technical Pape023380, (2006),
doi:10.4271/200601-3380.

- Li, L., Liu, Z., Wang, H., Deng, B. et al., Combustion and Emissions of
Ethanol Fuel (E100) in a Small SI En@Ad¢ Technical Paper 26013
3262, (2003), doi:10.4271/200R1-3262.

- Ethanol Internal Combustion Engines. IEA ETSARhnology Brief TO6
June 2010.

- Curtis, S., Owen, M., Hess, T. and Egan, S. Effect of Ethanol Blends o
Spark Ignition 6troke Intenal Combustion Engine. Bringham Young
University, Provo, Utah (2008).

- Arcoumanis C., A technical Study on Fuels Technology related to the A
Qil Il Programme. European Commission DG Energy, Final Report, Vo
II: Alternative Fuels, (2000).

- Masum, B.M.Masjuki, H.H., Kalam, M.A. and Rizwanul Fattah, .M., Eff
of ethanolgasoline blend on N@mission in Sl engine. Renewable and
Sustainable Energy Reviews 24 (2013);22®,

- Kumar, J., Trivedi, D., Mahara, P. and Butol&&formance Study of
Etharol Blended Gasoline Fuel in Spark Ignition En¢@®8R Journal of
Mechanical and Civil Engineering, (7) 3 (2013)/8.1

- Argakiotis, C., Mishra, R., Stubbs, C., and WestomhB Effect of using an
Ethanol bended fuel on Emissions in an S| Engrenewable Energy and
Power Quality Journal, Issue (12), 2014, ISSN-@38X (In Press).
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- Zhai HFrey HCRouphail NMGongalves GAndFarias TL. Comparison of
flexible fuel vehicle and lifeycle fuel consumption and emissions of
selected pollutants and greenhouse gases for ethanol 85 versus gasoli
Journal of the Air & Waste Management Associatlth(8) (2009), 912
924,

- E85 and Flex Fuel Meles. US EPA Technical Highlights, Office of
Transportation and Air Quality, E20-F10-010a, May 2010.

- http://about.bnef.com/pressreleases/cellulosiethanotheadsfor-cost
competitivenessy-2016/

- http://www.meca.org/technology/technology
details?id=28&name=Altaative%20Fuels

- http://www.ffv -awareness.org/fags.html

- http://www.afdc.energy.gov/vehicles/flexible_fuel.html
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3.7.3.3

Methanol (MtOH)

Table 3-27: Summary information for methanol (MtOH)

General Description

Name of technique

Methanol (MtOH)

Pollutants addressed

1 No significant impact on PM and Nédmpared to gasoline.
9 Reduction of aromatiand polyaromatic hydrocarbons (PAHS).

Engine/vehicle/vesse
types considered

1 Gasoline road vehicles (mainly passenger cars and light commercial
vehicles).

1 (Bio)methanol is reported in individual studies as an alternative liquid
biofuel in applicationsuch as e.g. in buses and ships (instead of LNG),
the experience is limited.

Short description of
technique

1 Methanol is a natural gaderivative. It can be produced from natural gas
coal gasification, or biogas, using various synthesis techniques.

1 It offers much higher volumetric energy content than natural gas, and €
of handling forrefuelingand storage on board the vehicle.

1 Actually, MtOH is one of the first alternative fossil fuels used in transpo
already since the 1970s (in particular in &S gasoline replacement).

91t can be used as a neat fuel or in blends with gasoline. lalragh natural
octane rating (>105) and offers additional efficiency gains due to its hig
heat of vaporization.

Environmental Benefit and Costs

Specific claimé%
reduction range of
pollutants addressed

1 Methanol is ignited in cylinder by a spark, in an identical process to
gasoline combustion. Hence, emissions are usually controlled by a thre
way catalyst and a similar profile of conventional pollutants aslgess
to be expected.

1 In generalthe use of methanol instead of gasolias a fuebn new
specifically designed vehicles is not expected to lead to substantially
different levels of pollutants, as long as oxygenated compounds are
satisfactorily dealt vth.

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

faSiKIy2f LR26SNBR OKNONSABYISE LIS
corresponding gasoline ones.

1 Fuel cost savings can be achieved because of love#ianol fuel price
(calculated in energy equivalence to gasoline and di%ssel)

9 Extra costs for the lubricants are required, but maintenance costs migh
reduced due to clean burn characteristics of methanol.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

The energy content of methanol is less than that of gasoline (almost half
higher fuel consumption would be theoretically predicted for blends of
methanol with gasoline.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

9 Similar to ethanol and other alcohols, oxygenated organic compounds
aldehydes and ketones can be a problem when methanol is combuste

1 On the other hand, itsise may result to a reduction of aromatic and
polyaromatic products of gasoline combustion.

9 Adding methanol to gasoline increases vapor pressure. Light blends hg
high evaporative emission issues.

1 Methanol can be aggressive to some of the engine pdrts) proper care
is given, thus creating additional failures and, possibly, secondary air
emission impacts.

%5 hitp://lemsh-ngtech.com/methanol/methanol-pricing
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Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 More difficult to handle than ethanol due to toxic and poisonous nature
hence its use itC angines is of limited interest. It may be more interestin
as a fuel in fuel cells (direct methanol fuel celEMFCs).

1 Use ofmethanol in existing vehicles may lead to slight departures from
stoichiometry, in a similar way to LPG retrofits.

1 The solubility of methanol in gasoline is decreased in lower temperatur
and solubilizers (higher alcohols) may need to be added to the fue

1 Methanol/gasoline blends result in higher vapor pressures that can lea
vapor lock problems, difficulties with hot starts, poor acceleration.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

Engine modificationare not necessary, but this depends on the percentag
of methanol considered. If M100 is used, then certain modifications to the
vehicle may be needed.

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NE Ij dzA NB Y Sy

1 Specialubricants are required.

9 Methanol blends are likely to cause permeation emissions. Special
treatment of the fuel tanks is necessary to reduce permeation losses.

9 Large canisters can be used for accumulating the evaporating emissiot

Durability/lifetime of
emission control
equipment

9 Corrosion of the fuel system parts and compatibility problems when
YSGKIy2t of SyRa 2N YSGKIy2f FdzSt
9 Longterm durability of alcohol retrofit vehicle is questionable.

Impacts on safety
(useNBR = OA A

Less flammable than gasoline. However, it burns with an invisible flame ¥
to detect for vehicle owners and operators.

References and Other Points

Comments or
remarks not
addressed above

Equal power can be obtained by vehicles powesgher with MtOH or with
gasoline at stoichiometric air to fuel ratios. Power is increased in vehicles
with richer mixtures.

Successful examples
of implementation

- http://www.methanol.org/energy/transportationfuel.aspx

- http://www.afdc.energy.gov/fuels/emerging _methanol.html

- http:// www.eri.ucr.edu/ISAEXVCD/ISAEXVAF/MTFELBLF.pdf

- http://www.methanol.org/Health-And-Safety/SafetyResources/Health-
Safety/MethanexTISHGuide.&px

References for
further details

- Nichols, R.J., The Methanol Story: A Sustainable Fuel for the Future. J
of Scientific & Industrial Research, 62 (2003}193.

- Bechtold, R.L., Goodman, M.B. and Timbario, T.A., Use of Methanol ag
Transportation Fel. The Methanol Institute, Arlington, VA (2007).

- L. Bromberg, and W. K. CheMgthanol as an Alternative Transportation
Fuel in the U.S.: Options fouSainable and/or Energ8ecure
Transportation Massachusetts Institute of Technology (2010).

- Cassady, P.E., The use of methanol as a motor vehicle fuel. Mathemat
Sciences Northwest, Inc. Symposium on Alternate Fuel Resources.
Proceedings, 1976, p. 2872.

- Faiz, A., Weaver, C.S. and Walsh, M.P., Air Pollution from Motor Vehic
Standards and Technologies for Controlling Emissions, (1996). The W
bank Washington, D.C.

- Sperling, D., New Transportation Fuels: A Strategic Approach to
Technological Clmge. University of California Press, 1990.

- Cohn, D., Super Efficient Methanol Engines, Promsus Workshop,
Gothenburg, Sweden, 201Available at:
http://marinemethanol.com/publications/category/fpromsusworkshop
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- Clean Alternative Fuels: Methanol. United States Environmental

Protections Agency. Transportation and Air Quality Transportation and

Regional Programs Division, EPAEAID-040, (2002).
- http://www.openfuelstandard.org/2011/05/whatis-methanol.html
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3.7.34

Gasoline components

Table 3-28: Summary information for gasoline components

General Description

Name of technique

Gasoline components Aromatic free (alkylate) gasolin@

Pollutants addressed

Mainly: VOC, CCsynergiesPAH, benzenetoxicity of exhaust emissions

Engine/vehicle/vesse
types considered

9 Small gasolinengines for norroad applications (handheld and ground
supported engineshoth 2-stroke and 4stroke.

1 High power output norautomotive engines like snowmobiles.

Short description of
technique

1 Start up anchormal (hot)operation emissions can be reduced by using
gasoline which is free of aromatics, benzene, and olefins. Such fuel is
artleftrasS 3Iraz2taAySé RdzS G2 Ada f

1 Because of the rather simplistic fuel system of sradlines, that allows
increased fuel evaporation, use of aromatic free and benzene free gas
will have a significant positive impact on VOC and CO, as well as on P
benzene, and toxicity (including mutagenicity) of exhaust emissions.

1 Moreover, alkydte gasoline improves the startability and the long term
operation of such engines.

Environmental Benefit and Costs

Specific claims (%
reduction range of
pollutants addressed

Sgnificant positive impact on VOC and.CO

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Significant price difference with conventional gasoline may exist (e.g. mo
expensive 8.3-n ® n) but thé overallbdditionalcost is minor since typical
use of small gasoline engieless than 10 l/year/user.

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

No significant impact on fuel consumption.

Nonregulated
pollutants and trade
offs (e.g. Nklor N,O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

Sgnificant positive impact on PAHs, benzeard toxicity (including
mutagenicity) of exhaust emissians

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

9 No harmonized fuel markets since no European wide fuel standard exi
(this would increase availability and use of the juel

1 Sweden has a national standard and some countries have national
regulations (Sweden, Finland, and Norway).

Ease of
implementation

(technology or

No difficulties in implementation (production exists).

% Main source of summary information for aromatic free gasoline: Neste Oil (http://www.nesteoil.com/).
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expertise required,
infrastructural needs,
etc.)

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

1 Less maintenance of the engines is required.
1 Improvement instartability and long term operatian

Durability/lifetime of
emission control
equipment

Lifetime of the engine may increase.

Impacts on safety
6dza SNEZ OAX

Less health risks when enginedueledfrom canisters (less volatile
hydrocarbons, less fuel odor, no benzene vapors).

References and Other Points

Comments or
remarks not
addressed above

As an example, VOC and CO of a lawn mower can be as high asad&
cars per hour. CO of a chain saw can be as high as 20 modern cars and
high as of 100 modern cars per hour.

Successful examples
of implementation

Used commonly in Sweden and Finland, to some extent in Germany and
Switzerland.

References for
further details

Swedish standard SS 15 54 61 with some updates could be used as a bz
for a European wide small engine gasoline standard.
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Diesel related fuels

3.7.35

Dimethyl Ether (DME)

Table 3-29: Summary information for dimethyl ether (DME)

General Description

Name of technique

Dimethyl Ether (DME)

Pollutants addressed

PM, BC, NO

Engine/vehicle/vesse
types considered

9 Heavy duty road vehicles (trucks, busééiRMM/rail
1 General use is difficult, maylmore appropriate for dedicated fleets,
where the fuel distribution is probably easier.

1 The experience in DMftielled vehicles is very limited.

Short description of
technique

1 DME is a natural gas derivative. It can be produced from natural gas,
biomass orcoal (through gasification and then the synthetic gas is
catalyzed to produce DME). It can also be formed by dehydration of
methanol.

1 It offers much higher volumetric energy content than natural gas
(therefore, easier handling faefuelingand storage omboard the vehicle).

11t has low boiling point, hence it vaporizes easily and improves combug

9 Low auteignition temperature, high cetane number (#®), so highly
appropriate for Cl engines.

1 Easier engine start in cold weather conditions.

EnvironmentalBenefit and Costs

Specific claims (%
reduction range of
pollutants addressed

9 PM: DME combustion results to soot levels that can meet Euro VI limitg
without the need of a DPF (due to molecular structure of DME).

1 NQ, benefits can be achieved compared to diesel engines (especially t
oldest ones).

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Comparable to conventional diesel (marginal cost differences may .exist)

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

In general, higher fuel consumption is expected due to lower DME energ
density per unit volume than diesel.

Non-regulated
pollutants and trade
offs (e.g. NHor N,O
emissions, N©
formation, PM/NQ
trade-offs, etc.)

Higher formaldehyde (GB) emission than diesel, especially in high speeg
and mediumto-high loads of working conditions.

Limitations and Implementation Issues

Limitations in its
applicability (e.qg.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral

changes, etc.)

9 Fuel availability (distribution network is limited).
1 Its low viscosity is responsible for leakage problems from the fuel supp
system andor poor lubricity.

9 Due to high vapor pressure, it tends to cavitate to the fuel injection sysi
and prevent stable fuel injection operation.
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Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 Engine modifications mayot be necessary when DME/diesel blends are
used; this may not be true for neat DME in CI engines (in any case, ret
is possible).

9 DME can be transported in pressurized liquid form (a pressurized fuel
system is required to maintain DME in liquid state)

Maintenance and
operation (additional
maintenance
requirements,
monitoring

NB lj dzA NB Y Sy

Not compatible with most elastomers used in diesel fuel system due to it
corrosiveness, so replacement by compatible materials may be necessal

Durability/lifetime of
emission control
equipment

Low lubricity can cause surface wear of moving parts within the fuel injeg
system.

Impacts on safety
6dza SNERZ OA

1 Non+toxic, environmentally benign. Blue visible flame.
1 Wide flammability limits require thadoption of rigorous procedures for
safer operation.

References and Other Points

Comments or
remarks not
addressed above

9 DME can substitute conventional diesel, LPG or be reformed into hydr¢
for fuel cells (direct DME fuel ceDDMEFC).

9 Enginecombustion noise is lower than that of a diesel engine.

Successful examples
of implementation

- http://www.aboutdme.org/

References for
further details

- Greszler, A., DME from Natural Gas or Biomass: A BetteARerlative,
Volvo Group Truck Technology. SAE 2013 Government / Industry mee
(2013).Available at:
http://www.sae.org/events/gim/presentations/2013/greszler _anthony.pg

- Kalyuzhnyi, S., Dimethylether as a motor fuel of the 21st century.
Department of Chemical Enzymology, Moscow State University, Russi
Available at:
http://www.cpi.umist.ac.uk/eminent/publicFiles/brno/MSU_Dimethyl Et
er.pdf

- Patil, K. R. and Thipse, S. S., The Potential ofDibHel Blends as an
Alternative Fuel for Cl Engines, International Jourh&rerging
Technology and Advanced Engineering, (2) 10 (2012)135&vailable at:
http://www.ijetae.com/files/Volume2lssuelO/IJETAE 1012 06.pdf

- Erdener, H., Arinan, A. and Orm&h, Future Fossil Fuel Alternative; Di
methyl Ether (DME) A review, International Journal of Renewable Ener
Research, (1) 4 (2011), 2288. Available at:
http://www.ijrer.org/in dex.phplijrer/article/viewFile/78/pdf

- Kowalewicz, A and Wojtyniak, M., New Alternative Fuels for IC Engie
Review, Journal of KONES Internal Combustion Engines;2Z1(2004),
358-368.Available at:
http://ilot.edu.pl/KONES/2004/01/42.pdf

- Arcoumanis C., A technical Study on Fuels Technology related to the A
Oil Il Programme. European Commission DG Energy, Final Report, Vo
II: Alternative Fuels, (2000).

- Semelsberger, T. A., Borup, R. L. @nelene, H. L., Dimethyl Ether (DME)
an Alternative Fuel, Journal of Power Sources, (156) 2 (200651197

- Yusheng, Z., Chulan, M., Halying, S., and Shaen, Z., Study on
Formaldehyde Emission in a D¥iHeled Directnjection Diesel Engine,
SAE Tehnical Paper 200@1-1909, 2007, doi:10.4271/20671-1909.
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http://ilot.edu.pl/KONES/2004/01/42.pdf

- Hansen, K.R., Application of Dimethyl Ether in Compression Ignition
Engines. PhD Thesis. Department of Mechanical Engineering, Nils Koy
Allé, Building 403, DR800 Kgs. Lyngby, Denmark, 2012.

- Shukla, M.K., Bhaskar, T., Jain,A.K., Singal, S.K. and Garg, ME®eIBio
as Transportation Fuel: A Review. Automotive Fuels and Lubricants
Application Division, Indian Institute of Petroleum Dehradum.

100



3.7.3.6 Biodiesel

Table 3-30: Summary information for biodiesel

General Description

Name of technique

Biodiesel

Pollutants addressed

PM, VOC, CO

Engine/vehicle/vesse
types considered

Diesel engines and vehicles: cars, light commercial vehialeks, buses,
non-road construction and agriculture machinery, trains.

Short description of
technique

1 Biodiesel can bproducedfrom new and used vegetable oils and animal
fats by reacting with methanol or ethanol to produce a lowascosity fuel
that is similar in physical characteristics to diesel

11t can be used neat or blended with petroleum diesel for use in a diesel
engine.lt iscommonly blended at low levels, i.e.,%0B20) or less.

Environmental Benefit and Costs

Specific claims (%
reductionrange of
pollutants addressed

Low biodiesel blends (up to B20) can reduce PM18%), VOC and CO (5
10%).

Costs for
implementation and
operation (orderof
magnitude
estimations per unit
or any other metric)

Comparable to conventional diesel (marginakt differences may exist).

Environmental Side Effects

Impact on fuel
consumption
(positive/negative
impact and typical %
effect)

Increase in fuel consumption, proportionally to the blend considered.

Nonregulated
pollutants and trade
offs (e.g. Nklor N;O
emissions, N®
formation, PM/NQ
trade-offs, etc.)

Possible increase in N@-3%).

Limitations and Implementation Issues

Limitations in its
applicability (e.g.
environmental
conditions, fuel
specifications,
technological
barriers, behavioral
changes, etc.)

1 Current regulations in Europe limit blends to B7 and only gradually mo
towards higher blending ratios.

9 Higher blends are allowed in controlled captive fleets (e.g. buses) whel
maintenance intervals and practices, as well as engiaterials, can be
adjusted to the fuel properties.

1 Incompatibility with some older engines.

Ease of
implementation
(technology or
expertise required,
infrastructural needs,
etc.)

1 Blends of 20% biodiesel with 80% petroleum diesel (B20) can be used
unmodfied diesel engines.

i Biodiesel can be used in its pure form (B100), but may require certain
engine modifications to avoid maintenance and performance problems
Pure blends of biodiesel may not be suitable for cold climates.

Maintenance and
operation (addtional
maintenance

requirements,

1 More often maintenance necessary.

1 When used for the first time, biodiesel can release deposits accumulatg
on tank walls and pipes from previous diesel fuel, initially causing fuel f
clogs.Hence, fuel filter must change after the first tank of biodiesel.
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monitoring
NB lj dzA NB Y Sy

Durability/lifetime of
emission control
equipment

Biodiesel can degrade rubber fuel system components, such as hoses a
pump seals (especially with highpercentage blends and oldeehicles).

Impacts on safety
6dza SNERZ OA

Safe nontoxic, biodegradable.

References and Other Points

Comments or
remarks not
addressed above

Retrofit DOCs and DPFs can operate effectively on vehicles using a biod
blend fuel up to B2@rovided that this biodiesel blend conforms to
appropriate biodiesel specifications and that the biodiesel blend meets th
fuel sulfur specification required by the retrofit technology supplier.

Successful examples
of implementation

- The Route to Clean@uses: A guide to operating cleaner, low carbon
buses. Energy Saving Trust, UK, 2003.

- Clean Vehicles in EurogeAn overview of vehicles, fuels and national
strategies, Trendsetter Report No 2003: 2, October 2003.

- IEA Advanced Motor Fuels, Annual Re2@®3.

- Clean Fuels for Road Public Transport, International Association of Pu
Transport (UITP), 2004.

- Clean Buseg Experiences with Fuel and Technology Options, Clean Fl¢
project, February 2014. Available at:
http://www.clean-fleets.eu/fileadmin/files/Clean_Buses

Experiences_with_Fuel _and_Technology Options_2.1.pdf

- http://www.vtt.fi/inf/pdf/technology/2012/T46.pdf

References for
further details

- Charles C. et al., Biofuej#\t What Cost? A review of costs and benefits
EU biofuel policies, International Institute fBustainable Development,
April 2013.

- Ntziachristos L. and Dilara P., Sustainability Assessment of Road Tran
Technologies. JRC Scientific and Policy Reports, EUR 25341 EN, Join
Research CentrelInstitute for Energy and Transport, (2012)
doi:10.2788/28167.

- http://www.epa.gov/cleandiesel/technologies/fuels.htm

- http://www.meca.org/technology/technologydetails?id=28

- http://www.fueleconomy.gov/feg/biodiesel.shtml

- http://www.dieselnet.com/tech/fuel_biodiesel.php

- http://www1.iaphworldports.org/toolbox%201/cleantech.htm

- http://www.theicct.org/sites/default/files/publications/ICCT_HDV -in
use_20130802.pdf

- http://advancedbiofuelsusa.info/wgontent/uploads/2011/03/110307-
BiodieselvsRenewable Final3 -JJYformatting-FINAL.pdf
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