














TECHNICAL BACKGROUND FOR HARMONISED FUEL RECOMMENDATIONS DIESEL FUEL

PARTICULATE CONTAMINATION

Fuel injection equipment manufacturers continue to develop fuel injection systems to reduce emissions
and fuel consumption and to improve performance. Injection pressures have been increasing; currently,
they have reached 1600 bars. Such levels of injection pressure demand reduced orifice sizes and
component clearances, typically from 2 to 5 pm in injectors. Small, hard particles, which may be carried
into these engine parts, are potential sources of engine failure.

Excessive diesel fuel contamination can cause premature clogging of diesel fuel filters, depending on the
level of both hard and organic particles, and premature wear of modern fuel injection system parts. These
impacts, depending on the size and the nature of the particles, will lead to:

* Reduced part lifetimes;

¢ Part malfunction;

* Engine failure; and

* Increased exhaust emissions.

Measuring fuel particle contamination necessarily considers both the size and number of particles per size
class contained in the fuel, i.e. the particle size distribution. The ISO 4406 protocol provides a means of
expressing the level of contamination by coding the size distribution.Three code numbers, corresponding
to the numbers of particles of size greater than 4, 6 and 14 pm per milliliter, respectively, are reported.
Figure 17 shows how to use the ISO 4406 coding method.

Figure 17:1SO 4406 Particulate Size Distribution Coding Chart

Engine and vehicle manufacturers recommend applying the Worldwide Fuel Charter’s particulate
contamination specification at the fuel station nozzle to prevent particles originating from fuel transport,
storage and logistics from reaching the engine.
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TECHNICAL BACKGROUND FOR HARMONISED FUEL RECOMMENDATIONS DIESEL FUEL

GOOD HOUSEKEEPING PRACTICES

The problems encountered by vehicles from poor quality fuel often are caused by adulteration that occurs
in the fuel distribution system, after the fuel has left the refinery gate. Failure to invest in adequate pipeline
and storage facilities and failure to maintain the equipment can lead to volatility losses, fuel leakage and
contamination by particulates and water that, in turn, can lead to a host of vehicle problems. Excess levels
of water, for example, will lead to corrosion, as shown in Figure 18. Poor operating practices at the service
station, such as too infrequent replacement of fuel dispenser filters or "dipping" of tanks to check for
water, can magnify these problems.

Figure 18: Example of Corrosion in Field Pump Caused by Free Water in Diesel Fuel

Heavy corrosion:

Distributor head:

Customer complaint:
No restart

Root cause:
Sticking plunger
Sticking governor ring

Reproduced with permission

© Robert Bosch GmbH reserves all rights, even in the event of industrial property rights and including all rights of disposal, such as copying
and passing on to third parties. Reproduced with permission.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

Thirty one organizations and individuals submitted comments on the August 2005 proposed Worldwide
Fuel Charter (WWHFC). All comments were carefully reviewed for appropriate action. For brevity, the
following discussion has been organized by concept rather than repetitively responding to similar
comments. Several helpful editorial suggestions and corrections were adopted but are not described in
this document. For reasons of confidentiality, the individual commenters are not identified. It should be
noted that the WWFC represents recommendations for a global market, and as such, its specifications will
differ in some regards from the standards of any particular country or location.

General Comments on the Worldwide Fuel Charter

COMMENT:  Review would be much easier if the new draft highlighted the changes from the previous
edition.

RESPONSE:  The Committee appreciates the concern and will consider providing better guidance on
proposed changes in the future.

COMMENT:  Several commenters recommended providing more detailed background on the key
properties.

RESPONSE: ~ The technical background is intended to provide a summary of how fuel properties relate to
vehicle performance characteristics. With each edition, the Committee reviews the
background for opportunities to improve or update the discussions. To the extent readers
seek more detailed information and analysis, they are encouraged to review the references
cited in the document.

COMMENT:  Discussion is lacking of the health and environmental benefits of such topics as eliminating
lead additives, reducing sulphur levels, and increasing the use of biofuels.

RESPONSE:  The purpose of the Charter is to define fuel specifications as required by engine and vehicle
technologies.

COMMENT:  Fuel specifications should be based on a variety of factors, including cost, emission benefits
and Well-to-Wheel (WTW) CO, and energy efficiency analyses.

RESPONSE:  The purpose of the Charter is to define the fuel specifications that will lead to the best
performance and lowest emissions, given different engine and vehicle technologies and
emission standards.

COMMENT:  Category 4 fuels are not practical fuels and are not justified.

RESPONSE:  The Committee disagrees. Some markets have been providing fuels matching or exceeding
several Category 4 limits for many years. Some Category 4 limits are required to enable new
technologies, and others facilitate market acceptance of new technologies. For example,
ultra-low sulfur levels enable the use of lean NOx catalysts, and ultra-low diesel fuel ash
content enables the use of advanced diesel particulate filters. Higher cetane levels are needed
to make light duty diesel vehicles acceptable to consumers as well as reduce emissions.

COMMENT:  Fuel quality recommendations deviate from current national or European regulations.

RESPONSE: ~ The Charter represents recommendations for a global market, and as such, its specifications
will differ from standards specific to any particular country or location. More stringent local
regulations would supersede Charter requirements.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

COMMENT: ~ The WWFC places arbitrary fixed limits on major fuel components such as aromatics and
olefins, which can significantly increase production cost, energy consumption and CO,
emissions while reducing fuel supply. Given the very low emissions that can be achieved by
advanced engines and after-treatment technologies with today’s ultra-low sulfur fuels, no
significant emissions benefits would be obtained from these types of WWFC specifications.

RESPONSE: ~ The purpose of the Charter is to define the fuel specifications that will lead to the best
performance and lowest emissions, given different engine and vehicle technologies and
emission standards.

COMMENT: ~ The United States, Europe and Japan have adopted different methodologies of emissions
evaluation; consequently a vehicle meeting the emissions limits adopted in the United States
might not necessarily meet the European legislative limits when tested by their respective
methodologies. Therefore, attention should be given to unifying emission evaluation
methodologies before unifying fuels specifications, to allow a true comparison of vehicle
performance among countries.

RESPONSE:  The Committee agrees that common emission regulations would be benéeficial, which is why
several members are working toward such worldwide vehicle harmonization. That effort,
however, need not precede efforts to improve and harmonize worldwide fuel quality.

COMMENT:  Various comments were submitted regarding test methods.
RESPONSE:  Some test methods were added and others were corrected as suggested. The year was
retained on some methods to maintain the same specification limits and content.

COMMENT:  "Non-detectable" limits for the maximum metal content are too vague to be enforced,
controlled, or guaranteed. There is no such value listed as detectable in any of the ASTM test
method standards. In addition, to our knowledge, it has not been demonstrated that trace
metals contamination at such extremely low levels is not attributable to vehicle components
rather than to fuels.

RESPONSE: ~ The Committee agrees in the case of metals analysis and has changed the Charter to refer
to the Limits of Quantitation, instead. Regarding the source of metal contamination, the
Charter defines requirements for fuels as delivered to the customer or vehicle. Any metals
or contaminants introduced by engine or vehicle components are accounted for in the design
of the engine and vehicle.

COMMENT:  The silver corrosion limit as shown in D4814-04b and test method in its Annex Al were not
adopted. It is stated that the auto makers are unaware of a fully satisfactory test method to
identify problem fuels.

RESPONSE:  The Committee is not yet satisfied that acceptable test methods are available to address this
concern.

COMMENT:  The inclusion of a second method for measuring fuel injector cleanliness using ASTM D642 |
(and the corresponding limits proposed) is not technically justified. Are methods | and 2
equivalent?

RESPONSE:  The Committee believes that both methods are justified and have different appropriate limits.

COMMENT:  Several commenters recommended that the Charter include requirements for alternative
fuels, including E-85 and biodiesel, and provide additional text recognizing the growing trend
of alternative fuel use.

RESPONSE: ~ The Charter is intended to define conventional fuel standards. The Committee will consider
addressing fuels for alternative fueled vehicles in the future.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

COMMENT: ~ The WWEFC fails to consider unique conditions such as in Brazil. Brazil uses gasoline that
contains 25% ethanol; its vehicle fleet increasingly contains flex-fuel vehicles that can be
powered either by a gasoline/ethanol blend or by pure hydrated ethyl alcohol (ethanol).

RESPONSE:  Brazilian ethanol fuel blends are categorized as alternative fuels because they require unique
vehicle calibrations different from vehicles using conventional gasoline. The Committee will
consider addressing fuels for alternative fueled vehicles in the future.

Comments Related Specifically to Gasoline Specifications

COMMENT:  Aromatic content for regular gasoline (91 RON) in Category 4 should have the same limit as
the 95 and 98 octane grades.

RESPONSE:  Based on a reevaluation of the Charter requirements, aromatic levels for all octane grades
have been unified. The Committee continues to support lower aromatic fuels for lower
exhaust emissions. In addition to matching vehicle technologies with the standards, aromatic
levels for each of the Categories have been rationalized recognizing regulations and market
conditions.

COMMENT:  Benzene content should be limited to around 1% max by volume, as has been done in the EU.
RESPONSE:  Benzene content is limited to a maximum of 1% by volume for Categories 3 and 4.

COMMENT:  Categories 3 and 4 state the maximum limit for unwashed gum is 30 mg/100 ml. Recently
introduced 100 octane gasoline fuels have higher levels of unwashed gum because of their
high performance additivation. Is it intended to discriminate these fuels from WWFC
Categories 3 and 4!

RESPONSE:  High unwashed gums have been shown to correlate to high levels of combustion chamber
deposits (CCD). Recognizing some detergent additives result in high unwashed gums without
affecting CCDs, footnote 6 for Categories 3 and 4 allows compliance with the unwashed gum
limit or any of the combustion chamber deposit tests specified.

COMMENT:  The technical discussion on sulphur should include additional points: Reduced fuel sulphur
levels make vehicles cleaner, reducing emissions of CO, HC, and NOx from gasoline vehicles
and PM emissions from diesel vehicles — with and without emissions control technology.
Fuel sulphur reduces conversion efficiency in three-way catalysts and contributes to catalyst
aging. Sulphur inhibition in catalysts is not completely reversible.

RESPONSE:  The Committee agrees and highlights these facts in the Technical Background sections of the
Charter.

COMMENT:  The improvement in HC reduction from 100 ppm to low sulphur fuel is highlighted. Keeping
Category | markets in mind, HC reductions are continuous from around 1000 ppm sulphur.
RESPONSE: The Committee agrees that lower sulfur fuels have a positive effect on all vehicle
technologies. In addition to matching vehicle technologies with the standards, sulfur levels for
each of the Categories have been rationalized recognizing regulations and market conditions.

COMMENT:  Lead removal in gasoline is first and foremost a human health issue, and then a technology-
enabling issue. Unleaded gasoline is a prerequisite to the useful introduction of catalysts in
vehicles, not the other way around.

RESPONSE:  The Committee agrees that the removal of lead from fuels worldwide is an important
endeavor. The primary purpose of the Charter is to define fuel specifications as required by
vehicle technologies.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

COMMENT:  The recommendation against use of MMT® should be removed because it is not technically
defensible and credible. MMT® has been reviewed repeatedly by regulatory and independent
technical authorities who have consistently found no harm with its use.

RESPONSE:  The Committee disagrees. Previous studies as well as the 2002 study conducted by the
Alliance and the AIAM prove the detrimental effects of MMT® on vehicles. Charter members
continue to believe any potential benefits from the use of MMT® are outweighed by its
known disadvantages.

COMMENT:  Possible impact of MMT® on human health, environment, in addition to vehicles and vehicle
emissions, is not even mentioned. When debating whether or not to allow the use of MMT®,
it should be noted that countries consider all factors, not just vehicle requirements. Consider
revising statement to "Many countries have been debating whether to allow the use of this
gasoline additive while the real-world evidence of adverse impacts on human health, the
environment, vehicles and vehicle emissions, continues to grow".

RESPONSE:  All fuels should be metal free for optimum vehicle performance. Comments on health and
environmental impacts are outside the scope of the Charter.

COMMENT: ~ What is meant by the sentence "higher alcohols (C > 2) are limited to 0.1% maximum by
volume" when EN228 and Fuel Quality Directive provides "IPA and IBA = [0% and TBA = 7%".

RESPONSE:  The Charter represents recommendations for a global market, and as such, its specifications
will differ in some regards from standards specific for any particular country or location. In
this case, C3 and higher alcohols are limited to 0.1% maximum.

COMMENT:  Given the demonstrated problems of groundwater contamination with ethers such as MTBE,
it is recommended that the statements indicating that ethers are preferred over alcohols as
gasoline oxygenates should be removed.

RESPONSE:  The primary purpose of the Charter is to define fuel specifications as required by vehicle
technologies. These statements are related to vehicle performance response differences
between ethers and alcohols. Other environmental aspects of fuel blending components are
left to local regulations. Comments on health and environmental impacts are outside the
scope of the Charter.

COMMENT:  The oxygenate paragraph contains little information about requirements and consequences
of ethanol blending. Further, there is no information about the flexible fuel option (E-85).
Recommend adding a paragraph to summarize these issues, for example, adaptations required
to assure drivability, material compatibility, miscibility limits of ethanol blends depending on
temperature and water content, etc.

RESPONSE:  The Committee agrees that careful handling and blending practices are required when
utilizing ethanol as a blending component. In general, the Charter provides recommended
properties for the finished fuel as supplied to the end user, leaves blending practices up to the
fuel marketer/producer and assumes adherence to the best operating practices. The
Committee will consider addressing fuels for alternative fueled vehicles in the future.

COMMENT: ~ When weighing the cost/benefits of ethanol-blended fuels compared to MTBE, a more
balanced analysis would take into account more of ethanol's benefits.

RESPONSE: ~ The primary purpose of the Charter is to define fuel specifications as required by vehicle
technologies. Other issues are outside the scope of the Charter.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

COMMENT: ~ WWEFC features the DI (driveability index). Should that be interpreted as manufacturers are
committed to propose/obtain such a new specification for petrol?

RESPONSE:  Yes, the Committee believes DI is a necessary petrol specification. The Distillation Index
relates to driveability and emissions performance, and the Charter reflects these
requirements for acceptable vehicle performance.

COMMENT:  The Distillation Index equation and driveability discussion are out-of-date and need to be
updated to reflect the recent cold-start and warm-up findings for ethanol blends published in
CRC Report No. 638 and in SAE Paper 2005-01-3864.

RESPONSE:  The Committee believes the DI equation defined by the Charter best represents the
population of vehicles in the market at this time.

Comments Related Specifically to Diesel Specifications

COMMENT:  The Charter does not need to specify limits for both cetane number and cetane index. Also,
the cetane index requirement is unnecessarily high and would be extremely difficult, if not
impossible, to achieve.

RESPONSE: ~ The Committee believes that both cetane number and cetane index limits are necessary for
adequate engine and vehicle performance. Cetane improvers that yield greater than 3 cetane
numbers should be avoided to assure proper ignition performance.

COMMENT:  The non-detectable limit for metal content is not practical. Some OEMs use metal-based
additives to help regenerate particulate filters. Also, there is always the risk of contamination
by very small amounts (< | ppm w/w) of metals from the distribution chain or from the
vehicle itself.

RESPONSE:  The Charter does not address specialty fuels, such as those using metallic additives to
regenerate particulate filters. Further, the Charter defines requirements for fuels as delivered
to the customer or vehicle. Any metals or contaminants introduced by engine or vehicle
components are accounted for in the design of the engine and vehicle.

COMMENT: ~ Work on particulate contamination and size distribution is underway in CEN TC 19 WG3|
and WG24.The Committee should wait for the outcome before finalizing this edition.

RESPONSE: ~ The Charter represents the best available knowledge of this parameter at this time. Newer
industry standards will be included when complete and deemed adequate.

COMMENT:  The induction time method (EN 141 12) is basically designed to evaluate the oxidation stability
of FAME. The application of this method to diesel fuels, and its significance should be
reviewed. Also, the reduction in oxidation stability by diesel desulphurization and FAME
blending is evident and has to be controlled by effective means.

RESPONSE:  The Committee has substituted a placeholder for this test, pending the development of an
acceptable replacement. Additional unresolved concerns with ultra low sulfur fuels
(<10 ppm S) also need to be investigated.

COMMENT:  With the addition of a second oxidation stability test method for diesel fuel, it is not clear if
both have to be run or only one has to be passed.

RESPONSE: ~ The Committee believes both methods provide value. When revisions to the second test are
complete and deemed acceptable, and the Committee adopts limits for this method, the
Committee will expect both oxidation stability tests to be run and passed. The Committee
also expects the industry to further develop data on these methods to inform future
specifications.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

COMMENT:  The transitional limit of 3,000 ppm sulphur seems like an arbitrary level. Why is 3,000
preferable to 4,000 or even 5,000 ppm?

RESPONSE:  Lower levels of sulphur lead to longer engine oil and exhaust system life. In addition to
matching vehicle technologies with the standards, sulfur levels for each of the Categories have
been rationalized recognizing regulations and market conditions. 3000 ppm sulphur from the
previous edition is referenced for transitional purposes.

COMMENT:  The figure demonstrating the effect of sulphur on engine life can be more fully interpreted in
the text. Also, more in-depth analysis should be added regarding the effects of reducing fuel
sulphur levels on the reduction of particulate matter (PM) emissions and diesel after-
treatment technologies.

RESPONSE:  While additional explanation and analysis could be incorporated for many of the parameters,
the document includes the best available references to perform this task and help keep the
text concise.

COMMENT:  The Category 4 footnote on ash content states the "limit and test methods are under review
to assure DPF endurance”. Specifications should not be set until this work is satisfactorily
completed.

RESPONSE: ~ The Charter represents the best available knowledge of this parameter at this time. With
DPF technology entering some markets now, the Committee believed it was necessary to
provide better limits for this new technology. Newer industry standards will be included
when complete and deemed adequate.

COMMENT: It is not correct to establish an ash content limit of 0.001% using ASTM D482 because
according to ISO 4259 ... “- for a single limit (A, or A,), the specified limit shall be not less
than twice the reproducibility R,i.e. A| = 2R or A, = 2R”. Considering that R is 0.005%, it is
not possible to specify a limit of less than 0.01%.

RESPONSE:  Detection limits are based on lower limit of the applicability range. A new chart defining
current detectability limits has been added. We expect further work on ash content test
procedures due to the importance of this parameter on component service life.

COMMENT:  Ash formation also contributes to injector nozzle coking.
RESPONSE: ~ The Technical Background has been updated with this information.

COMMENT: ~ The recommendation against use of ash-forming additives in all categories of diesel fuel
should be removed because it lacks a sound scientific basis. Ash-forming additives have been
shown through vehicle testing and years of consumer experience to improve combustion and
thereby reduce visible smoke and particulate matter emissions from diesel-fueled vehicles.

RESPONSE:  Similar after-treatment technologies are being used on diesel engines as with gasoline fueled
engines, and therefore, all fuels should be metal free for optimum engine and vehicle
performance.

COMMENT:  The Charter should allow biodiesel in Category 4 diesel fuel. Not allowing it in Category 4
fuels will limit the fuel supply.

RESPONSE: ~ There are still some unresolved technical concerns with the use of FAME as a diesel fuel
blending component in vehicles with sophisticated after-treatment technologies, and
therefore, it is not included in Category 4 fuels at this time. The Committee reviews this
position continually as new information becomes available.
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RESPONSE TO COMMENTS ON WORLDWIDE FUEL CHARTER (FOURTH EDITION)

COMMENT:  “Biodiesel” should be substituted for the acronyms FAME and FAEE, and no limit should be
established.

RESPONSE: ~ FAME and FAEE are consistent with industry nomenclature and are the terms the Committee
believes are most clear. The Committee also believes that the level of FAME in diesel fuel
should not exceed the specification limits for the associated categories for acceptable vehicle
performance.

COMMENT:  20% biodiesel should be allowed in all diesel fuel categories.

RESPONSE:  There are several unresolved technical concerns with the use of FAME in amounts greater
than 5% and with the most advanced emission control technologies. The Charter, therefore,
limits FAME content to this upper limit in Categories 1,2 and 3.

COMMENT: ~ The Charter should include a comment that second generation biodiesel fuels are being
developed that may be acceptable if the resulting blend meets the WWFC diesel specifications.

RESPONSE:  The Committee agrees that fuels conforming to all requirements defined by the Charter are
acceptable, regardless of whether they are synthesized from renewable sources or derived
from petroleum.

COMMENT:  Biodiesel used for producing biodiesel blends should be allowed to meet either the US.
(ASTM) or the European standards since the European specification contains certain
provisions specific to European feedstocks.

RESPONSE: ~ The current ASTM or the European biodiesel specifications alone are not sufficient to assure
a quality product. In general, the Charter provides recommended properties for the finished
fuel as supplied to the end user.

COMMENT:  Footnotes regarding FAME quality for blending insufficiently describe vehicle requirements. To
guarantee stable fuels, it is necessary to refer to EN 14214 or other standards with equivalent
or higher quality requirements, only. FAME complying with standards that have no or
insufficient oxidation stability requirements do not ensure safe vehicle operation, even if
FAME is used as a blending component only.

RESPONSE: ~ The Charter requires both EN 14214 and ASTM Dé751, or equivalent standards, to be
considered as meeting minimum vehicle needs. The Committee reviews this position
continually, as new information becomes available.

COMMENT:  Propose adding an explanatory phrase about biodiesel: "Transitioning from conventional
diesel fuel to biodiesel blends may lead to an especially large increase in sediments due to
removal of existent deposits by higher fuel polarity that may plug fuel filters."

RESPONSE:  Technical Background has been updated with this information.

COMMENT: ~ Recommend not specifying a limit for the ethanol/methanol content in diesel, considering that
some diesel engine and vehicle manufacturers accept or even recommend adding up to 2% by
volume ethanol as an anti-icing additive.

RESPONSE: The Committee does not agree with the addition of ethanol or methanol to diesel fuel
because of concerns about safety and performance, among other issues. While some
individual manufacturers may allow its use, the Charter's recommendations represent the
joint position of Committee members applicable to all manufacturers.

COMMENT:  The last paragraph relating to lubricity states that a "pump test rig method is under
development to complement HFRR". This test method was no longer being pursued.
RESPONSE:  Since this work has been suspended, these references have been removed.
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