FUEL, LUBRICANT AND GREASE

B Introduction

After fluctuating quite a bit during the previous three
years, the price of crude remained relatively steady in
2017. The price of West Texas Intermediate (WTI), a
grade of crude oil used as a benchmark for oil pricing
due to its large volume of trade and many market partic-
ipants, had declined dramatically by the end of 2015, but
started rising gradually after an agreement to reduce
production was signed in November 2016. However, the
increased development and production of shale oil in the
U.S. that accompanied the rise in crude oil prices in gen-
eral curbed a significant rise in price, which reached
about $50 US dollars per barrel at the beginning of
2017". After that, it hovered around $45 per barrel until
June and then rose to around $55 per barrel in July. It
then gradually declined from the middle of September,
dropping back to around $45 per barrel in January 2018.
The fluctuations in price over the entire course of 2017
therefore remained within a range of $15 dollars per bar-
rel.

The amount of crude oil imported into Japan in 2017
was 187.64 million kL, a decrease of 2.6% from the previ-
ous year, and the amount of crude oil processed in Japan
was 186.79 million kL, a decrease of 2.3% from the previ-
ous year. Both of these statistics are currently trending
downward®.

Figure 1 shows the change in the amount of demand
for petroleum products in Japan®, with the total amount
of fuel oil in 2017 estimated at 169.77 million kL (a 1.0%
decrease from the previous year). Broken down by oil
type, gasoline accounted for 51.11 million kL (a decrease
of 22% from the previous year), diesel oil accounted for
33.38 million kL (a decrease of 0.1% from the previous
year), and A class heavy oil accounted for 11.36 million
kL (a decrease of 5.1% from the previous year), reflecting
a lower demand than in the previous fiscal year in all
categories. Moving forward, the overall demand for fuel

oil is predicted to decrease by 1.5% on average per year
(excluding C class heavy oil for generating electric pow-
er) from 2017 to 2021. By type of fuel oil, demand for gas-
oline is predicted to decline by 2.2% due to the popular-
ization of environmentally-friendly vehicles and advances
in low-fuel consumption technologies, while demand for
diesel fuel is expected to remain flat.

Fuels

2.1. Fuel Trends
The Second Notice of the Act on Sophisticated Meth-
ods of Energy Supply Structures announced in 2014 re-

quired Japanese oil companies to increase the installation
ratio of their residual oil processing equipment for the
purpose of promoting the effective use of fossil fuels.
Each company had achieved this goal by 2017 by dispos-
ing of their atmospheric distillation equipment and re-
ducing their nominal capacity. The average installation
ratio of residual oil processing equipment at the target
refineries in Japan improved from about 45% to about
50% as a result. In contrast, the effective utilization of
heavy oil cracking equipment (e.g., improving the capaci-
ty utilization rate, greater cooperation between refiner-
ies, and boosting the capacity) falls short compared to
the highly competitive refineries in other countries.
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Fig. 1 Demand for Petroleum Products
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Therefore, in the Third Notice announced in October
2017, Japanese refineries were requested to improve the
processing rate of residual oil by 2021%.

The Act on Sophisticated Methods of Energy Supply
Structures also specifies target values for the introduc-
tion of bioethanol into the Japanese market to promote
energy security and reduce CO_2 emissions”. Steady
progress has been made and interim target values have
been achieved since the initial introduction of bioethanol
in 2011, with the target of supplying 500,000 kL of bio-
ethanol (in terms of its crude oil equivalent) to the Japa-
nese market anticipated to be cleared in fiscal 2017. In
addition, it was decided to set the target values for 2018
and the following five years at the same level as in 2017.
Although Japan is presently achieving the targets set for
bioethanol in its marketplace, issues such as the reliance
on imports from Brazil for the majority of that fuel and
its higher price than gasoline need to be addressed.
There is a growing need to develop technologies to allow
Japan to increase its volume of domestically-produced
biofuel while also taking the avoidance of competition
with food sources and further reductions in CO_2 emis-
sions into account. Research is therefore focusing on the
breeding of Botryococcus to develop a biofuel production
technology that uses algae as its base material®.

At the same time, the International Maritime Organi-
zation (IMO) has decided to reduce the upper limit of al-
lowable sulfur content in the C class heavy oil used for
marine fuel from the current 35% down to 0.5% by the
year 2020”. Figure 2 shows the details of this change in
the regulations, the purpose of which is to reduce the
amount of sulfur oxide (SOx) and particulate matter (PM)
in exhaust emissions. Given that petroleum products are
a joint product from crude oil, this new marine fuel regu-
lation may eventually have some influence on the proper-
ties of automotive gasoline and diesel fuel.

In response to the increasing use of base materials
from cracked petroleum products such as those men-
tioned previously, the petroleum industry and automo-
tive industry in Japan conducted a joint research project
called JATOP III (Japan Auto-Oil Program III) over the
course of three years from 2015 to 2017. This research
project used actual vehicles and on-bench engine testing
to look into solutions to the various technical issues for
gasoline and diesel vehicles identified during the previ-

ous JATOP 1I research project®.
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2.2. Gasoline for Automobiles

The increasing use of cracked gasoline has also in-
creased the proportion of olefin and heavy aromatics
content in that fuel. The previously mentioned JATOP
IIT research project examined the influence that this con-
tent had on deposits and automotive emissions”. As a re-
sult of testing using actual vehicles, the researchers con-
cluded that even an olefin content increase of 30% of
volume posed no concern about negative impacts on the
exhaust emissions, deposits, and fuel economy. Increases
in heavy aromatics content also increased the number of
fine particles (PN). However, a higher olefin content de-
creases the total aromatics content, and the possibility of
relying on this property to suppress the amount of in-
crease in the PN was considered. In addition, it was also
concluded that even a significant olefin content increase
reaching 40% of volume, still presented no concern about
negative impacts on exhaust emissions and deposits, as
long as the heavy aromatics content did not increase.

Research into the fundamental characteristics of fuels,
such as the ignition delay, laminar burning velocity, and
knocking of gasoline, continues to be pursued and nu-
merous research reports have been published"”". One
characteristic example of this research is a report that
closely examined the properties of fuel in an effort to
realize a super-lean burning fuel®, which is a goal of the
Strategic Innovation Promotion Program (SIP) led by the
Cabinet Office of the Japanese government. Since raising
combustion speed is necessary to realize a super-lean
burning fuel, this research focused on the differences in
the molecular structures of fuels and investigated their
on combustion speed and the lean limit. The results of
practical testing using actual equipment confirmed that
mixing chemical species said to have a high burning rate
into the fuel expanded the lean limit and also improved
the thermal efficiency. This led to the conclusion that re-
alizing a super-lean burning fuel might be possible by
combining this improved fuel with technology that in-
creases the tumble ratio in the engine. There was also a
study that evaluated the influence of fuel composition on
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the knocking that occurs in a super-lean burn environ-

ment"”,

The results of practical testing using actual
equipment confirmed that n-heptane promotes spontane-
ous ignition of unburnt gas, while toluene acts as a sup-
pressant.

Many other reports on gasoline fuels focused on fuel
deposits, and especially the generation of intake valve
deposits (IVD). One study investigated the relationship
between fuel composition and the amount of accumulated
IVD, reporting that the amount of IVD does not increase
if oxidation stability is maintained, even if the olefin con-
tent increases. Results also showed that an increase in
the proportion of a polycyclic aromatic with a high boil-
ing point and the ability to stay on the valve for a long
time also increases the weight of the IVD". Further-
more, the addition of methylaniline, a highly polar aro-
matic, to fuels has been reported to not only promote the
formation of deposits, but also to form a highly polar net-
work structure and increase the Young's modulus, which
indicates the hardness of the deposit".

2.3. Diesel Fuel for Automobiles

The previously mentioned JATOP III research project
also examined diesel fuels. One study found that distilla-
tion and lightening while maintaining a constant cetane
number was an effective fuel-side measure against in-
creasing the load on the diesel particulate filter (DPF),
even when the aromatics content rose due to an increase
in the amount of cracked base material blended into the

1" At the same time, this study also reported that

fue
equipping diesel vehicles with a urea selective catalytic
reduction (SCR) aftertreatment system not only reduced
the nitrogen oxides (NOx), but also provided an effective
vehicle-side countermeasure against the increasing load
on the DPF.

Rising expectations on reducing the burden on the en-
vironment will make it even more important to improve
the fuel efficiency of diesel vehicles. One of the factors
that decreases the fuel efficiency performance of diesel
vehicles is the accumulation of deposits on the fuel injec-
tor nozzles, which is well known to affect engine perfor-
mance in various ways"(18). Research on the accumula-
tion of nozzle deposits has also been conducted outside
the JATOP project in, for example, a study that exam-
ined the nozzle deposit formation mechanism in diesel

19 The resulting report explained how a detailed

engines
investigation was conducted to determine the influence

of fuel composition and temperature within the injection

holes on the formation of deposits through actual engine
tests, detailed analyses of the deposits, the numerical cal-
culation of the flow within the nozzle holes, and stand-
alone laboratory testing. To achieve this, zinc was added
to the test fuel oil to promote the formation of deposits
and the distribution of deposit formations within the noz-
zle holes was tracked, allowing the researchers to not
only infer the mechanism behind deposit formation, but
also propose a nozzle shape that should suppress the ac-
cumulation of such deposits.

Research into the mechanism of deposit formation is
not limited to Japan, and is also being actively carried
out on diesel fuel with added fatty acid methyl ester
(FAME), a blend that is seeing increased use and serves
as base material in regions such as Europe, North Amer-
ica, and Southeast Asia and is a strong potential candi-
date fuel for use outside of Japan®. This study used bio-
diesel with a 20% of volume palm oil-derived FAME
mixture as the base fuel, adding Zinc at 2 parts per mil-
lion (ppm) to promote deposit formation and surmise the
underlying mechanism. The study also compared the dif-
ferent engine test results based on whether detergent
additives were present, and discussed the influence of

deposit accumulation on engine performance.

Lubricants

3.1. Gasoline Engine Oil

3.1.1. Regulatory Trends

The delay in developing the test methods for GF-6, the
next generation of the International Lubricants Standard-
ization and Approval Committee (ILSAC) gasoline engine
oil standard has made it probable that it will not come
into effect until 2019 or later.

One of the focal points of GF-6 is the introduction of a
test to evaluate the ability to prevent low speed pre-igni-
tion (LSPI). However, following automotive industry de-
mand prompted by its concern that the delay in GF-6
coming into effect will push back the introduction of en-
gine oils compliant with the LSPI requirements, it was
decided to introduce the API SN PLUS standard (sched-
uled for 2018), which is the API SN standard supple-
mented with the LSPI prevention performance evalua-
tion test (Sequence IX)%.

The Japanese Automotive Standards Organization
(JASO) is considering the establishment of an engine oil
standard for oils with lower viscosity than OW-16 that

would cover oils up to OW-8. The standardization of the
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fuel efficiency evaluation test for this low viscosity en-
gine oil by April 2019 is under assessment®.

3.1.2. Technological Trends

Improving automobile fuel economy is a technical is-
sue that cannot be ignored since it represents a measure
against global warming. Consequently, downsizing, direct
fuel injection, and supercharging are being combined to
advance fuel-efficient engine technologies. This process
led to identifying the LSPI phenomenon as a problem,
and discussions about its causes and possible solutions
have been going on for a long time, and the SN PLUS
standard going into effect is expected to accelerate the
market penetration of engine oils designed to prevent
LSPI®.

At the same time, the installation of a gasoline particu-
late filter (GPF) in gasoline engines may become neces-
sary to comply with the PM and PN regulations for di-
rect injection gasoline engines made even stricter under
the EURO 6¢ emissions regulations. Verifying the influ-
ence of ash originating from the engine oil on GPF clog-
ging showed that it had less effect on GPF clogging than
in a diesel engine DPF®", and that some level of ash ac-
cumulation in the filter is actually necessary for the filter
to effectively remove soot from the exhaust®. However,
the required level of ash in the gasoline engine oil still
calls for a more detailed examination.

3. 2. Diesel Engine Oil

3.2.1. Regulatory Trends

Japan, the US., and Europe are acting independently
with respect to diesel engine oil regulations. In Japan,
JASO M355 was revised in June 2017. In addition, JASO
DH-2F, an engine oil standard that assigns fuel efficiency
requirements to the existing DH-2 standards, and JASO
DL-0 for passenger car diesel engines that do not meet
the Euro 4 emissions regulations (sulfur content < 500
ppm) were established®,

The DH-2F engine oil standard assigns fuel efficiency
requirements that were not specified in JASO DH-1 and
DH-2. In North America and Europe, high temperature,
high shear (HTHS) viscosity at 150° C is used to specify
the fuel efficiency performance of engine oils, whereas
the JASO standards use an engine test to evaluate fuel
efficiency performance. In the newly established N04C
fuel efficiency test, the standard values for the required
fuel efficiency improvement rates compared to the refer-
ence oil (BBL1 and DH-2 equivalent SAE 30) are an im-

provement rate of 3.7% or more for new oil and a total

improvement rate of 6.8% or more for new and degraded
oil (oil obtained after 200 hours of use in the JASO M336
Detergency Test or JASO M354 Valve Train Wear Test)
combined (JASO M362: 2017)*".

The DL-0 standard, which covers regions such as
Southeast Asia, where emissions regulations equivalent
to Euro 4 and earlier have been established, was added
to replace the API CF-4 standard that expired in 2008.
The need to apply a standard that is equivalent to CF-4
to maintain engine oil quality in these markets led to the
addition of JASO DL-0.

In the U.S. and Europe there were no major actions in
regard to diesel engine oil standards in 2017, but oils
compliant with the API CK-4, FA-4, and ACEA 2016
standards introduced in 2016 began to be disseminated
in the market.

3.2.2. Technological Trends

Satisfying the latest strict fuel economy and emissions
regulations requirements makes it crucial for diesel en-
gine oils to provide excellent fuel efficiency characteris-
tics without sacrificing their longstanding wear resis-
tance, detergency and other engine protection properties.
The use of additives containing boron in the diesel en-
gine oil has been reported to improve piston detergen-
cy?®. Research into dispersing agents with wear resis-
tance properties and containing aromatic amines and
molybdenum to provide both wear resistance and the
ability to disperse soot has also been reported®.

3.3. Gear Oils

Lower viscosity and making other improvements mir-
roring those in engine oils, are being applied to other au-
tomotive gear oils, such as manual transmission oil and
differential gear oil, in an effort to improve vehicle fuel
efficiency. However, there are concerns that simply low-
ering oil viscosity may cause a decline in the fatigue pre-
vention properties and wear resistance that naturally ac-
company a decrease in oil film thickness. In addition, in
some mechanical elements, a smaller fluid lubrication
area may actually worsen the fuel economy. Consequent-
ly, finding the right balance between fuel efficiency and
reliability is an important aspect of automobile gear oil
development.

In response to this issue, Kurihara and others have re-
ported the results of their research into a fuel-efficient
differential gear oil that achieves both fuel efficiency and
reliability by improving oil film retention via a high vis-
cosity base material and improving the friction reducing

Copyright© 2018 Society of Automotive Engineers of Japan, Inc. All rights reserved



effect of the boundary lubrication zone by applying a
molybdenum-based friction modifier®.

In addition, Maruyama and others have proposed an
in-laboratory screening method that to evaluate reliabili-
ty during gear development using a small, four-cylinder
testing machine to determine the fatigue life and amount

®Y Furthermore, Kamei and oth-

of wear on actual gears
ers used a taper roller bearing test to simulate the scuff-
ing phenomenon of the surface of an actual bearing race
and reported that bearing scuffing was caused by a tri-
bochemical reaction involving the oil, the powder pro-
duced by abrasion, and the newly formed metal sur-
face®.

3.4. Grease

As global-scale measures to reduce vehicle CO_2 emis-
sions continue to intensify, the active development and
introduction of electric-powered vehicles such as hybrids
(HEVSs) and fully electric vehicles (EVs) is being pursued
in parallel to efforts aimed at decreasing the fuel con-
sumption of gasoline and diesel engines.

This has increased the demand for reduced friction
and improved transmission efficiency in automotive
parts, and consequently raised the level of performance
required of the grease used on these parts.

For example, the grease used on the bearing of vari-
ous types of electric motors must be able to cope with
the rise in temperature that accompanies their smaller
sizes and higher outputs (temperature suppression and
long service life), while also possessing excellent quiet-
ness under low torque conditions. One grease that meets
these requirements is a urea grease using linear aliphatic
amines as raw material. The low modulus of elasticity of
the thickener and the narrow fluctuation range of the oil
film thickness were reported to provide both low torque
characteristics and quietness™.

In electric power steering, the transmission mecha-
nism and parts differ depending on the steering mecha-
nism (e.g., column assist or rack assist EPS)®” and there-
fore have very different required specifications from
those for the grease used on the bearing of electric mo-
tors. Nevertheless, quietness is already a general require-
ment for almost all automotive parts, and the demand for
stable operating characteristics and low torque is expect-
ed to grow even stronger. Furthermore, the ball joints
used for steering tie rod ends are a kind of sliding bear-
ing™, and the grease for these parts has properties that

are quite different from the grease used for general roll-

ing bearings. While a stable film thickness and low
torque can be realized by balancing the contradictory
forces of adhesiveness and fluidity, demand to further
lower of the torque for these parts is likely to intensify.
The development of stable, high-efficiency grease with
little friction fluctuation, as well as research into the rela-
tionship between grease flow behavior and bearing
torque are still being carried out, even in the case of
grease used for the hub bearing unit and constant veloci-
ty joints (CV]Js), which, among power transmission parts,
have a low torque loss rate of 1% or less. It has been
demonstrated that optimizing grease flow characteristics
can contribute to lower torque®™, creating expectations

for even further technical development.
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