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Why the combustion engine and improving 
lubrication is the most practical route.

engines
fuel-efficient

FOR NOW AND THE FORESEEABLE FUTURE, most experts 
agree that the internal combustion engine is still our 
best option for powering vehicles. So as government 
restrictions, consumers and the realities of a dwindling 
petroleum supply propel the drive toward improved fuel 
economy, it makes sense to stop diluting efforts on alter-
native engines and focus on improving the fuel efficiency 
of combustion engines. After all, they’ve been working 
quite well for more than 150 years. 

CONVENTIONAL INTERNAL 
COMBUSTION ENGINE VEHICLES 
Called one of the greatest accomplishments by humans, 
the internal combustion engine (ICE) first existed as a 
concept with Leonardo da Vinci in 1509 and then as an 
actual four-stroke engine developed and built by Niko-
laus Otto in 1876. While the engine is used in station-
ary applications, its real value has always been mobile 
applications—first small motorized devices like carts 
and then cars and aircraft. One of the reasons why ICEs 
continue to dominate is the energy density (density to 
both weight and volume) of petroleum—giving ICE-

The piston assembly is the source of greatest 
mechanical friction loss in most engines.



powered vehicles a range that remains 
superior to almost all other vehicles. 
Even in today’s most advanced hybrid 
vehicles, the ICE is still the primary 
power supply.1

Widely adopted upgrades like incre-
mental engine downsizing and weight 
reduction have doubled fuel efficiency 
during the last 20 years, but the push 
is strong for continued improvement. 
Among the areas being scrutinized for 
improved fuel efficiency are: 

• The disconnect between engine 
fuel efficiency characteristics 
and actual driving conditions

• The waste of energy caused by 
braking

• The waste of energy caused by 
engine idling

• The waste of energy caused by 
friction

• The waste of energy caused by 
reducible vehicle weight.

More fuel-efficient ICEs also have 
been proposed and prototyped, includ-
ing the Scuderi Split Cycle Engine. And 
there are plenty of research projects 
underway. One of these is a project at 
Argonne National Laboratory (ANL) in 
Argonne, Ill., to develop a laser ignition 

system as a more fuel-efficient alterna-
tive to the spark-ignition system. 

ALTERNATIVE-ENERGY ENGINES2  
All alternative fuel vehicles come with 
issues preventing their widespread 
adoption.3 But for some alternatives 
(hybrids), the issues have been nearly 
overcome, while for others (hydrogen 
fuel cells and natural gas) the issues 
are serious obstacles that may prove 
fatal to the technology. During the key-
note address at the STLE 2014 Annual 
Meeting & Exhibition last May, Dr. 
Don Hillebrand, director of the Center 
for Transportation Research at ANL, 
pointed out the lack of a viable fuel in-
frastructure in the foreseeable future as 
the bane of nearly all promising alter-
native fuel technologies—from ethanol 
to electric to natural gas to hydrogen.4

 
PRIMARY AND ANCILLARY 
BATTERY-POWERED VEHICLES
The two main types of batteries used 
in battery-powered electric vehicles 
are nickel metal hydride (NiMH) and 
lithium-ion (Li-ion) batteries. NiMH 
batteries are used as a secondary en-
ergy source in 95 percent of all hybrid 
electric vehicles (HEVs) such as the 
Toyota Prius. Li-ion batteries are used 
as primary energy sources in battery-

powered electric vehicles (BEVs) such 
as the Nissan Leaf.  

Battery-powered electric vehicles 
(BEVs) have some advantages over con-
ventional ICE vehicles such as high-
energy efficiency and zero tailpipe 
emissions. While significant progress 
has been made in developing automo-
tive batteries, major challenges remain 
such as:

• Reducing the cost, size and 
weight of battery packs

• Improving battery safety

• Prolonging the battery life; the 
estimated battery life is around 
150,000 miles or 10 years, 
while the current average life of 
all vehicles is 14 years 

• Reducing the battery charging 
time.5

BEVs are currently price competi-
tive with conventional cars. However, 
energy density is still an issue.  

Hybrid electric vehicles (HEVs). Con-
ventional ICE vehicles perform well 
and have a relatively long operating 
range. However, they have the disad-
vantages of poor fuel economy and 
high carbon emissions. 

HEVs, which combine the best fea-

Comparison of 2012 Model Year Vehicle Specifications for 5 Power Types (Note: Most information is from Current Status of Hybrid, Battery and 
Fuel Cell Electric Vehicles: From Electrochemistry to Market Prospects) by Bruno G. Pollet, Iain Staffell and Jin Lei Shang, p. 25. Natural gas infor-
mation was added.

Comparison of 2012 Model Year Vehicle Specifications for 5 Power Types*

ICE  
(VW Golf)

HYBRID  
(Toyota Prius)

BEV  
(Nissan Leaf)

FCEV  
(Honda FCX Clarity)

NATURAL GAS  
(Honda Civic)

Power Supply IC engine ICE, electric motor battery and  
electric motor

PEM fuel cells and 
electric motor

IC engine

Fuel gasoline, diesel,  
and alternatives

gasoline, diesel electricity hydrogen compressed  
natural gas

Top Speed (MPH) 124 112 94 100 130

Acceleration (0-60 in seconds) 9.5 10.4 7 10 9.1

Range (miles) 552 716 73-109 240 220 (approx.)

Purchase Price (2012) $29,400 $33,400 $41,250 $80,000 (estimated) $26,925

Fuel Price per Mile (cents) 22 14 0.02 0.07 5.6

Fuel Economy (MPG or equivalent) 45.6 72.4 99 81 31

Tailpipe CO2 Emission (g/km) 144 89 0 0 close to 0

*Information (except for Natural Gas) from Current Status of Hybrid, Battery and Fuel Cell Electric Vehicles: From Electrochemistry to Market Prospects by Bruno G. Pollet, Iain Staffell and Jin Lei Shang, p. 25, 
natural gas vehicles were not included.
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tures of two power sources, gain the ad-
vantages of both ICE vehicles and BEVs 
and overcome their individual disad-
vantages. HEVs are more expensive 
than conventional vehicles because of 
the extra components and complexity 
required but less expensive than BEVs 
due to the high cost of Li-ion batteries.

Hydrogen fuel-cell vehicles (FCEVs). 
Hydrogen has an energy content by 
weight that is about three times higher 
than petroleum and natural gas, but it 
has an energy content by volume that is 
about 3,000 times less than petroleum. 
This makes storage and distribution 
prohibitively costly. Hydrogen storage 
on board the vehicle is the main issue 
that needs to be resolved before FCEVs 
can become commercially viable. But 
even if storage is resolved, today’s fuel 
cell systems would still be too expen-
sive and fragile. The technology invest-
ment in the fuel cell supply chain is in 
serious decline. Honda’s FCX Clarity is 
an FCEV that has been in very limited 
production since 2009 and is currently 
available for lease only. 

Natural gas vehicles (NGVs) suffer 
from the same fuel storage issues as 
FCEVs. However, the abundance of 
natural gas in the U.S. has made them 
an attractive alternative for fleet vehi-
cles that can return to the same depot 
for refueling every day (overcoming 
the refueling infrastructure problem). 
Some municipalities have been using 
NGV buses for nearly a decade, and 
fleet-intensive companies such as FedEx 
and UPS recently made major commit-
ments to NGVs. But at this time, be-
cause of high pressure compression 
and fuel storage issues and the lack of 
a practical way to refuel them, there is 
not a viable natural gas passenger car 
on the market. 

Although FCEVs and NGVs suffer 
from some of the same obstacles, the 
reason that NGVs are still on the table 
and FCEVs are effectively not is the huge 
disparity in fuel cost. “Natural gas for 
power generation and transportation is 
a very attractive option due to its clean 
burning properties and lower CO

2
 emis-

sions,” Munidhar Biruduganti, principal 
research engineer at ANL, says. “The 

price decline of natural gas since 2009 
has impacted research into alternative 
gaseous fuels. If it sustains at the cur-
rent levels, there will be more engines 
adopting natural gas. However, with the 
issues surrounding fracking techniques 
coming to light, the price advantage of 
natural gas remains to be seen.”  

THE ROLE OF LUBRICANTS
There are two ways that lubricants con-
tribute to fuel efficiency: reducing en-
ergy-robbing friction loss and enabling 
the development of high-performing, 
fuel-efficient engines. Both of these 
functions are essential for reaching 
increasingly stringent fuel efficiency 
standards. 

Friction loss in vehicles includes 
the energy used to overcome the roll-
ing resistance of tires, brake contact, 

pumping losses and the rubbing and 
turning of various mechanical parts in 
the engine and transmission systems.

RESEARCH INTO 
PARASITIC FRICTION LOSS
Some sources of friction are unavoid-
able, but others can either be reduced 
or eliminated. STLE member Dr. Peter 
M. Lee, CEng, principal engineer/tri-
bologist for Southwest Research Insti-
tute in San Antonio, Texas, explains, 
“Parasitic losses from water and oil 
pumps and chain and belt drives can 
be reduced. Careful design of the trans-
mission and drivetrain will allow the 
engine to operate within its most effi-
cient range. Further enhancements can 
also be made to both the gasoline and 
diesel combustion strategies.”6

A recent study to determine the 

GLOBAL ENERGY LOSS DUE TO FRICTION IN TRUCKS AND BUSES

A 2014 study, Global Energy Consumption Due to Friction in Trucks and Buses, by 
Kenneth Holmberg, Peter Andersson, Nils-Olof Nylund, Kari Mäkelä and Ali Erdemir 
concluded the following:

• In heavy-duty vehicles, 33 percent of the fuel energy is used to overcome friction 
in the engine, transmission, tires, auxiliary equipment and brakes. The parasitic 
frictional losses (with braking friction excluded) are 26 percent of the fuel energy. 
Only 34 percent of the fuel energy is used to move the vehicle.  

• 47.5 million gallons of fuel was used worldwide in 2012 to overcome friction in 
heavy-duty vehicles. Any reduction in friction reduces exhaust and cooling losses, 
as well.

• Globally a single truck uses an average of 396 gallons of diesel fuel a year to 
overcome friction losses; a truck and trailer combined average 3,302 gallons; a 
city bus 3,354 gallons and a coach bus 1,875 gallons. 

• By taking advantage of new technology for friction reduction in heavy-duty 
vehicles, friction losses could be reduced by 14 percent in the short-term (4 to 8 
years) and by 37 percent in the long-term (8 to 12 years). 

• Hybridization and electrification are expected to penetrate only certain niches 
of the heavy-duty vehicle sector. In the case of city buses and delivery trucks, 
hybridization can cut fuel consumption 25-30 percent, but there is little to gain in 
the case of coach buses and long-haul trucks. Downsizing the internal combustion 
engine and using recuperative braking energy also can reduce friction losses. 

• Electrification is best suited for city buses and delivery trucks. The energy used 
to overcome friction in electric vehicles is estimated to be less than half of that 
conventional diesel vehicles.
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source and magnitude of frictional 
losses in automobiles was recently con-
ducted by STLE Fellow Dr. Ali Erdemir, 
ANL Distinguished Fellow and senior 
scientist, and Dr. Kenneth Holmberg 
and Peter Andersson of Finland’s VTT 
Technical Research Centre.7 According 
to the study, the energy output of fuel 
in a car engine breaks down like this:

 
• 29 percent is used for cooling 

• 33 percent is depleted in  
exhaust

• 38 percent is used for mechani-
cal energy (33 percent for fric-
tion losses and five percent for 
air resistance).

With current technology, the au-
thors concluded that only 21.5 percent 
of the fuel’s energy output in a combus-
tion engine is actually used to move the 
car. But Erdemir also cites technologies 
that reduce the impact of friction. In-
cluded are new surface coatings, sur-
face textures, lubricant additives, low-
viscosity lubricants, ionic liquids and 
low-friction tires. 

The piston assembly is the source 
of greatest mechanical friction loss in 
most engines—this is primarily be-
cause piston faces must slide against 

the cylinder wall to create the seal 
necessary to keep the lubricant from 
burning.

Emmanuel Wornyoh, assistant 
professor of mechanical engineering at 
University of Wisconsin-Milwaukee, 
says, “My research has confirmed gen-
erally held beliefs that our understand-
ing of basic friction is still rudimentary. 
Yet, to improve engine efficiency we 
need to clarify the causes and effects of 
friction at a dynamic sliding interface. 
Doing this requires deterministic mul-

tiscale models for surface roughness, 
friction coefficient and wear coefficient 
under dynamic conditions. By contex-
tualizing the appropriate friction-veloc-
ity coupling effects in dynamic mod-
eling, a universal efficiency criterion 
may be found that should synergize 
the efforts of tribologists, dynamicists 
and material scientists in fighting fric-
tion for energy efficiency and sustain-
ability.”8 

Lee adds, “For new vehicles, the 
largest fuel economy improvements 
will be achieved through increasing 
engine efficiency, followed by reduc-
tion in pumping losses and reducing 
parasitic losses. Lubricant and addi-
tive development to reduce friction 
will continue to play an essential role. 
But for existing vehicles, the lubricant 
is the only financially practical route to 
improving fuel economy.”

MITIGATING PARASITIC  
FRICTION LOSS
Corporations are making progress in 
reducing the friction losses stemming 
from the piston assembly. As far back 
as 2006, Mercedes-Benz developed 
Nanoslide, a cylinder-coating technol-
ogy it first used on the 6.3-liter AMG 
V-8. During the Nanoslide coating pro-
cess, cylinder walls are sprayed with an 
ultrathin layer (4/1000ths to 6/1000ths 
of an inch) of a molten iron-carbon al-
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ARGONNE NATIONAL LABORATORY’S LASER IGNITION SYSTEM

The research team at ANL’s Distributed Energy Research Center is developing the 
Advanced Laser Ignition System (ALIS), which contributes to both higher operating 
efficiency and lower emissions. Munidhar Biruduganti, principal research engineer 
at Argonne National Laboratory, explains, “Fuel-efficient engines use less fuel rela-
tive to air (lean-burn). However, with this strategy and the current ignition system, 
charge misfiring limits potential efficiency gains.”

The ALIS extends the lean-burn limit to a new level. Laser ignition enables an 
engine to operate at leaner conditions (and at higher boost pressures) relative to 
conventional spark ignition. This improves the engine’s efficiency. 

The system uses free-space transmission of high-power pulsed lasers to create 
an ignition. Compared to a spark ignition system, it also has higher combustion 
stability. Single-cylinder engine test results showed a 60-70 percent reduction in 
NOx emissions and/or efficiency gains of up to three percent. Subsequently, the 
first demonstration of the ALIS was performed on a Cummins six-cylinder engine. 
The demonstration showed laser operation on all six cylinders and proof of higher 
efficiencies and lower NOx emissions.

SUPER KNOCK

Super knock is a strange phenomenon in newer, downsized high-performance engines 
that combine turbocharging and direct-injection technology for better braking at low 
speeds (with the goal of improving fuel efficiency). Super knock is so violent that it 
can quickly damage engine components. So far, because it is so sporadic and random, 
it has been difficult to diagnose and control. Researchers are hoping that lubricants 
might hold the answer. 

Dr. Peter M. Lee, principal engineer/tribologist for Southwest Research Institute, 
explains, “There is still a lot that is not known, but it is quite well accepted that small 
amounts of oil entering the combustion chamber combine with fuel droplets to reduce 
their ignition temperature.”

One variable that reduces the propensity toward super knock is oil formulation. 
For this reason, Lee advocates developing a compatible lubricant for the combustion 
strategy while the engine is still in the design phase—not as an afterthought. “Engine 
manufacturers that utilize this methodology will likely see incremental gains in this 
area,” he says.



loy. A special finishing process creates a smooth surface on 
the ultra-hard coating. The process also opens tiny pockets 
in the metal that retain oil for lubrication. Mercedes reports 
that in the ML350’s diesel V-6 engine, Nanoslide has reduced 
fuel consumption by three percent. 

Other automakers have taken different approaches to 
producing cylinder surfaces that are as smooth and wear 
resistant as possible. Honda developed a technique it calls 
plateau honing for the cylinder walls of its engines. Rather 
than a standard single-step machining process with a honing 
tool—an abrasive that smoothes the cylinder to the required 
finish—plateau honing uses two stages of grinding to produce 
a surface that is ultra smooth yet leaves a pattern of very fine 
grooves to hold oil. Chrysler uses a laser to burn a honing 
pattern into cylinders.9

Because viscous oil requires more power to move through 
the engine, automakers are specifying lighter viscosities to 
save fuel. GM designed a computer-controlled, two-stage 
cooling-system thermostat for its 2.5-liter engine that allows 
the engine to run hotter (and the oil to be thinner) when 
conditions are not extreme.  

ANL researchers, along with the U.S. Department of En-
ergy and industry partners, identified several major initiatives 
to reduce friction loss that focuses on two areas: 

1. The role of viscosity and asperity friction on parasitic 
losses in engines and driveline components.

2. The development of advanced additives and base fluids.

Within those two areas, they are focusing on the following:

• Additives. Nanoadditives (nano-boron and carbon-based 
compounds) reduce asperity friction to enable use of 

low-viscosity fluids with a goal of reducing boundary 
friction by 50 percent or more.

• Base fluids. Novel base fluids with enhanced flow prop-
erties to minimize viscous shear losses. The goal is to 
enable use of lubricants with up to 25 percent lower 
viscosities than today’s lubricants.

• Engineered surfaces. Non-ferrous surfaces that promote 
formation of tribofilms with improved friction and 
wear performance, with a goal of reducing boundary 
friction by up to 50 percent.

• Modeling. Models of lubricant film formation that corre-
late friction and wear performance with lubricant film 
structure and chemistry (specifically asperity friction 
and scuffing). The goal is to replace the current inves-
tigative approach with the development of additives 
that derive from a science-based mechanistic model.

• Performance validation. Performance evaluation proto-
cols to improve the lab-scale techniques for reliable 
prediction of engine performance with a goal of making 
greater use of rapid, cost-effective, lab-scale rigs to re-
duce cost and time-to-market of advanced lubricants.10

As part of ANL’s tribology research group, Erdemir is in-
volved with the following projects geared toward reducing 
friction. These include: 

LITHIUM-ION (LI-ION) BATTERIES

While Li-ion batteries store more energy than NiMH, they 
suffer from major issues such as cost, wide operational tem-
perature ranges, material availability (e.g., Li), environmental 
impact and safety. At present, Li-ion batteries are expensive, 
but it is anticipated that the price will decline so rapidly that 
they will be the least expensive rechargeable batteries by 
2022. Currently a replacement battery for a Nissan Leaf is 
$5,500.

NICKEL METAL HYDRIDE (NIMH) BATTERIES

The major advantage that NiMH has over Li-ion batteries 
is safety. Furthermore, NiMH batteries are preferred in 
industrial and consumer applications due to their design flex-
ibility (ranging from 30 Ampere hours to 250 Ampere hours), 
environmental acceptability, low maintenance, high power 
and energy densities, cost and, most important, safety. The 
total price of the battery pack for a hybrid ranges from $600 
to $3,000.

Munidhar Biruduganti, principal research engineer at Argonne Na-
tional Laboratory, demonstrates the ETECH single cylinder natural 
gas research engine. The ETECH engine is used to test advanced 
technologies such as laser ignition, air separation membranes and 
others to simultaneously improve engine efficiency and reduce emis-
sions. It is a spark-ignited natural gas engine, which is representative 
of a medium/heavy duty truck engine or a mid-range power genera-
tion engine. (Courtesy of Argonne National Laboratory)
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• Boron-based advanced nanolubri-
cants can be added to existing 
oils to improve lubricity by up 
to 50 percent. These additives 
are environmentally safe, inex-
pensive and have the capacity 
to enhance the antifriction and 
antiwear properties of sliding 
surfaces in both diesel- and 
gasoline-powered engines. The 
unusual lubricating mechanism 
of boron-based additives in these 
oils and fuels is controlled by its 
unique chemical structure and 
its ability to form a strongly 
bonded protective boundary film 
on rubbing surfaces. 

• Super-hard and slick nanocompos-
ite coatings improve the reliabil-

ity and performance of moving 
mechanical systems, including 
engines. ANL’s nanocomposite 
reduces friction by 80 percent, 
increasing energy efficiency, 
eliminating wear and scuffing-
related failures and extending 
the life of mechanical compo-
nents. This technology won an 
R&D 100 Award and has been 
licensed to automotive manufac-
turers. 

• Ultra-fast boriding is an inno-
vative heat treatment process 
that uses boron compounds to 
convert surfaces into extremely 
hard, thick layers that provide 
superior wear resistance. Com-
pared to existing thermal treat-
ment processes, ANL’s ultra-fast 
boriding method provides much 
higher energy efficiency, produc-
tivity and near-zero emissions. 
After successfully boriding mul-
tiple quantities of industrial 
parts with a pilot-scale reactor, 
the ANL technology was li-
censed to Bodycote for full-scale 
commercialization.11 

“Generally the current position in 
the industry is that engine manufac-
turers produce engines with various 
coatings, and the lubricant industry 
supplies lubricants for the engines,” 
Lee explains. “Lubricants are rarely 
formulated to work specifically with 
these coatings and non-conventional 
materials, but they should be.”  

Lee cites the example of diamond-
like carbon coatings that are generally 
believed to be inert. “We have done 
work that shows they do respond dif-
ferently to different additive packages,” 

he continues. “So there is an important 
role for the lubricant to play in protect-
ing these non-conventional materials 
and a great deal of research work and 
collaboration between engine, lubri-
cant and additive manufacturers is 
required. A few engine and lubricant 
manufacturers do work together from 
the beginning of an engine design, but 
this is not the norm.”  

Lee is confident that the continued 
drive toward lower viscosities and high 
stress operating conditions will contin-
ue to spur development of coatings and 
additives. “From experiments we have 
undertaken, if the correct combina-
tion of coating, lubricant and additive 
package is brought together, significant 
improvements in fuel economy can be 
achieved,” he says. “This will require 
engine and lubricant manufacturers to 
work together from the start of engine 
development.”

So when it comes to improving fuel 
efficiency, basically there are two routes 
to go:

1. Continue to focus on ICEs and 
mitigating their shortcomings.

2. Develop new, more energy-effi-
cient engines. 

Practically speaking, it makes sense 
to improve the ICE vehicles that already 
dominate the market and for which an 
established refueling infrastructure is 
already in place. But to meet fuel and 
emission standards, engineers and re-
searchers still need to make rapid im-
provements in a relatively short period 
of time. 

“The problem of improving energy 
efficiency is hardly computational since 
we have access to unprecedented com-

THE SCUDERI SPLIT CYCLE IC ENGINE12

The Scuderi engine is an alternative internal combustion engine that has paired cylinders, each of which performs two of the strokes of 
a conventional four-stroke engine. The compression cylinder performs intake and compression. The power cylinder performs combus-
tion and exhaust. Compressed air is transferred from the compression cylinder to the power cylinder through a crossover passage. Fuel 
is then injected and fired to produce the power stroke. In a conventional internal combustion engine (ICE), each cylinder performs all 
four strokes per cycle. 

Patent holder, The Scuderi Group says that the engine is more fuel efficient and produces fewer toxic emissions than a conventional 
ICE. The downside is that (depending on the vehicle’s mechanical design) the engine may require an extra valve per pair of cylinders.

Cummins QSK19G natural gas engine (for 
power generation, not autos); Argonne En-
gine Test Cell. The Advanced Laser Ignition 
System (ALIS) was used on the Cummins 
natural gas engine to demonstrate better 
efficiency than stock ignition systems.  
(Courtesy of Argonne National Laboratory)
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putational power and advanced numer-
ical schemes,” Wornyoh says. “Rather, 
fundamental theoretical modeling for 
predicting and matching experimental 
friction-based engine efficiency seems 
lacking. The next generation of en-
gine efficiency innovators will need 
to understand how to formulate basic 
physics models that capture at multiple 
scales, nonlinear friction-based asper-

ity deformations and other mechanical, 
thermal and physical factors that affect 
efficiency.” 

Wornyoh concludes, “To win the 
battle of energy efficiency and envi-
ronmental sustainability, we must re-
strategize our ongoing fight with fric-
tion by carefully reassessing what has 
worked and which of our tools need 
transforming.” 
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