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Thirty billion tons of carbon dioxide (CO2) enter
the atmosphere yearly to feed the 320 billion kW-
hours of energy consumed each day. As we seek

environmentally acceptable energy sources, the reality is
that about 80% of the world’s energy needs are supplied by
fossil fuels. As world policymakers are increasingly dem-
anding reduced emissions of greenhouse gases (GHG), in
the United States, California and 13 other states have
already established strict emissions goals with a growing
national trend to follow these standards. Recently, the
United Nations passed a climate change accord that gives
nations credit for saving forests and creates a fund to assist
poor countries with climate change efforts while the
European Union andAustralia are running carbon-trading
operations. Alternative low-carbon fuels present one
strategy for reducing GHG emissions; however, each alter-
native fuel has its specific advantages and challenges that
require investigation and adaptation of current technolo-
gies, operations and policies. Several points are clear – we
must reduce our CO2 emissions on the whole, and we
need to develop a more diverse/fuel-flexible energy port-
folio, while being smart about how we do it.
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Low-carbon fuel production is a recognizable

need if the world is to kick its dependence on

petroleum-based fuels and reduce the release

of greenhouse gases, carbon dioxide and other

emissions into the atmosphere. But fuel

designers face challenges with chemistry and

component reactions if they truly are to bring

cleaner-burning fuels to fruition.
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Carbon-reduction efforts
Carbon,with its significant role in forming CO2, is a top-pri-
ority for GHG reduction. One large component of GHG
reduction involves replacing high-carbon fossil fuels with low-
carbon alternative fuels – fuels that producemore energy with
lower CO2 emissions (lower carbon intensity). Prominent
alternatives include biofuels, liquefied petroleum gas, com-
pressed natural gas, hydrogen, electricity and nuclear power.
Alternative low-carbon fuels must be assessed not only by

their carbon intensity,but also by their lifecycle carbon foot-
print: the total output of carbon from production,processing
and delivery. Even beyond the carbon footprint, additional
concerns arise, such as effective land use and stewardship.
Regardless of the ethical or political issues about the devel-
opment of alternative low-carbon biofuels, as an industry,we
must develop clean-burning fuels and combustion equipment
to allow effective adoption into our fuel mix.
Of additional concern to the fuel industry, each alter-

native fuel has characteristics that affect its manufacturing
and processing, chemistry, combustion, storage and delivery.

Biofuels
Biofuels are fuels created from recent plant or animal matter.
Transportation biofuels most commonly used today are
ethanol and biodiesel.New alternatives include cellulosic bio-
fuels, derived from non-food plants, algae fuels and others.
Biofuels are typically blended in small amounts with petro-
leum fuel to avoid issues such as low-temperature congealing,
and seal and gasket damage. Because ethanol has lower heat
content than gasoline,it naturally reduces fuel mileage.Ethanol
fuels absorbwater from surroundings,which reduces efficiency,
makes engines hard to start, causes sputtering, and oxidizes
aluminum and steel components.Additionally, biodiesel fuels
are susceptible to the same issues cooking oils have – they
degrade or go rancidmuch quicker than petroleum fuels,don’t
flow well at cold temperatures and are difficult to store.
Ethanol is currently added to U.S. gasoline to act as an

oxygenate, to reduce carbon monoxide (CO) emissions.
Studies are needed to ascertain whether higher levels of
ethanol in commercial gasoline would result in reduced
emissions of CO and other pollutants, and the effects on

engines.The amount of ethanol in gasoline or biodiesel
can’t simply be increased because the current fleets of vehi-
cles aren’t designed to handle the significant quantity of
low-carbon fuels.While there is a large amount of work
being expended to resolve the pumping and shelf-life issues
of these low-carbon fuels, attention must be paid to how
they burn as it can vary from traditional fuels.

Balancing other emissions
Achieving lower carbon emissions at the penalty of higher
pollutant emissions is not a viable solution.As an example, a
2006 study on ethanol and gasoline volatility in exhaust emis-
sions showed that while CO reduced with increasing ethanol
content in gasoline, there was an increase in the emissions
of air toxics such as formaldehyde, acetaldehyde, benzene
and 1,3-butadiene (www.crcao.org/reports/recentstudies2006/
E-67%20Final%20Report.pdf). Recent experiments have
shown that alcohol fuels can increase soot under certain
combustion conditions, contrary to the intuition that oxy-
genated fuels always burn cleaner than petroleum, accord-
ing to McNesby et al., Combustion and Flame, 142,
413–427 (2005). Alternatively, biodiesel has been shown
to increase nitrogen oxides (NOX) and PM2.5 emissions
(www.aqmd.gov/hb/2007/December/07122a.htm).The bottom
line is that alternative low-carbon fuels need to be burned as
cleanly as petroleum fuels for them to be a viable replacement.

Combustion challenges
Most fuel specifications focus on the physical and thermody-
namic properties such as viscosity,density,heat content,distil-
lation curve andWobbe index.TheWobbe index is the main
indicator of the interchangability of fuel gases such as natural
gas, liquefied petroleum gas and town gas – referring to man-
ufactured gas produced for sale to consumers and municipal-
ities – and is frequently defined in the specifications of gas
supply and transport utilities.While these variables provide
great indications over the pumpability and evaporation char-
acteristics of the fuel, they say nothing about how the fuel
actually burns inside real engines, boilers and gas turbines.
Combustion performance is linked to the chemical compo-
sition of the fuel and operating conditions of the combustion
chamber.The dominant method of validating an engine or
burner design on a new fuel is to run it through costly exper-
imental testing.New techniques that reduce the costs of incor-
porating alternative fuels into equipment designs and effective
combustion simulation are key enablers to achieving that goal.
Combustion is traditionally thought of as hydrocarbon

fuel reacting to form CO2 and water as well as possibly some
trace amounts of pollutants. In reality, combustion is a com-
plex process involving thousands of species and reactions.
Many of these species and reactions are short lived. These
reactions interest us because they determine the formation
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A comparison of detailed chemical simulation cetane
number calculation and experimental data for key fuel
surrogate components. (Chart courtesy of Reaction Design)
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of pollutants such as NOX,CO,unburned hydrocarbons and
soot.They also dictate traditional combustion characteristics,
such as ignition delay, flame speed and peak temperature,
which are critical in assessing basic combustion performance
in cars, trucks and gas-turbine engines.
The understanding of combustion chemistry has advanced

recentlywith the development of validated fuel reactionmech-
anisms that accurately describe the detailed chemistry involved
in the combustion process. One example of a collaborative
effort in this area is the Model Fuels Consortium (MFC),
where 17 car and truck engine as well as major fuel manufac-
turers joined together to develop advanced methodology for
treating fuel-combustion chemistry for diesel, gasoline and
more than 50 other key petroleum and biofuels components.
Special simulation software was developed in theMFC to help
take advantage of a comprehensive fuel-chemistry database in
achieving previously unheard-of levels of combustion-simula-
tion accuracy.Benefits to fuel and enginemanufacturers include
reduction in experimental testing, improvement of product
quality and reduction in the time to market for new prod-
ucts. Computational methods of discerning key combus-
tion characteristics, such as octane and cetane numbers,were
developed under the MFC and are being used by fuel man-
ufacturers to simulate the impacts of different fuel composi-
tions on engine performance. The follow-on program,
MFC-II, is poised to extend this understanding of fuel chem-
ical mechanisms to a wider variety of alternative fuels and
enable use of science-based soot-formation models.
An example of one of these chemistry simulation tools

shows how fuel composition of a diesel blend affects the
cetane number of the fuel.The cetane number is a measure
of the fuel’s ignition delay; the period between the start of
injection in a diesel engine and the start of combustion (igni-
tion) of the fuel. Because fuel ignition is based on initial

decomposition of various hydrocarbons in the fuel, it is highly
dependent upon the fuel’s detailed chemistry.The cetane
number calculator uses the fully detailed chemical reaction
mechanism of a surrogate-fuel blend to predict the ignition
delay of a real fuel in a combustion simulation.Surrogate-fuel
blends are how real fuels are specified in computer simula-
tions.The chart on page 24 shows how the cetane number
varies with common surrogate-fuel-blend components using
a reaction mechanism that has 3,560 species and 14,917 reac-
tions. Simulation of this type can be used to avoid the time
and expense required to prepare the test fuels and experi-
mental tests. Fuel manufacturers can take advantage of
advanced detailed chemistry knowledge and these state-of-
the-art tools to investigate how to make better low-carbon
fuels that have wide applicability across engine platforms.

Conclusion
Addressing the nation’s mandate for low-carbon fuels
requires resourceful investigation into many aspects of fuels
and their properties.The socio-political forcing function
driving increased adoption of low-carbon fuels is gaining
momentum.The question remains, once we’ve solved the
challenges of low-carbon fuel production, transportation,
storage and pumping,will these fuels actually burn cleanly
in today’s engines and burners? Therein resides the chal-
lenge and opportunity for fuel and engine designers.
Adopting new design strategies that include accurate com-
bustion simulation will facilitate fuel and engine designer’s

adoption of low-carbon fuels in a
more environmentally and economi-
cally healthy energy mix. �
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