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About the Co-Optimization of  
Fuels & Engines (Co-Optima) Initiative 

The U.S. Department of Energy (DOE) Co-Optima initiative 
is accelerating the introduction of efficient, clean, affordable, 
and scalable high-performance fuels and engines. This effort is 
simultaneously tackling fuel and engine research and develop-
ment (R&D) to maximize light-, medium-, and heavy-duty vehi-
cle fuel economy and performance, while mapping lower-cost 
pathways to reduce emissions, leveraging diverse domestic fuel 
resources, boosting U.S. economic productivity, and enhancing 
national energy security.

Co-Optima brings together DOE’s Office of Energy Efficiency & 
Renewable Energy (EERE), nine national laboratories, 13 univer-
sities, and numerous industry and government stakeholders in 
a collaboration exploring solutions with potential for near-term 
improvements to the types of fuels and engines found in most 
vehicles currently on the road, as well as to the development of 
revolutionary new combustion technologies. 
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Researchers from national laboratories and uni-
versities across the United States are putting 
their combined scientific might behind the 
Co-Optima initiative, conducting the ear-

ly-stage research needed to accelerate the introduction 
of advanced fuel and engines technologies. Our team 
members are exploring synergies across a range of fuel, 
engine, and powertrain options, with a focus on op-
portunities to increase fuel diversification and provide 
greater flexibility for refiners and fuel producers. 

We have adopted a composition-agnostic approach to 
identify new blendstocks that can be combined with 
conventional petroleum-based fuels to deliver signifi-
cantly improved performance in advanced internal 
combustion engines. In fiscal year 2017 (FY17), our 
research expanded to encompass solutions for the 
entire on-road fleet, from light-duty passenger cars to 
heavy-duty freight trucks.

This report spotlights some of FY17’s most significant 
Co-Optima accomplishments. Major highlights of the 
past year have included: 

uu Establishing an improved merit function that 
quantifies how fuel properties impact boosted spark 
ignition (SI) engine efficiency 

uu Identifying representative blendstocks from five 
chemical families that provide the key fuel prop-
erties needed for high- efficiency SI engines

uu Screening a wide range of blendstocks to assess 
compatibility with vehicles and infrastructure 

uu Determining relationships that describe how chemi-
cal structure impacts key fuel properties 

uu Developing new numerical  algorithms and computa-
tional tools that accelerate R&D 

uu Completing integrated,  systems-level analyses of 
blendstocks in relation to economic, technological, 
market, and environmental factors.

In the course of improving vehicle performance and 
efficiency, Co-Optima researchers are also intent on 
delivering a number of broader related benefits. Analysis 
by the Co-Optima team indicates that if the goals of the 
initiative are realized, then improved fuel economy will 
result in tens of billions of dollars in annual cost savings 
for Americans. In addition, producing blendstocks from 
domestic biomass resources has the potential to increase 
U.S. jobs, support rural economies, and keep energy dol-
lars in America—which ultimately enhances U.S. energy 
security and resiliency.

We thank EERE’s Vehicle Technologies Office (VTO) 
and Bioenergy Technologies Office (BETO) for their 
collaborative support of this initiative as we develop 
transformative knowledge, data, and tools needed to 
move industry, consumers, and the nation toward a 
sustainable transportation future.

John Farrell
National Renewable 
Energy Laboratory

Robert Wagner
Oak Ridge 
National Laboratory

John Holladay
Pacific Northwest 
National Laboratory

Chris Moen
Sandia National 
Laboratories

LETTER FROM THE LAB LEADERSHIP TEAM/EXECUTIVE SUMMARY 
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OPPORTUNITIES FOR NATIONAL IMPACT

Co-Optima R&D is providing U.S. industry with the knowledge needed to 
maximize vehicle performance and efficiency and leverage domestic fuel 
resources. This includes the potential to stimulate economic growth and 
strengthen energy security, while giving American consumers more affordable, 
fuel-efficient transportation options. All opportunity metrics are based on the 
Co-Optima team's analysis in relation to 2015 baseline data.

Increase supply of 
domestically sourced fuel 

by up to 25 billion 
gallons/year

Boost passenger 
vehicle fuel 
economy by 35%

Cut up to $5 billion
in annual fuel costs of 
heavy-duty vehicles

Add up to 500,000
new jobs to spur U.S. 
economic growth

Save $20-$30 billion each 
year through improved light-duty 

vehicle fuel e�ciency

Maximize use of 
$1 trillion in 

existing U.S. fuel 
infrastructure
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TECHNICAL RESEARCH ACCOMPLISHMENTS & IMPACT

While vehicles and fuels currently on the 
market get travelers from Point A to 
Point B, are there new options that could 
save fuel and money, while also deliv-

ering higher performance and cleaner air? Co-Optima 
research is exploring ways to do just that, with the 
science and engineering needed to create engines and 
fuels that work more effectively together.

Co-Optima researchers are considering blendstocks 
that can be produced from a wide variety of renew-
able and fossil resources, with a focus on options 
that can be sourced from domestic cellulosic bio-
mass and similar renewable, non-food, and surplus 
resources. The blendstock production, fuel property, 
and engine performance data uncovered through 

the Co-Optima initiative are making it possible to 
conduct a detailed assessment of bio-derived blend-
stocks and identify areas where further R&D is most 
likely to net meaningful results.

With light-duty vehicles, researchers are investigat-
ing ways to improve near-term efficiency through the 
identification of fuel properties and design parameters 
that maximize performance for spark ignition and 
multimode combustion approaches. For medium- and 
heavy-duty vehicles, the focus is on reducing en-
gine-out emissions while maintaining or improving effi-
ciency in advanced compression ignition approaches.  

Highlights on the following pages represent a selection 
of the top FY17 Co-Optima accomplishments.
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LANDMARK ACCOMPLISHMENTS

Studying compounds from an initial pool of more than 470 candidates, Co-Optima 
researchers explored how molecular structure affects research octane number (RON), 
octane sensitivity (S), and heat of vaporization (HOV)—the fuel properties with the 
greatest impact on engine efficiency for boosted spark ignition (SI) engines.

Application of an engine efficiency merit function led to the identification of five 
chemical families—alcohols, ketones, furans, alkenes, and aromatics mixtures—that 
impart the desired chemical and physical properties needed to maximize boosted SI 
engine efficiency. Fuels can be produced using blendstocks from any of these five 

families mixed with a petroleum base. Ultimately, markets will dictate what blend-
stocks provide the greatest commercial value proposition.

The figures below provide more information on the blendstock candidates, as well as 
the core and surrogate fuels used in Co-Optima research. Detailed information on the 
chemical families and the merit function can be found in the Co-Optima studies Fuel 
Blendstocks with the Potential to Optimize Future Gasoline Engine Performance and 
Efficiency Merit Function for Spark Ignition Engines go.usa.gov/xQx49.
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RON 98 98 98 98 98

Motor Octane Number (MON) 97 88 87 87 88
Anti-Knock Index 

(RON+MON)/2 97 93 93 92 93

Sensitivity (RON-MON) 1 10 11 11 10

Aromatics (vol%) 1 17 46 32 15

Olefins (vol%) 0 5 4 1 32

Paraffins (vol%) 99 39 41 41 49

Cycloparaffins (vol%) 0 7 8 25 3

Ethanol (vol%) 0 32 0 0 0

Core Fuels

Five full boiling range fuels with the same RON but 
different chemical composition used by Co-Optima 
researchers to allow comparison of results across 
different labs and experimental platforms.

Surrogate Fuels

Simple mixtures of up to 10 molecules used to simulate 
the chemical reactivity of a full boiling range fuel. 
The simplified composition allows detailed kinetic 
simulations to be conducted.

This represents just four of the surrogate components being used for 
blend RON and MON measurement.

*E30=30% ethanol blended in xx.

 Candidate Blendstock Families

Representative blendstocks from five chemical families 
identified by Co-Optima researchers as imparting 
desired fuel properties.

CHEMICAL FAMILIES IDENTIFIED FOR CRITICAL FUEL PROPERTIES 

isopropanol

ethanol

isobutanol

cyclopentanone di-isobutylene

furan mixture

n-propanol

Small Alcohols

Ketones Branched Olefins

Furans Aromatics

toluene

1-hexene

iso-octane

heptane
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LIGHT-DUTY VEHICLE RESEARCH

While automakers are now offering sophis-
ticated high-efficiency turbocharged en-
gines for light-duty vehicles (LDVs), the 
maximum efficiency of these engines is 

currently constrained by fuel properties. Co-Optima re-
searchers are exploring how to maximize performance 
and minimize emissions through a systematic under-
standing of the relationships between fuel properties 
and engine operating parameters. 

Researchers are identifying blendstocks that can be 
combined with conventional petroleum-based fuel to 
maximized turbocharged (“boosted”) spark ignition (SI) 
engine performance. In addition to having identified rep-
resentative blendstocks from five chemical families with 
properties that allow for high efficiency, researchers have 
applied their analytical expertise to explore production 
pathways and assess economic, environmental, techno-
logical, and market factors. Now, the Co-Optima team is 
taking this a step further, with researchers assessing fuels 

for compatibility with polymers, plastics, and metals 
used in vehicles, as well as the equipment and i nfrastruc-
ture used to produce, transport, and dispense fuels. 

Identifying a co-optimized boosted SI fuel/engine 
system is an important first step for improving fuel 
economy, reducing operating costs for the consumer, 
and improving market viability. However, even greater 
cycle efficiency and fuel savings are possible with mul-
timode engine strategies that use different methods of 
ignition, combustion, and/or fuel preparation strategies 
depending on engine needs. Co-Optima researchers 
are considering approaches including multi-mode high 
dilution SI and advanced compression ignition (ACI), 
along with the fuel properties needed to deliver each 
option’s optimal performance. 

Select Co-Optima accomplishments related to LDVs 
can be found in the following section.
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SI Knock-Propensity Experiments Support the Central  
Fuel Hypothesis 

Co-Optima's central fuel hypothesis states that appropriate fuel properties indicate 
the fuel’s performance, regardless of the fuel’s chemical composition. To test 
the hypothesis, Co-Optima researchers studied seven fuels in an SI engine under 
boosted operating conditions to determine if knock propensity is predicted by fuel 
anti-knock metrics. The fuels span a wide range of properties and chemistries, in-
cluding oxygen functionalities not typical for current market fuel. Octane index (OI 
= RON – K * S), which encompasses the three most important terms in the boost-
ed SI merit function—research octane number (RON), a constant depending on 
engine design and operating conditions (K), and octane sensitivity (S)—was found 
to correlate well with knock performance for all fuels, including those with un-
conventional chemistry. RON and the anti-knock index, however, did not correlate 
with knock under most conditions. The results suggest that when OI is selected as 
the property that characterizes autoignition, the central fuel hypothesis is valid. 
Further studies are underway that identify operating conditions under which the 
hypothesis breaks down and will shed light on the thermo-physical states where 
new fuel property understanding is needed.

This plot of knock-limited CA50 (the crank angle at which 50% of the total heat is released) in degrees after 
top dead center (°CA aTDC) as a function of OI for seven widely disparate fuels shows a linear relationship 
independent of each fuel's chemical composition. MB = methyl butanoate. Figure by James Szybist, ORNL

Boosted SI

8    |    Co-Optima FY17 Year in Review



Pressure vs. temperature 
graph for the Co-Optima 
alkylate fuel. Color-
coded curves represent a 
range of intake manifold 
pressures; pressures 
greater than 1.0 bar 
representing boosted 
conditions. The overlaid 
8-millisecond ignition 
delay contours for 0%, 
10%, and 20% EGR 
demonstrate that at 
high boost conditions, 
EGR has little effect on 
ignition delay, and thus 
on knock propensity. 
Figure by James Szybist, 
ORNL

Co-Optima Research Reveals Why EGR Loses Anti-Knock 
Effectiveness Under Boosted Conditions

Knock limits the ability to operate engines at their highest efficiency. Exhaust-gas 
recirculation (EGR) is effective at attenuating knock in naturally aspirated SI en-
gines, but is much less effective in boosted engines. While EGR addition increas-
es the compression pressure and temperature—both of which promote knock—
EGR simultaneously slows the reactions that lead to knock. This effect wins out 
under conditions relevant to naturally aspirated engine operation.

Co-Optima researchers paired experimental results with kinetic models to reveal 
that the influence of EGR on the reaction kinetics changes based on engine op-
erating conditions. At intake manifold pressures of about 1.25 bar or less, EGR is 
highly effective at slowing the reaction rates, thereby mitigating knock. However, 
under more highly boosted conditions, the combustion follows different reaction 
pathways where EGR has less effect on the reaction rates, so EGR fails to atten-
uate knock. The same trend was observed for all three fuels investigated. These 
results aid identification of engine operating conditions under which diluents 
such as EGR or air can be most effective at mitigating knock, helping to identify 
fuel properties and engine design parameters that yield performance benefits.

Ignition Delay Data Linked with Engine  
Knock-Integral Modeling

Fundamental ignition delay data across a wide range of temperatures and pres-
sures provides invaluable insight into fuel property impacts on combustion, as 
well as critical data for kinetic model validation. However, there are few tools 
available that link these measurements directly to key engine parameters such as 
knock. Co-Optima researchers have developed a method for predicting knock from 
bench-scale ignition delay measurements for gasoline surrogates blended with 
oxygenated compounds and burned in a bench-scale constant volume combus-
tion chamber (CVCC). The method involved development of a zero-dimensional, 
two-zone engine knock simulation that uses a knock-integral approach to calculate 
end-gas autoignition from CVCC ignition-delay data by feeding unburned gas ther-
modynamic conditions into a modified Livengood-Wu knock integral calculation 
and the Douaud and Eyzat correlation. The simulation provides more insight than 
RON, motor octane number (MON), and cetane numbers alone and can help iden-
tify approaches for optimizing engine efficiency. For example, 3-D surface maps of 
ignition delay at lower temperatures illustrate how spark retard can be leveraged 
to increase boost while avoiding knock, a relationship previously only linked to 
favorable reduction of MON at fixed RON.

Plots of the mass 
of fuel burned, 
cylinder pressure, 
and knock integral 
calculation for an 
engine simulation 
using bench-scale 
ignition delay data. 
The simulation 
predicts end-gas 
autoignition in the 
cylinder. Figure by 
Ray Grout, NREL
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Research Evaluates Knock Limits for Candidate Fuels through Engine Simulation 

Well-validated engine models can yield insights that complement those from experimental observations by simulating conditions not easily achieved in the laboratory. 
Co-Optima researchers used engine simulations to evaluate fuel property impacts on knock limits under engine operating conditions beyond the capabilities of experi-
ments with fixed engine configurations. The team developed a model of the Ford 1.6-L gasoline direct injection (GDI) engine, validated it with experimental data for the 
Co-Optima alkylate core fuel, and used it to explore knock limits and potential performance benefits at conditions that could not be replicated with the stock engine 
hardware, including higher boost levels. The results show that the stock hardware is already well optimized to get maximum benefits from this fuel. Planned future 
efforts include adding a conjugate heat transfer model to predict surface temperatures inside the combustion chamber, evaluating other Co-Optima candidate fuel 
blends to determine whether those fuels may provide additional efficiency benefits by allowing operation at higher boost/compression ratio, and developing engine 
fueling maps over the extended speed/load range to enable fuel-economy simulations. This simulation approach provides an accurate and rapid means to identify fuel 
property/engine parameter combinations that yield high efficiency and can subsequently be investigated in more detail by higher fidelity simulations.

A GDI engine model developed in GT-Power® accurately predicts transition to knock and allows evaluation of knock limits beyond the capability of fixed hardware to more fully explore potential benefits of optimized 
designs. Results are shown for 98 RON alkylate fuel at 2000 RPM with the black line indicating experimentally observed knock-limited spark timing at the same conditions. Figure by K. Dean Edwards, ORNL
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Solubility results for the 
majority of infrastructure and 
fuel system plastics show good 
potential compatibility with 
the blendstock candidates. 
However, solubility analysis 
indicated that PTFE exhibits 
potential incompatibility at 
low blend levels. This is shown 
in the plot for cyclopentanone, 
as the solubility potential 
exceeds 2 MPa1/2. The line at 
solubility parameter = zero 
indicates moderate interaction 
between the blendstock and 
the plastic and values less 
than 0 are likely compatible. 
Values between 0 and 2 MPa1/2 
may be suitable depending 
on application. Figure by Mike 
Kass, ORNL

Blendstocks Analyzed for Compatibility with Fuel Systems Plastics

Prospective new blendstocks must be assessed for compatibility with materials—plastics, 
elastomers, and metals—commonly used in vehicles and infrastructure. As part of a compre-
hensive materials compatibility survey, Co-Optima researchers conducted a Hansen solubility 
analysis (a technique used to study fluid-fluid interactions) of 14 plastics commonly used 
in fuel systems with 39 blendstock candidates and blended fuels. This is the first study to 
methodically analyze the compatibility of the plastics used in fuel systems and potential 
new fuels. Surprisingly, in many instances the peak solubility (which indicates greater incom-
patibility) occurs for blended fuels rather than the blendstocks itself. The data indicate that 
materials such as polyphenylene sulfide (PPS), polyvinylidenefluoride (PVDF), polyethylene 
terephthalate (PET), nylons, acetal, polyetherimide, polyvinyl chloride, high density polyeth-
ylene, and polybutylene terephthalate will likely have no compatibility issues. However, the 
use of polytetrafluoroethylene (PTFE or Teflon) is unsuitable at low blend concentrations with 
certain blendstocks, particularly ketones. These results help identify materials requirements 
that may be necessary to support commercial use of new blendstocks and develop mitigation 
strategies, such as molecular structure modifications that increase compatibility while main-
taining desired combustion properties.

LDV Scenario Analysis Aligns Research Priorities 
with Highest Impacts 

The most impactful innovations are born out of a clear need for 
technology. A light-duty scenario analysis was conducted to 
help identify the market needs, end-user affordability, energy 
choices, and barriers for fuels and vehicles that might result 
from Co-Optima research. These studies helped researchers 
align and prioritize technical targets with an eye toward maxi-
mizing impact and opportunities for large-scale implementation. 
Co-Optima researchers developed components of hypothetical 
rollout strategies for two representative boosted SI fuels—E40 
(40% ethanol, 60% gasoline) and catalytic fast pyrolysis gas-
oline (CFPG)—at different ends of the compatibility spectrum. 
CFPG is readily compatible with infrastructure, while E40 is cur-
rently incompatible with the majority of vehicles and fuel retail 
equipment. The strategy components applicable to the modeled 
fuels can be extended to other Co-Optima blendstocks based 
on responsive fuel property traits. Results of the study support 
decisions on prioritization of technical targets and future re-
search thrusts. Examples of this include trade-offs involving fuel 
properties, compatibility with existing infrastructure, energy and 
emissions profiles, and co-product production. These observa-
tions have helped guide technical team activities by helping to 
target blendstocks with both the optimal fuel properties and 
greatest potential for adoption by industry and users.
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Fuel Properties Beyond Distillation Influence LSPI

Low-speed pre-ignition (LSPI) is a stochastic and rare, yet potentially 
highly damaging, abnormal combustion event that limits the efficiency 
potential of boosted SI engines. To investigate the dependence of LSPI 
on fuel distillation characteristics and flame speed, Co-Optima research-
ers examined the performance of four fuels: neat gasoline, and three fu-
els in which gasoline was splash-blended with 25% by mass of a ketone 
(cyclopentanone), an alcohol (2-methyl-1-butanol), and an aromatic 
(ethylbenzene). All three splash-blended fuels have similar distillation 
profiles but exhibit a range in molecular configuration and flame speeds. 
The team carried out engine experiments at identical LSPI-prone 
operating conditions. Findings showed that fuels with similar boiling 

properties and octane numbers can exhibit similar LSPI number counts, 
in accordance with established literature, but with vastly different LSPI 
magnitudes, dwells, and intensities. The results support theories that 
fundamental fuel properties such as flame speed are critical to char-
acterizing a fuel's LSPI propensity and behavior, lending insight into 
how specific fuel properties can affect downsizing and downspeeding 
opportunities for fuel economy improvement.

Plot A shows the starting 
crank angle after top 
dead center (aTDC) of 
a LSPI event for four 
fuels: EEE certification-
grade gasoline, and 
EEE with 25% by mass 
of ethyl benzene 
(EB25), 2-methyl-
1-butanol (2MB25), 
and cyclopentanone 
(CP25), demonstrating 
fuel effects on LSPI 
onset advance. Plot B 
shows the differences 
in LSPI event dwell with 
matched LSPI event 
starting times. Figure by 
Derek Splitter, ORNL
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High-Sensitivity Fuels Benefit Transient SI Engine Operations, Even 
Under Moderate Boost

Co-Optima researchers developed a methodology to measure knock limits during 
engine conditions that mimic vehicle accelerations of about 20 seconds and ap-
plied it to a number of fuels including the Co-Optima RON 98 core fuels. Regular 
market gasoline performs worse than all RON 98 fuels under steady-state condi-
tions. Under the cooler load-transient conditions, all fuels are less knock-limited, 
and the rank order of the fuels’ anti-knock qualities are generally consistent with 
their RON and S, as evaluated within the octane index framework. These obser-
vations indicate that advanced fuel blends with high S provide superior knock 
suppression during vehicle acceleration, potentially offering increased performance 
and fuel economy. 

Knock-limited combustion phasing (CA50) as a function of intake pressure, both for steady-state and 
load-transient operation, for fuels with a range of S. Lower values indicate higher knock resistance. RD5-87 
represents regular-market gasoline. For boosted operation with Pin > 100 kPa, the best knock suppression is 
observed for the isobutanol blend. Figure by Magnus Sjöberg, SNL *SOT = State of Technology

Bioblendstocks Evaluated for Near-term Economic, Scalability, 
Environmental Viability

Co-Optima researchers analyzed 24 blendstocks with the potential to improve 
boosted SI engine efficiency for their technology readiness, economic viability, and 
environmental performance when produced from biomass. Production processes in-
cluded biochemical (fermentation), thermochemical (gasification or pyrolysis), and/
or hybrid (fermentation followed by catalytic conversion) processes. To carry out the 
assessment, 17 metrics were developed against which each blendstock was assessed 
as either favorable, neutral, or unfavorable. These results help identify research chal-
lenges that need to be addressed to increase viability.

Representative sample of results: 
Thermochemically produced 
bioblendstocks screening results. Blue, 
green, and orange boxes represent 
favorable, neutral, and unfavorable 
categorization respectively, and gray boxes 
indicate that insufficient data are available. 
Figure by Jennifer Dunn, ANL
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Two New Biomass Mixtures Show Excellent Potential as Blendstocks

A key focus of Co-Optima research is determining how molecular structure 
impacts fuel properties, as this understanding forms the basis for identifying 
new high-potential blendstocks. Co-Optima researchers identified two mixtures—
mixed ketones and an iso-olefin mixture—that are readily derived from biomass 
and that have properties that improve boosted SI operation. The team derived 
these new mixtures from feedstocks that are readily available or economically 
viable, increasing their feasibility of being produced through sustainable and 
economic manufacturing methods.

The ketone mixture was generated from alcohols, such as ethanol, or from volatile fatty 
acids (Scheme 1). The mixed ketones have about 30% higher energy density compared 
to ethanol and boil over a wide range. They also exhibit a RON of 99 ( regular gasoline 
is 91–92). This research provides a means to modify RON, S, and energy density for 

a variety of oxygenated blendstocks and the mixtures may be converted to higher 
alcohols with greater octane sensitivity, providing a “lever” to co-optimize this fuel 
blendstock with advanced engine architectures to improve fuel economy.

The iso-olefin blendstock was produced from a mixture of aqueous oxygenates 
that are not suitable as fuel blendstocks (Scheme 2). The iso-olefin mixture has 
a RON estimated at 99 via ignition quality testing, has lower vapor pressure than 
many olefins in current market gasoline, and should be fully compatible with cur-
rent fuel delivery and vehicle infrastructure. In addition to identifying new promis-
ing blendstocks, these results highlight the importance of utilizing structure-prop-
erty relationships to guide identification of new high- value blendstocks.

Scheme 1: Mixed ketones were produced from 
lower molecular weight alcohols or acids. The 

mixed ketones may also be reduced to alcohols.

Scheme 2: Iso-olefins were produced through 
an isobutene intermediate from aqueous 
oxygenates over a zinc/zirconia catalyst. 

Figures by Karl Albrecht, PNNL
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The predictions of 
octane blending 
of Co-Optima 
blendstocks in a 
4-component base 
gasoline using 
the Co-Optima 
chemical kinetic 
model (curves) 
compared to 
experimentally 
measured RON 
and S [symbols]. 
Figure by Bill Pitz, 
LLNL

Gum Formation Mechanism Determined for High-Octane  
Alkyl Furans 

Co-Optima researchers found that a blendstock comprised of methyl and dimethyl 
furan provides higher blending RON and S than the other boosted SI blendstocks 
studied. However, oxidation studies show that the furans lead to gum formation 10 
times higher than the level observed for commercial fuels, potentially gumming up a 
vehicle's fuel supply systems. Since the furans can be produced readily from biomass 
and impart such high RON and S, Co-Optima researchers are interested in finding a 
solution to excess gum formation. Conventional gasoline antioxidants are only mildly 
effective at slowing this reaction. The team conducted an experimental and theo-
retical study of the liquid-phase oxidation mechanism to understand the fundamen-
tal underlying chemical mechanism responsible for gum formation and potential 
routes to mitigate this issue. Reaction pathways derived from quantum chemical 
calculations identified the gum formation mechanism, which is different from those 
exhibited by di-olefins and biodiesel, explaining why conventional antioxidants have 
limited effectiveness. The understanding developed from this work will help indus-
try to identify chemical additives that can reduce or mitigate gum formation from 
furan-containing fuels, increasing the commercial viability of this blendstock.

Chemical Kinetic Model Predicts Octane Blending for Co-Optima 
Blendstocks in Gasoline

Accurately predicting the octane blending behavior of blendstocks in gasoline from 
fundamental kinetic principles is essential for conducting accurate simulations of 
engine performance, yet this ability has remained an elusive challenge for half a 
century. Co-Optima researchers developed a chemical kinetic model that reproduces 
the measured octane blending behavior of blendstocks in a base gasoline with good 
accuracy. The demonstrated ability of the chemical kinetic model to simulate octane 
blending behavior and reproduce data from other fundamental combustion experi-
ments gives Co-Optima researchers confidence in using the model for predicting and 
providing understanding of combustion behavior in boosted, downsized SI engines.

Gum produced after 
24 hr at 100°C under 
700 kPa O2 initial 
oxygen pressure 
(ASTM D873 method) 
for 10 vol% blend 
of dimethyl furan in 
iso-octane. Photo by 
Robert McCormick, 
NREL
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Improved DSC/TGA Method Evaluates Gasoline-Ethanol  
Blend Evaporation

The heat of vaporization (HOV) of a fuel has been shown to impact boosted SI 
engine performance, yet there are few experimental techniques that allow detailed, 
instantaneous HOV measurements of real complex fuels that can help interpret 
results from boosted SI engine experiments. Blending polar oxygenates such as 
low molecular weight alcohols into gasoline can provide an evaporative cooling ef-
fect in direct-injection (DI) engines that increases the fuel’s knock resistance. This 
cooling arises from the larger HOV of these blendstocks compared to hydrocar-
bons. Co-Optima researchers developed a differential scanning calorimetry (DSC)/
thermogravimetric analysis (TGA) method to investigate the effect of oxygenates, 
such as alcohols, on the instantaneous HOV of gasoline-oxygenate blends. These 
data are important for validating droplet evaporation models and providing new 
insights into composition stratification due to the fuel evaporation process within 
engines. Experiments with ethanol have shown that increasing the amount of 
ethanol initially increases the overall HOV of the sample, but that the instantaneous 
HOV drops off significantly once the ethanol has evaporated at fractions much 
higher than the ethanol concentration. The team believes it is the first to apply this 
methodology to complex gasoline-ethanol mixtures.

Comparison of the instantaneous HOV of gasoline-ethanol blends from 0% to 30% ethanol versus the fraction of 
sample evaporated. The addition of ethanol shows an increase in the instantaneous HOV as well as an extension 
of the increased HOV plateau as more ethanol is blended into the sample. Figure by Gina Fioroni, NREL

Scatter plot of engine 
thermal efficiency 
vs. a fuel’s HOV (as 
percentage of the 
baseline) for global 
sensitivity analysis 
simulations where 
six fuel properties 
including HOV were 
independently 
randomly perturbed. 
The simulation-
derived slopes 
(blue and green 
lines) are greater 
than expected from 
experiments (red 
line). Figure by Noah 
Van Dam, ANL

First Global Sensitivity Analysis Reveals Insights of Fuel 
Properties on Engine Performance

A major advantage of engine simulations is that the fuel properties can be var-
ied completely independently of each other, which is difficult or  impossible to do 
 experimentally. A global sensitivity analysis of fuel properties on engine performance 
was performed to better understand the importance of fuel properties not includ-
ed in the boosted SI merit function on engine efficiency. Six different fuel physical 
properties (viscosity, surface tension, HOV, vapor pressure, density, and specific 
heat) were varied across 120 total simulations. Of these six properties, only HOV is 
currently included in the merit function and is included as a tie point. The engine 
platform and operating condition were representative of well-mixed SI engines. 
Results showed that of the fuel properties evaluated, HOV has the most influence on 
engine thermal efficiency, and the effect was more than expected from merit func-
tion predictions. The results confirmed that HOV has a significant effect even when 
varied independently of fuel composition which is only possible in simulations, and 
other fuel physical properties have much smaller effects. Current efforts are focused 
on determining the significance of the differences between simulation and merit 
function HOV coefficients.
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New Term in Co-Optima Boosted SI Merit Function Accounts for Efficiency Impact of Cold-Start Emissions

Commercial high-efficiency engines must meet emissions regulations, and need 
to accommodate changes in emission profiles due to fuel composition variations. 
Co-Optima researchers are investigating the impact of potential new blendstocks on 
emissions control systems to identify potential benefits or concerns. As part of this 
effort, researchers developed an emissions control term for the Co-Optima boosted SI 
merit function based on the fuel penalty associated with catalyst heating during cold 
start. The team then measured the catalytic light-off temperatures needed to evaluate 
the merit function emissions control term for more than 30 molecules and mixtures, 
including a wide range of Co-Optima blendstock candidates and conventional petro-
leum-derived fuel components. The catalytic light-off investigations showed that most 

of the oxygen-containing blendstock candidates had relatively low light-off tempera-
tures. The catalytic reactivity of blendstocks that did not contain oxygen was highly 
dependent on the molecular structure in sometimes unexpected ways: branched 
alkenes were more reactive than linear alkenes, while branched alkanes were much 
less reactive than linear alkanes, for example. The merit function emissions control 
term and associated fuel property measurements provide a method for quantifying 
the potential impacts of fuel composition changes on the emissions control of nitrogen 
oxides, non-methane organic gases, and carbon monoxide. This approach explicitly 
includes emissions control impacts when co-optimizing fuels and engines.
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Temperatures at which 90% (T90) and 50% (T50) 
hydrocarbon conversion occurs over an aged commercial 
three-way catalyst in a synthetic exhaust mixture containing 
the organic species listed. The T90s for the single-component 
blendstocks provide a basis for estimating T90s for fuel 
blends, yielding the emissions control term for the Co-Optima 
boosted SI core merit function for each fuel blend. For 
reference, the dashed line indicates the T90 for E10 (a blend 
of 10% ethanol and 90% gasoline). Figure by Josh Pihl, ORNL
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Biosynthesis of Monoterpenes Produces Novel  
Blendstock Candidates

Co-Optima research has shown that higher olefins contribute desirable boosted SI 
properties such as high RON and S, particularly if the structures contain branching 
and/or strained rings. Monoterpenes, a class of olefins that contain these functional 
groups, are potentially promising blendstocks. To assess this  potential,  Co-Optima 
researchers identified several monoterpenes predicted to have high RON and high 
energy density as candidates for boosted SI blendstocks. To demonstrate the 
feasibility of producing these molecules biologically, genes encoding 16 terpene 
synthases covering nine different monoterpenes were engineered into a yeast, and 
the researchers demonstrated the successful production of six monoterpenes. Of 
those six, 1,8-cineole was produced at the highest titers and its production from 
a cellulose stream was subsequently demonstrated. The fuel properties of cineole 
were examined in more detail, and it was determined to have a RON of 99 and 1.65 
times the energy density of ethanol. Based on these promising initial results, addi-
tional studies are underway to assess the performance of cineole and other related 
terpenes against other key fuel properties.

Terpene Biosynthetic Pathway: A yeast was engineered to produce several monoterpenes with potential to be 
used as high RON bioblendstocks or as gasoline blendstock for oxygenated blending replacements.  Figure by 
John Gladden, SNL
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Conventional Autoignition Metrics Fall Short for Naturally 
Aspirated and Boosted Low Temperature Gasoline 
Combustion Engines

Low-temperature gasoline combustion (LTGC) is an ACI approach that relies on fuel 
autoignition rather than a spark to initiate combustion. LTGC provides high efficien-
cy and low emissions at part load conditions, making it a promising approach for 
multimode operation. However, understanding how fuel properties governing LTGC 
operation is much less established than it is for boosted SI. Co-Optima researchers 
evaluated the autoignition reactivities of the Co-Optima aromatic and E30 core fuels 
(both with RON 98 and S~10-11) in an LTGC engine and compared them with E10 and 
other gasoline blends for both naturally aspirated and boosted intake pressures. The 
figure shows that the OI index and K factor are not sufficient for  correlating the dif-
ferences in autoignition reactivity of these fuels for naturally aspirated LTGC opera-
tion, even when  accounting for the greater HOV of E30. The E30 core fuel is con-
sistently more reactive than the high-aromatic core fuel under boosted conditions 
despite these two fuels having nearly identical RONs and MONs, indicating that RON, 
MON, and OI index are not sufficient to describe the critical fuel properties govern-
ing LTGC operation. Current efforts are investigating the extent to which including 
phi sensitivity—the sensitivity of the autoignition reactions to the local equivalence 
ratio in the charge—improves the correlation with combustion phasing. Experiments 
have shown that phi sensitivity combined with appropriate partial fuel stratification 

can be used to control 
the heat release rate to 
reduce noise and knock 
propensity.

OI vs CA50 for the Co-Optima E30 (CO-E30), high-aromatic (CO-Aromatic), and other fuels. The correlation is 
poor with an R2 of only 0.536. Adjusting the E30 point to compensate for its higher HOV gives only a modest 
improvement, R2 = 0.596 (not shown). Figure by John Dec, SNL

Laser-based measurements allow the detection of fuel wall films for various combinations of fuels 
and operating conditions that are prone to pool fires. Figure by Magnus Sjöberg, SNL

Optical Diagnostics Quantify Wall Wetting and Pool Fires in Direct-
Injection SI Engines

To comply with stringent exhaust emissions requirements, it is important to 
minimize the emissions out of an engine. The interaction of fuel sprays and 
piston surfaces can be problematic for some combinations of fuels and operating 
points, causing soot formation. To identify sources of exhaust smoke, researchers 
developed optical diagnostics in a direct-injection SI engine to quantify both wall 
wetting and pool fires. As demonstrated by the figure, the contrast between the 
wall films seen for the Co-Optima core E30 and alkylate fuels provide a good 
example of the strong effect of fuel properties on the tendency to form fuel 
films. These data are proving valuable in model validation as well as in providing 
insight into fuel injection strategies that help minimize pollutant formation.

Multimode
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Formation of Pool Fires Increases Engine-Out Soot Production

Spray-guided stratified-charge SI operation is one approach to lean, high-ther-
mal-efficiency engines, but fuel stratification can cause high engine-out smoke lev-
els. Operating more efficient engines requires an understanding of soot-formation 
pathways and how they are affected by fuel composition and fuel specifications. 
Combined exhaust emissions measurements and in-cylinder optical diagnostics 
have revealed that the enhanced vaporization cooling associated with the etha-
nol fraction in E30 can cause wall wetting and pool fires. For such conditions, the 
engine-out soot becomes higher than expected from the fuel’s particulate matter 
(PM) index. These findings highlight both the need to further develop fuel-speci-
fication metrics that address engine PM emissions, and also to closely monitor the 
formation of fuel wall films for advanced combustion systems.

Ethanol and Aromatics Have Competing Effects on Gasoline 
Particle Emissions

Co-Optima research has shown that alcohols and aromatics are promising boosted SI 
blendstocks, but data suggest that under certain engine operating conditions these 
blendstocks may interact and contribute to increased particle emissions. To investigate, 
researchers employed a direct-injection, SI, single-cylinder engine to compare fuels with 
and without ethanol at constant aromatic content of 20%, while varying the aromatic 
boiling point and vapor pressure. Results show that at high engine speed, gasoline con-
taining ethanol and high-boiling-point aromatic compounds can produce significantly 
higher PM emissions relative to the no-ethanol case at constant aromatic content. This 
effect is not evident at slower engine speeds. Increased emissions in the  presence of 
ethanol at higher engine speeds may be caused by the greater evaporative cooling that 
occurs for ethanol blends, lowering in-cylinder temperature and slowing evaporation 
of the heaviest gasoline components. Alternatively, non-ideal vapor-liquid equilibrium 
effects may retard evaporation of aromatics, leaving less time for mixing with air. These 
results show that match blending to keep aromatics constant—rather than allowing 
ethanol to dilute the aromatics—can lead to increased aromatics emissions from the 
aromatic compounds. These findings have important implications for blending com-

mercial fuels that 
meet air quality 
requirements.

For boosted, stratified-charge, direct-injection SI operation at 2,000 rpm, engine-out soot increases 
monotonically with the fuels’ PM index, as the soot formation is primarily occurring in the bulk gases. But for 
naturally aspirated operation at 1,000 rpm, soot emissions for E30 are higher than predicted from the PM index 
due to the formation of pool fires. Figure by Magnus Sjöberg, SNL

PM emissions from a single cylinder, direct-injection, SI engine burning E0 (gasoline with no ethanol) and E30. 
Both blends contained 20% by volume of the high-boiling-point aromatic compound t-butyl toluene. The chart 
shows that at 2,500 rpm, blending of ethanol significantly increased PM emissions, while at slower engine speeds 
this effect is not evident, helping to identify those conditions where ethanol has the greatest impact on PM 
emissions. Figure by Robert McCormick, NREL
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Six fuels, including a BOB (which is primarily gasoline) and five oxygenate blends, were tested for PM mass 
emissions in a GDI engine. All five fuels were at or above the California Air Resources Board's 1 mg/mile gravimetric 
mass target (blue dashed line) for the Federal Test Procedure (FTP) combined cold- and hot-start cycle during the 
90-second cold-start transient. The difference in the graph’s two-plot series, total PM and dry-soot, indicates the 
amount of semi-volatile PM mass that was counted in a gravimetric mass measurement (total PM, squares), but not 
measured by an online micro soot sensor (dry-soot, circles). The inset illustrates the volumetric compositions of the 
six fuels tested and provides a color code for fuel data. Figure by Melanie Moses-DeBusk, ORNL

Baseline Conditions

Engine Speed (RPM) 1,000

Engine Load (bar BMEP) 5

EGR [%] 20

SOI of Main Adjusted for constant combustion phasing

Boost Pressure (bar) 1.4

Intake Air Temp [°C] 55

Global λ (= 1/Φ) 1.8

GDI Engine Cold-Start Study Finds Oxygenated Fuel Blends May 
Not Be Enough to Meet Future PM Emission Targets

Fuel properties have a significant impact on both the quantity and composition of 
PM produced during the cold-start of GDI engines. Co-Optima researchers measured 
cold-start PM production with a variety of oxygenated fuel blends and non-oxygen-
ated fuel blends (blendstock for oxygenated blending or BOB) for comparison. The 
results indicate that the PM index remains a valid approach for predicting the PM mass 
trend under cold-start conditions. The semi-volatile contribution to total PM mass was 
significant for all fuels studied, regardless of oxygenate content. While almost all of the 
oxygenated blends produced less total PM mass than the BOB, all fuels tested will have 
a hard time meeting the California Air Resources Board PM target of 1 mg/mile, due to 
the PM mass already being at or above the target in the 90-second cold start. This re-
sult suggests that oxygenate fuel blending, even up to E30, will not be enough to meet 
future PM emission regulations without implementation of additional measures.

Three Core Fuels Produce Low Particulate Emissions with 
Compression Ignition Gasoline Engines

Gasoline compression ignition (GCI) is a promising ACI approach to achieving high 
efficiency and low emissions, but fuel property impacts on efficiency and emissions 
need to be better understood. Researchers tested three Co-Optima core matrix 
fuels—a blend of alkylates, a blend high in aromatics, and E30—for soot formation in 
an engine operating in a GCI mode. All fuels have a RON of 98 and the engine was 
operated at loads having a brake mean effective pressure between 3 and 6 bar (low/
part load conditions). Combustion phasing (CA50) was held constant and EGR was 
swept across its entire operating range. The engine's filter smoke numbers were be-
low 0.1 under all the test conditions, indicating that very low engine-out soot levels 
can be achieved with diverse fuels under GCI operation. While E30 produced the 
lowest engine-out soot emissions under all conditions, it also produced the highest 
amount of in-cylinder soot radiation. This result implies that soot can be formed 
in-cylinder under more stratified conditions and not result in significant soot leaving 
the cylinder under controlled conditions. In the case of E30, the short duration of 
the in-cylinder soot luminosity peaks suggests that in-cylinder soot may be quickly 
oxidized by the combustion reaction, resulting in low engine smoke. These results 
provide valuable insight into how fuel properties impact emissions for GCI and help 
assess its potential as a factor in achieving high efficiency and low emissions. The 
baseline conditions for the test are shown in the table below, including engine load 
in bar brake mean energy pressure (BMEP); the percent EGR; the start of injection 
(SOI); and λ, the ratio of the actual air/fuel ratio to the stoichiometric ratio (λ > 1 = a 
fuel - lean mixture).
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MEDIUM- & HEAVY-DUTY VEHICLE RESEARCH 

Co-Optima research is targeting solutions that 
will impact the entire on-road fleet, including 
technologies needed to achieve optimal medi-
um-duty vehicle (MDV) and heavy-duty vehi-

cle (HDV) performance balanced with lower emissions. 
MDV and HDV projects range from mixing-controlled 
compression ignition (MCCI) to kinetically-controlled 
advanced compression ignition (ACI) concepts.

MCCI combustion technology is used in today’s 
commercially available diesel engines. These engines 
provide high efficiency, but require  sophisticated and 
costly emissions control technologies.  Co-Optima 
research is examining fuel properties that can main-
tain engine efficiency and fuel energy density while 
reducing emissions and expenses. 

Kinetically-controlled combustion approaches hold 
the promise of achieving very high  thermodynamic 
efficiencies while simultaneously yielding lower 
emissions. The key challenges associated with ACI 
engines are ensuring stable combustion over a wide 
speed/load range, controlling emissions despite 
low exhaust temperature, and providing high power 
density. Co-Optima MDV and HDV engine research 
is exploring a number of promising kinetically-con-
trolled ACI approaches.

The following highlights provide more detail on initial 
accomplishments related to MDVs and HDVs.
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Plot of phi sensitivity 
vs. octane sensitivity 
for blends of three 
components with toluene 
reference fuel (TRF, a 
gasoline surrogate). 
Relative to ethanol, 
1-pentanol blended 
fuels show superior phi 
sensitivities at high octane 
sensitivities. Interestingly 
1-hexene, which has the 
highest phi sensitivity as a 
pure component, does not 
impart high phi sensitivity 
when blended in surrogate 
gasoline. Figure by 
Matthew McNenly, LLNL

Automated Computer Search of Phi Sensitivity Identifies 
Blendstocks With Potential to Improve Control of Partially 
Stratified Compression Ignition Engines

While ACI engines have demonstrated the potential to provide high efficiency and 
low emissions, current fuels only allow ACI operation over a small range of speeds 
and loads. Efforts to identify fuel properties that correlate with ACI operating 
range have met with limited success, as the properties commonly used for spark- 
and compression-ignition (CI) engines only partially correlate with ACI operability. 
Researchers have identified a phi sensitivity metric that correlates with a fuel’s 
ability to improve control of a partially stratified CI engine. The new metric was 
combined with model-based correlations for research octane number (RON) and 
motor octane number (MON) using the Co-Optima gasoline chemistry model to 
search for blends that deliver both high phi sensitivity (better control) and high 
octane sensitivity (low ignition pressure sensitivity, which provides increased 
operating range). An initial search of more than 150,000 fuel blends uncovered 
blendstock combinations that provide the desired combination of these two prop-
erties. The next step will be to validate the results of this study in an engine and 
determine the extent to which phi and octane sensitivity explains the key features 
of ACI engine operability. Studies are also planned to establish the molecular basis 
for increased phi sensitivity.

Functional Group Analysis Focuses Search Space for Mixing-
Controlled Compression Ignition Blendstocks

Previous studies have shown that certain classes of blendstocks can dramatically 
reduce engine-out particulate matter (PM) emissions from MCCI engines. Co-Op-
tima researchers completed a systematic assessment of the suitability of hydro-
carbon and oxygenate functional groups for use as a diesel-like blendstock in an 
advanced MCCI engine. The functional groups examined are all potentially derived 
from biomass and representative of a diverse range of structures and chemical 
reactivity. Results show that esters, alkanes, alkenes, and higher normal alcohols 
have properties that make them promising MCCI blendstocks, including low soot 
formation tendency, high cetane number, good cold flow properties, and suitable 
distillation properties. These results will narrow the search space for blendstocks 
that, when blended with petroleum-based fuels, can reduce PM emissions while 
maintaining high efficiency.

The suitability of compounds from a wide variety of chemical families has been evaluated for use as MCCI 
blendstocks. Five functional groups have been identified that can meet all requirements, while eight others 
may be suitable.  Figure by Loren Stacks, SNL
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Research Demonstrates Ducted Fuel Injection 
Assemblies Can Be Shortened by Half

Ducted fuel injection (DFI) is a new approach to MCCI 
that dramatically changes the physics of in-cylin-
der fuel-air mixing and has shown the potential to 
improve the engine-out emissions and efficiencies of 
CI engines. Co-Optima researchers demonstrated that 
the dramatic soot-attenuation potential of a 2-mm-di-
ameter duct is not significantly affected by shortening 
its length from 16mm to 8 mm, and that performance 
is significantly improved by shortening the standoff 
distance between the injector orifice exit and the 
duct inlet plane from 5.9 mm to 1.4 mm. Although 
the reasons for these early observations are not yet 
well understood, the former result may be caused by 
diminishing returns from extending the duct length 
beyond a certain point required for sufficient local 
mixing enhancement. The latter result may be caused 
by a shorter standoff distance that allows only the 
cooler, denser gases in the boundary layer near the 
vessel wall to be drawn into the duct. Regardless of 
the underlying mechanisms, these results indicate 
that the overall length of the DFI assembly can be cut 
in half while maintaining or improving performance, 
which would make it much simpler to avoid interfer-
ences between the ducts and the moving valves and 
pistons of the engine. These results help establish the 
fundamental principles of DFI operation and will guide 
experiments aimed at assessing the maximum benefits 
achievable with this new combustion approach. Recent parametric studies indicate the potential for shortening overall duct-assembly length while maintaining or improving performance. All results 

are for ducts with a 2-mm inside diameter. Duct length is denoted by L and standoff distance by G. a. Shortening L from 16 mm to 8 mm does not have a 
detrimental effect on soot mass. b. Decreasing G from 5.9 mm to 1.4 mm lowers the soot mass for duct with L = 16 mm. Effects on the flame liftoff length 
(Havg), ignition delay, and total vessel pressure rise (ΔP) are also shown for reference. Figure by Ryan Gehmlich and Charles Mueller, SNL
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iso-Alkanes
(C12, C16)

Aromatics
(C9, C11)

n-Alkanes
(C8, C20)

Cycloalkanes
(C10 isomers)

DIESEL
SURROGATE

MODEL

Major chemical classes with representative components included in the diesel surrogate model. Figure by LLNL

Surrogate Kinetic Model Simulates the Behavior of Diesel Fuels

Surrogate fuels are blends of a small number of molecules that match specific 
physical or combustion properties of more complex fuels, such as petroleum-de-
rived fuels that typically contain hundreds or thousands of individual components. 
Kinetic models of surrogate fuels allow the reactivity of real fuel to be simulated in 
a computationally tractable manner. A detailed chemical kinetic surrogate model 
was developed by Co-Optima researchers to represent the base diesel fuel that will 
be used to evaluate blendstocks for use in medium- and heavy-duty applications. 
Petroleum-derived diesel fuel has previously been represented in kinetic models 
by one or two components—too few to represent all the major chemical classes 
in diesel fuel. For the first time, a detailed kinetic model has been developed with 
components to represent all the major chemical classes in diesel fuel: single- and 
multi-ring aromatics; naphtho-aromatics; and n-, iso-, and cycloalkanes. The model 
was validated using experimental data on ignition delay times from shock tubes 
and rapid compression machines over a wide range of temperature, pressure, and 
fuel/air equivalence ratio. With this model, the combustion behavior of the base 
fuel will be more accurately simulated under MCCI and ACI engine conditions, 
which will help guide the identification of fuel property and engine parameter 
combinations that maximize efficiency and emissions performance.
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CROSSCUTTING RESEARCH

A multidisciplinary approach serves as the foundation of the Co-Optima initia-
tive, and researchers have developed a suite of state-of-the-art experimental 
facilities and computational tools to advance crosscutting fuel and engine 
innovations. 

Perhaps the most indispensable Co-Optima tool is the boosted spark ignition (SI) merit 
function. Designed to quantify thermal efficiency benefits in relation to fuel properties, 
this critical tool has helped researchers better understand fuel-engine interactions, 
evaluate blendstock candidates, and integrate results from multiple projects within the 
Co-Optima portfolios.  

A broad arsenal of laboratory experimental capabilities supply valuable, highly accurate 
data on reaction kinetics for fuel ignition and soot formation, which are used in validation 
of detailed kinetic models and to provide insights into how molecular structure impacts 
fuel properties. Computational tools utilize and extend this understanding to help identify 

new blendstocks capable of even greater performance, as well as feasible production 
routes from biomass.

Imaging and characterization tools are being used to increase understanding of how 
new fuels will change the spray/mixture preparation process, and data on the impact 
fuel properties have on all engine combustion modes is being captured using high-fi-
delity predictive simulations. Experiments are also being carried out to understand how 
new fuel compositions could impact exhaust emission control devices. The devel-
opment of a new Co-Optimizer software tool makes it possible to assess candidate 
blendstocks in relation to tradeoffs involving a number of complex variables, including 
blendstock production scale and economics, life-cycle emissions, and infrastructure 
compatibility.

The following section highlights activities that benefit from these tools and impact the 
full spectrum of Co-Optima light-, medium-, and heavy-duty vehicle research.
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Fuel Property and Blending Models Built from Chemical Structures 
in Complex Fuels

One of the key challenges facing fuels researchers is determining fundamental fuel 
properties of samples when only very small quantities are available. Co-Optima 
researchers built statistically-based models relating chemical structures observed in 
nuclear magnetic resonance (NMR) spectra to key fuel properties—research octane 
number (RON) or derived cetane number (DCN); simulated distillation values for T10, 
T50, and T90 (temperatures at which 10%, 50%, and 90% of the volume is recovered 
during distillation); and Reid vapor pressure. The team built these models using fuel 
mixtures derived from thermochemical conversion of biomass. Models for each proper-
ty in the prediction tool are composed of five to seven of the most influential chemical 
substructures in the complex mixtures. The tool also provides a means of assessing the 
model fidelity based upon similarity to fuels used for development. By allowing pre-
diction of properties from only 50 – 200 μL of blendstock, which are typically complex 
multicomponent mixtures, the tool accelerates the rate of early-stage development of 
new blendstocks. Optimization of fuel blends using chemical structures identified with 
these models will advance new formulations from both fossil and renewable sources 
having fuel properties tailored for future engine designs.

04
Determine Properties 
with Structure-Based 

Blending Model

05
Blend Fuel

NMR Sample

Co-Optimize Properties & Chemical Structures

01
Make Measurements

02
Extract Features

03
Correlate Structures 

to Properties

NMR spectra of complex fuel mixtures are feature-rich, providing detailed information about the chemical 
structures within the fuel. Fuel properties, such as distillation (T10, T50, and T90), can be correlated to 
chemical structures. Multivariate analysis allows optimization of fuel properties from chemical structures as 
fuel blendstocks are combined to make a target fuel. Figure by Cortland Johnson, PNNL

Sooting Tendencies Predicted for Aromatic and Oxygenated 
Molecules

Predicting the sooting tendency of blendstocks is essential for understanding fuel 
performance in advanced combustion engines, yet is exceedingly difficult because 
of the very complicated chemical reactions and physical processes that govern 
soot formation. This includes formation of the first aromatic ring, growth to multi-
ring aromatics, particle inception, surface reaction/coagulation, agglomeration, 
and surface oxidation. Co-Optima researchers developed an improved experimen-
tal method with the dynamic range necessary to evaluate the sooting behavior 
of low-sooting (e.g,. paraffins, oxygenates) and high-sooting (e.g., aromatics) hy-
drocarbons and a group-contribution model capable of accurately predicting soot 
formation for a wide range of molecular structures. Outliers of this model typically 
indicate the presence of more complicated soot formation mechanisms, and these 
molecules were subsequently further analyzed via density functional theory. This 
combined approach provides a fundamentally-based, high throughput framework 
to identify the soot formation tendency of blendstocks directly from molecular 
structure, helping to guide fuels researchers efforts in assessing the viability of 
potential blendstocks.

Parity plot of Yield Sooting Index (YSI) 
model predictions after "leave-one-out" 
cross validation. Red crosses indicate 
molecules that are sufficiently different 
from the remainder of the database for 
their predictions to be discarded. Figure 
by Seonah Kim, NREL
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Scenario Co-Optimizer Includes Updated Boosted SI Merit 
Function and Blending Models

Co-Optima researchers are developing the Scenario Co-Optimizer Tool to identify 
fuel blends that achieve specific fuel quality and performance criteria while 
meeting user-defined constraints on economic, environmental, and infrastructure 
compatibility metrics. The Co-Optimizer Tool capabilities were expanded during 
FY17 to include an interface that allows Co-Optima stakeholders to readily assess 
the co-optimization potential of a wide array of new fuel options. The Co-Opti-
mizer Tool uses the boosted SI merit function to identify blendstocks that have 
the requisite properties to maximize engine efficiency when blended into petro-
leum base fuels. The tool uses Co-Optima-developed blending models to identify 
fully-blended fuels that meet current fuel quality specifications. User-supplied 
constraints then identify a smaller subset of solutions that can be compared 
over a wide range of market introduction scenarios. The current version con-
tains various sample analyses and includes sensitivity analyses to highlight the 
impact of uncertainty. Results show that changes in the merit function value 
due to uncertainty in the engine-dependent K factor a constant depending on 
engine design and operating conditions are small over a range representative of 
boosted SI operation (-1.25 < K < 0.5), indicating that candidate blendstocks at 
the 10% level that rank well are clearly distinct from those that do not even when 
a broad distribution in K is considered. This tool will help guide future R&D and 
allow stakeholders to identify potential boosted SI fuel options that provide the 
greatest value propositions for their organizations.

Distribution of merit function values that result from blending candidate blendstocks at the 10% level in a 
conventional gasoline blendstock for oxygenated blending and drawing 10,000 samples from K distributed as 
a normal distribution (-1.25; 0.5). Figure by Ray Grout, NREL and Juliane Mueller, LBNL
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Reduced-Order Chemical Reaction Model Derived for 
Fuel Blends

Combustion simulations that include detailed kinetics and turbu-
lence are essential tools for helping to identify optimal combina-
tions of fuel properties and engine design parameters. However, 
these simulations are extremely computationally demanding, and 
novel approaches are required to conduct  accurate simulations 
on practical timescales. Co-Optima researchers have developed a 
reduced-order chemical reaction model for fuel blends that will be 
used in high-fidelity large eddy simulations at the engine cylinder 
scale. A complete chemical reaction model even for a simplified 
surrogate fuel may include thousands of reactions, requiring a re-
duction in the number of reactions by three orders of magnitude. 
By functionalizing the Arrhenius parameters with respect to the 
ignition delay and by using a novel Bayesian inference approach, 
Co-Optima researchers developed a skeletal three-step chemical 
model in the following form:

CmHn+( 2m + 2m ) 02  mCO+ 2n H2Ou

C2H5OH+2 O2  2 CO+3 H2O

CO+1/2 O2 uCO2

The figure illustrates the method’s effectiveness, starting from 
a detailed reaction mechanism of 5,963 reactions (complete-
ly intractable within the large eddy simulation framework) and 
arriving to a manageable model of only three reactions. At every 
condition, Bayesian inference finds the most likely surface of 
ignition delay values. As a by-product, it also generates point-by-
point uncertainty bounds which give the modeler a sense of the 
accuracy of the reduction. This general method is now automated 
for E10–90 blends. This significant reduction of calculation cost 
for the chemical reaction term makes accurate large eddy simula-
tions of turbulent combustion practical and affordable, helping to 
ensure that modeling studies focused on identifying optimal fuel/
engine combinations have the greatest possible accuracy. 

In the two diagrams (mixture pressures 
of 25 bar, top, and 40 bar, bottom), 
the logarithm of the ignition delay (in 
seconds) is plotted as a function of the 
mixture's temperature (degrees Kelvin) 
and fuel-air ratio (non-dimensional). 
Figure by Marco Arienti, SNL
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X-rays of Gasoline Direct-Injection Sprays Offer Insights into Fuel 
Density and Dispersion Effects

Optimizing the performance of direct injection gasoline engines requires a 
fundamental understanding of the physics governing fuel/air mixing. Co-Optima 
researchers performed quantitative X-ray measurements of the near-nozzle fuel 
distribution in gasoline direct-injection sprays to study the effect of fuel physical 
properties such as density and viscosity on mixture preparation. Researchers com-
pared the time-resolved density distribution of the fuel spray from an eight-hole 
gasoline direct-injection spray of a gasoline-type calibration fluid with an injection 
of iso-octane. The iso-octane showed reduced peak density and increased spray 
dispersion. We believe these are the first ever quantitative measurements of the 
near-nozzle fuel distribution using flammable fuels. As measurements with addi-
tional fuels and fuel blends are completed, the measurements will form a database 
for the validation of computational simulations of fuel injection, helping to clarify 
the impact of fuel properties on combustion, efficiency, and emissions.

X-rays passing through fuel sprays emerging 
from an 8-hole gasoline direct-injection 

injector were projected onto the plane 
of the detector to reveal the fuel density 

distributions shown above, color coded in 
µg/mm2. Top is a non-evaporating spray of 

gasoline-type calibration fluid, bottom is 
a spray from the same injector using iso-

octane. Figure by Christopher Powell, ANL
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RetroSynth Tool Helps Identify Reaction Pathways to  
Boosted SI Blendstocks

Identification of a promising fuel blendstock often poses the challenge of assess-
ing how the blendstock can be produced at scale from a variety of biological or 
chemical processes. Co-Optima researchers developed the RetroSynth Tool based 
on retrosynthetic analysis—transforming a target molecule into simpler precursor 
structures through a sequenced approach that is repeated until simple or com-
mercially available structures are realized. Retrosynthetic analysis was conducted 
on 37 compounds (encompassing eight chemical classes) identified as potential 
blendstocks for boosted SI fuels. RetroSynth allows researchers to quickly identify 
the shortest biological or chemical production pathways to a target fuel for a given 
microbial organism or bio-derived precursor. For biological routes, it predicts the 
theoretical maximum yield of the target compound, and for chemical routes, it 
describes important reaction conditions such as catalyst type, temperature, and 
pressure. Using this tool and manual curation, Co-Optima researchers identified 
feasible production pathways for all the target boosted SI blendstocks, and iden-
tified several common intermediates for chemical and hybrid approaches, includ-
ing glycerol, furfural, and levulinic acid. 
RetroSynth significantly decreases the time 
needed to identify the reaction pathways, 
enzymes, and genes that are required to 
achieve production of target molecules, 
making it easier for Co-Optima to identify 
blendstock candidates that significantly 
improve engine performance.

Evaluation of Barriers for New Oxygenated Blendstocks Informs 
R&D and Analysis 

Understanding the hurdles facing commercial introduction of new blendstocks is 
critical to informing and maximizing the impact and relevance of Co-Optima R&D 
and analysis efforts. These challenges extend well beyond issues related to the 
blendstocks’ physical and chemical properties. As a first step in assessing these chal-
lenges, Co-Optima researchers identified the steps required to legally sell a new fuel 
and/or vehicle and summarized these in a report (publication pending). Researchers 
also evaluated representative oxygenate candidate blendstocks for possible barriers 
including elastomer compatibility with infrastructure and equipment up to the 30% 
blend range; presence or absence of a technical specification; and current regulatory 
hurdles (e.g., limitations to blend levels based on oxygen content); and additional 
factors such as additive compatibility. Researchers focused on which R&D data could 
help address these hurdles. The evaluation concluded that backward compatibility 
with current fuel production, delivery, and vehicle infrastructure is the most im-
portant barrier, though others (e.g., development of a technical specification) could 
increase the time required for market introduction. In addition to guiding Co-Optima 
research and analysis, these results are particularly helpful to industry in deciding 
which early-stage research candidates are suitable for advancing through their own 
development, demonstration, scale-up, and deployment efforts.

OUTPUT
• All Production 

Pathways
• Reaction Information

INPUT
• Target Compound
• Organism or 

Bio-precursor

RETROSYNTH

RetroSynth allows researchers to quickly identify the 
shortest biological or chemical production pathways to a 
target fuel for a given microbial organism or bio-derived 
precursor. Figure: Loren Stacks, SNL
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NEXT STEPS

All Co-Optima blendstock candidates identified to date face challenges and uncertainties that 
need to be further quantified. In fiscal year 2018, the research team will complete a  systematic 
 examination of the boosted spark ignition (SI) candidate blendstocks in relation to:

uu Potential to meet fuel economy targets

uu Infrastructure and vehicle material compatibility 

uu Impacts on emissions control systems

uu Scale-up requirements for blendstocks sourced from biomass

uu Consumer acceptance and market factors

uu Stakeholder value propositions.

Standalone boosted SI research will wind down in fiscal year 2018, as research on multimode 
SI-advanced combustion ignition strategies for light-duty vehicles increases. Researchers will also 
continue to expand their work to co-optimize medium- and heavy-duty vehicle fuels and engines, 
as well as establish critical merit factors for advanced compression ignition fuels.
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2017 Project Peer Review Presentations – 4 Presentations: M. Biddy, J. Dunn, J. Farrell, 
D. Gaspar, J. Holladay, and D. Longman. Bioenergy Technologies Office 2017 Project 
Peer Review, Denver, Colorado, March 6-9, 2017. https://energy.gov/eere/bioenergy/
downloads/2017-project-peer-review-co-optimization-fuels-and-engines

A Comprehensive Detailed Kinetic Mechanism for the Simulation of Transportation 
Fuels – M. Mehl, S. Wagnon, K. Tsang, G. Kukkadapu, W.J. Pitz, C.K. Westbrook, Y. 
Tsang, H.J. Curran, N. Atef, M.A. Rachidi, M.S. Sarathy, and A. Ahmed. 10th U.S. National 
Combustion Meeting, College Park, Maryland, April 23- 26, 2017. https://e-reports-ext.llnl.
gov/pdf/875028.pdf 

A Comprehensive Iso-Octane Combustion Model with Improved Thermochemistry and 
Chemical Kinetics – N. Atef, G. Kukkadapu, S.Y. Mohamed, M.J. Al Rashidi, C. Banyon, 
M. Mehl, K.A. Heufer, E.F. Nasir, A. Alfazazi, A.K. Das, C.K. Westbrook, W.J. Pitz, T. Lu, A. 
Farooq, C.-J. Sung, H.J. Curran, and S.M. Sarathy. Combustion and Flame 178:111-134, 2017. 
https://www.sciencedirect.com/science/article/pii/S0010218016304059  

A Quantitative Model for the Prediction of Sooting Tendency from Molecular Structure – 
P.C. St. John, P. Kairys, D.D. Das, C.S. McEnally, L.D. Pfefferle, D.J. Robichaud, M.R. Nimols, 
B.T. Zigler, R.L. McCormick, T.D. Foust, Y.J. Bomble, and S. Kim. Energy & Fuels, 31(9): 
9983-9990, 2017. http://pubs.acs.org/doi/pdf/10.1021/acs.energyfuels.7b00616 

SELECTED PUBLICATIONS AND PRESENTATIONS
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Acetaldehyde as an Ethanol-Derived Bio-Building Block: An Alternative to Guerbet 
Chemistry – C.M. Moore, O. Staples, R.W. Jenkins, T.J. Brooks, T.A. Semelsberger, 
and A.D. Sutton. Green Chemistry 19:169-174, 2017. http://pubs.rsc.org/en/content/
articlepdf/2014/GC/C6GC02507B?page=search  

Advanced Engine Combustion Meeting Presentations – 4 presentations: S. Choi, 
N.V. Dam, A. Ickes, C. Kolodziej, P. Pal, and T. Wallner. USCAR and Sandia National 
Laboratories, 2017.

An Introduction to DOE’s Co-Optima Initiative – M. Sjöberg. International Workshop 
on Fuel & Engine Interactions, Wuzhen, China, August 23, 2017. 

Annual Merit Review and Peer Evaluation Presentations – 8 presentations: J. Dec, J. 
Farrell, C. Kolodziej, R.L. McCormick, M. McNenly, M. Sjöberg, J.P. Szybist, and T. Toops. 
Vehicle Technologies Office Annual Merit Review and Peer Evaluation, Washington, DC, 
June 5-9, 2017.  https://energy.gov/eere/vehicles/annual-merit-review-presentations

Bioblendstocks that Enable High Efficiency Engine Designs – R.L. McCormick, G.M. 
Fioroni, M.A. Ratcliff, B.T. Zigler, and J. Farrell. 2nd CRC Advanced Fuel and Engine 
Efficiency Workshop, Livermore, California, November 3, 2016. https://www.nrel.gov/
docs/fy17osti/67629.pdf 

Bioeconomy 2017 Presentations – 5 presentations: D. Brooks, J. Eichenberger, J. 
Farrell, L. Harmon, and A. Lindauer. Bioenergy Technologies Office Bioeconomy 2017, 
Arlington, Virginia, July 11-12, 2017. https://energy.gov/eere/bioenergy/bioeconomy-
2017-presentations-and-agenda 

Chemical Kinetics of Octane Sensitivity in a Spark-Ignition Engine – C.K. Westbrook, 
M. Mehl, W.J. Pitz, and M. Sjöberg. Combustion and Flame, 175:2-15, 2017. https://www.
sciencedirect.com/science/article/pii/S0010218016301146  

Co-Optimization of Fuels & Engines – A. Lindauer. Transportation Research Board 
96th Annual Meeting, Washington, DC, January 8-12, 2017.  

Co-Optimization of Fuels & Engines: FY16 Year in Review – January 2017. https://
www.nrel.gov/docs/fy17osti/67595.pdf 

Co-Optimization of Fuels & Engines (Co-Optima) Initiative – J. Farrell. SAE 13th 
International Conference on Engines and Vehicles, Capri, Italy, September 13, 2017. 
https://www.nrel.gov/docs/fy18osti/70200.pdf 

Co-Optimization of Fuels & Engines (Co-Optima) Initiative: Recent Progress on 
Light-Duty Boosted Spark-Ignition Fuels/Engines – J. Farrell. Engine Research Center 
(ERC) 2017 Symposium, Madison, Wisconsin, June 14-15, 2017. https://www.nrel.gov/
docs/fy17osti/68751.pdf  

Co-Optimization of Fuels & Engines: Misfueling Mitigation – S. Sluder, K. Moriarty, F. 
Jehlik, and B.H. West. Oak Ridge National Laboratory, 2017. https://www.nrel.gov/docs/
fy17osti/66918.pdf  

Combined Effects of Gasoline Composition and Operating Strategies on Soot-
Production Pathways for Stratified-Charge SI Operation – C.M. Sjöberg, D. 
Vuilleumier, D. Reuss, X. He, and C.-P. Ding. WebEx Meeting with GM, October 28, 2016. 
https://www.osti.gov/scitech/servlets/purl/1408379 

Combustion Characteristics of Various Fuels during Research Octane Number Testing 
on an Instrumented CFR F1/F2 Engine – C.P. Kolodziej and T. Wallner. Combustion 
Engines, 171(4):164-169, April 2017. http://www.combustion-engines.eu/entityfiles/files/
articles_published/ptnss-2017-427.pdf

Compatibility of Fuel System Elastomers with Bio-Blendstock Fuel Candidates Using 
Hansen Solubility Analysis – M. Kass and B. West. SAE Int. J. Fuels Lubr. 10(1):138-162, 
2017. http://papers.sae.org/2017-01-0802  

Conceptual Investigation of the Origins of Hydrocarbon Emissions from Mixing 
Controlled, Compression-Ignition Combustion – A.S. Cheng and C.J. Mueller. SAE Int. 
J. Engines 10(3):1228-1237, 2017. http://papers.sae.org/2017-01-0724/ 

Cyclopentane Combustion Chemistry. Part I: Mechanism Development and 
Computational Kinetics – M.J. Al Rashidi, M. Mehl, W.J. Pitz, S. Mohamed, and S.M. 
Sarathy. Combustion and Flame, 183:358-371, 2017. https://www.sciencedirect.com/
science/article/pii/S0010218017301931 
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Cyclopentane Combustion. Part II: Ignition Delay Measurements and Mechanism 
Validation – M.J. Al Rashidi, J.C. Mármol, C. Banyon, M.B. Sajid, M. Mehl, W.J. Pitz, S. 
Mohamed, A. Alfazazi, T. Lu, H.J. Curran, A. Farooq, and S.M. Sarathy. Combustion 
and Flame, 183:372-385, 2017. https://www.sciencedirect.com/science/article/pii/
S001021801730192X 

Distillation-Based Droplet Modeling of Non-Ideal Oxygenated Gasoline Blends: 
Investigating the Role of Droplet Evaporation on PM Emissions – S.C. Burke, M. 
Ratcliff, R. McCormick, R. Rhoads, and B. Windom. SAE Int. J. Fuels and Lubr. 10(1), 
March 2017.  https://doi.org/10.4271/2017-01-0581 

Ducted Fuel Injection: A New Approach for Lowering Soot Emissions from Direct-
Injection Engines – C.J. Mueller, C.W. Nilsen, D.J. Ruth, R.K. Gehmlich, L.M. Pickett, 
and S.A. Skeen. Applied Energy 204:206-220, 2017. https://www.sciencedirect.com/
science/article/pii/S0306261917308644 

Effects of Fuel Laminar Flame Speed Compared to Engine Tumble Ratio, Ignition 
Energy, and Injection Strategy on Lean and EGR Dilute Spark Ignition Combustion – 
C.P. Kolodziej, M. Pamminger, J. Sevik, T. Wallner, S.W. Wagnon, and W.J. Pitz. SAE Int. 
J. Fuels Lubr. 10(1):82-94, 2017. https://doi.org/10.4271/2017-01-0671 

Elucidating Reactivity Regimes in Cyclopentane Oxidation: Jet-Stirred Reactor 
Experiments, Computational Chemistry, and Kinetic Modeling – M.J. Al Rashidi, 
S. Thion, C. Togbé, G. Dayma, M. Mehl, P. Dagaut, W.J. Pitz, J. Zádor, and S.M. 
Sarathy. Proceedings of The Combustion Institute, 36(1):469-477, 2017. http://www.
sciencedirect.com/science/article/pii/S1540748916300360 

Engine Operating Conditions and Fuel Properties on Pre-Spark Heat Release and 
SPI Promotion in SI Engine – D. Splitter, B. Kaul, J. Szybist, and G. Jatana, SAE Int. J. 
Engines 10:1036-1050, 2017. http://papers.sae.org/2017-01-0688/

Fuel Property and Engine Combustion Research of the U.S. Co-Optima Initiative 
– M. Musculus. Tailor-Made Fuels – From Production to Propulsion 5th International 
Conference of the Cluster of Excellence, Aachen, Germany, June 2, 2017.

Fuel Property Blend Model – W.J. Pitz, M. Mehl, S.J. Wagnon, K. Zhang, G. Kukkadapu, 
and C.K. Westbrook. January 13, 2017. https://e-reports-ext.llnl.gov/pdf/861908.pdf 

Heterogeneous Ketone Hydrodeoxygenation for the Production of Fuels and 
Feedstocks from Biomass – R.W. Jenkins, C.M. Moore, T.A. Semelsberger, and A.D. 
Sutton. ChemCatChem, 9:2807-2815, 2017. http://onlinelibrary.wiley.com/doi/10.1002/
cctc.201601678/full 

High-Speed PIV, Spray, Combustion Luminosity, and Infrared Fuel-Vapor Imaging 
for Probing Tumble-Flow-Induced Asymmetry of Gasoline Distribution in a Spray-
Guided Stratified-Charge DISI Engine – W. Zeng, M. Sjöberg, D.L. Reuss, and Z. Hu. 
Proceedings of the Combustion Institute, 36:3459-3466, 2017. https://doi.org/10.1016/j.
proci.2016.08.047 

History of Significant Vehicle and Fuel Introductions in the United States – J.F. 
Thomas, B.H. West, T. Alleman, M. Melendez, and M. Shirk. September 2017. http://info.
ornl.gov/sites/publications/Files/Pub61985.pdf 

Leveraging Microbial Biosynthetic Pathways for the Generation of “Drop-in” 
Biofuels – A. Zargar, C.B. Bailey, R.W. Haushalter, C.B. Eiben, L. Katz, and J.D. 
Keasling. Current Opinion in Biotechnology, 45:156-163, 2017. https://doi.org/10.1016/j.
copbio.2017.03.004

Overview of the Co-Optima Project and Hear Feedback on Their Priorities Related to 
Heavy Duty Research – J. Farrell. Stakeholder Meeting – 21st Century Truck, August 15, 2017.

Plasmonic Nanohole Array for Enhancing the SERS Signal of a Single Layer of Graphene 
in Water – A. Mahigir, T-W. Chang, A. Behnam, G.L. Liu, M.R. Gartia, and G. Veronis. 
Scientific Reports, 7(14044), 2017. https://doi.org/10.1038/s41598-017-14369-x 

Pressure and Temperature Effects on Fuels with Varying Octane Sensitivity at High 
Load in SI Engines – J.P. Szybist and D.A. Splitter. Combustion and Flame, 177:49-66, 
March 2017. https://doi.org/10.1016/j.combustflame.2016.12.002

Pressure-Temperature Domain Analysis to Provide Insight into Autoignition Processes 
in SI Engines at High Operating Load – J.P. Szybist and D.A. Splitter.  13th SAE 
International Conference on Engines & Vehicles (ICE2017), Capri, Italy, September 12, 2017.

Pyrolysis of Biomass for Aviation Fuel (Book Chapter) – R.W. Jenkins, A.D. Sutton, 
and D.J. Robichaud. Biofuels for Aviation, Elsevier Inc., Chapter 8, 191-215, 2016. http://
www.sciencedirect.com/science/article/pii/B9780128045688000081  
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RCCI Combustion Regime Transitions in a Single-Cylinder Optical Engine and a 
Multi-Cylinder Metal Engine – G. Roberts, C. Rousselle, M. Musculus, M. Wissink, S. 
Curran, and E. Eagle. SAE Int. J. Engines 10(5):2392-2413, 2017. https://saemobilus.sae.
org/content/2017-24-0088  

Selection Criteria and Screening of Potential Biomass-Derived Streams as Fuel 
Blendstocks for Advanced Spark-Ignition Engines – R.L. McCormick, G. Fioroni, 
L. Fouts, E. Christensen, J. Yanowitz, E. Polikarpov, K. Albrecht, D.J. Gaspar, J. 
Gladden, and A. George. SAE Int. J. Fuels Lubr., 10:442-460, March 2017. https://doi.
org/10.4271/2017-01-0868 

Significance of RON, MON, and LTHR for Knock Limits of Compositionally Dissimilar 
Gasoline Fuels in a DISI Engine – D. Vuilleumier and M. Sjöberg. SAE Int. J. Engines 
10(3), 2017. http://papers.sae.org/2017-01-0662/  

Small Volume Fuel Testers Report – I. Schoegl, M.J. McNenly, and N.J. Killingsworth. 
November 2016. https://e-reports-ext.llnl.gov/pdf/844131.pdf 

Sooting Tendencies of Diesel Fuels, Jet Fuels, and Their Surrogates in Diffusion 
Flames – D.D. Das, C.S. McEnally, T.A. Kwan, J.B. Zimmerman, W.J. Cannella, C.J. 
Mueller, and L.D. Pfefferle. Fuel 197:445-458, 2017. https://www.sciencedirect.com/
science/article/pii/S0016236117301163 

Sooting Tendencies of Hydrocarbons – C. McEnally. ExxonMobil Research and 
Engineering, Paulsboro, New Jersey, May 24, 2017.

Status Update on AVFL-18a: Improved Diesel Surrogate Fuels for Engine Testing and 
Kinetic Modeling – C.J. Mueller. Coordinating Research Council Fuels for Advanced 
Combustion Engines (FACE) Working Group Meeting, Portland, Maine, September 6, 2017.

The Co-Optimization of Fuels and Engines: Chemical Kinetics and Optical Research 
– M.P.B. Musculus. Invited Seminar at Lund University, Lund, Skane, Sweden, October 
13-14, 2016. https://www.osti.gov/scitech/servlets/purl/1400051  

The Co-Optimization of Fuels & Engines: The Importance of Infrastructure 
Compatibility – M. Berube. PEI Journal 11(2):46-52, 2017. http://digital.peijournal.org/
peijournal/Q22017?pg=48#pg48

The Development and Validation of a Chemical Kinetic Model for Anisole, a 
Compound to Represent Biomass Pyrolysis Fuels – S.W. Wagnon, S. Thion, E.J.K. 
Nilsson, M. Mehl, Z. Serinyel, K. Zhang, P. Dagaut, A.A. Konnov, G. Dayma, and W.J. 
Pitz. 10th U.S. National Combustion Meeting, College Park, Maryland, April 23-26, 2017. 
https://e-reports-ext.llnl.gov/pdf/874485.pdf 

The Reduced Effectiveness of EGR to Mitigate Knock at High Loads in Boosted SI 
Engines – J.P. Szybist, S.W. Wagnon, D.A. Splitter, W.J. Pitz, and M. Mehl. SAE Int. J. 
Engines, 10:2305-2318, September 4, 2017. https://doi.org/10.4271/2017-24-0061 

The Role of Correlations in Uncertainty Quantification of Transportation Relevant 
Fuel Models – A. Fridlyand, M.S. Johnson, S.S. Goldsborough, R.H. West, M.J. McNenly, 
M. Mehl, and W.J. Pitz. Combustion and Flame, 180:239-249, 2017. https://www.
sciencedirect.com/science/article/pii/S0010218016303133# 

Toward the Development of a Fundamentally Based Chemical Model for 
Cyclopentanone: High-Pressure-Limit Rate Constants for H Atom Abstraction and 
Fuel Radical Decomposition – C.-W. Zhou, J.M. Simmie, W.J. Pitz, and H.J. Curran. 
Journal of Physical Chemistry A, 120(36):7037-7044, August 2016. http://pubs.acs.org/
doi/pdf/10.1021/acs.jpca.6b03994   

Understanding Trends in Autoignition of Biofuels: Homologous Series of Oxygenated 
C5 Molecules – L. Bu, P.N. Ciesielski, D.J. Robichaud, S. Kim, R.L. McCormick, T.D. Foust, 
and M.R. Nimlos. Journal of Physical Chemistry A, 121:5475-5486, 2017. https://doi.
org/10.1021/acs.jpca.7b04000 

Utilizing Boost and Double Injections for Enhanced Stratified-Charge Direct-
Injection Spark-Ignition Engine Operation with Gasoline and E30 Fuels – W. Zeng 
and M. Sjöberg. International Journal of Engine Research, 18:131-142, February 2017. 
https://doi.org/10.1177/1468087416685512
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BETO-VTO Joint Initiative Gathers Feedback and Guidance from Stakeholders in Fuel 
and Vehicles Industries – March 2017.
Energy Industry News. http://energy.einnews.com/pr_news/368907945/beto-vto-
joint-initiative-gathers-feedback-and-guidance-from-stakeholders-in-fuel-and-
vehicles-industries 
Wind Energy News – Wind Energy Industry Today. http://windenergy.einnews.com/
pr_news/368907945/beto-vto-joint-initiative-gathers-feedback-and-guidance-from-
stakeholders-in-fuel-and-vehicles-industries 

Conference Report: SAE 2017 Congress – DieselNet, April 2017. https://dieselnet.com/
news/2017/04sae.php 

Co-Optima Targets Maximum Transportation Sector Efficiency, Energy Independence 
and Industry Growth – Vehicle ServicePros.com, February 2017. http://www.
vehicleservicepros.com/vehicles/powertrain/fuels-and-fueling-systems/press-
release/20853511/  

DOE Announces 8 Co-Optima Initiative Awards – Biomass Magazine, January 2017. 
http://www.biomassmagazine.com/articles/14076/

DOE Announces Up to $7 Million for the Co-Optimization of Fuels and Engines – 
EnvironmentGuru.com, December 2016. 

DOE Awarding Up to $7M to 8 Universities for Co-Optimization of Fuels and Engines: 
Co-Optima – Green Car Congress, December 2016. http://www.greencarcongress. 
com/2016/12/20161229-coptima.html 

DOE Awards Universities Funding to Boost Biofuel Performance in Engines – M. Sapp, 
Biofuels Digest, December 2016. http://www.biofuelsdigest.com/bdigest/2016/12/29/
doe-awards-universities-funding-to-boost-biofuel-performance-in-engines/ 

DOE Co-Optima Initiative Publishes Report Reviewing First 12 Months; Progress on 
Fuels and Engines – January 2017. 
Green Car Congress. http://www.greencarcongress.com/2017/01/20170116-cooptima.html 
World News Report – EIN. http://world.einnews.com/article/362251379/live 

DOE Funds Project to Accelerate Introduction of Fuels for Low-Emission Engines – 
Bunker Index, December 2016. http://www.bunkerindex.com/news/article.php?article_ 
id=18383 
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Penn State, Yale Use $1.2M Co-Optima Award for Biofuels Research – L. Tyler, NGT 
News, March 2017. https://ngtnews.com/penn-state-yale-use-1-2m-co-optima-award-
for-biofuels-research 

Research Aims to “Co-Optimize” Biofuels for Future Engines – Agri-Pulse, August 
2017. https://www.agri-pulse.com/articles/9661-research-aims-to-co-optimize-
biofuels-for-future-engines 

SAE REX: PHEVs and REEVs Could Open Door for Advanced Combustion Regime 
Engines – Green Car Congress, November 2017. http://www.greencarcongress.
com/2016/11/2016.html 

University of Alabama Researches Fuels to Improve Engines, Cut Emissions – 
University of Alabama News Center, February 2017. https://www.ua.edu/news/2017/02/
ua-researches-fuels-to-improve-engines-cut-emissions/

Update on DOE Co-Optima Project to Co-Optimize Fuels & Engines; Goal of 30% Per 
Vehicle Reduction in Petroleum – Green Car Congress, November 2016. http://www.
greencarcongress.com/2016/11/20161128-cooptima.html

Yale, Penn State Team Receives $1.2M Co-Optima Award to Investigate Sooting 
Behavior of Biofuels – Green Car Congress, March 2017. http://www.greencarcongress.
com/2017/03/20170304-psu.html 

Yuan Xuan to Look for Biofuel of Future Using DOE Co-Optima Award – Penn State 
News, January 2018.  http://news.psu.edu/story/453922/2017/03/02/xuan-look-
biofuel-future-using-doe-co-optima-award

DOE Announces Funds for Sustainable Fuels, Engine Development – NGT News, 
December 2016. http://ngtnews.com/doe-offers-7-million-to-encourage-low-
emission-engines-sustainable-fuels 

Energy Department Announces Up to $7 Million for the Co-Optimization of Fuels 
and Engines – December 2016.
Wind Energy News – Wind Energy Industry Today. http://windenergy.einnews.com/
pr_news/360041868/energy-department-announces-up-to-7-million-for-the-co-
optimization-of-fuels-and-engines
Energy Industry News. http://energy.einnews.com/pr_news/360041868/
Imperial Valley News. http://www.imperialvalleynews.com/index.php/8-news/11647 
World News Report – EIN. http://world.einnews.com/pr_news/360041868/

Energy Grant to UCF to Accelerate Biofuel Research, Mainstream Adoption – 
January 2017.
Capital Soup. http://capitalsoup.com/2017/01/09/energy-grant-to-ucf-to-accelerate-
biofuel-research-mainstream-adoption/ 

For Cars of the Future, the Fuels They Need, Today, From Algae – J. Lane, Biofuels 
Digest, October 2016. http://www.biofuelsdigest.com/bdigest/2016/10/26/for-cars-
of-the-future-the-fuels-they-need-today-from-algae/

Improved Vehicle Performance with Fuel That's Better for the Environment 
– A. Lindauer, Renewable Energy World, November 2016. http://www. 
renewableenergyworld.com/articles/2016/11/improved-vehicle-performance-with-
fuel-that-s-better-for-the-environment.html

Initiative Readies Biofuels for Future High-Performance, Low-Carbon Engines – 
25x’25, June 2017. http://25x25blog.org/initiative-readies-biofuels-for-future-high-
performance-low-carbon-engines/ 

Penn State Researcher Scores $1.2 million DOE Award to Work on Fuels for Next 
Gen Engines – M. Sapp, Biofuels Digest, March 2017. http://www.biofuelsdigest.com/
bdigest/2017/03/14/penn-state-researcher-scores-1-2-million-doe-award-to-work-on-
fuels-for-next-gen-engines/
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ACI .......................advanced compression ignition
ANL .....................Argonne National Laboratory
BETO...................Bioenergy Technologies Office (DOE/  

EERE)
BOB .....................blendstock for oxygenate blending
CA ........................crank angle
CFPG ...................catalytic fast pyrolysis gasoline
Co-Optima ........Co-Optimization of Fuels & Engines
CVCC ...................constant volume combustion chamber
DCN .....................derived cetane number
DFI .......................ducted fuel injection 
DI .........................direct injection
DOE .....................U.S. Department of Energy
DSC .....................differential scanning calorimetry
EERE ...................Office of Energy Efficiency and   

Renewable Energy (DOE)
EGR .....................exhaust-gas recirculation
FTP ......................Federal Test Procedure

GCI ......................gasoline compression ignition
GDI ......................gasoline direct injection
HDV .....................heavy-duty vehicle
HOV .....................heat of vaporization
INL .......................Idaho National Laboratory
K ............................engine-dependent factor in octane index
LANL ...................Los Alamos National Laboratory
LBNL ...................Lawrence Berkeley National Laboratory
LDV .....................light-duty vehicle
LLNL ...................Lawrence Livermore National    

Laboratory
LSPI .....................low-speed pre-ignition
LTGC ...................low-temperature gasoline combustion
MCCI ...................mixing-controlled compression ignition
MDV ....................medium-duty vehicle
MON ....................motor octane number
NMR ....................nuclear magnetic resonance
NREL ...................National Renewable Energy Laboratory

OI .........................octane index
ORNL ..................Oak Ridge National Laboratory
PET ......................polyethylene terephthalate
PM........................particulate matter 
PNNL ..................Pacific Northwest National Laboratory
PPS ......................polyphenylene sulfide
PTFE ...................polytetrafluoroethylene
PVDF...................polyvinylidenefluoride
R&D .....................research and development
RON ....................research octane number
S ...........................octane sensitivity 
SI ..........................spark ignition
SNL ......................Sandia National Laboratories
TGA .....................thermogravimetric analysis
TRF ......................toluene reference fuel
VTO .....................Vehicle Technologies Office (DOE/EERE)

ACRONYM LIST & GLOSSARY

Acronyms & Abbreviations
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autoignition ............................................................. Spontaneous ignition of a fuel-air mixture without an ignition source

blendstock ................................................................ Molecules or mixtures that are combined to make a fuel

CA50 .......................................................................... Crank angle at which 50% of the total heat is released

compression ignition ............................................ Class of combustion modes where autoignition is achieved  
through compression heating

core fuels .................................................................. Full boiling range fuels used to compare results across different   
laboratories and experimental platforms

heat of vaporization (HOV) ................................ Energy required to transform a liquid into a gas

merit function ......................................................... Weighting function that signifies the relative importance of critical   
fuel properties in engine performance 

multimode ................................................................ Engine strategies that use different methods of ignition, combustion,  
and/or fuel preparation depending on engine needs

mixing-controlled compression ignition ....... Combustion process that is controlled by the rate at which fuel   
and air are mixed to produce a combustible mixture

motor octane number (MON) ............................ Measure of anti-knock quality of a fuel under relatively severe   
driving conditions

phi sensitivity .......................................................... Extent to which a fuel’s autoignition reactivity changes as a function  
of the fuel-air ratio normalized by the stoichiometric fuel-air ratio

research octane number (RON) ........................ Measure of anti-knock quality of a fuel under moderate/typical   
driving conditions

sensitivity (S) .......................................................... Difference in octane numbers (RON – MON)

surrogate fuels ........................................................ Simple mixtures used to simulate the physical properties and/or   
chemical reactivity of a full boiling range fuel

Glossary
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ONGOING DIALOGUE WITH STAKEHOLDERS

Co-Optima leaders continue to engage 
 government and industry decision makers in 
dialogue to help ensure the success of this 
initiative. This has taken the form of "listening 

day" events, participation in trade association meet-
ings, presentations at conferences, visits with individ-
ual stakeholders, and input from Co-Optima’s external 
advisory board. 

In addition to the two sponsoring EERE offices 
and national lab partners, Co-Optima has involved 
representatives from other government agencies at 
multiple levels, the petroleum and biofuels industries, 

automakers and original equipment manufacturers, 
and trade and consumer groups. In fiscal year 2017, 
13 universities joined the Co-Optima initiative, pro-
viding additional perspectives and complementary 
world-class research expertise.

These conversations have helped identify R&D needs, 
potential risks, and mitigation strategies in the areas 
of engine efficiency and performance, fuel production 
and distribution, infrastructure compatibility, and retail 
sales. The national labs and EERE recognize that con-
tinued exchanges with these partners are vital to the 
ongoing success of the Co-Optima initiative. 

Photos in this report were provided by:
Argonne National Laboratory
Lawrence Berkeley National Laboratory
National Biodiesel Board

National Renewable Energy Laboratory
Oak Ridge National Laboratory
Sandia National Laboratories
iStock
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