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Overview

Better fuels. Better engines. Sooner.

NOTICE: This webinar, including all audio and images of participants 
and presentation materials, may be recorded, saved, edited, 
distributed, used internally, posted on DOE’s website, or otherwise 
made publicly available. If you continue to access this webinar and 
provide such audio or image content, you consent to such use by or 
on behalf of DOE and the Government for Government purposes and 
acknowledge that you will not inspect or approve, or be compensated 
for, such use.
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Co-Optima draws on national expertise

DOE Offices

National Laboratories

University Partners

Industry Partners



Contributions from across Co-Optima teams

There are many contributors to the work featured in this presentation.

This research was sponsored by the U.S. Department of Energy (DOE) Office of Energy Efficiency and 
Renewable Energy (EERE), Bioenergy Technologies and Vehicle Technologies Offices. 4



• Focus on liquid fuels

• Identify blendstocks

• Consider non-food-based 

biofuel feedstocks 

• Assess well-to-wheels 

impacts for biofuel options

• Provide data, tools, and 

knowledge

• Recent focus: up to 30% 

blend level

• Approach is applicable to 

high renewable content fuels

5

Seeking sustainable fuel–engine combinations



Research Approach

Connect engine performance 

to fuel properties to fuel chemistry



Hypothesis: 

Equivalent fuel 

properties result 

in equivalent 

performance

7

APPROACH        Link properties to engine efficiency

• Took a fuel-properties-based, composition-

agnostic approach

• However, sometimes new metrics had to be 

developed (e.g., f -sensitivity)

• Considered new engine designs needed to 

realize benefits

• Developed new methodologies to quantify 

how benefits vary with fuel properties
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MEDIUM-DUTY / HEAVY-DUTY

• Near term: Diesel combustion

• Longer term: Advanced

compression ignition (ACI)

LIGHT-DUTY

• Near term: Turbocharged

spark-ignition engines

• Longer term: Multimode (MM) 

engine operation

Today, focus on gasoline-range fuels for both LD & MD/HD

SCOPE       On-road transportation from light-duty to heavy-duty



Key Takeaways – MD/HD

ACI with gasoline-range fuels can 

provide higher efficiency than diesel 

engines, and with much lower

engine-out emissions

Fuels can be designed to provide 

properties that enable ACI, even at

high bioblendstock levels



Key Takeaways – LD

Advanced combustion provides 

efficiency gains >10% in addition

to boosted SI gains

Fuel properties can play an 

important role to enable advanced 

combustion



Light-Duty Goal

Determine fuel properties that 

enable advanced combustion 

modes with higher efficiency than 

conventional stoichiometric

spark-ignition gasoline engines
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• Increased efficiency 

lowers fuel consumption 

and carbon dioxide (CO2) 

emissions

• Improved fuel properties 

can increase engine 

efficiency

• This applies to both 

conventional and

advanced engine 

combustion

GOAL       Increase light-duty fleet efficiency

Tg = teragramEJ = exajoule

mpg = miles per gallon

1135

500

15.7

6.9



•Multimode uses advanced combustion at lower loads

in combination with boosted spark ignition (SI) at high loads

•Goal is to reduce overall fuel consumption

 What fuel properties enable MM operation?

Boosted SI

Lean Operation

What fuels do engines
really want? • MM fuels need to 

enable good low-to-

mid load coverage

• MM fuels need to 

enable boosted SI

13

GOAL Light-duty multimode engine operation



Increased RON and S can increase the efficiency of SI engines

(see Co-Optima Capstone Webinar from March 26)

•RON & MON are determined in two different 

octane tests performed in special test engines 

•Octane sensitivity, S = RON - MON

14CR = 9.7 Baseline CR=11 CR=12 CR=13.7 CR=15

RON = Research Octane Number

MON = Motor Octane Number

CR = Compression Ratio
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Benefits and challenges with lean operation

• Increased thermal efficiency

– Improved thermodynamics, reduced pumping 

losses, and reduced heat transfer losses

• Combustion instability

Well-Mixed

SI Operation

More Air



• Partial fuel stratification and 

spark ignition enable stable 

lean combustion

• Mixed-mode combustion 

sufficiently fast combustion

16

Spark-assisted compression ignition (SACI)
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•Examine SACI also 

for a hybrid 

powertrain

17

SACIStratified Charge (SC)

HCCI

HCCI = Homogeneous Charge Compression Ignition

SCOPE      Multiple options for MM engine operation

Power Split Device

Battery

Inverter

Motor

Drive Wheels
Reduction 

Gear

Engine

Generator



• Multimode implementation can provide >10% fuel economy gains over 

boosted SI baseline engine

• In addition to gains from increased RON & S on boosted SI baseline

• Multimode in a hybrid powertrain can provide >15% fuel economy gains

• Fuel properties with high impact on SACI load coverage:

• Higher RON = better

• Higher S = better

• Blendstocks with highest potential for improvement:

• Alcohols (e.g., ethanol)

• Iso-olefins (e.g., diisobutylene)

• Alkylfurans 18

TAKEAWAYS        What fuel-economy gains are possible?



Research Approach
Engine & fuel experiments

Expand combustion parameter 
space via modeling 

Assess fuel-economy impacts
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Notable Outcomes

Light-duty fuel–engine

co-optimization can achieve

>10% fuel-economy gains



• Multimode operation provides 9%–14% MPG 

gains for highway & urban drive cycles

• Mode switching most frequent for

urban drive cycle

• Here, the higher SACI load limit of high-RON 

high-S fuels provides benefits

RON100-S12    

Urban

22

0

5

10

15

20

R
O

N
1
0
0

S
1
2

1
0
.2

 b
a

r

R
O

N
1
0
0

S
2

9
.1

 b
a

r

R
O

N
9
5
S

7
8
.4

 b
a
r

R
O

N
9
0
S

1
2

8
.6

 b
a
r

R
O

N
9
0
S

2
7
.3

 b
a
r

M
P

G
 G

a
in

 w
it

h
 M

M
 [

%
] Highway

Urban

MM Fuel Effects 210421-22.xlsx, MPG Gain with MM Low, Cool (4Pb3)

CR = 12, 4 Cylinders
Multimode, incl. Low Loads

50 mg penalty per mode transition

0

40

80

120

160

R
O

N
1
0
0
-S

1
2

R
O

N
1
0
0
-S

2

R
O

N
9
5
-S

7

R
O

N
9
0
-S

1
2

R
O

N
9
0
-S

2#
 o

f 
M

o
d

e
 T

ra
n

s
it

io
n

s
 [

-] Highway

Urban

MM Fuel Effects 210421-22.xlsx, ModeTrans with MM LL, Cool (4Pb3)

CR = 12, 4 Cylinders
Multimode, incl. Low Loads

OUTCOMES Substantial fuel economy benefits with MM 



95

100

105

110

115

120

125

RON90-
S6, CR10

RON95-
S7, CR10

RON95-
S7, CR12

RON100-
S12, CR12

RON100-
S12,

CR15.7

M
P

G
 R

e
l.

 R
O

N
9

0
-S

6
, 

C
R

1
0

 [
%

]

Boosted SI Only

Multimode, Urban

Multimode, Highway

Multimode Implementation Scenarios 2.xlsx

• Here, focus was on CR = 12

• Future work will study effect of CR

on multimode operation

• Still, it is clear that:

‒ Compared to boosted SI, multimode 

operation allows substantial fuel-

economy gains with less extreme

RON & S

Regular Gasoline

Anti-Knock Index, AKI = 87
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Premium

AKI = 91

OUTCOMES

Baseline

Multimode operation provides gains
without needing extreme RON & S
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OUTCOMES Many blendstock options

• All have high 

RON & S

• Smaller alcohols 

also have high 

heat of 

vaporization

• RON for these 

blendstocks 

blend 

synergistically

Top 10 Bioblendstocks for Boosted SI Report: https://www.osti.gov/servlets/purl/1567705



• Multimode engine operation with SACI 

provides additional gains of 7%–19%

• Stratified-charge SI for lower loads

is not required

• Power split hybrids create an extremely 

efficient system

• MPG gains are substantial for both an urban 

and an aggressive drive cycle (US06)
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• The HEV adapts to use the most efficient 

speed–torque areas

• Hence, high fuel economy can be 

maintained regardless of RON & S

26

OUTCOMES Power-split with SACI - small effect of RON & S
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MD/HD Goal

Determine fuel properties that 

enable implementation of ACI 

techniques
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• ACI engines can lead to high efficiencies and low 

harmful emissions

– Ultra-low engine-out NOx and soot.

• Low-temperature gasoline combustion (LTGC) has 

demonstrated good performance over the entire 

operating map

• Efficiencies are 14%–30% above EPA generic 7L diesel

• Bioblendstocks could significantly reduce the carbon 

footprint of combustion engines

• Can renewable fuels assist LTGC implementation?

NOx = Nitrogen Oxides

EPA = U.S. Environmental Protection Agency

GOAL Motivation for full-time ACI engine



Research Approach

Engine & fuel experiments

Define new fuel-property metrics

Develop new fuel-blending

strategies and expand parameter 

space via modeling



Enable 
high  loads

High RON

High f -
sensitivity

Low intake 
heat required

Fuel requirements

New modeling methodology based on CHEMKIN simulations

High S

• A new fuel property, f -sensitivity, 

is important for LTGC operation 

with partial fuel stratification (PFS).

• Improves combustion control and 

reduces engine noise

• An LTGC fuel should support 

ACI operation

• An LTGC fuel should also 

provide benefits for boosted SI 

engines

LTGC with PFS

30

APPROACH Extend experiments with modeling
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Regular Gasoline

Strategy #1 (not effective)

• High-reactivity bioblendstock provides

f -sensitivity +

low-reactivity species (provide RON & S)

Strategy #2 (effective)

• Low-reactivity bioblendstock provides high 

RON & S +

high-reactivity species (provide f-sensitivity)

31

APPROACH Compare two fuel-blending strategies



40% bioblendstock
27.3%
pentane

15.2%
isoctane

17.5% hexene

24.4% 2,5-
dimethyl 
furan

15.6% 2-
methyl furan

32

CB#2 with 40%vol furans. 

• A new better fuel, CB#2, 

was formulated for ACI and 

boosted SI engines

• It has high bioblendstock content and 

provides higher f-sensitivity, RON, and S 

Intake T = Intake Temperature

IMEPg = Gross Indicated Mean Effective Pressure

OUTCOMES A better LTGC fuel was confirmed experimentally
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combustion control while 
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OUTCOMES A better ACI fuel provides several benefits

• High bioblendstock content reduces GHG 

emissions compared to regular gasoline

LTGC Results with Regular Gasoline:

Brake Thermal Efficiency (BTE)

BMEP = Brake Mean Effective Pressure
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• Wide range of well-

to-wheels GHG 

emissions reductions

• Top candidates all

reduce GHG 

emissions 

by >50%

• High bioblendstock 

level + highly efficient 

ACI engine operation 

is an attractive 

combination

OUTCOMES     Biofuels reduce GHG emissions

34



Next Steps

Ensure clean exhaust

Increase blend levels to enable

net-zero carbon solutions



• Clean exhaust is 

imperative for market 

introduction

• Lean engine operation 

comes with unique 

aftertreatment challenges

• Fuel effects have been 

observed

• Important aspect of fuel-

engine co-optimization

36

NEXT STEPS Exhaust aftertreatment

Exhaust flow 

Catalyst surface ACS Catal. 2019,

9, 5, 3978–3990



• Scaling up for commercial 

production

• Overcoming adoption 

barriers

• Bringing fuels with 

improved properties - and 

engines designed to use 

them - to the marketplace

37
https://doi.org/10.1039/d0ee00716a

NEXT STEPS Realizing the potential

https://doi.org/


BEVs

ICE
Hybrids
Biofuels
E-fuels

H2

FCEVs

Net Zero 
Carbon Emissions

10x Reduction 
in NOx Emissions

• Net-zero carbon emissions pathway may include powertrain technologies that 

use low carbon and renewable fueled internal combustion engines (ICE), 

ICE-hybrids, fuel-cell hybrids, and battery-electric powertrains

• Coordinated national lab efforts like Co-Optima should be well

positioned to contribute toward net-zero carbon solutions

38

NEXT STEPS     Uncertainties in future directions of transportation
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Capstone webinar series – stay tuned

https://www.energy.gov/eere/bioenergy/co-optima-capstone-webinars
41

How can co-optimized fuels and spark-ignition

engines enhance efficiency while reducing carbon 

emissions of light-duty passenger vehicles?

How can fuels and combustion reduce pollutants 

from future diesel engines?

What environmental and economic benefits might be 

realized by co-optimizing fuels and spark-ignition 

engines for light-duty passenger vehicles?

MAR

25

APR

29

MAY

27

What environmental and economic benefits might be 

realized by co-optimizing fuels and engines for 

medium-duty and heavy-duty commercial vehicles?

What unconventional engine-fuel combinations 

show the greatest promise for efficiency improvements 

beyond current LD/MD/HD technologies?

Co-optimization of fuels and engines: past, present, 

and future—what did we learn and where do we 

go next?

JUN

24

AUG

26

SEP
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Q & A

Magnus Sjöberg
Co-Optima AED Team

Sandia National Laboratories

mgsjobe@sandia.gov

energy.gov/fuel-engine-co-optimization

energy.gov/eere/bioenergy/co-optima-publications
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https://www.energy.gov/eere/bioenergy/co-optimization-fuels-engines
https://www.energy.gov/eere/bioenergy/co-optima-publications
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