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ETHANOL IS CURRENTLY THE LARGEST VOLUME BIOFUEL, VERY
IMPORTANT FOR EISA COMPLIANCE

e Dramatic growth in ethanol use in last
10 years (over 10 billion gallons per
year (bgpy))

e January 2007 — President launches
20-in-10

— Spring 2007 — DOE kicks off intermediate
blends studies

e December 2007 — EISA sets national
goals for biofuel use

— 36 bgpy by 2022
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e Essentially hit E10 “blend wall” in 2010 A
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— E15 blends increase “blend wall” ceiling
by up to 7 bgpy by 2022
*U.S. Ethanol consumption.
H H a“ » ata from Energy Information Agenc
e Large untapped pOtentlaI Wlth E85 or Etttp://wwvlf/.eiag.\g/olv/totaletnergAyg/datZ/montth/pdf/mer.pdf
Other high Ethan0| blend *%2012 extrapolated from 6 months of data
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LARGE UNTAPPED POTENTIAL OF E85
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e Over 8 million FFVs, currently consume less than 0.03 Bgpy
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LARGE UNTAPPED POTENTIAL OF E85 (nore cance v unis)
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e Over 8 million FFVs, currently consume less than 0.03 Bgpy
Potential for additional 4-7 Bgpy ethanol utilization (TODAY)"
(Could exceed 20Bgpy by 2022)**
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*Assumes 8M veh, 12-15k mi/yr, 13-18 mpg
**Assumes additional 2.5M FFV/yr added to fleet
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MORE E85 PumPSs AND NUMBER OF FFVs ARE
IMPORTANT BUT...

Consumers are not choosing E85 when it is available
e Gasoline/E10 pumps average ~2400 gallons per day
e E85 dispenser pumps average 40 gallons per day
(dMore than 8 million FFVs on the road
JAverage FFV consumes less than 4 gallons E85 per year!

Numerous reasons for lack of E85 consumer acceptance -
e Lower Energy Density and higher $/BTU (compared to gasoline or E10) <
— Shortened range 7

— Higher cost per mile

e How much ethanol is in my “E85?”

— ASTM specification allows 51% to 83% ethanol
primarily to control volatility of blends

— Potentially high variability in vehicle range (as
ethanol content fluctuates)

— May contribute to consumer confusion
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http://en.wikipedia.org/wiki/File:E85_fuel_pump_7563_DCA_09_2009.jpg

OPTIMIZATION POTENTIAL OF HIGH ETHANOL FUEL BLENDS FOR EFFICIENCY AND
PERFORMANCE HAS BEEN THOROUGHLY DOCUMENTED

SAECET

Prspsy— INTERNATION t 2011-36-0196
. -, oy ~ Parameter Optimization of a Turbe Charged Direct Injoction Flox Fuel 51 Engine . . SI1C
Wfﬂt@!ﬂaﬂorldf E;ﬂrefﬂd tIOﬂaJ' Ingo Study on Boosted Direct Injection 51 Combustion with Ethanol I_}Fcnds
A PR T ——— and the Influence on the Ignition System
’ . 2 oo ; 2 Pleaese, e,
Investigation of Knock Limited Compression Ratio - Spray Characterization of Ethanol Gasoline Blends Panlo Comes, Ralmer Ecker, André Kuzer, Andreas Eufferath, Ederson Contl
and Comparison to a CFD Model for a Gasoline Y Hakan Vilmas Rty Tonch G, gy
WL (IS [t
Divect Injector ey £ 21 LA Lol
Jaumes eyt
2006-01-3380 008 20 00 (BAL) ) FOMTTE LAE)
H}nre{natfonaf The Effect of Ethanol Fuel on a Spark Ignition Engine H}‘nrernaﬁonar Etfect of Ethanol on Knock in Spark Ignition Gasaline Engines
. Shintars Lt . 5 s Haksema
Engine Efficiency Improvements Enabled by SLLAT L0 1,..,“ Kinwal and Takmai Tsunocka A Study of Alcoliol Blended Fuels in an Unthrottled DIIRAL 8 e Jnte P
Ethanol Fuel Blends in a GDN VVA Flex Fuel Engine paazon e Single Cylinder Spark Ignition Engine Prryoerty Jim Kuanaka and Vasuhira Daishe
[resr—
Warne Mooe Matthew Foster and Kevin Hover o 0 008 BAT biwation Alautass Caires and Adan Todd ) e e LR T Sy
e e
SAEternational SAEtermational D P ofa Spark Ignition Optimal Use of E85 in a Turbocharged Direct Injection Engine
Direcl-ln]m:non Flex-Fuel Engine
Effect of Heat of Vaporization, Chemical Octane, and Charge Cooling Effects on Knock Limits in SI DI Engines Using Flafunrt L Mt Chrintophor & Houes sl Thimes 1 Lacns
Sensitivity on Knock Limit for Ethanol - Gaseline Blends Gasoline/Ethanol Blends: Part 2-Effective Octane Numbers A R S i M v BT
Pabent A Stein. Dusan Pabo and Kevin Pedk Lmumace] Kasseris and Yoo Heywood
S D i el Ko sl it s ooy e SR P
e 2007-011392
Ethanl Delecton in Flox-Fuel Direet Injection Engines Using In-Cylinder gas| sl I F— A Comparison of the Effect of E&5 vs. Gasolin
sl Ak International Ak International ol o - Gayuling
Fres: ternationa ternationa on Exhaust System Surface Temperatures
d ; . SIE 0011208 2012001275
Hestor i Sty A Method to Guide DIST Engine Fhlrge E‘fuﬂing _Ei'l'eﬂv ml Knaock Limits in ST DI o . 3. g dor % oy s..mn .
Redesign for Increased Efficiency using Aleohol Fuel ey Engines Using Gasoline/Ethanol Blends: Part 1- Prrrer) o Wt Camparry
U s Blends 0 ing Charge Cooling - o
JSAE 20077079 JSAE 20077060 2007-01-1408
SAE 2007-01-2037 SAE 2007-01-2007
; a7 Ethanol Direct Injection on Turbocharged S| Engines -
SAE nternational Feasibllty Study.of Etfianol Applications The Impact of RON on 51 Engine Thermal Efficienc i
] 1o A Direct Injection Gasoline Engine P 9 Y Potential and Challenges
Characterization of Multi-hole Spray and Mixing of 2018002151 Kolch Hakata
1 . Lo P, E. Knpus, A, Fusrmager, H, Fuchs and & K. Fraial
] Edianol and Gasoline Fuels uier DI Engine Pl Bukiab! Tasguoll Kot Yashia. Yukdhiee Tiokkaskd Ty Ml Coreagti roghe
d i D Uehi . B
Cond s Uehidey " Toyes s Coraton ks
1 Compigs© 0075ty o A Erginees o s, . e oppig & 0 1€ et
Atsts Matsumets, Vi Theeg a6d Xing Bin Xie o 5 ey Aot s . e ErAg & 7Y B s
— : Waysa e Usir s i o
p Mg Chia Lai INTRODUCTION
Wias Stte Unie -
iy shucien. concaming strarci utzason n En a ane of the romising sleraie ooty I T a—
§ | St el A s L Mo en St g =
Dt Eowgy & Eapos Hgwe, S POMCIANS, NG STiaBo &0 IYRcir Oeoul  Ja ALCION.  FOQEING o SMaN AakzROn 10 ﬁ " i - -
nicals tal  utomobies, sthandl tincad gasclne ai leas " i
Py r— €100 100% ihanc e can raovs it sngne 0% ol corcerabos: (£40) T been vty H . 1 2
R pitormance rore see rarge '3 [ e TR %
] w0 n-:r«umusumnm\ ign Soceniaion nanol E mbe -
4 cngre 1130 el (0 o E100) s boen uaed i Pl ; » =
r operiidon & pramum e, The wak e by Ve s (P Gerly e et ool worpwmon v [1] ot Yatn_chaneg rig a
i i . ) cated teeges huw ctmtal & v g Baval - =
4 ABSTRACT INTRODUCTION ok sppesion b hoh Gpraon o 1 m‘.w:".ﬂ‘:‘ru icion ) o 4 canenn Sl Tt Kok o i . g e v v m m
i L ey ———. . mw-'mm t o s eewiis i  erat ol Nrsvoritets oty o P 4 iy o o B bt
e e L isaiea s ovel sngee spedc 1 4 Ak ) Al of o Gt nacaon placke anga rmeriupa el fodeg wy 2. i it Yo
condlon  This phecomenan sugpesis [haf poor @ ehanol that has 0 high ockane characiorstc wil Wgh S0l ok ally ol seail i Nghit Sl
omoution ekt e SRR M O 81 b erpeid 1 e a1 oy 1 ararce e iy Thecwcal Sl aiicincy of O e cn be
00 £100 Wl under Pasa condbons, n Whch o partamance,  Howsver, ihe. practal s and [strtrsiuirciaebr Ay
o of sl e we o e w Ty ety bty o dharch Uleson ot eycin This paper invesipaten th et o high BEOH hass on
i cysecer was Towaver, compared 15 asoing enghes heve nal been conducied 3 18 netow n
P e EX00 & soranoes ool Coreibeiog s drvspomont of sl denion,
el iy 2 ous HG S O amssona 1 necesry o s srol capae o bang 2
a4 il ot scpibed 1 s cogne sysiems o Do 1edl word = e &l
40015 creais graais Bonelts fox siomers
Fumumrs e e o sty sy v
speress oo Geposl Iomalen nd  THS paper doscrbes g Ivesiguion resuls of
Fin oot wia bomarveg s D Lo ot 8 300 ohac lun o3 oS, canEusten, e
v treing. 15 corsicerod hsl h € caused  recesrc for njecbon, anc et deposés form
Y 0 tynorgy Sfect of g lent neat of sifanci v 3 deoct 1 “rough
goreatan Tsbding . roscin of ockr 1zl angee barc 0t by et e
Tamperaturn, s recciion of womatis ard sull -n-..—--.u-»an...-am- Tigrs 1 shews tha
— coneets a3 sl H
e st o ity sy e vl wicsin  EXPERMENTAL APPARATUS
ot o b et et Gl ergrws o
i 55 3 W W TESTFUELS
Donormance . muromment serax  cepuats
Sppn 135 0 oS, e W U0 Tatm 1 0w i chuace ot o g
some lechrical Ssues anc i s necessary o.OpMIZe iy Ean fed (EX00) and promam gasoiine
ho diroct imecion gasle 4NN SYSIS 19T VNG retaracn ual wore usod i ha A oad w-ﬂe
el o, pertoriance 3 o paral 06d omiszon ova
Ve, s ghacins. paree s, (7 300
s ~

6 Managed by UT Battelle Numerous Ethanol Optimization Studies Funded by U.S. DOE
or the U.S. Department of Energy




Changes to ASTM D5798 have possible ramifications on “E85”
fuel quality and optimization potential

Background: 2011 ASTM standard modifies previous specifications for E85

ﬂgl:y Designation: D5798 — 11 / 100 \
b T]
INTEANATIONAL 80

60 ¢ n-heptane

/ M iso-octane
40 PRF50 —
® RBOB

Standard Specification for
Ethanol Fuel Blends for Flexible-Fuel Automotive Spark-

Ignition Engines’

AKI ((R+M)/2)

¢ Potential for lower octane number fuel 20 /
0

— Lower ethanol content (as low as 51 vol%) 0 0 4 60 20 100

Ethanol Content [vol%)]
— Low octane number refinery hydrocarbon streams Results from ORNL blending study showing anti-knock index
(AKI) of ethanol blends with different hydrocarbons.

— No minimum octane number requirement

e Earlier ORNL blending study revealed sufficiently high octane number sufficient for current FFV’s

e Numerous DOE-funded projects have shown potential for E85-optimized engines

— High latent heat of vaporization and octane number are the basis for optimization

— Engine technologies: direct injection fueling, high compression ratio, boosted air handling for
engine downsizing

— Impact of current fuel standard on potential for optimization is unclear

Objective: Experimentally determine impact of lower ethanol content and low octane hydrocarbon
streams on ethanol-optimized engine
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EXPERIMENTAL APPROACH: EVALUATE PERFORMANCE OF HIGH ETHANOL CONTENT
FUELS WITH LOow OCTANE NUMBER HCs AT KNOCK-PRONE CONDITIONS

Single cylinder engine with hydraulic valve
actuation (HVA)

— Modified 2.0L GM Ecotec engine (bore x stroke =
86mm x 86 mm)

— High compression ratio (12.9:1), direct injection
fueling, boost

— DRIVVEN controller for engine management

Knock-prone operating conditions

— Low speed (1500 to 2500 rpm) EP:;: Cylinder Pressure Limitation )

— High load (8 to 14 bar IMEP, _,) Y el

o Optimal combustion phasing except under g :ﬁgg o]
knock-limited conditions "5 800 . . - |

— Optimal phasing: CA50 = 8-9 CA aTDC; E ggg : :

— Combustion phasing retarded to mitigate knock 200 - il

0
1000 1500 2000 2500 3000
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HYDROCARBON STREAMS WITH WIDE RANGE OF
Sso
& &
OCTANE NUMBER BLENDED WITH ETHANOL o 7
1 _
. . 90%
e Ethanol splash blends made with either 51 or 67 vol% ethanol so% || ]
= 0% =
. 3
e Hydrocarbons span a wide range of octane numbers g
— Premium grade gasoline: AKI =92.2 g
. . . _ 20%
— Straight run gasoline: AKl = 63.6 1o
% L
— n-heptane: AKI =0 & 60,\\(@ & &S
(';b
/ L
A\
19086 S Bt EB-2 | EB-3 EB-4 IEB\S
Hydrocarbon Type 9n%, i aso fine enpiun Gakol nel | SRG SRG | n-heptane 1I-hept\ne
Ethanol content [vol%] ASTM D559 33 §2.3 689 | 52.19 67.4 473
Reid Vapor Pressure [psi] | ASTM1S319] | 68 | || 809 | 934 3.44 3.6
Oxygen content [wt%] ASTM094599 B.761 ||| 25.24 | 19.65 24.56 17.q7
Carbon wt/% %Tl\é@%@ 1 | 3 7830 | [[ 6082 | 6562 | 61.45 66.42
Hydrogen wt/% ESTM D5291 3.10 BrEoadd 2 | 139} aE
Specific Gravity SSTM 2052 | 753732 756 7k
Octane nr (R+M)/2 s iy SRR GHSOMS 2
Research Octane Number A5 TM D2699 .0 b C8H0GHsoliped .8
Motor Octane Number ASTMO9%700] : 88.0 86.2) 6
Octane Sensitivity N/A, 14.3 . . 2y 14.2) 2
Lower heating value/MJ/kg | ASTRIH240 6 D951 34.186 FRaR@I34.363 | 32.103 992
Stoichiometric AFR/- by e 2 9.45 1f1.45 105811157 16-72 194
Initial Boiling Point [°C] ASTM D86 5.0 411 | 406 70.6 706
10% Distillation [°C] ASTNYHR6 5 f — 5772 55.0 | 50.6 71.1 71.
50% Distillation [°C] ASTMDS6 l¢y 1032 ~ | A o %76.7 <o 767 | 67.8 73.3 71.
90% Distillation [°C] ASTM D86 & 0.0 kO (O (O 890 77.8 | 77.8 77.8 76.
Final Boiling Point [°C] ASTM D86 | 21850 168.3 789 | 789 77.8 78.3
(9\.1
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ALL ETHANOL FUEL BLENDS EXHIBIT SUPERIOR KNOCK RESISTANCE RELATIVE
TO PREMIUM GRADE GASOLINE

1500 rpm, 8 bar IMEP ., | 100

6000
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Crank Angle [aTDC]

Spark timing used to retard combustion phasing for knock mitigation
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PREMIUM-GRADE GASOLINE HAS THE MOST RETARDED KNOCK-LIMITED
COMBUSTION PHASING

(

(2000 RPM )| “omde | 'y * Premium grade gasoline is most
: ; Gasoline _

g /0 ,,,,,,,,,,,,,,, S 4 knock-prone fuel tested

<5 |V Ll e 3 - Il ethanol fuels are the same

to._>. 770‘ ‘ 3 - Premium

2 3)0 777777 PM ) 2 [ 25 Yade EB.-4 low octane
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RETARDED COMBUSTION PHASING DECREASES PEAK CYLINDER PRESSURE
AND INCURS AN EFFICIENCY PENALTY

9000 — Ess

: : Premium Gasoline
o 8000 iR T
2 | ‘ =
= 7000 P o
2 | 2 1000
= | *
@ 6000 o
g - X
o 5000 & k)
P | | Premium A=
o 4000 - - e ‘ >

% | Grac!e O 400

3000 | L Gasoline i ‘ =
800 1000 1200 1400 0.04 0.060.080.1 0.3 0.5
Cylinder Volume [L]
IMEP__ [kPa]

e Peak cylinder pressure naturally increases with engine load

e When phasing is retarded to mitigate knock, peak cylinder pressure is reduced

— Nearly 1/3 reduction in peak cylinder pressure for premium grade gasoline at 1000 kPa IMEP,
e Results in less work per unit energy of fuel due to underutilized expansion stroke
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RETARDED PHASING FOR PREMIUM GRADE GASOLINE IS THE PRIMARY
REASON FOR SUBSTANTIALLY LOWER THERMAL EFFICIENCY

Efficiency 340 Fuel Consumption

Ethanol 320

S

>

e

2 Blends _

= = 300

hT =

w 4

g S 280

E Bl e ® 3

2 _ L 260

'_; Premium =

£ Grade 240 : : :

3 lin | ‘ 3

S Gaso ne 220 Grade

800 1000 1200 1400 800 1000 120 Gasoline

IMEP__ [kPa] IMEP__ [kPa]

e Premium grade gasoline efficiency is 2-3 three percentage points lower than
ethanol blends

e Despite improved efficiency, fuel consumption remains significantly higher for high
content ethanol fuels

— Volumetric energy density of an E85 blend is ~¥27-30% lower than gasoline, results in large
fuel consumption gap with gasoline

— Volumetric energy density of an E51 blend is ~¥15% lower than gasoline, results in efficiency
comparable to E85 but with reduced fuel consumption gap
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CONCLUSION: ALL FUELS COMPLIANT WITH ASTM D5798
OFFER SUBSTANTIAL POTENTIAL FOR ENGINE OPTIMIZATION

e Refiners and blenders can’t help but “give away” octane for ASTM D5798-

compliant fuels

— E51 blends of C6 and C7 n-paraffins have potential for low RON, but low RVP as well

— E51 made from straight run gasoline (RON ~65) offers better knock resistance than premium

grade gasoline

e High ethanol fuels enable higher thermodynamic efficiency because they are

significantly more resistant to knock

— Fuel properties: high chemical octane number and high
latent heat of vaporization

— Engine technologies: higher compression ratio, direct
injection, boost, high peak cylinder pressure

e Octane number of fuel blends is non-linear with
vol% ethanol (“constant on molar basis)

— About 67% of potential octane number boost is realized
with 33 vol% ethanol

— Engines can be optimized for ethanol with substantially
less than 85 vol% ethanol

14 Managed by UT-Battelle
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IN ADDITION TO THERMODYNAMIC EFFICIENCY BENEFITS, ETHANOL OFFERS
POTENTIAL FOR SIGNIFICANT SYSTEM EFFICIENCY BENEFITS

e High level ethanol blends enable higher specific power output
— Combined with boost, ethanol allows aggressive downsizing while increasing compression ratio

— Better low-end torque allows a diesel-like transmission; brake power can be produced more
efficiently (down-speeding)

e Lower exhaust temperature for high ethanol fuel blends can minimize use of
enrichment, reducing vehicle fuel consumption

— At high loads with high exhaust temperature, engines use fuel-rich operation to cool exhaust in
order to protect engine and exhaust system

* Fuel-rich excursions at 80 mph cruise observed for multiple vehicles at ORNL chassis facility

* Fuel-rich excursions likely to become more frequent with downsized engines
— Need for protective enrichment can be substantially reduced with ethanol fuel blends

* Marginally lower exhaust temperature at comparable combustion phasing for high ethanol
blends compared to gasoline

* Reduced need to retard combustion phasing to mitigate knock, can lead to simultaneous
efficiency improvement and exhaust temperature reduction

* CO emissions for 2007 Saab Biopower were~8x higher for gasoline than E85 on aggressive
US06 cycle (SAE 2007-01-3994)
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One Vision of a Fuel Infrastructure/Distribution System for High
Ethanol Fuels (talking points, not DOE vision)

o Ethanol content of high ethanol/high octane fuel would be standardized Exx
— 51 vol% ethanol could potentially use existing “E85” ASTM D5798 specification with revision

— Lower ethanol blend would require new legislation

e Refiners would continue to produce two high volume products in gasoline boiling range
— Exx BOB would have a low octane requirement (RON ~ 70-80), inexpensive for refiners to produce
— Gasoline or E10 BOB would be premium-grade fuel for total coverage of legacy fleet

— When BOB volume for Exx is sufficiently high, conceivable that there is no additional cost to refiners
or even a profit opportunity

e Minimal disruption to the ~150,000 U.S. fueling stations and overall distribution system

— Majority of fueling stations in the U.S. have 2 underground storage tanks (regular and premium)

— The two tanks would be converted to a low-ethanol fuel for the legacy fleet and a high octane fuel
for newer vehicles

e OEMs would be able to design higher efficiency engines and vehicle systems

— Produce engines and vehicle systems aggressively optimized for Exx (performance and efficiency),
necessary to meet CAFE targets

— Transition to Exx engines would have to occur rapidly and include all OEMs (legislation?)
— Backward compatibility required for first few years, but dis-incentivized through vehicle performance

— Goal would be to approach fuel economy parity with current E10 for consumer acceptance



Questions?
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