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Engines: Light, Medium, and Heavy Duty@)
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Governing Hypotheses

Central Engine Hypothesis
There are engine architectures and strategies
that provide higher thermodynamic efficiencies
than are available from modern internal
combustion engines; new fuels are required to
maximize efficiency and operability across a
wide speed / load range

Central Fuel Hypothesis

If we identify target values for the critical fuel
properties that maximize efficiency and
emissions performance for a given engine
architecture, then fuels that have properties
with those values (regardless of chemical
composition) will provide comparable
performance




Approach: Fuel-Property Based,
Composition-Agnostic

Objective: identify fuel
properties that optimize
engine performance,
Independent of

5 ; 7 Aromatics
composition,* allowing the Paraffins
| : Alkenes
market to define the best Alcohols
Fatty esters
mear_ls to blend and B
provide these fuels Furans

*We are not going to recommend
that any specific blendstocks be
Included in future fuels

Petroleum

5
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Integration with Industry

Co-Optima Public Private

Partnerships

Industry

Initiation of
active R&D

|_) Basic technological

components are
integrated to
establish that pieces

Research

«— Technology validated adequately to enable industry,
either alone in collaboration with national labs and
will work together universities, to continue product development

i | | | | L—
1 2 3 4 5 6 7 9
Technology Readiness Level (TRL)

See https://en.wikipedia.org/wiki/Technology readiness_level



Introducing New Fuels and Engines @)

Impacts a Large Body of Stakeholders

Energy Companies LD OEMs
Refiners 'g' HD OEMs
Biofuel Producers ‘'mm I Retail
E () =
Fuel Distribution i Consumer
T Government/ .
: Society
| ' ' Regulatory Agencies
o5




Understanding stakeholder value @)
oropositions Is essential to Co-Optima

Achieving a From a research
win-win-win perspective, this
means (ideally) that means that we're
all stakeholders working on the right
make money problems




Co-Optima Technical Challenges

What fuels do
engines
really want?

What fuels
should we make?

What will work
in the real world?




What Fuel Do Sl Engines Really Want? @)

More Than Octane

Merit =

RON Octane Sensitivity Heat of Vaporization
o ¢ f(RON) B e f(K,S) y ¢ f(HOV)
ce f(SL) C ° f(PMI) Tl ° f(Tc,9O,conv)
Flame Speed PM Emissions Catalyst Light-off

Temp (cold start)

« Merit function quantifies impact of fuel properties on engine efficiency

* Sensitivity = RON — MON; HOV = heat of vaporization



What Fuel Do Sl Engines Really Want? @

More Than Octane

Octane Index Charge Cooling
A A
4 N [ A
RON Octane Sensitivity Heat of Vaporization
Merit = o ¢ f(RON) |+ B e f(K,S) + y ¢ f(HOV)

_|_ ce f(SL) + C ° f(PMI) + T] . f(Tc,90,COnv)

Flame Speed PM Emissions Catalyst Light-off
Temp (cold start)
\ J
Y Y
Dilution Tolerance Emissions Penalties

« Merit function quantifies impact of fuel properties on engine efficiency
* Sensitivity = RON — MON; HOV = heat of vaporization



Octane Index Framework

Beyond Beyond RON
MON RON
MON | |
K>1 Higher Lower K<O
Ex: Heated Temperature Temperature Ex: Boosted Sl,
intake / high for a given for a given GCl
residuals HCCI Pressure Pressure

Octane Index=RON—-K S

S =RON - MON

K = Determined by operating
condition




Octane Index Framework

Beyond MON RON Beyond RON
MON | |
K>1 K=1 K=0 K<O
H H Extrapolation
Interpolation
= 35 | 7400 rpm Modern Sl Engines :
00 Well-mixed SI L e s s S E S E NN NN NN NN NN NN NN NN NN NN NN NN EEEEEEEEEED
o P, = 133 kPa
< 30 1 $=1.0
(&
. e 2-Butanol blend outperforms Ol
5 % K=-1.79 prediction.
E 20 z.eutm./© V. * Moderate challenge to Central Fuels
X Blend .
. Hypothesis.
90 160 1%0 150 130

Octane Index [-] E



Merit Function Development

HoV Benefit

» Gasoline-ethanol blends are uniquely qualified for assessing direct gain of higher HoV
on ng, for non-knock limited Sl operation.

2400 o
— Inherent higher flame speed of ethanol compensates g 2100 4| T E88 /f\\ ]
perfectly for lower charge temp. with higher HoV. 2 1800 1 /
. . . . . . = =1.0
— Examples for stoichiometric dilute and non-dilute operation. § 159 WZ,_Mixed /
g 1200 SOl = -300°CA /
850 — = 900 f
E ‘Well-M‘ixed Si ///' B85 12 Unheated : 600 ____,—-—""’W///
2 750 ¢ =10 at 1| #=00 L N [—E0 |
A 7/ gf Jreom £ 3‘;2
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g o0 y=147x+327/7 E ool N1 30 //\ — ~Gasolinef
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g ) y = 75x + 39 2 s 20
z E30 0 5 \
o Gasoline g/é -2 — = 15
w© 450 7 | - Experiment i -50 -40 -30 -20 -10 0 10 20 30 40 50 60 % \ \
£ / -»- CED, E30 +10% grank Anale LCAT x 1 ‘I / \
350 &< : : - - 5 L / N
0 v .
00 05 10 15 20 25 30 35
Rel. Gain of Thermal Eff. [%] -5

-30 -20 -10 0 10 20 30 40 50
Crank Angle [°CA]

» Available data support HoV benefits of originally proposed Merit Function.

* CFD results indicate that incremental benefit per [kJ/kg] of HoV is higher than what is
realized across full EO — E85 range.
— Justifies further examination.




What Fuels Should We Make? @)

Comprehensive Blendstock Survey Completed

Can it be a fuel?

Does it provide
desired performance?

Does it merit focused
experiments and analysis?

# blendstocks:




Tiered Blendstock Identification ®

®
TI e r 1 Determine Boiling Point | »| Reject if Tm >-10 Cand Tb or T90 not in
And Melting Point target range (20°C < T, < 165°C)
Apply Solubility Criteria | »| Reject if insoluble in hydrocarbon fuels
> blendstocks (e.g., solubility parameter) within required temperature range
Apply Corrosion Metric ~ feeseseeees > Reject if the mtfterial .is too corrosive for
1 Ch emi ¢ aI metals in fueling systems
4 families Identify Known Toxicity Issues |- »| Reject if Category 1 or 2 carcinogen or
reproductive toxin
Identify broad ra nge of Determine Fuel Handling Safety | »| Reject if fuel is hazardous or unstable, not
. e.g., rapid peroxide former, ; iy
pote ntial hyd rocarbon and (e.g., rapid p f ) addressed with antioxidants
oxygenated blendstocks Biodegradation ~ |reeeseens »| Reject if less anaero.?ically biodegradable
than MTBE and highly water soluble
Utilize property information
on blendstocks from Gasoline-Like Diesel-Like
TR —— T,<165°C or Tep<165°C T,<338°C or T,<338°C
i d e ntify Ti er 2 b I en d sto CkS Autoignition Reactivity Metrics
Sl Engine < N ACI Engine e > Diesel Engine
High RON Wide range of RON/CN CN>40
Advanced Sl Fuel Blendstocks

—



Boosted Sl Tier 2 blendstocks

©)

Furans

33

2,5-Dimethylfuran/2-methylfuran

Branched alkanes

34

2,2,3-Trimethylbutane

Alkenes

35

Diisobutylene

Multicomponent mixtures (6)

Alcohols (9) Esters (13)
1 Methanol 16 Ethyl acetate
2 Ethanol 17 Ethyl butanoate
3 1-Propanol 18 Ethyl isobutanoate
4 Isopropanol 19 Isopropyl acetate
5 1-Butanol 20 Butyl acetate
6 2-Butanol 21 2-Methylpropyl acetate
7  Isobutanol 22 3-Methylpropyl acetate
8 2-Methylbutan-1-ol 23 mixed esters
9 2-Pentanol Ketones (9)
Ethers 24 2-Butanone
10 Anisole 25 2-Pentanone
26 3-Pentanone
Esters (13) 27 Cyclopentanone
11 Methyl acetate 28 3-Hexanone
12 Methyl butanoate 29 4-Methyl-2-Pentanone
13 Methyl pentanoate 30 2,4-Dimethyl-3-Pentanone
14 Methyl isobutanoate 31 3-Methyl-2-butanone
15 Methyl-2-methylbutanoate | |32 Ketone mixture

36
37
38
39
40

41

Methanol-to-gasoline
Ethanol-to-gasoline
Bioreformate via multistage
pyrolysis

Bioreformate via catalytic
conversion of sugar

Mixed aromatics via catalytic
fast pyrolysis

Aromatics and olefins via
pyrolysis-derived sugars




Merit Function

(RON,,,,~91) _.(5,..~8)
1.6 16
0.085[ON / kJ | kg,,.]- (HoV . | (AFR . +1))- (415[kJ / kg] / (14.0[~]+1))
1.6
. ((HoV,,/ (AFR,, +1))~ (415[kJ / kg)/ (14.0[-]+1) _ (S~ 46[cm/s])
15.2 54
~H(PMI,,.~16)[0.7+0.5(PMI,,.~14)] +0.008°C™ (T, 50,0~ T.s0,n)

Merit =

_|_

e Major changes (March 2017 revision):
— Updated coefficients for RON, S, HoV, S, and PMI
— Deletion of term for low-speed pre-ignition (LSPI)
— Addition of term to reflect cold start




Blending Octane Data ©

104
M—”‘?“"‘ ——Methanol
102
—+—Ethanol
= 100 j
a — ——1-propanol
E /
E 98 i T ——Isopropancl
g
E o6 - 1-hutanol
E ——2-butanol
=
o =i |sobutanol
-1}
o=
52 ——2-Mea-1-butanol
ap —+—2-pentanal
o~ Diisob
- | | iisobutylene
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Merit Function Scores — modeled (K = - 1.25)

10% 20% 30% 10% 20%

cBOB CARBOB sBOB cBOB CARBOB sBOB ¢BO8 CARBOB sBOB F1 BOB F2 BOB F3 BOB F1 BOB F2BOB F3 BOB

2

;i 0

. 1

58 89 119 8 3

52 g2 112 7 1

44 74 104 6 1

46 76 106 6 1

40 71 101 6 0
2-butanol 17 48 78 3 3
Anisole 19 (48 (26) pal sz | a2 2 4
2-butanone (MEK) 11 (56) (24) 02 33 63 2 0
Methy! acetate 08  (59) (7 04 35 65 2 0
Ethyl butancate 08 (59) (2.7) (03) 27 58 1 1
2-Me-1-butanol 1.1 (56) (24) (06) 24 54 0 2
Ethyl acetate 05  (63) (3.0) o2 s 0 2
1-butanol (0.1) (69) (36) (1.2) 18 48 0 1
3-Me-1-butanol 00) (67) (3.5 (299 01 32 0 0
Butyl acetate (02) (69 (37) @7 @7 13 0 0
2.4 dimethyl-3- pentanone ~ (2.3)  (9.0) (5.8) 51) (21) 10 0 0
2-pentanone 1.2 (55 (23) (24) 06 37 0 0
2-pentanol 13 (55 (22) (27) 04 34 0 0
Ketone Mixture (09) (76) (4.4) (65) (3.5 (o 5) 0 0
Triptane 0.2) (69) (3.7) (3.8) (0.7) 0 0

cBOB: conventional blendstock for oxygenated F1 BOB: 86 RON (S = 2)

blending (premium) | F2 BOB: 86 RON (S = 8)
CARBOB: California Reformulated Gasoline BOB F3 BOB: 86 RON (S = 13)

sBOB: Summer BOB



Deeper look at merit function scores

cBOB 30% blending

Blendstock TOta.ll RON S HoV (REIRFRE.
Merit =
Methanol 15.6 9.3 4.1 2.25 0.86
Furan Mixture 12.9 8.2 4.3 0.39 0.97
Ethanol 12.7 8.7 2.9 1.24 0.90
Diisobutylene 11.0 7.7 4.0 -0.73 1.1
Cyclopentanone 10.4 7.4 2.8 0.08 0.99
Isobutanol 10.2 6.7 3.0 0.43 0.96

* RON and S contributions dominate merit function scores.

* BOB properties (e.g., S) can significantly impact scores. ;| Knockimited
. . . _ ' @K =-1.51, Pin =117 kPa
* Need to account for uncertainty, both in merit <31 Akt
] ] ) = E30
function properties (RON, etc) as well as merit g 38|  HighAromatic
. . Q2 2-Butanol blend
function itself. 2 37 1| Drisobutylene blend
. m -
* Need to explore impact of K 3%
S 351
2 | y = 0.1678x + 18.455
33

90 95 100 105 110 115 120 125

Octane Index [-]



Tier 2 to Tier 3 transition criteria ®

1. Meet current critical fuel specs (RVP, Meets RVP, _ _
distillation, oxidative stability, etc.) when ~_ dstillstion, - Wert Fonction
IS ! ys ) and oxidation el
blended in petroleum BOB* requirements E10 premium
2. Achieve merit function score = E10
premium when blended in petroleum Feasible by ~2025
BOB* (no showstopper

barriers)

3. No “showstopper” barriers

- Blendstocks must have viable path to Tier 3 blendstocks
potential market introduction by
~2025-2030

Tier 2 — 3 transition allows focused effort on blendstocks
with greatest potential to meet Co-Optima goals

* Evaluated at blend levels of 10, 20, and 30% by volume



High performing boosted Sl

blendstocks identified
Properties provided by

Representative Tier 3 blendstocks

chemical families: ~_-OH _~_-OH
RON S HOV LFS cthanof n-propanol
N
Alcohols v v v v )\OH )\/OH
Furans ¢ ¢ | |
Alkenes ¢ ¢ isopropanol isobutanol
Aromatics ¢ ¢
Ketones ¢ ¢ Qéo N "
Cycloalkanes ¢ ¢ 2
Alkanes ¢ cyclopentanone | diisobutylene
Ethers O__R N
Esters ¢/ \@/ | R
R=H, -CHj =
furan mixture aromatics

RON = Research octane number ; S = Sensitivity (S = RON - MON) ; HOV = heat of vaporization ; LFS = laminar flame speed



What Will Work in the Real World?

®

Blendstocks with feasible pathways to large scale production by
~2025-2030 identified via integrated systems-level analyses

e

\

Technology
Readiness

S

State of technology:
Fuel production

Conversion technology
readiness level

Feedstock sensitivity

Process robustness

@ Environmental

Carbon efficiency
Target yield

Life cycle greenhouse
gas emissions

Life cycle water

Life cycle fossil

9 Economics

Target cost

Needed cost reduction
Co-product economics
Feedstock cost

Alternative high-value
use

N

@ Market

Uncertainty

Regulatory requirements
Geographic factors
Political factors

Vehicle compatibility

_ Infrastructure
Feedstock quality energy use compatibility
# of viable pathways

Assessed only for blendstocks
produced from biomass

Independent of
blendstocks source



Documenting Key Findings for Stakeholders@)

Reports highlighting Co-Optima
accomplishments:

e FY16 Year in Review

 Fuel Blendstocks with the Potential to
Optimize Boosted Spark-Ignition Engine
Performances

Reports being published examine issues
relevant to new fuel/vehicle introductions:

« Fuel and vehicle introduction3
« Fuel and vehicle distribution8

« Lessons learned from first generation
ethanol®

« Misfueling mitigation*

* http://www.nrel.gov/docs/fy170osti/66918.pdf
§ in press




Co-Optima Research Setting the Foundation @)

for Creating a Win-Win-Win for Stakeholders

 Research guided by value propositions for all stakeholders
key to accelerating introduction of new fuels and vehicles

« Co-Optima research is providing the data, tools, and
knowledge to inform stakeholders and decision makers

« Fuel property focus and technology neutral approach allows
for market-driven, industry-led solutions
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