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Goal: better 
fuels and 

better vehicles 
sooner 

Fuel and Engine  
Co-Optimization 

o What fuel properties maximize 
engine performance? 

o How do engine parameters affect 
efficiency? 

o What fuel and engine 
combinations are sustainable, 
affordable, and scalable? 



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 
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Two Parallel R&D Projects 
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Light-Duty Medium/Heavy-Duty 

Boosted SI Mixing Controlled Kinetically 
Controlled 

Multi-mode SI/ACI 

Near-term Near-term Mid-term Longer-term 



High-level goals and outcomes 
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Co-Optima Team 
Nine national labs,  

13 universities 

> 100 researchers,  
> 75 projects 

External Advisory Board 

77 stakeholder 
organizations 

Budget: FY16: $26M 
FY17: $24.5 

U i iti  $7M/3  
7 



Approach 
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Objective: identify fuel 
properties that optimize 

engine performance, 
independent of 

composition,* allowing the 
market to define the best 

means to blend and provide 
these fuels 

* We are not going to recommend that 
any specific blendstocks be included 

in future fuels 

 



Systematic Blendstock Survey 

Objective: identify a 
broad range of feasible  

blendstock options  

Primary focus: identify 
blendstocks with desired 
properties that have a 
strong potential to be 
sourced from biomass 
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Potential Benefits of Biomass Sourced Fuel 
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Introducing New Fuels and Engines Impacts a Large 
Body of Stakeholders 

11 



External Advisory Board 
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Co-Optima Scope 
• Focusing only on liquid fuels 

• Identify blendstocks to blend into petroleum base fuel 

• Considering only non-food-based biofuel feedstocks 
Assessing WTW emissions for biofuel options (GHG, 
water, etc) 

• Considering hybridized/non-hybridized solutions 

• Provide data, tools, and knowledge to stakeholders – 
objective is not to “pick winners” 
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Two Parallel R&D Projects 
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Light-Duty Medium/Heavy-Duty 

Boosted SI Mixing Controlled Kinetically 
Controlled 

Multi-mode SI/ACI 

Near-term Near-term Mid-term Longer-term 



Timeline 
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Foundational Technical Questions 
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Question 1: What fuels do engines really want? 
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Approach: 

Conduct engine 
experiments and 

simulations that delineate 
fuel property impacts on 

engine performance 



Theoretical foundation: “merit function” 
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Theoretical foundation: “merit function” 
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Since we are interested in relative efficiency, we can 
differentiate to get: 

How can we relate these terms to fuel properties?  

RON, octane sensitivity, HOV 

Flame Speed 
HOV PMI, Tc,90 



Efficiency merit function approach 
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Efficiency merit function approach 

21 Technical report with details being published September 2017 



Decoupling S and HOV impacts 
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• With DI, increasing S from 0 to ~ 11 
at RON=100 yields more than half 
the combustion phasing advance of 
RON 106, S~12 fuel 

• All RON 100, S~11 fuels have similar 
knock-limited performance gains 
over ic8:  no evident HoV benefit 

Experimental details: Single cylinder version of GM 
Ecotec 2.0L, 9.2: CR; side-mounted DI or upstream fuel 
injection; load sweeps at an intake manifold temp of 50 ⁰ 
C; sweep intake manifold T for max load at 2 different 
CA50 phasing 



HoV can be important for DI at high intake T 
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Upstream injected (UI) 
100 RON, S ≈ 11 fuels 
have higher peak IMEP at 
constant CA50 than iso-
octane (RON 100, S =0), 
and HoV has little effect 
(S is dominant) 
• Direct injection (DI) of 

iso-octane has HoV 
benefit, but less than S ≈ 
11 effect 

• DI of S ≈ 11 fuels also has 
HoV benefit, which 
increases with  
manifold temp. 



Question 2: What fuels should we make? 
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Approach: 

Identify blendstock 
options that provide key 

properties 



Tiered blendstock identification 
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Tiered blendstock identification 

26 



Tiered blendstock identification 
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Tier 1 blendstock screening 
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Boosted SI Tier 2 blendstocks 
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  Alcohols (9) 
1 Methanol 
2 Ethanol 
3 1-Propanol 
4 Isopropanol 
5 1-Butanol 
6 2-Butanol 
7 Isobutanol 
8 2-Methylbutan-1-ol 
9 2-Pentanol 
  Ethers 

10 Anisole 
  Esters (13) 

11 Methyl acetate 
12 Methyl butanoate 
13 Methyl pentanoate 
14 Methyl isobutanoate 
15 Methyl-2-methylbutanoate 

  Esters (13) 
16 Ethyl acetate 
17 Ethyl butanoate 
18 Ethyl isobutanoate 
19 Isopropyl acetate 
20 Butyl acetate 
21 2-Methylpropyl acetate 
22 3-Methylpropyl acetate 
23 mixed esters 
  Ketones (9) 
24 2-Butanone 
25 2-Pentanone 
26 3-Pentanone 
27 Cyclopentanone 
28 3-Hexanone 
29 4-Methyl-2-Pentanone 
30 2,4-Dimethyl-3-Pentanone 
31 3-Methyl-2-butanone 
32 Ketone mixture 

  Multicomponent mixtures (6) 
36 Methanol-to-gasoline  
37 Ethanol-to-gasoline  
38 Bioreformate via multistage 

pyrolysis  
39 Bioreformate via catalytic 

conversion of sugar  
40 Mixed aromatics via catalytic 

fast pyrolysis 
41 Aromatics and olefins via 

pyrolysis-derived sugars  

  Furans 
33 2,5-Dimethylfuran/2-methylfuran 
  Branched alkanes 

34 2,2,3-Trimethylbutane 
  Alkenes 

35 Diisobutylene 



Tier 2 to Tier 3 transition criteria 
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1. Achieve merit function score ≥ E10 premium  
when blended in petroleum BOB*  

2. Meet current critical fuel specs (RVP,  
distillation, oxidative stability, etc.) when  
blended in petroleum BOB* 

3. No “showstopper” barriers 

- Candidates must have viable path to potential 
market introduction by ~2025 – 2030 

* BOB = blendstock for oxygenate blending; evaluated at blend levels of 10, 20, and 30% by volume 

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



Example blendstock data: RVP 
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Determining blending behavior 
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High-potential blendstocks identified 
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Question 3: What will work in the real world? 
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Approach: 

Conduct comparative, 
systems-level analyses of 
economic, environmental, 
state of technology, and 

market factors 

Assess likelihood of 
commercial scale impact 

by 2025-2030 



Analysis Metrics 
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Screening assessment results 
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High-potential blendstocks identified 
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Current boosted SI blendstock efforts 
• Refine property measurements, improve blend models, 

and conduct more detailed compatibility studies 

• Conduct engine tests to confirm performance and assess 
potential to meet FE targets 

• Carry out emissions control experiments to assess 
impacts on efficiency and durability 

• Conduct detailed life cycle, techno-economic analyses, 
and refinery integration studies 
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Next steps 
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• Refine merit function and establish technical basis for advanced 
gasoline fuel specification for boosted SI by end of FY18 

• Conduct more rigorous assessments of Tier 3 candidates  
• Assess candidates for potential follow-on scale-up studies 
• Expand LD efforts – multi-mode  

SI-ACI 
• Expand MD/HD efforts 
• Continue strong engagement  

with stakeholders to help focus  
R&D on options that provide  
“wins” for broad range of  
stakeholders  
 



More details 
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https://www.nrel.gov/docs/fy17osti/67595.pdf 

FY 2016 Year in 
Review Highlights Co-Optima Website 

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



2017 VTO Peer Review Presentations 
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Detailed overview available from FY17 VTO AMR presentations 
https://www.annualmeritreview.energy.gov 



2017 Bioenergy Peer Review Presentations 

42 https://energy.gov/eere/bioenergy/downloads/2017-project-peer-review-co-optimization-fuels-and-engines 



Thank You! 
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Technical Approach 
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University Partners 
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Integration With Industry 

46 See https://en.wikipedia.org/wiki/Technology_readiness_level 



Boosted SI Mixing Controlled Kinetically 
Controlled 

Multi-mode SI/ACI 

Near-term Near-term Mid-term Longer-term 

Light-Duty Medium/Heavy-Duty 



Fuel property database* 
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* Publicly accessible: https://fuelsdb.nrel.gov/fmi/webd#FuelEngineCoOptimization 



Tier 1 blendstock screening 
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