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Bioblendstock generation and analysis



Light-Duty Medium/Heavy-Duty

2030 Goal | 10% fuel economy 

improvement beyond expected 25% 

increase from base engine 

improvements

2030 Goal | 4% fuel economy 

improvement and lower cost path

to meeting criteria emissions 

regulations

Overview |New fuels for light and heavy duty applications

ACI – Advanced Compression Ignition; MCCI – Mixing Controlled Compression Ignition 2



Overview | BETO’s focus is which the best fuel options for the real world?
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What fuels do 

engines really want?

What fuel options 

work best?

What will work in the 

real world?



Overview |Questions cannot be answered in isolation
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Approach | Focus is to determine the best fuel options for the real world
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Approach | What fuel options work best?
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• Determine key fuel property metrics 
to meet co-optima goals
• Improve efficiency
• Reduce CO2 / criteria emissions
• Achieve cost targets

• Apply screening process
• Tier 1: High level screening
• Tier 2: Blend properties
• Tier 3: Property impacts on engine, 

LCA/TEA

• Define promising candidate 
structures

Approach |Important fuel properties defined and molecules screened 

Boosted spark ignition efficiency parameters

MCCI properties & screening process
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3 case studies today:

• Iso-alkanes

• Polyoxymethylene ethers

• Iso-olefins

• More than 12 molecular 

classes and subclasses

• 1000s molecules and 

blends evaluated

Approach | Structure-property relationships allow evaluation of many molecular 
classes 

8



Confirmed food waste-derived mixed iso-alkanes also 
meet MCCI Tier 1 criteria with high cetane and flash 
point, despite varying chain lengths, with exceptional 
freezing point from branching

Fuel Property Testing

Volatile fatty acids (VFA) derived from food waste 
converted to mixed isoalkanes with data provided to 
Analysis for TEA/LCA

Bioblendstock Generation

Outcomes | Iso-alkanes provide excellent fuel properties for MCCI engines 

Huo et al. (2019) Green Chem. 21, 5813-5827          Huq et al. (2021) PNAS. Accepted.    (Ket: Ketonization, COND: condensation,   HDO: hydrodeoxygenation 9



Slides and report section prepared by Huq, Bartling, Wiatrowski, Vardon, Hawkins and Benavides

Technoeconomic and life cycle analyses

Outcomes | Iso-alkanes have promising economics and low GHG profile

• TEA
• Projected cost of $3.71/gallon has 

been offset by use of waste 
feedstock to produce >C8 iso-
paraffins using KET-HDO

• Analysis may change after larger-
scale production generates new data

• LCA
• Low carbon fuel standard credits 

could allow for net negative GHG 
offset
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B*POME = butyl-end group exchanged POME

• Developed liter-scale method for butyl end-group 
exchange at mild conditions with commercial 
catalysts to enable handoff for testing

Bioblendstock Generation

• Confirmed butyl-exchanged POMEs addresses 
energy density and water solubility limitations, 
while retaining benefits of high cetane and low 
yield sooting index (YSI)

Fuel Property Testing

• Potential for high cetane, low soot
• But low energy density, oxidative stability, water 

solubility

Polyoxymethylene ether barriers

Outcomes | End-group exchange for POMEs enables improved properties

Arellano-Trevino et al. (2020) ACS SusChemEng. Submitted. Bartholet et al. (2020) Fuel. Submitted 11
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Outcomes | Further R&D to establish economics but promising GHG emissions

• LCA

• Fossil energy consumption of the 
POME pathway is favorable 
compared to that of petroleum 
diesel (92 g CO2-eq/MJ)

• Modeled pathway achieves ~81% 
GHG emission reduction

• TEA

• Target case results show a MFSP 
between $4.00–4.50/GGE for POMEs 
produced via oxidative one-step 
process

• Novel one-step oxidative process for 
POME production was entirely based 
on theoretical thermodynamic 
equilibrium; further research will be 
required to confirm assumptions 
used in process simulation

Technoeconomic and life cycle analyses

Martha Arellano-Trevino, Daniel Ruddy, Evgueni Polikarpov, Andrew Bartling and Thathiana Benavides 12



• Iso-olefins show promising fuel 
properties including high RON & S

• Can we obtain a -sensitive fuel 
whilst maintaining other 
properties?

• Developed conditions and 
catalysts for bio-butene 
oligomerization to vary branching 
in iso-olefin mixture

• Produced gallons to validate 
predicted autoignition 
improvements

Dimethyl-hexenes

4 liters Dimethyl-hexene-rich olefins

Outcomes |Structure property relationships of iso-olefins lead to -sensitive 
fuels

• -sensitivity has important benefits 
for the operation and the control of 
ACI engines, which can enable diesel 
efficiencies with low NOx / soot

• A fuel is -sensitive if its autoignition 
reactivity varies with equivalence 
ratio for the same thermodynamic 
conditions

Dagle et al. (2020) Fuel. 277, 118147 13



• Performed RCM engine testing with neat and 
20 vol% blend of iso-olefin to confirm 
synergistic autoignition improvements in RON 
MON

• Found a measurable increase in -sensitivity of 
the petro-derived gasoline when blended with 
the iso-olefin mixture

Structure property relationships 

Sample Measured 
RON

Measured 
MON

S

Base Fuel 86.1 83.1 3.0

100 vol.% dimethyl-
hexenes-rich olefins 

94.0 80.5 13.5

20 vol% blend 89.5 83.1 6.4

Outcomes |Structure property relationships for high -sensitivity fuels

14Leads: Dagle and Kolodziej 
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What fuels do 

engines really want?

What fuel options 

work best?
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real world?

Outcomes| What will work in the real world?



Lead: Vardon, NREL          Huq et al. (2019) PNAS. 52, 26421-26430          Kass et al. Energy Fuels 2021, 35, 4979−4996

Key Findings

• Validated material compatibility fuel properties including 
infrastructure elastomers and plastics, which are used as 
seals and hoses.

• Elastomers exposed to fuel immersion for 4 weeks/plastics 
exposed for 16 weeks.

• Key properties include volume/mass change and point 
change in hardness.

Compatibility Testing

Viton (seal material) Nitrile rubber (hose material)

• Alkanes, esters, and alcohols were suitable with many of the 
elastomers. For some materials (e.g. neoprene), these 
blendstocks improved the compatibility compared to diesel.

• In contrast, the ketones and TPM produced unsuitable 
volume expansion in many elastomers

• Analysis of the results showed that the swelling behavior is 
predominantly due to high polarity matchup between the 
elastomer and test fuels.

• Volume swell is proportional 
to solubility, which depends 
heavily on polarity. 

• Many elastomers are polar.

• Highly polar blendstocks 
produce more swell in the 
elastomer materials.

Outcomes | Polymer compatibility necessary for real-world applicability
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Outcomes |Several options for achieving 10% efficiency gains in LD engines

• Demonstrated properties to achieve 
10% efficiency gain

• Identified 10 blendstocks
• High RON and S
• Meet gasoline property 

requirements

• Chemical structure-fuel properties-
engine performance relationships 
enable identification of more 
efficient fuel-engine combinations

Engine Efficiency Improvement

17



Outcomes |… and well-to-wheel CO2 emissions reductions 
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• Potential to reduce criteria 
emissions vs. market diesel

• Potential for production at larger 
scale

• CN > 40 (most > 48), LHV > 28 
MJ/kg, acceptable flashpoint and 
cloud point

• Blendstock GHG emissions 
reduced by 50% or >60% in many 
cases

• Potential to be produced at 
$5.50/gge or better

Outcomes |Thirteen MCCI blendstocks with potential to reduce GHG by 60%+ 
and criteria emissions
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Neutral 

Outcomes |Bringing down cost is a key challenge for emissions-reducing 
bioblendstocks

20



Outcomes |Significant gains can be made in lifecycle GHG emissions

21



The world has changed since 2016

• Initial Co-optima targets:

• Displace fossil fuels with 30% sustainable fuel 

• Reduce GHG emissions by 20%

Need aggressive deployment for net-zero

• Diversify resource base
• Provide economic options to fuel providers to 

accommodate changing demands and drivers
• Increase market opportunities for biofuels

Conclusions and Future Directions | Realizing the potential

• Systematically identified best fuel 
options for different engines

• Identified cost effective pathways to 
produce low-carbon, performance 
advantaged biofuels from diverse 
feedstocks

• Provided comparable, transparent, 
and reproducible TEA and LCA for 
bioblendstock production pathways

• Designed production pathways with 
potential for 70-90% GHG 
reductions

22



Michael Berube
Deputy Assistant Secretary for Transportation

Valerie Reed
Acting Director, Bioenergy Technologies Office (BETO)

Alicia Lindauer 

Technology Manager, BETO Bioenergy Analysis & Sustainability

David Howell
Acting Director, Vehicle Technologies Office (VTO)

Gurpreet Singh

Program Manager, VTO Advanced Engine and Fuel Technologies 

Kevin Stork and Michael Weismiller

Technology Managers, VTO Advanced Engine and Fuel Technologies 

Acknowledgements

23



• Y. Kim, A.E. Thomas, D.J. Robichaud, K. lisa, P.C. St. John, B.D. Etz, G.M. Fioroni, A. Dutta, R.L. McCormick, C. Mukarakate, S. Kim. (2020). A Perspective on Biomass-Derived Biofuels: From Catalyst Design Principles to Fuel 
Properties. Journal of Hazardous Materials. 400, 123198

• J.S. Carlson, E.A. Monroe, R. Dhaoui, J. Zhu, C.S. McEnally, S. Shinde, L.D. Pfefferle, A. George, R.W. Davis. (2020). Biodiesel Ethers: Fatty Acid-Derived Alkyl Ether Fuels as Improved Bioblendstocks for Mixing-Controlled 
Compression Ignition Engines. Energy & Fuels. 10, 12646-12653

• M. Kass, M. Wissink, C. Janke, R. Connatser, S. Curran. (2020). Compatibility of Elastomers with Polyoxymethylene Dimethyl Ethers and Blends with Diesel," SAE International. 2, 1963-1973
• A.T. To, T.J. Wilke, E. Nelson, C.P. Nash, A. Bartling, E.C. Wegener, K.A. Unocic, S.E. Habas, T.D. Foust, D.A. Ruddy. (2020). Dehydrogenative Coupling of Methanol for the Gas-Phase, One-Step Synthesis of Dimethoxymethane Over 

Supported Copper Catalysts ACS Sustainable Chemistry & Engineering. 8, 12151-12160
• S. Subramaniam, M.F. Guo, T. Bathena, M. Gray, X. Zhang, A. Martinez, L. Kovarik, K.A. Goulas, K.K. Ramasamy. (2020) Direct Catalytic Conversion of Ethanol to C5+ Ketones: Role of Pd–Zn Alloy on Catalytic Activity and Stability. 

Angewandte. 59, 14550-14557
• J. Feng, W. Zong, P. Wang, Z.T. Zhang, Y. Gu, M. Dougherty, I. Borovok, Y. Wang. (2020) RRNPP-Type Quorum-Sensing Systems Regulate Solvent Formation, Sporulation and Cell Motility in Clostridium saccharoperbutylacetonicum. 

Biotechnology for Biofuels. 13, 84.

• G.R. Hafenstine, N.A. Huq, D.R. Conklin, M.R. Wiatrowski, X. Hou, Q. Guo, K.A. Unocic, D.R. Vardon. (2020) Single-Phase Catalysis for Reductive Etherification of Diesel Bioblendstocks. Green Chemistry. 22, 4463-4472.

• E. Monroe, S. Shinde, J.S. Carlson, T.P. Eckles, F. Liu, A.M. Varman, A. George, R.W. Davis. Superior Performance Biodiesel from Biomass-Derived Fusel Alcohols and Low Grade Oils: Fatty Acid Fusel Esters (FAFE). Fuel. 268, 117408 

• M.V. Olarte, K.O. Albrecht, J.T. Bays, E. Polikarpov, B. Maddi, J.C. Linehan, M.J. O'Hagan, D.J. Gaspar. (2019). Autoignition and Select Properties of Low Sample Volume Thermochemical Mixtures from Renewable Sources. Fuel. 
238, 493-506.

• O. Staples, J.H. Leal, P.A. Cherry, C.S. McEnally, L.D. Pfefferle, T.A. Semelsberger, A.D. Sutton, C.M. Moore. (2019). Camphorane as a Renewable Diesel Blendstock Produced by Cyclodimerization of Myrcene. Energy & Fuels. 33, 
9949-9955

• E. Ninnemann, G. Kim, A. Laich, B. Almansour, A.C. Terracciano, S. Park, K. Thurmond, S. Neupane, S. Wagnon, W.J. Pitz, S. S. Vasu. (2019). Co-Optima Fuels Combustion: A Comprehensive Experimental Investigation of Prenol
Isomers. Fuel. 254, 115630

• E. Monroe, J.M. Gladden, K.O. Albrecht, J.T. Bays, R.L. McCormick, R.W. Davis, A. George. (2019). Discovery of Novel Octane Hyperboosting Phenomenon in Prenol Biofuel/Gasoline Blends. Fuel. 239, 1143-1148

• S.A. Shirazi, B. Abdollahipoor, J. Martinson, B. Windom, T.D. Foust, K.F. Reardon. (2019). Effects of Dual-Alcohol Gasoline Blends on Physiochemical Properties and Volatility Behavior. Fuel. 252, 542-552

• X. Zhuang, O. Kilian, E. Monroe, M. Ito, M.B. Tran-Gymfi, F. Liu, R.W. Davis, M. Mirsiaghi, E. Sundtrom, T. Pray, J.M. Skerker, A. George, J.M Gladden. (2019). Monoterpene Production by the Carotenogenic Yeast Rhodosporidium
toruloides. Microbial Cell Factories. 18, 54

• J. Saavedra Lopez, R.A. Dagle, V.L. Dagle, C. Smith, K.O. Albrecht. (2019). Oligomerization of Ethanol-Derived Propene and Isobutene Mixtures to Transportation Fuels: Catalyst and Process Considerations. Catalysis Science and 
Technology. 9, 1117-1131

• N.A. Huq, X. Huo, G.R. Hafenstine, S.M. Tifft, J. Stunkel, E.D. Christensen, G.M. Fioroni, L. Fouts, R.L. McCormick, P.A. Cherry, C.S. McEnally, L.D. Pfefferle, M.R. Wiatrowski, P.T. Benavides, M.J. Biddy, R.M. Connatser, M.D. Kass, 
T.L. Alleman, P. St. John, S. Kim, D.R. Vardon. (2019). Performance-Advantaged Ether Diesel Bioblendstock by A Priori Design. Proceedings of the National Academy of Sciences of the United States of America. 116, 26421-26430

• L.S. Whitmore, B. Nguyen, A. Pinar, A. George, C.M. Hudson. (2019). RetSynth: Determining all Optimal and Sub-optimal Synthetic Pathways that Facilitate Synthesis of Target Compounds in Chassis Organisms. BMC 
Bioinformatics. 20, 461

• M. D. Kass, C. J. Janke, R. M. Connatser, B. H. West. (2019). Solubility and Volume Swell of Fuel System Elastomers with Ketone Blends of E10 Gasoline and Blendstock for Oxygenate Blending (BOB). Journal of Elastomers and 
Plastics. 52, 645-663 

• X. Huo, N.A. Huq, J. Stunkel, N.S. Cleveland, A.K. Starace, A.E. Settle, A.M. York, R.S. Nelson, D.G. Brandner, L. Fouts, P.C. St. John, E.D. Christensen, J. Luecke, J.H. Mack, C.S. McEnally, P.A. Cherry, L.D. Pfefferle, T.J. Strathmann, D. 
Salvachúa, S. Kim, R.L. McCormick, G.T. Beckham, D.R. Vardon. (2019). Tailoring Diesel Bioblendstock from Integrated Catalytic Upgrading of Carboxylic Acids: A "Fuel Property First" Approach. Green Chemistry. 21, 5813-5827

Publications and Patents | Peer-reviewed publications

24



Journal articles

• J.B. Dunn, E. Newes, H. Cai, Y. Zhang, A. Brooker, L. Ou, N. Mundt, A. Bhatt, S. Peterson, M. Biddy. ‘Energy, Economic, and Environmental Benefits Assessment of Co-Optimized Engines and Bio-Blendstocks.’ Energy and 
Environmental Science. 2020. 13. 2262-2274.

• L. Ou, H. Cai, H.J. Seong, D.E. Longman, J.B. Dunn, J.M.E. Storey, T.J. Toops, J.A. Pihl, M. Biddy, M. Thornton. ‘Co-Optimization of Heavy-Duty Fuels and Engines: Cost Benefit Analysis and Implications.’ 2019. 53(21) 12904-12913.
• N.A. Huq, X. Huo, G.R. Hafenstine, S.M. Tifft, J. Stunkel, E.D. Christensen, G.M. Fioroni, L. Fouts, R.L. McCormick, P.A. Cherry, C.S. McEnally, L.D. Pfefferle, M.R. Wiatrowski, P.T. Benavides, M.J. Biddy, R.M. Connatser, M.D. Kass, 

T.L. Alleman, P. St. John, S. Kim, D.R. Vardon ‘Performance-Advantaged Ether Diesel Bioblendstock by A Priori Design.’ PNAS. 2019. 116 (52) 26421-26430.

Reports

• Gaspar D, West BH, Ruddy D, Wilke TJ, Polikarpov E, Alleman TL, George A, Monroe E, Davis R, Vardon D, Sutton AD, Moore CM, Benavides PT, Dunn J, Biddy MJ, Jones SB, Kass MD, Pihl JA, Debusk MM, Sjoberg M, Szybist J, Sluder
CS, Fioroni G, Pitz WJ. ‘Top Ten Blendstocks Derived From Biomass For Turbocharged Spark Ignition Engines: Bio-blendstocks With Potential for Highest Engine Efficiency.’ U.S. Dept. of Energy, Office of Energy Efficiency and 
Renewable Energy. Pacific Northwest National Laboratory. Richland, Washington. PNNL-28713.

• Gaspar D, et. al. ‘Top 11 Blendstocks Derived from Biomass for Mixing-Controlled Compression-Ignition (Diesel) Engines: Bioblendstocks with Potential for Decreased Emissions and Increased Operability.’ U.S. Dept. of Energy, 
Office of Energy Efficiency and Renewable Energy. Pacific Northwest National Laboratory. Richland, Washington. PNNL-XXXXX. (forthcoming)

Forthcoming articles

• Jiang Y, Phillips SD, Singh A, Jones SB, Gaspar DJ. ‘Economic Values of Low-Vapor-Pressure Gasoline-Range Bio-Blendstocks: Property Estimation and Blending Optimization.’ In review.
• Cai H, Li S, Tao L, Phillips S, Singh A, Ou L, Hawkins TR. ‘Environmental, Economic, and Scalability of Waste Feedstock-Derived Blendstocks for Mixing-Controlled Compression Ignition Engines.’ Forthcoming, for submission to 

Environmental Science and Technology.
• Singh A, Carlson N , Talmadge M, Jiang Y, Sittler L, Brooker A, Zaimes G, Hawkins TR, Newes E., Gaspar D, McCormick, R, Fioni G, Alleman T . ‘Economic Analysis of the Potential Value to Petroleum Refiners for Co-Optima Boosted-

SI Bio-Blendstocks.’ Forthcoming, for submission to Environmental Science & Technology. 
• Bartling AW, Benavides PT, Singh A, Phillips S, Hawkins TR, Wiatrowski MR, Kinchin CM, Tan ECD, Jones S, Biddy M, Dunn J. ‘Environmental, Economic, and Scalability Consideration of Selected Biomass-Derived Blendstocks for 

Mixing-Controlled Compression Ignition Engines.’ Forthcoming, for submission to ACS SusChem Eng.
• Benavides PT, Bartling AW, Phillips S, Singh A, Hawkins TR, Wiatrowski MR, Kinchin CM, Tan ECD, Jones S, Biddy M. Identification of key drivers in techno-economic & life-cycle analysis of MM Co-Optima fuels. Forthcoming. 
• Young B, Hottle T, Hawkins TR, Zaimes G, Chiquelin C, Carlson N, Jiang Y, Talmadge M, Singh A, Dunn J. ‘Environmental Analysis of the Potential Value to Petroleum Refiners for Co-Optima Boosted-SI Bio-Blendstocks.’ 

Forthcoming, for submission to Environmental Science & Technology. 
• Zaimes G, Hawkins TR, Young B, Singh A, Jiang Y, Talmadge M, Dunn J, Gaspar DJ. ‘Environmental Analysis of the Potential Value to Petroleum Refiners for Co-Optima Boosted-SI Bio-Blendstocks.’ Forthcoming, for submission to 

Environmental Science & Technology. 
• Sittler L, Brooker A, Zaimes G, Cai H, Longman D, Curran S, Dunn J, Hawkins TR. ‘Synergistic Co-Deployment of Hybridized & Co-Optimized Vehicles,’ Forthcoming, for submission to Environmental Science & Technology.
• Sittler L, Burli, Hansen S, Newes S, Peterson S. ‘Potential for first mover advantage in new fuel markets.’ Forthcoming.
• Brooker A, Cai H, Oke D, Newes E, Sittler L, Avelino A, Hawkins TR ‘Potential benefits of co-optimization of fuels for both heavy- and light-duty markets.’ Forthcoming.
• Newes E, Singh A, Sittler L, Talmadge M, ‘Integrating refinery decision logic into bioenergy deployment.’ Forthcoming.
• Jiang Y, Talmadge M, Singh A, Hawkins TR, Zaimes G, Young B, Ramirez Corredores M, Economic, Energy, and Environmental Analysis of the Potential Value to Petroleum Refiners for Co-Optima MCCI Bio-Blendstocks. 

Forthcoming.

Publications and Patents | Other publications

25


