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Executive Summary
Purpose

This report addresses the suitability of hydrocarbon and oxygenate functional groups for use as a
diesel-like fuel blending component in an advanced, mixing-controlled, compression ignition
combustion engine. The functional groups are chosen from those that could be derived from a
biomass feedstock, and represent a full range of chemistries. This first systematic analysis of
functional groups will be of value to all who are pursuing new bio-blendstocks for diesel-like
fuels.

We have analyzed the suitability of various functional groups that may be obtained by
conversion of biomass, and report their suitability for use as a blendstock in a diesel-like fuel for
Co-Optima Thrust II (advanced compression ignition, or ACI) engine. We used the diesel fuel
ASTM specifications as the basis for this analysis, along with the potential to improve efficiency
and/or emissions performance in an advanced ACI engine. Seven functional groups were
analyzed in detail (and another two — aldehydes and carboxylic acids — excluded a priori based
on our Thrust I analysis), including seventeen variants. Of these seventeen variants, thirteen were
determined to have at least fair potential, or were completely unknown as diesel-like blendstocks
or fuels in an ACI engine. The results of this analysis will help focus efforts to identify diesel-
like Thrust II blendstocks and fuels which can be used with modified combustion strategies to
improve system efficiency and reduce harmful emissions within the Co-Optimization of Fuels
and Engines program.

Results Highlights

This report details the systematic analysis of diesel boiling range bio-blendstock molecular
functionality effects on fuel properties that are desirable for this type of fuel.

By evaluating the fuel properties of a large, and aspirationally all-inclusive list of functional
groups comprising the entirety of diesel boiling range fuel molecules, we have identified those
with the most promising properties for improving diesel engine-emission control system
efficiency. Additionally, we learn about the full range of fuel properties available and observe
the extent to which they fall outside the range accessible with conventional petroleum-derived
fuels. Fuels with unusual properties may provide opportunities for innovative engine designs and
operational strategies. The results of this analysis point the Co-Optima program in potentially
fruitful directions.

Key Conclusions

Our analysis indicates that many biomass-derived chemistries may be suitable for use as mixing-
controlled ACI combustion fuel or blendstocks. Among those materials worthy of further
investigation, we find:

* Ethers, including glymes derived from propylene glycol, acetals and other polyethers

¢ Ketones, including polyketides

* Alkanes, including n-alkanes and iso-alkanes

vii
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¢ Alkenes, including mono-alkenes and possibly some di-alkenes
e Esters, including saturated and some unsaturated esters, and lactones (cyclic esters)
* Alcohols, especially with little or no branching and chain lengths of at least nine carbons

This rich set of chemistries has the potential to produce blendstocks that improve engine
performance, primarily through reduced emissions and resulting in improved system efficiency,
to meet the goals of the Co-Optima program. These results for the basis for Tier 2 screening, and
will guide near-term research activities for the High Performance Fuels team, along with the rest

of the Co-Optima program.

viil
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1 Introduction
1.1 Purpose

The Co-Optimization of Fuels and Engines (Co-Optima) project is focused on the co-
development of advanced fuels and engines to improve the overall system performance,
including both efficiency and emissions. One research thrust within Co-Optima is focused on the
development of engine-fuel combinations which offer improved performance for advanced
compression ignition (ACI) engines which use a mixing-controlled combustion strategy, such as
modern diesel engines. This analysis is intended to inform the development of new bio-
blendstocks for use in these engines by bounding the search space for biomass conversion
experts. The development of biomass-derived fuel molecules and mixtures will benefit from a
systematic and comprehensive approach to understand the suitability of the full range of
functional groups for use in diesel-like ACI engines. This approach will narrow the search space
for Co-Optima researchers by reducing the number of target functional groups, and by providing
some general guidelines as to the structure of potential materials within a functional group class.

1.2 Background

Co-Optima builds upon a rich history of research and development focused on the generation of
new fuels and blendstocks for diesel-like engines. This history includes the development and
approval of biodiesel, primarily consisting of fatty acid methyl esters, or FAMEs, at levels up to
20%. Petroleum-based diesel fuels consist primarily of alkanes (also known as paraftins), with
some aromatic hydrocarbons present as well. In addition to the wide range of hydrocarbons that
are present in petroleum-based diesel fuels, many other molecules have been evaluated for use in
diesel engines in terms of autoignition requirements (cetane number). The results of many of
these measurements are found in the literature, and tabulated in the NREL cetane number
compendium (NREL 2014).

Despite the history of research into the effects of new blendstocks and fuels on diesel engine
performance, there persists a pressing need to systematically evaluate the suitability of the full
range of materials that could be generated from alternative feedstocks with the potential to
reduce harmful emissions and improve overall system performance (whether by increases in
engine efficiency or by reducing the energy penalty associated with the emissions control system
on the vehicle). This is a necessary first step toward co-optimizing the performance of this
engine-fuel combination.

1.3 Research Methodology and Approach

This analysis was performed in three steps to ensure a comprehensive but manageable approach.
First, the specifications for diesel fuel were analyzed in the context of new bio-blendstocks.
These specifications were used as a starting point for establishing a minimum set of requirements
for Co-Optima blendstocks. Where appropriate, more stringent requirements are suggested as a
starting point for future discussions with the rest of the Co-Optima program.

Second, the range of hydrocarbon and oxygenate chemistries were examined for their suitability
as diesel-like bio-blendstocks in the context of the diesel requirements and what is known about
their properties, as a class. Of course, individual molecules possess properties which may vary
widely from the general properties of a group, and individual molecules may or may not be
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suitable from any functional group class. Nonetheless, this analysis should reduce the search
space considerably by focusing our efforts on those classes of molecules most likely to be
suitable.

Finally, the physical and chemical properties of candidate molecules from those classes
considered most promising were examined, and compared to the specifications established in
Section 2. The results of this analysis were used to confirm the suitability of these classes of
molecules.

1.4 Overview of Content

The rest of the report consists of three additional sections. In Section 2, we detail the fuel
properties that are most relevant to efficiency and emissions performance. In Section 3, we
describe our systematic assessment of the functional groups, which have been demonstrated or
hypothesized to be generated from biomass. In Section 4, we provide examples of candidate
molecules which we believe meet the requirements detailed in Section 2, and will be assessed in
future Tasks.
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2 Diesel Fuel Property Requirements

While we do not presuppose the combustion conditions and requirements pending a detailed
development of a merit function with well-justified terms and values, we propose that diesel fuel
specifications provide a solid starting point for analysis. In particular, the suite of physical
properties is likely to be the same, subject to adjustment or modification as the merit function is
established. The analysis requires that we bound the molecular structure by factors such as
number of carbons, carbon connectivity and branching, type and chemical state of heteroatoms
such as O or N, and which heteroatoms may be permissible. This can be done by reference to the
structure-property relationships established for hydrocarbons and many simple oxygenates. Less
common chemistries will require additional property measurement.

Combustion properties, especially autoignition as embodied in cetane number, have been
measured for many potential candidates and serve as a very useful basis for evaluation of classes
of molecules, even if specific candidates have not been measured. We also note that reducing
criteria emissions has the potential to improve overall system efficiency losses associated with
emissions control technology energy consumption and system trade-offs. This is discussed in
more detail below.

Finally, key properties such as toxicity (acute toxicity, teratogenicity, etc.), biodegradability, and
water solubility play key roles in determining whether a particular material is appropriate for
widespread use. These are also evaluated for each functional group, with the caveat that each
individual material (molecule or mixture) should be no more toxic than our existing fuels.
Furthermore, criteria emissions — particulate matter, carbon monoxide, nitrogen oxides and non-
methane hydrocarbons — should be improved by the inclusion of the Co-Optima ACI bio-
blendstock.

2.1 Discussion of Diesel-Like Fuel Properties

Table 2.1 list important properties for diesel fuels, taken from ASTM D975 Standard
Specification for Diesel Fuel Oils and other industry specifications. Probably the most critical
properties for defining a diesel-like fuel are boiling point (or distillation curve), cetane number
(CN), and flashpoint. The T90 of a mixture blendstock should meet the maximum T90
requirement for diesel fuels and a single component blendstock should have a boiling point well
below the maximum allowable T90 of 338°C. Diesel fuels are highly reactive — they ignite
readily upon injection into the engine. The property that ensures adequate reactivity is a
minimum CN of 40. Within certain bounds defined by economics, cetane improver additives
such as 2-ethylhexylnitrate can be used to increase CN, so potentially a bio-blendstock with a
lower CN could be used if it was low-cost and had other significant fuel property advantages. A
minimum flashpoint is required for safe handling of the fuel and ensures that the vapor space
above the fuel in a retail or vehicle fuel tank is not flammable.

Table 2-1. Fuel property specifications for diesel fuel.

Property Value Test method

Cetane number’ >40 (minimum) ASTM D613, D6890, D7170
Viscosityl 1.9-4.1 cSt at 40°C ASTM D445




Co-Optimization of Fuels & Engines Functional Group Analysis for Diesel-Like Bio-Blendstocks

Distillation 50% Report ASTM D86
.1
properties 90% min. 282 max. 3382C
End Point 3662C

50% Report SimDis ASTM2887
90% min. 3009C max. 3562C
End Point 421°C

Cloud point *depends on location; propose -102C for ASTM2500 (cloud point)
(mixtures) screening mixtures
Flash point" 522C (minimum) ASTM D93
Corrosion’ “1”,3 hrs. @ 122°F ASTM D130
Biodegradability Not defined
Toxicity Equivalent or lower than currently compliant

diesel fuel.

Icolonial Pipeline Company, Specifications For Fungible 15 ppm Sulfur Diesel Fuel
2Fungible Product Grade Specifications, Buckeye Pipe Line Company, L.P. buckeye pipe line transportation, LLC Laurel Pipe Line
Company, L.P. norco pipe line company, LLC Wood River Pipe Lines, LLC, Shipping Information Notebook, March 3, 2015

Flow properties are also important for diesel boiling range materials, and these are controlled by
specifying limits on viscosity and cloud point. A minimum viscosity is required to prevent
injection pump and injector leakage in some engine designs. A maximum viscosity must be met
for fuel injection system design and to limit the pressure and size of pump required to inject the
fuel. In cold ambient conditions, diesel may partially solidify, plugging fuel lines. ASTM D975
requires reporting of the most commonly used cold flow property, which is determination of the
cloud point (ASTM D2500). The cloud point is the temperature at which the solution turns
cloudy due to formation of solid particles composed of components that become insoluble at the
cloud point. This corresponds to the earliest point of wax precipitation that may result in the
plugging of the fuel lines or filters. The use of cold flow improver additives, design of engine
and fuel transfer system design and operating conditions all may result in the successful use of
the fuel in ambient conditions below the cloud point. The Low Temperature Flow Test (LTFT)
(ASTM D4539) and the Cold Filter Plugging Point Test (CFPP) (ASTM D6371) are useful when
determining the suitability of diesel fuel for cold temperatures in vehicles and heavy trucks when
flow improver additives are utilized. Currently, distributors, producers and end users in the
United States use cloud point, CFPP and LTFT to estimate vehicle low temperature operability
limits for diesel fuel as no single test has been found adequately describe the performance of all
fuels in all vehicles. Due to the variety of regional and seasonal temperatures across the United
States, ASTM D975 does not specify a single suitable cloud point, LTFT or CFPP

temperature. Instead, the specification provides guidance that fuel suppliers and purchasers
agree on acceptable properties utilizing the 10™ percentile minimum air temperatures for the U.S
as guidance. The minimum air temperature specifications are generally provided by state,
although some additional regional resolution within states is provided. January is among the
most extreme winter months, with the range in the continental U.S. of -34°C in Minnesota to 3°C
in the southern region of Florida. Temperatures in Alaska in January range from -19°C in the
southern region to -49°C in the northern region. We propose to limit freezing point for pure
component bio-blendstocks to a maximum of 0°C given that soy-derived biodiesel is widely used
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and has this cloud point. For mixture bio-blendstocks we propose a maximum cloud point of -
10°C for initial screening purposes, recognizing that complex thermochemical process-derived
mixtures would likely be tailored for local seasonal and market requirements similar to the
situation with conventional diesel fuels today.

Ultimately the solubility of a bio-blendstock in conventional diesel at low temperatures is the
critical performance property. Assessment of blend properties will occur in the second phase of
this Co-Optima project on diesel blendstocks.

Other properties are also specified by ASTM and similar industry standards. These include
conductivity and lubricity, which are typically met through the use of fuel additives and thus do
not need to be specified for bio-blendstocks. Bio-blendstocks that impart conductivity and
lubricity to the fuel would eliminate the need for these additives which would provide a small
economic advantage, however these are fuel blend properties that will be assessed at a later stage
of the Co-Optima program. Corrosion is specified by the ASTM D130 Copper Corrosion Test.
For pure component blendstocks any corrosion would be caused by impurities remaining in the
fuel from the production process, and for mixtures control of acids to below 0.5 mg KOH/g
would likely be adequate to prevent corrosion.

Oxidation stability is also important for storage and handling, and for protection of the engine’s
high temperature/high pressure fuel injection system. There is no widely accepted test for
conventional diesel fuel oxidation stability. However, McCormick and co-workers (McCormick
2015) have utilized the Rapid Small Scale Oxidation Test (RSSOT) method ASTM D7545 to
assess stability of diesel-oxygenate blends. This is essentially a finished fuel blend property and
will be assessed in the next phase of the Co-Optima program.

Bio-blendstock toxicity and biodegradability are properties that should be considered for the bio-
blendstocks. Toxicity should be no greater than that of conventional diesel, and known human
carcinogens and reproductive toxins should be excluded. Biodegradability should be no worse
than that of conventional diesel.

2.2 Fuel Property and Chemistry Effects on Emissions and Fuel Economy

Historically diesel vehicles have contributed a large fraction of transportation-derived NOy and
PM emission inventories yet very little to CO and unburned hydrocarbon emission inventories.
Hence the focus for diesel engine development over the past few decades has been on meeting
the increasingly stringent NOx and PM emission standards while preserving high fuel economy
characteristics. Today modern diesel engines and their emission control systems are a tightly
integrated system. The emission control system will typically consist of a secondary fuel
injector (in the exhaust), a diesel oxidation catalyst (DOC), a diesel particle filter (DPF), a urea
solution injection system, a urea NOy Selective Catalytic Reduction (SCR) catalyst, and an
ammonia slip catalyst. Thermocouples, pressure sensors, and NOy and ammonia sensors provide
signals to a sophisticated engine control system. While the catalyst components can operate
continuously, the DPF requires periodic heating to high temperatures to burn off accumulated
soot. While actual system impacts on fuel economy are complex, the need to inject fuel into the
exhaust — which is burned over the DOC to increase the DPF temperature — has a negative
impact on overall fuel economy. Additionally, the buildup of ash, primarily from the engine
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lubricant, on the DPF increases pressure drop over time which can also negatively impact fuel
economy.

Dramatically reducing or eliminating soot formation from diesel combustion, and hence also
eliminating the requirement for a DPF, would result in a significant improvement in fuel
economy and potentially also a reduction in engine cost. From a fuel property perspective fuels
with known routes to PM precursors (aromatics, alkenes) will produce more PM than fuels
without direct reaction routes (alkanes, and many oxygenates). Oxygenates in general are well
known to reduce diesel PM (engine-out), although not all functional groups are equivalent. In
particular, functional groups that can react directly to form CO; (such as the ester group) are less
effective at PM reduction [http://papers.sae.org/2004-01-1849/] compared to other molecules
that also contain two oxygen atoms. However for diesel combustion there does not appear to be
a predictive fuel property metric like particulate matter index in spark-ignition combustion. Soot
formation tendency metrics such as oxygen extended sooting index (Barrientos 2013) or yield
sooting index (McEnally 2011) may provide some guidance.

Sootless diesel combustion has been shown to be possible. In particular, Gemlich and coworkers
at Sandia National Laboratory have reported a sootless leaner lifted-flame combustion using an
oxygenated fuel (Gehmlich 2016). More recently the same group has shown that injecting the
fuel through a duct allows leaner lifted-flame combustion to be achieved with a hydrocarbon fuel
(Gehmlich 2016). Very little is known about how fuel properties and chemistry (other than
oxygen content) impact or enable sootless combustion, but it seems logical that the same
considerations that apply to conventional diesel combustion would also apply in this case.
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3 Functional Groups

We have examined the full range of chemistries which we believe can be derived from biomass
and used as a blendstocks or fuels for mixing in controlled compression ignition combustion. We
have searched the literature for these materials to obtain physical properties and combustion
properties, where available. We are building on the large body of work for hydrocarbons, and
reasonably extensive body of work for some materials (FAMESs, other long-chain esters, ethers,
alcohols) and have identified some new materials as well such as the polyketides.

We have taken what is known regarding mixing-controlled compression ignition and used that to
inform our analysis of the suitability of these materials for mixing-controlled compression
ignition combustion. From the combination of these sources of information, filtered by the diesel
fuel requirements detailed in Table 2-1, we have determined which functional group classes are
expected to be suitable for this purpose. We describe the results of this analysis in Table 3-1.
This table contains our best assessment of the suitability of each class, along with perceived
potential benefits and shortcomings. We also provide examples so that the structural motifs can
be compared. Note that these are only representative molecules, and it remains to identify the full
suite of candidate molecules, and perform retrosynthetic analyses to ensure we have pathways to
production. Finally, many processes will generate mixtures of materials, so it is important to
understand the full range of potential chemistries to understand when co-products are compatible
and when separations or further conversions are required.

Table 3-1. Functional Groups for Diesel-Like Thrust Il Bio-Blendstocks

Functional Suitability Potential advantages/ Examples

Group shortcomings

Ethers

mono-ethers Very good  Pros: Very high autoignitability. P N

R-O-R' CN depends upon branching. hexyl methyl ether
\O/\/

Cons: Stability; peroxide forming;
materials compatibility. ‘

OH
propylene glycol methyl ether (PGME)
polyethers, Very good Pros: Very high autoignition
including acetals propensity. Potential for reduced o N
o _a HO (o)
and glymes emissions. CN depends upon
. " : 1-(2-ethoxypropoxy)-2-propanol
R-(O-R')n-R branching.
Cons: Possible hydrolysis under /O O\
mild aqueous acid conditions. 0
Cost. Glymes from ethylene
glycol are toxic. 2-methoxy-1-(2-methoxy-1-
methylethoxy)propane
()Y()\/
n-butylal
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Ketones

Polyketides Unknown
R(C=OR')nR"

Ketones Unknown
R-C(=0)-R'

Pros: Potential for reduced
emissions, similar properties as
FAME, higher cetane number,
lower density.

Cons: Physical properties may not
be appropriate (i.e., mostly solids
at RT, very high BP). Many contain
acidic groups and require
upgrading. Limited performance
data. Cost.

Pros: Potential for reduced
emissions. May act like the longer
of the carbon chains; methyl
ketones may be especially
interesting.

Cons: Potential materials
compatibility issue.

Alkanes (saturated aliphatic hydrocarbons)

n-alkanes Excellent
CH3-(CH2)n-

CH3

iso-alkanes Excellent

R-CH-R'R"

cyclic alkanes/  Fair
naphthenes

C.H2,

(saturated);

CoH2,-2

(unsaturated)

Pros: Outstanding diesel with
increasing C#, e.g., hexadecane
CN=100.

Cons: Potential cost of bio-derived
alkanes. No emissions benefit
relative to petroleum-derived
material, other than potentially
diluting aromatics. High freezing
point.

Pros: Branching may improve cold
flow properties.

Cons: Increasing branching
reduces cetane number

Pros: Substituted napthenes may
exhibit good cetane (1-methyl-3-
dodecylcyclohexane ~ 70)

Cons: Low cetane for
unsubstituted naphthenes (decalin
~ 36). Increased sooting
tendencies.

Alkenes (unsaturated aliphatic hydrocarbons)

alkene Very good

Pros: Good cetane number with
increasing C# and less branching,
e.g., n-alkenes above C9 have
CN>=50.

Cons: Lower cetane number than

Poly-beta-keto-acyl-CoA derivative

3-octanone

0O

-

~
~ “CH,(CH3)1,CH3
2-hexadecanone

NG P G PG N~

hexadecane

DN

2-ethylhexadecane

~ .
N \7
N I /

S~ T~

P

A~ ~ P -~ - —~
P N \\// ™~

J \

1-methyl-3-dodecylcyclohexane

decalin (bicyclohexane);

N /\\V/'f\\,//\\/ //\\\//\\_\/ /‘\\\/_ N

1-hexadecene

A~

Functional Group Analysis for Diesel-Like Bio-Blendstocks
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dienes

conjugated
dienes/
polyenes

Fair

Poor

comparable alkanes. Potential
stability issues.

Pros: May be tolerable as part of
mixture. Minimize content to
boost CN.

Cons: Lower cetane compared to
mono-alkenes. Oxidative stability

and gum formation may be issues.

Pros: None

Cons: Low CN. No benefit.
Potential gum and/or soot
formers.

Aromatics (phenyl derivatives and polyaromatic hydrocarbons)

mono-
aromatics
R-Ph

poly-aromatics

oxygenated
aromatics
(also see
specific
oxygenate
functional
groups)
Esters
methyl and
ethyl esters of
fatty acids

Poor

Poor

Poor

Excellent

Pros: Necessary for seal swelling.

Cons: Limited by regulation; soot
former. Low CN: need to get to n-
nonylbenzene before CN reaches
50.

Pros: Helps swell seals.

Cons: Limited by regulation; soot
former. Very low CN

Pros: As a small fraction of larger
mixture, may be tolerable. May
help swell seals.

Cons: Soot forming. Low CN.

Pros: Good cetane for larger C#.
Improve lubricity. Saturated and
mono-unsaturated desirable.
Currently used as biodiesel. Good
and currently part of fuel mix up
to B20. CN depends upon
branching.

Cons: Potential cold flow
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problems. Poly-unsaturated have n-pentadecanoic acid ester

lower CN and oxidation stability

issues. Water solubility/

hygroscopicity can limit

infrastructure compatibility.
lactones (cyclic  Good/ Pros: Longer chain alkyl 0 0
esters) Very good substituted may be good. More

hydrophobic than alcohols,

especially alkyl-substituted.

d-undecalactone

Cons: Low MW lactones have high

octane number and low CN.

Higher MW may be suitable.

esters with Poor Pros: Longer alkyl chain 2

aromatic substituted may show better CN PN J\\_\O‘ PN
groups ‘
Cons: aromatic moiety leads to ) _

. . .. ~F ™ \'\/,/\\//
increased particulate emissions T

o

dibutyl phthalate
Alcohols
mono- Good Pros: Good CN for n-alcohols with '\'\\_//\\V_/'/\‘\//\‘\_,/\\OH
functional ~C8 and higher; longer chains 1-nonanol
alcohols behave more like alkanes. CN N T T
R-OH depends upon branching.

~" \\/'/\\m |

Cons: Water solubility/ 1-hexadecanol

hygroscopicity is high and cetane
low for shorter chain length;
reduced infrastructure
compatibility. Melting point may
pose issues with n-alcohols (iso-
alcohols have lower mp).

References consulted include but are not limited to the following and references therein: Gomez-Cuenca 2013’ Nord 2005,
Santana 2006; NREL 2014, Serdari 1999, Freedman 1990, Knothe 2003, Horvath 2008, Hilden 2001, de Menezes 2005.
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4 Conclusions

Previous evaluations, including the successful use of biodiesel, have demonstrated the potential
of bio-blendstocks to perform adequately in diesel engines. Our analysis of available data
indicates a number of functional groups may be valuable in decreasing emissions while
maintaining engine efficiency, leading to overall system efficiency gains.

Molecular structure influences autoignition and combustion properties in ways that are
somewhat well understood. There is still an opportunity to improve this understanding,
especially for oxygenates which have received little study, and for blends and mixtures outside
of the existing biodiesel realm.

Defining improvements in key properties such as CN, etc., awaits the development of a merit
function, with values and weightings specific for both conventional diesel combustion and
related technologies such as leaner lifted flame with ducted fuel injection. Nonetheless, these
results are the beginning of a set of Tier 2 screening criteria.
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