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Abstract: Alcohols are attractive fuel blendstocks for spark ignition engines due to their high octane
values and potentially positive influence on performance and emission. Although methanol, ethanol,
and butanol have been widely studied, other biomass-derived alcohols may have similar or better
properties. However, it is not feasible to experimentally investigate the fuel potential of every
molecule. The goals of this study were to develop a methodology for rapid screening of a fuel
property database for mono-alcohols and to identify alcohols with the potential of blending to
produce advantaged motor gasolines. A database was developed with 13 fuel properties of all
saturated C1-C10 mono-alcohols. A decision framework was used to evaluate alcohols suitable for
blending in gasoline for spark ignition engines in two scenarios: low-range (up to 15 vol%) blends
and high-range (greater than 40 vol%) blends. The low-range blend cases resulted in the identification
of 48 alcohols. In the case of high-range blending, only six alcohols were found to be suitable. This is
the first study to systematically evaluate all C1-C10 saturated alcohols for blending with gasoline
using relevant fuel properties. A novel aspect of this study is the evaluation of the influence of
errors in predicted property values. These scenario screenings focus attention on a smaller number
of promising candidate molecules, and the approach could be modified for other classes of fuel
molecules, engine types, and fuel blending goals.
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1. Introduction

Motor gasoline is the most common transportation fuel for spark ignition (SI) engines and, at least
for the near future, it remains the most cost-effective fuel for these engines [1]. Motor gasoline is
defined as the finished fuel that is delivered to the consumer most commonly by a fuel pump at a
refueling station for use in their SI engine powered vehicle. Finished motor gasoline varies by country
based on a number of factors such as emission regulations and biofuel blending mandates. The
predominant motor gasoline in the US is E10, composed of 10 vol% ethanol and 90 vol% petroleum
gasoline reformulated for oxygenate blending. The predominant driver for E10 as a motor fuel in the
US has been the compliance with the volume and bending mandates contained in the US Renewable
Fuel Standard. Similarly, the European Union (EU) has planned to replace 10% of the transport fuel of
every EU country with renewable sources such as biofuels by 2020 [2]. E10 supplements petroleum
sources with ethanol for the production of motor gasoline and hence adds to supply diversity, CO,
emission reductions, and other benefits associated with renewable fuel use. There is an overlooked
opportunity to produce a motor gasoline blend that also enables SI engines with better performance.
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Given the adverse impacts associated with extensive SI engine use around the world for light-duty
vehicle transport, especially the large global fuel use and the production of CO, and other air emissions,
there is a worldwide interest in increasing SI engine efficiency and reducing emissions. Since fuel
properties are vitally important for enabling SI engines to run at high efficiencies and with low
emissions, several countries have started initiatives to develop, in tandem, advanced fuels, and
advanced engines. Two examples are the Co-Optima program funded by the US DOE in the US [3]
and the Tailor-Made Fuels from Biomass initiative in Germany [4].

Alcohols are particularly attractive as biofuels for SI engines due to their high research octane
number (RON) values and their high heats of vaporization (HoV) that contribute to charge cooling
benefits as well as other potentially positive influences on performance and emission [5]. A considerable
body of research has developed ethanol and a small number of other alcohols as advanced biofuels
and several review articles have summarized the general reduction of engine emissions and positive
effects on knock performance and thermal efficiency that can be achieved by using alcohols in the fuel
blends [5-8]. These reviews note that the impact of alcohols on engine performance and emissions is
very dependent on the alcohol properties and engine type. The oxygen content of alcohols can lead
to more homogenous and complete combustion, which in turn can lead to reduced soot formation,
given appropriate combustion conditions. In general, soot emission decreases with alcohol-gasoline
blends because the oxygen atoms reduce the number of carbon atoms that are active in the radical pool
responsible for soot formation [6]. However, in vehicles in actual driving conditions, many factors
such as engine type and operating loads can complicate this effect such that alcohols blended with
gasoline have been shown to increase or decrease soot emissions in vehicle tests [9-12]. The more
complete combustion attained with alcohol-gasoline blends leads to reductions in CO and unburned
hydrocarbon (UHC) emissions [5]. In addition to reduced emissions, alcohols have the potential to
increase thermal efficiency due to their high HoV and to diminish the brake specific fuel consumption
because a higher compression ratio can be used [13].

While methanol and ethanol have been intensively studied for gasoline blending and some
research has also evaluated butanol and some pentanol structures, few other alcohols have been
examined as fuels or fuel blend components for SI engines. While it would be of interest to evaluate
other alcohols, experimental testing of each of the 943 saturated mono-alcohols in the C1-C10 range is
not feasible. Instead, we have designed a rapid screening method that eliminates alcohols not suitable
for fuels and quickly identifies promising candidates for potential future development. The goals
of this study were to develop a methodology for the rapid screening of a fuel property database for
mono-alcohols and to identify alcohols with the potential for blending to produce advantaged motor
gasolines for use in advanced SI engines.

To accomplish these goals, all possible structures of linear, branched, and cyclic alcohol molecules
(C1-C10) with one hydroxyl group and no double bond were generated computationally. For each
alcohol, 13 fuel properties were determined through literature reports, databases, or predictive models.
Using these properties, a two-stage screening process was followed. The purpose of the first stage
was to eliminate alcohols not suitable for blending into SI engine fuel. Since different levels of alcohol
blending into SI fuels may be desired, the second screen used criteria important for two blending
scenarios: a low blending scenario (<15 vol%) and a high blending scenario (>40 vol%). The outcome
is the identification of mono-alcohols that are attractive candidates as advantaged blendstocks for
these two blending scenarios.

2. Materials and Methods

2.1. Database Development

The structures of all possible isomers of linear, branched, and cyclic saturated mono-alcohols in
the C1-C10 range were generated using the molecular structure generator developed by Molgen [14].
The complete database contains 943 species and is presented in Table S1. Thirteen physiochemical
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properties important for SI engine performance were then obtained for each of these alcohols: boiling
point, melting point, peroxide-forming potential, water-solubility, anaerobic biodegradability, RON,
vapor pressure, flash point, viscosity, density, surface tension, lower heating value (LHV), and HoV.
Where available, property data were obtained from literature reports and databases of experimental
values. Many of the higher non-cyclic and cyclic alcohols appear to have been never synthesized and/or
purified, and thus no experimental data are available. For those species, properties were estimated via
group contribution methods [15-19] based on the molecular structure. The following models and data
sources were used:

e  EPISuite™ [19] is a series of quantitative structure-activity relationship models based on the
regression of experimental data to predict the effect of chemical structures on the modeled
parameter. Boiling and melting points, vapor pressures, water solubility, and anaerobic
biodegradability (BIOWIN?) were predicted via EPI Suite™;

e  Viscosity, density, surface tension, and flash point were predicted via Toxicity Estimation Software
Tool [20];

e The LHV was predicted by a model suggested by Hechinger et al. [15];

e  The HoV was estimated via ACD Structure Elucidator v15.01 (Advanced Chemistry Development,
Inc., Toronto, ON, Canada) [16];

e A group contribution modeling method based on the assumption of functional group additivity
was utilized for derived cetane number (DCN) predictions [17] in combination with the relationship
between DCN and RON [18] that was used to estimate RON for the proposed alcohols;

e  Known peroxide-forming alcohols from a published list [21] were eliminated, and secondary
alcohols were not considered since they are potential peroxide formers. Material safety data sheets
were used to establish physical and health hazard categories. Peroxide formation could potentially
be addressed by developing fuel stabilizers and antioxidants but that was not considered in
this analysis.

2.2. First-Stage Screening

The objective of the initial screening was to eliminate any problematic alcohols that would be
unsuitable for current fuel distribution systems or fuel applications in SI engines. To pass this stage,
alcohols were required to satisfy the property constraints shown in Table 1 for boiling point, melting
point, RON, peroxide formation, and anaerobic biodegradability. The decision tree process for this first
stage screening is shown in Figure 1. The rationale for each of the screening values follows.

Table 1. Fuel property values used in the first-stage screening.

Property Required Range Comments
- . o Ensure liquid at room temperature; compatibility
Boiling Point 25-190 °C with ASTM D4814.
Melting Point <-10°C Guarantee fluidity in the terminal environment
RON 508 SI engines require a finished fuel with high RON to

provide a highly efficient performance.

Molecules with known peroxide formation (List B of
Peroxide Formation peroxide former compounds) present safety risks;

secondary alcohols are likely peroxide formers.
Anaerobic Biodegradation 502 Rejected if less than 0.2 with the water solubility
Probability - greater than or equal to 10,000 mg/L.

Melting and boiling points: The melting point is important to determine if the fuel can be handled
in the terminal environment, especially in winter. Since gasolines typically have a cloud point
below —50 °C, a melting point criterion of less than —10 °C is a reasonable window for selecting
alcohols. To identify a reasonable range of alcohol boiling points, we focused on specific ranges of the
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distillation curve [22]. The front-end volatility (TO to T20) is of importance for cold start, mid-range
volatility (T20 to T90) is vital for warming up, and tail-end volatility (T90 to end-point) is essential
for performance when the engine is hot [23]. ASTM D4814 [24] sets maximum levels for T10, T90,
and end-point distillation temperatures, and a range for T50 to guarantee smooth drivability and
elimination of cold-start and oil dilution problems. Therefore, the lower boiling limit was defined as 25
°C, to ensure liquid phase at room temperature, and the upper limit was chosen to be 190 °C, which is
the maximum allowed temperature for T90 in ASTM D4814.

Complete alcohol
database

Boiling point 2 25 °C
and <190 °C?

Potential fuel
blendstock

Yes Yes

Anaerobic
biodegradation
potential?

No No

Melting point < —10 °C?

Yes No

Peroxide-forming

?
No RON 2 982 Yes potential?

Yes

Figure 1. Decision framework for the first-stage screening of the alcohol database.

Ignition properties: The octane rating is an index to measure the ignition quality of a fuel. SI
engine fuels must be resistant to autoignition to avoid knocking, the risk of which is accentuated in
modern downsized and turbocharged engines [25]. Fuels with a high octane number are also desired
because they allow a higher compression ratio to be used, resulting in higher engine power output
and efficiency. In this study, RON was used as the criterion for knock resistance rather than the motor
octane number because the latter is difficult to predict and RON, in general, is a better measure of
knock resistance across different SI engine types. A cut-off of 98 RON was selected because it is the
average RON of premium gasolines in the United States.

Peroxide formation: The OSHA Hazard Communication Standard categories describe the intrinsic
hazards associated with materials but changes that may occur over time, such as peroxide-forming
potential, are not addressed. Peroxides are a class of highly reactive chemicals that can be formed
during the storage of certain compounds [26]. Therefore, alcohols that exhibit peroxide formation
during storage must be avoided as fuel blending components. Known peroxide forming alcohols
were eliminated. Since secondary alcohols can form peroxides, especially when the concentration
is high [21], these alcohols cannot be distilled or evaporated without first testing for the presence of
peroxides at least every six months. Hence, all secondary alcohols were also removed as potential
peroxide formers.

Anaerobic biodegradation: Compounds that are both difficult to degrade anaerobically and are
highly soluble in water present a risk to the environment. Since there is no standard for acceptable
levels of anaerobic biodegradability, alcohols with an anaerobic biodegradation probability (BIOWIN?)
less than 0.2 and water solubility greater than 10,000 mg/L were rejected. These values were chosen on
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the basis of two known problematic molecules: both ethyl tert-butyl ether and 1,2-dimethoxyethane
are soluble in water to about 12,000 mg/L and 1,2-dimethoxyethane has a BIOWIN? value of 0.2.

2.3. Stage 2 Screening: Low-Range Alcohol Blends (Scenario 1)

Alcohols that passed the Stage 1 screening process were next evaluated in the two blending
scenarios: low-level blends (<15 vol%) and high-level blends (>40 vol%). The property constraints
for each scenario are presented in Table 2 and the screening process for each scenario is depicted in
Figure 2.

Potential fuel
blendstock

No RVP 2 0.5 kPa?

Boiling point < 165 °C?

Melting point < -20 °C?

Potential fuel No
blendstock

RVP blending value

No <10 kPa?

Yes

Qualified
No Yes low-fraction No.
blendstock

Kinematic viscosity
<5 mm?/s?

@) (b)

Figure 2. Decision framework for the second-stage screening of the alcohol database. (a) Low-range
blends (Scenario 1). (b) High-range blends (Scenario 2).

For blending ratios up to 15 vol%, the effect of the blended alcohol on some combustion-related
properties (e.g., density and viscosity) is not significant. However, LHV, volatility, hygroscopicity,
and miscibility are affected at this level of alcohol content and have direct impacts on fuel economy,
evaporative emissions, handling, and storage. The latter two properties are difficult to predict, so the
criteria used for Scenario 1 screening were LHV and volatility (Table 2, Figure 2a).

LHV: The power output of an engine depends on the heating value of a fuel, which directly
influences the fuel economy [27]. It would be preferable to have fuels with LHVs relatively close to
that of gasoline to obtain similar energy per cycle. While there is no objective basis for a threshold, we
chose an LHV cutoff of 25 M]/kg (half of the gasoline value) to avoid high fuel consumption.
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Table 2. Property values used for screening in the two scenarios. The RVP blending value is the
difference between the measured or predicted RVP of the blend (weighted average) and that of base
gasoline. “—” indicates that the criterion was not applied for the indicated scenario.

Requirements

Property Low-Range Blends High-Range Blends Comments

Low range: avoid high evaporative

Rejected if RVP blending  Rejected if vapor pressure emissions High range: avoid cold start

Vapor Pressure

value > 10 kPa at25°C < 0.5 kPa
problems
Boiling Point — Rejected if >165 °C Compatibility with T90 of ASTM D4814
Melting Point — Rejected if > —20 °C Allows transfer by pumping, especially
in winter
LHV f/{e]];(cgted ILHV <25 Rejected if < 30 MJ/kg Avoid high fuel volume consumption
Kinematic Viscosity —— Rejected if > 5 mm?/s Avoid large droplets

Volatility: Expressed as Reid vapor pressure (RVP), volatility directly impacts cold-start and
warm-up drivability [28,29]. The RVP should be high enough to avoid cold-start problems while not
so high as to cause vapor lock and evaporative emissions [29]. While the pure component RVP of any
alcohol is less than that of gasoline, the addition of alcohols to gasoline may form near-azeotropic
mixtures with non-ideal behavior and higher volatility. Because the volatility of a blend depends both
on the alcohol and the blending level, we defined the RVP blending value as the difference between the
measured or predicted RVP of the blend (weighted average) and that of the base gasoline. Blending
values from literature reports are shown in Figure S1. The requirement for Scenario 1 is that the RVP
blending value be less than 10 kPa. No lower bound for vapor pressure was applied because there
is no standard minimum limit identified for gasoline-like fuels, and the effect of a low level of a low
vapor pressure alcohol would not have a detrimental effect on the vapor pressure of the blend.

2.4. Stage 2 Screening: High-Range Alcohol Blends (Scenario 2)

Since blending biofuels at higher levels could provide benefits of improved fuel properties as well
as further reductions in net CO, emissions, the goal of Scenario 2 was to identify alcohols that could
be blended at levels over 40 vol%. To create a gasoline blend with more than 40 vol% alcohol, it was
necessary to account for fuel properties beyond those considered for the lower-range blends because
the alcohol’s characteristics exert a larger influence on the blend properties. Thus, requirements on
the volatility, boiling point, melting point, LHV, and kinematic viscosity were applied to identify
appropriate alcohols for high-range blends (Table 2, Figure 2b).

Volatility: Alcohols in high-level blends were required to have RVP values greater than 0.5 kPa at
25 °C (approximately 10% of the RVP of gasoline).

Boiling point and melting point: For the high-level blend case, a boiling point cutoff of 165 °C was
applied. Similarly, the initial fluidity constraint (melting point) was tightened to be —20 °C.

LHYV: For blends with a high proportion of alcohols, molecules with low calorific value must be
eliminated to avoid a blend with low energy density and thus low volumetric fuel economy. While
there is no objective basis for a threshold, we chose an LHV cutoff of 30 MJ/kg (two-thirds of the LHV
of gasoline) to avoid significantly higher fuel consumption.

Kinematic viscosity: The low viscosity of methanol and ethanol results in lubrication problems in
conventional port fuel injection systems leading to wearing of the engine parts. However, the higher
viscosity of larger alcohols has conflicting influences: it can be problematic due to the formation of
larger droplet size, especially in direct injection systems, and be beneficial by offering better lubrication
and less wear on the engine parts [30]. An upper limit kinematic viscosity of 5 mm?/s was chosen since
it is close to the maximum limit for diesel-like fuels (4.1 mm?/s) in ASTM D975. This limit should
ensure adequate fuel lubrication while ensuring that the kinematic viscosity is low enough for good
spray atomization in direct injection applications.
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3. Results

3.1. Outcome of Stage 1 Screening

Following the screening procedure illustrated in Figure 1, a reduced database of 49 alcohols
(34 non-cyclic and 15 cyclic alcohols) was obtained (Table S2).

On the melting and boiling point criteria, only non-cyclic alcohols larger than C9 were
rejected for boiling point constraints. Other than 2-methyl-2-propanol, 2,2-dimethyl-1-propanol,
2-methyl-2-butanol, and 3,3-dimethyl-2-butanol, which have unusually high melting points, non-cyclic
alcohols smaller than C7 met the melting defined limit but those larger than C7 were rejected due to
their high boiling and melting points. Cyclic alcohols with more than six carbons suffer from high
melting and high boiling points and hence were rejected as candidates.

Ignition properties were a major screening factor. RON generally increases when the fuel contains
molecules with methyl branching, double bonds, aromatic rings [31], and oxygen content [32]. Most
of the non-cyclic higher molecular weight alcohols did not pass the RON threshold and thus were
rejected. However, some of the highly branched larger alcohols with appropriate fluidity passed the
octane rating requirement and were carried forward.

Since secondary alcohols can form peroxides, especially when the concentration is high [21], these
alcohols cannot be distilled or evaporated without first testing for the presence of peroxides at least
every six months. Hence, all secondary alcohols were also removed as potential peroxide formers.
Eight of the original set of alcohols are known peroxide formers and were eliminated.

In a study conducted as a part of the US DOE Co-Optimization of Fuels and Engines Program
(Co-Optima) [3], 369 molecules representing 14 chemical families were assessed for their potential as
SI engine blendstocks [33]. That study yielded a set of 41 blendstocks that included nine alcohols:
methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, iso-butanol, 2-methyl-2-pentanol,
and 2-pentanol. All but 2-propanol and 2-pentanol are among the 49 that passed our initial screening,
validating our approach. Starting with a larger set of alcohols in the current project led to the
identification of an additional 42 alcohol candidates.

3.2. Candidate Alcohols for Low-Range Blends

Since ethanol is blended into nearly all of the US gasoline supply at 10 vol% and has been approved
for blending to 15 vol%, the intent of the first scenario was to produce a list of alcohols that would
be suitable for this level of blending. The outcome of the screening for the first scenario is that only
methanol is removed as a candidate alcohol. Methanol did not pass this screening because it increases
RVP blending value at low concentrations [28]. This results in a list of 48 alcohols (Table 3), including
ethanol, that could be used at up to 15 vol% in gasoline and would be expected to provide blends with
fuel properties at least as good as the ethanol-gasoline blends currently used in the US. Among higher
alcohols, 1-propanol and 1-butanol were the only linear alcohols that qualified, while many branched
higher alcohols with six to ten carbons were found to be suitable. Several C7 and C8 cyclic alcohols
containing rings with three to six carbons, but not more, also qualified.

While 48 alcohols passed the threshold, they are not equivalent. For example, if volumetric fuel
economy were of primary interest, attention would be given to the use of higher alcohols due to their
higher LHVs [5].

In the context of vapor pressure, alcohols with high oxygen content are known to cause an increase
in the RVP of the blend when relatively low concentrations of these alcohols are used [34-38]. Andersen
et al. demonstrated that gasoline blends with methanol, ethanol, and propanol isomers have RVP
blending values greater than zero over certain concentration ranges [28]. In addition, that study and
one from Christensen et al. [39] showed that higher alcohols led to RVP blending values less than zero,
regardless of alcohol concentration. The trend of the RVP blending value with alcohol carbon number
for 5 and 10 vol% blends in gasoline (Figure S1) demonstrates that C5 and higher mono-alcohols
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always have negative RVP blending values. All C4 alcohols except 2-methyl-2-propanol (tert-butanol)
also have negative RVP blending values.

Table 3. Alcohols with potential to be blended at low (up to 15%) range in gasoline (Scenario 1).

Linear and Branched Alcohols Cyclic Alcohols
Ethanol 2,2,4-Trimethyl-1-pentanol (1-Methylcyclopropyl)methanol
1-Propanol 2,3,4-Trimethyl-3-pentanol (2,2-Dimethylcyclopropyl)methanol
1-Butanol 2,4,4-Trimethyl-2-pentanol 2-Cyclopentylethanol
2-Methyl-1-propanol 2,3,4-Trimethyl-2-pentanol 2-Cyclopropyl-2-butanol
2-Methyl-2-pentanol 2,3,4-Trimethyl-1-pentanol (1-Ethylcyclobutyl)methanol
3-Methyl-3-pentanol 3-Ethyl-2-methyl-3-pentanol 1,3-Dimethylcyclopentanol
2,2-Dimethyl-1-butanol 3,4,4-Trimethyl-1-hexanol 1,2-Dimethylcyclopentanol
2,3-Dimethyl-1-butanol 2,5,5-Trimethyl-1-hexanol 2-Cyclobutyl-2-propanol
3,3-Dimethyl-1-butanol 4,5,5-Trimethyl-1-hexanol Cyclohexylmethanol
4,4-Dimethyl-1-pentanol 3,5,5-Trimethyl-3-hexanol 1-Isopropylcyclopentanol
3,3-Dimethyl-1-pentanol 3-Ethyl-2,4-dimethyl-3-pentanol 2-Cyclopropyl-3-methyl-2-butanol
2-Ethyl-2-methyl-1-butanol 2,4,6-Trimethyl-4-heptanol 2-Cyclopropyl-2-pentanol
2,3,3-Trimethyl-1-butanol 2,3,4,5-Tetramethyl-3-hexanol (2,3,4-Trimethylcyclobutyl)methanol
2,2,3-Trimethyl-1-butanol 4-Ethyl-2,3-dimethyl-3-hexanol 3-Cyclopropyl-3-pentanol
3,4-Dimethyl-3-hexanol 3-Isopropyl-2,4-dimethyl-3-pentanol 1-Cyclopentyl-2-propanol
2,2-Dimethyl-1-hexanol 3-Methyl-2-(2-methyl-2-propanyl)-1-pentanol

2,4,4-Trimethyl-1-pentanol

Besides ethanol, three of the candidate alcohols, 1-propanol, 1-butanol, and 2-methyl-1-propanol
(iso-butanol) have been studied in gasoline blends in this concentration range for use in
SI engines [7,36,40-45]. In general, engine power decreased slightly relative to gasoline using blends
containing these alcohols in this range, but substantial reductions were observed in emissions, especially
CO, COy, and UHC. For example, at an engine speed of 2600 RPM, the levels of these pollutants are
reduced by 21%—-43% with iso-butanol blends [41] and 26%—43% with n-butanol blends [40], both
compared to gasoline. However, the effects of any fuel blendstock are complex, and the results vary
depending upon the base fuel, engine, and conditions. Moreover, we have shown that blends of
iso-butanol and 3-methyl-3-pentanol with gasoline in this range have promising fuel characteristics [36].
A blend of 10 vol% 3-methyl-3-pentanol with gasoline produced a fuel with a heating value very close
to gasoline without significantly changing the volatility, viscosity, and density.

3.3. Candidate Alcohols for High-Range Blends

We chose to consider blending alcohol candidates at levels >40 vol% because blending at higher
levels has the potential for more significant reductions in net CO; emissions, and there could be
alcohols that provide benefits of improved fuel properties.

The constraints for this scenario eliminated many of the alcohols that passed first-level screening.
Following the decision flowchart in Figure 2b, only seven non-cyclic alcohols and one cyclic alcohol
passed the volatility constraint. All of those passed the boiling point and melting point criteria.
Methanol and ethanol did not pass the LHV threshold, and all remaining alcohols had sufficiently low
viscosity. Considering these criteria individually, the boiling point criterion eliminated 23 non-cyclic
and 17 cyclic alcohols; the melting point criterion eliminated 35 non-cyclic and 29 cyclic alcohols; the
LHYV criterion eliminated methanol and ethanol, and the kinematic viscosity criterion eliminated seven
non-cyclic alcohols and 20 cyclic alcohols.

This screening resulted in a set of six alcohol candidates for use in high-range blending
scenarios (Table 4): 1-propanol, 1-butanol, 2-methyl-1-propanol (iso-butanol), 2-methyl-2-pentanol,
3-methyl-3-pentanol, and (1-methylcyclopropyl)methanol. 1-propanol, 1-butanol, and iso-butanol
are non-cyclic C4 alcohols, 2-methyl-2-pentanol is a non-cyclic C6 alcohol, and (1-methylcyclopropyl)
methanol is a C5 cyclic alcohol with a three-carbon ring.
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Table 4. Characteristics of six alcohols identified for high-level blending with gasoline (Scenario 2).

9of 16

Property 1-Propanol 1-Butanol 2-Methyl-1-propanol  2-Methyl-2-pentanol  3-Methyl-3-pentanol  (1-Methylcyclo-propyl)methanol

Molecular Weight (g/mol) 6.1 74.12 74.12 102.17 102.17 86.13
C (Wt%) 59.96 64.82 64.82 70.53 70.53 69.72
H (wt%) 13.42 13.60 13.60 13.81 13.81 11.70
O (wt%) 26.62 21.59 21.59 15.66 15.66 18.57
Boiling Point (°C) 97.2 117.7 107.8 121.1 122.40 128
Melting Point (°C) -126.1 —-89.80 -108 -103 —23.60 —31.42
Water Solubility at 25 °C (g/L) 1000 63.20 85 324 42.60 46492
Anaerobic Biodegradation Probability (Biowin?7) 0.942 0.652 0.672 0312 0322 0.3412
Research Octane Number (RON) 104 98 105 99.16 2 98.56 2 99.73 2
Flash Point (°C) 15.00 28.88 27.78 21.1 156.00 4842
Vapor Pressure at 25°C (mmHg) 20.99 6.7 10.5 8.59 5.56 435%
Viscosity at 25 °C (cP) 1.96 2.55 3.37 3352 3.572 312
Density at 25 °C (g/cm®) 0.80 0.81 0.8 0.81 0.83 0.0422
Kinematic Viscosity at 25 °C (mm?/s) 2.44 3.15 42 4144 434 312
Surface Tension at 25 °C (dyne/cm) 23.32 24.93 22.54 22.92 23.26 28.692
Heat of Evaporation (kJ/mol) 47.45 17 41.82 39.62 55.70 4272
Lower Heating Value (M]/Kg) 31.57 33.09 33.11 36.422 36.422 36.142

2: Predicted via group contribution methods.
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Among these alcohols, only 1-propanol, 1-butanol, and iso-butanol have been used in engine tests
as blending components with gasoline at 40 vol% or greater [46-52]. Generally, high-range blends
of these alcohols have been found to exhibit very similar combustion properties to gasoline while
providing a significant reduction in exhaust emissions. Furthermore, we have shown that the use
of iso-butanol and 3-methyl-3-pentanol as components in blends of gasoline with lower alcohols is
a feasible method to mitigate limitations associated with both high and low volatilities of gasoline
blends containing a single alcohol [36]. For instance, dual-alcohol blends containing 40 vol% (or more)
alcohol could control the RVP and kinematic viscosity to be close to that of gasoline [36].

4. Discussion

4.1. Considerations for Use of the Database and the Product Design Methodology

The systematic product design methodology and two scenarios presented here are intended to
provide both an approach and results that will be useful to others. Design methodologies can avoid
expensive and time-consuming trial-and-error experimental campaigns. Similar approaches have
been successfully used in several fuel development projects [4,53—60], typically to design tailor-made
molecules for fuel application. That is, molecular building blocks were computationally joined and
reassembled to generate new molecules with good fuel blendstock potential. In some cases, property
predictions were used to screen the resulting lists based on general criteria. The open design approach
used here is different in that it was a systematic evaluation of all saturated C1-C10 mono-alcohols, was
not biased by considerations of current alcohol production methods, was based only on fuel properties,
and used screening criteria chosen specifically for alcohol molecules.

It is important to note that the outcomes of these scenarios are dependent on several factors. One
of the most important of those is the accuracy of the property values used in the screening, especially
those estimated from group contribution methods. Since no measured data are available for many of
the alcohols considered in this study, reliance on estimated values was a necessity. We evaluated the
impact of uncertainty in these property value estimates on the outcomes of the screening process by
first estimating typical uncertainties for each property prediction and then performing the screening
with property values that reflected those uncertainties (Supplemental Method). At each screening
stage and for each scenario, we developed lists based on two large uncertainty levels (plus or minus
50% and 100% of the estimated coefficient of variation, CV) to determine the sensitivity of the screening
outcome to uncertainty in the property values. The results of these procedures are summarized in
Table 5 and further details of the procedure and outcomes are provided in Appendix A. There was a
noticeable effect of the error in the property predictions on the qualified alcohols at each stage and
especially in the initial screening, with only five or seven alcohols passing (+/-50% CV or +/—100%
CV, respectively) rather than the 49 that passed when only the reported or calculated property values
were considered. This assessment underscores the importance of high-quality property estimation,
especially for alcohols with property values near a criterion threshold.

Table 5. Outcomes of property prediction sensitivity analysis. The original analysis was performed
using reported or predicted property values only (no error range).

Number of Alcohols Passing Each Screening Level

Screening Level Original Level 1 Level 2
i 5 (+/-50% CV) (+/-100% CV)
Stage 1 49 7 5
Stage 2
Scenario 1 48 6 4

Scenario 2 6 3 3
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A second factor is that we have screened the alcohols based on pure component values rather
than on the property of their blends with gasoline, with the exception of the RVP blending value
criterion used for Scenario 1. This was done because alcohol-gasoline blend properties are available for
only a few alcohols and the approaches for estimating blend properties (e.g., statistical associating
fluid theory [61-63]) require parameters that are not straightforward to estimate for a blend involving
a mixture as complex as gasoline. For some fuel characteristics, such as the RVP and distillation
curve, studies have shown the extent of nonlinear effects and the trends with molecular weight [28,64].
Non-idealities are likely to be less for higher alcohols than for methanol and ethanol in blends.

Finally, the criteria selected for the initial screening and for each scenario have a strong influence
on the outcome of the screening. We carefully considered the specific criteria and justified them in the
context of accepted fuel property values. Naturally, other investigators may choose different criteria
for these or other goals.

4.2. Additional Potential Screening Criteria

Several factors were not considered in this effort to find alcohol blendstocks with advantageous
properties. One notable factor is cost, which was deliberately omitted because the prices for any
chemical primarily reflect its market size. Many of the alcohols are not currently available for purchase,
but this does not mean that they cannot be synthesized from biomass at a reasonable cost by biological,
chemical, or hybrid approaches. We suggest that it is of interest to first consider the promise of a
candidate alcohol for gasoline blending, and then to use retrosynthetic or other techniques to determine
production pathways and to ascertain whether the identified alcohols have the potential to be produced
at costs and volumes necessary for commercial relevance. Many higher alcohols can be produced via
biological pathways from cellulosic sugars, and there are many efforts to use metabolic engineering to
increase the yield and productivity of non-traditional biofuels [65-68]. There are also non-fermentative
pathways to produce higher alcohols [69-71]. Identification of production pathways would also enable
sustainability evaluations (e.g., life cycle assessment for greenhouse gas emissions and water use, and
energy return on investment).

One fuel property that was not incorporated into the screening frameworks was HoV. Alcohols
have HoV values much higher than those for gasoline. These high HoVs lead to a range of effects
on soot emissions, UHC emissions, and cold start/run characteristics, and these effects can vary with
engine type and load [5]. For these reasons, consideration of HoV is better reserved for specific
use situations.

In addition, other fuel properties, namely stability, solubility, flash point, hygroscopicity, and
miscibility were not considered in this initial screen. The stability and solubility of any new molecule
in a hydrocarbon blend is a critical concern but all of the alcohols have higher stability and solubility in
gasoline than methanol and ethanol [72]. The flash point is a strong indication of flammability and is
important for safety during storage and distribution. However, the flash point of alcohols is higher
than that of gasoline (< 40 °C) and thus the existing infrastructure is compatible blends containing
less-flammable alcohols [73]. Hygroscopicity and miscibility are difficult to predict and their impact
depends on the amount of water present.

5. Conclusions

Aiming to find promising alternative mono-alcohol biofuel blend components for spark ignition
engines, we developed a database of 13 fuel properties of all saturated C1-C10 linear, branched, and
cyclic mono-alcohols, and subsequently narrowed the potential gasoline blending candidates to select
the most promising ones. An initial decision framework was used to screen unsuitable compounds,
and then additional constraints were considered for two scenarios of low- and high-range blends
of alcohol in gasoline. Forty-eight alcohols were identified as good candidates for blending with
gasoline at levels up to 15 vol%. The more challenging requirements for blending at more than 40 vol%
resulted in a much shorter list of six alcohols: 1-propanol, 1-butanol, 2-methyl-1-propanol (iso-butanol),
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2-methyl-2-pentanol, 3-methyl-3-pentanol, and (1-methylcyclopropyl)methanol. The approach used
in this study—database development and application of a decision framework—could be modified
for the evaluation of other classes of fuel molecules (e.g., esters, ketones, and ethers) and for other
engine types and fuel blending goals. Considering the uncertainties in the estimated property values,
this screening procedure could be viewed as having primary value in narrowing the set of candidate
molecules rather than definitively identifying final fuel blendstocks.

This work differs from previous systematic product design methodologies in that we selected
a single biofuel molecular group (saturated mono-alcohols) and evaluated all possible structures.
We screened on the basis of important fuel properties, including those known to be important for
alcohol-gasoline blends, and used reported experimental data where possible. Finally, we conducted
screening for different scenarios whereas other studies evaluated only one case.

Using the lists of alcohols for these two scenarios, new research could focus on how and from
what biomass feedstocks these molecules can be produced; on fuel characterization tests, combustion
and emission characteristics; and on technoeconomic and environmental assessments. All of those are
necessary to fully understand whether these alcohols have the necessary characteristics to produce
advantaged motor gasolines for use in SI engines.
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Figure S1: Reid vapor pressure blending value (RVP BV) vs. carbon content of alcohols at 5 vol% and 10 vol%
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alcohols with fuel potential following first-stage screening, Table S3: Experimental and predicted values used for
error analysis, Table S4: Alcohols removed from the original list (Table S2) in the Level 1 error analysis of the
initial screening, and Table S5: Alcohols removed from the original list (Table 4) in the Level 1 error analysis of
Scenario 2.
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Appendix A. Potential Effects of Property Prediction Accuracy on the Outcomes of Screening

The selection of alcohols at each stage of screening depends upon the accuracy of the property
values used in the screening. Furthermore, since few of the alcohols considered in this study have
been fully characterized, algorithms were used to predict property values. To evaluate the impact
of uncertainty in these property value estimates on the outcomes of the screening process, we first
estimated typical uncertainties for each property prediction and then performed the screening with
property values that reflected those uncertainties. In this way, a sensitivity analysis of the screening
outcomes was obtained.

To obtain a representative estimate of the accuracy of the predictions for boiling point, melting
point, water solubility, vapor pressure, and viscosity, experimental and predicted data were compared
for six alcohols, ranging from C3 to C7 (Table S3). For RON, experimental and predicted values for ten
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alcohols ranging from C3 to C5 were compared (Table S3). For each of these properties, the average
coefficient of variation (CV) was calculated. For the biodegradability estimates from BIOWIN7, a CV of
20% was assumed since this is a computed quantity with no direct experimental comparison possible.
Predicted values were obtained as described in the Materials and Methods section.

Two stringency levels were used to evaluate the sensitivity of the screening outcome on the
uncertainty in the property values:

(1) Level 1: The range of values +/-50% CV from the mean for each property was then determined.
(2) Level 2: The range of values +/-100% CV from the mean for each property was then determined.

The full database of alcohols was screened at each error level for the initial screening and each of
the two scenarios in the second screening stage.

The results of these procedures are summarized in Table 5 and lists of alcohols that were added
or removed for each screening outcome are provided in Tables 54 and S5. There was a substantial
effect of the error in the property predictions on the qualified alcohols in the first-stage screening
(Table S4) at the lower error level (+/—50% CV). When the error level was increased, only two additional
alcohols (2,2-dimethyl-1-butanol and 3,3-dimethyl-1-butanol) were removed. No additional changes
were found when Scenario 1 (low-level blending) was re-analyzed at Level 1 or Level 2. However,
the analysis at the lower error level removed three alcohols from the Scenario 2 list. Beyond those, no
alcohols were removed when the error band was increased to +/—100% CV.

This assessment underscores the importance of high-quality property estimation and the role
of this screening procedure in narrowing the set of candidate molecules rather than definitively
identifying final fuel blendstocks.
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