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ABSTRACT

The 2007 U.S. Renewable Fuel Standard (RFS2) requires an increase in the use of
advanced biofuels up to 36 billion gallons by 2022. Higher carbon number alcohols, in
addition to cellulosic ethanol and synthetic biofuels, could be used to meet this demand
while adhering to the RFS2 corn-based ethanol limitation. Alcohols of carbon numbers 2
through 8 are chosen based on their chemical and engine-related properties.

Blend comparison metrics are developed from automotive industry trends, consumer
expectations, U.S. fuel legislation, and engine requirements. The metrics are then used to
create scenarios by which to compare higher alcohol fuel blends to traditional ethanol
blends. Each scenario details an overall objective and identifies chemical and engine-
related properties that are crucial to meeting that objective as fuel criteria.

Fuel blend property prediction methods are adopted from literature and used to calculate
both linear and non-linear properties of multi-component blends. Possible combinations
of eight alcohols mixed with a gasoline blendstock are calculated and the properties of the
theoretical fuel blends are predicted. Blends that meet all of a scenario’s criteria are
identified as suitable blends.

Blends of higher carbon number alcohols with gasoline blendstock are identified as
optimal blends for each scenario if they meet all of the scenario’s criteria and maximize
either energy content, knock resistance, or petroleum displacement. Optimal blends are
tested in a spark-ignition engine. The effect of higher carbon number alcohols as a fuel

component on engine performance and emissions is examined.

Results suggest that combustion properties of blends of alcohols with carbon numbers
from two to six are similar to those of the reference fuel at low and medium engine loads.
Properties of blends of alcohols with carbon numbers from two to four are similar to
those of the reference fuel even at high loads. However, due to their reduced knock
resistance, the suitability of longer chain alcohols, specifically C5 and longer, as blending
agents at increased levels is questionable.
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0 LITERATURE REVIEW

Chapter 0 details the Literature Review portion of the project, which includes an
examination of U.S. legislation on automotive fuels, the use of alcohols and other
oxygenates as spark-ignition engine fuel components, and the chemical and engine-related
properties of higher carbon number alcohols.

Contents of this Chapter

0.1 U.S. Fuel Legislation
0.1.1 The Clean Air Act
0.1.2 Substantially Similar
0.1.3 Required Use of Oxygenates
0.1.4 RVP Limitations
0.1.5 Renewable Fuel Standard
0.1.6 MTBE
0.1.7 ASTM Standards
0.2 Alcohol Properties
0.2.1 Methanol
0.2.2 Ethanol
0.2.3 Propanol
0.2.4 Butanol
0.2.5 Pentanol
0.2.6 Hexanol
0.2.7 Heptanol
0.2.8 Octanol
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0.1 U.S. FUEL LEGISLATION

A summary of legislation on spark-ignition (SI) engine fuels is provided here. This
summary reviews only fuel use within the United States (U.S.) transportation sector and
may not be pertinent when examining fuel use within other sectors or countries.

The key events in the history of alcohol and oxygenate use in SI automotive fuels in the
U.S. are listed in Figure 0.1. In the figure, pieces of legislation are in italics. The use of
alcohols and oxygenates in automotive engines dates back to the mid-1800s, but
widespread use began in the 1970s with the U.S. oil crisis of 1973 [1]. The history of
alcohols and oxygenates given here will focus on the 1970s to the present.

0.1.1 THE CLEAN AIR ACT

The Clean Air Act (CAA), authored by the U.S. Environmental Protection Agency (EPA),
was originally passed in 1963 and amended in 1970, 1977, and 1990. The CAA regulates
air emissions from both stationary and mobile sources. The law created the National
Ambient Air Quality Standards (NAAQS) and aimed to have every state meet the
NAAQS by 1975. The amendments of 1977 and 1990 set new deadlines for the states that
had yet to meet the NAAQS [2].

The CAA Amendments of 1990 had a large impact on the automotive industry through
the regulation of vehicle emissions, fuels, and clean cars. The amendments set limits on
tailpipe emissions of hydrocarbons, carbon monoxide, and nitrogen oxides of vehicles of
model year 1994 and newer. Alcohol was blended with gasoline in cities with high carbon
monoxide levels starting in 1992 and gasoline with lower aromatic levels was introduced in
cities with high ozone levels beginning in 1995. Lastly, the 1990 amendments also started a
Clean Car program in California which increased the use of gasoline substitutes [2].

0.1.2 SUBSTANTIALLY SIMILAR

Section 211(f)(1) of the CAA, also known as the Substantially Similar Rule, requires that
automotive fuels and fuel additives to be used in vehicles of model year 1974 and newer
have ‘substantially similar’ composition to the fuels and fuel additives utilized in the
certification of any vehicle of model year 1975 and newer. This rule has been officially
interpreted by the EPA many times since 1970, but generally means that the EPA’s
certification program has the ability to place limits on the chemical composition and
physical properties of commercial gasoline, including the amount of alcohols and
oxygenates that can be used [3].
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1963 Clean Air Act

1970 Clean Air Act Amendments of 1970

1973 U.S. oil crisis increases demand for alternative fuels

1973 Oxygenates replace lead as an octane booster

1975 New vehicles are required to use unleaded gasoline

1977 Clean Air Act Amendments of 1977

1978 Gasohol Waiver allows up to 10 v% ethanol & gasohol becomes
commercially available

1979 EPA Substantially Similar Rule

1979 Arconol Waiver allows up to 7 v% TBA and first ARCO Waiver
allows up to 7 v% MTBE

1981 Second ARCO Waiver allows up to 3.5 wt% oxygen

1986 DuPont waiver allows up to 5.0 v% methanol

1989 Phase 1 RV'P Program

1990 Clean Air Act Amendments of 1990

1992 Energy Policy Act of 1992

1992 Phase 2 RV'P Program

1992 WO program requires 2.7 wt% oxygen in certain areas in winter

1994 Phase 1 REG Program requires 2.1 wt% oxygen everywhere in
summer and all year in some areas

1995 Ethyl Corp. waiver allows use of MMT

1996 Lead in automotive fuels is prohibited

1999 EPA panel identifies MTBE as hazardous

2000 Phase 2 REG Program

2004 MTBE is outlawed in California & New York

2005 MTBE is outlawed in 25 states

2005 Energy Policy Act of 2005

2007 Energy Independence and Security Act of 2007

FIGURE 0.1: CHRONOLOGICAL SUMMARY OF OXYGENATE USE IN
AUTOMOTIVE SI FUELS IN THE U.S.
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Since the passing of the Substantially Similar Rule in 1979, fuel waivers have been granted
by the EPA to allow for commercial use of fuels that contain oxygenates. The Arconol
Waiver, granted in 1979, allowed for the use of up to 7 v% tertiary butyl alcohol (TBA) in
gasoline. Two waivers submitted by the ARCO Company, one in 1979 and one in 1981,
allowed for up to 7 v% methyl tertiary butyl ether (MTBE) and up to 3.5 wt% oxygen
content, respectively. The DuPont waiver, granted in 1986, increased the amount of
allowable methanol in gasoline to 5 v% [4].

In addition to these waivers, manufacturers such as Texaco, Anafuel Unlimited, Synco 76
Fuel Corporation, Texas Methanol Corporation, Sun Refining and Marketing Company,
and Ethyl Corporation were granted waivers for fuels of a proprietary mixture that
contained oxygenates by the EPA between 1980 and 1995. The proprietary mixtures
contained between 5 and 15 v% non-gasoline components but the exact oxygen content
of the mixtures is not documented in the EPA waiver request. The Ethyl Corporation
waiver, granted in 1995, allowed the use of 1/32 gpg Mn methylcyclopentadienyl
manganese tricarbonyl (MMT) [4].

0.1.3 REQUIRED USE OF OXYGENATES

Oxygenates were first required in automotive fuel by the Winter Oxyfuel (WO) program
in 1992 as a method of reducing carbon monoxide (CO) emissions in certain geographical
areas throughout the country. The WO program required a minimum of 2.7 wt% oxygen
in commercial gasoline sold in these areas during the winter months [5].

The Reformulated Gasoline (RFG) program was enacted in 1994 to reduce ozone-forming
emissions during the summer months and to reduce nitrogen oxides (NO,) and other
toxic pollutants during the entire year in certain geographical areas. The RFG program
requires commercial gasoline to contain a minimum of 2.1 wt% oxygen [5].

0.1.4 RVP LIMITATIONS

The EPA set limits on the Reid vapor pressure (RVP) of commercial gasoline sold during
the summer ozone season to reduce volatile organic compound (VOC) emissions. The
first phase of limitation, active from 1989 to 1991, required that automotive fuel have a
RVP of 10.5, 9.5, or 9.0 psi depending upon geographical location and month [6].

Phase 2 of the RVP program took effect in 1992. This required an additional reduction in
RVP, now limited to either 9.0 or 7.8 psi depending upon geographical location and
month. In addition, a 1.0 psi RVP allowance is given to fuel blends that contain 9 to 10
v% ethanol. A process for obtaining exceptions to the 7.8 psi limit was also established,
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allowing for an area to be classified as an ‘attainment area’ provided it continues to meet
NAAQS standards [6].

0.1.5 RENEWABLE FUEL STANDARD

The U.S. Renewable Fuel Standard (RFS) was authorized under the Energy Policy Act of
2005 and expanded in the Energy Independence and Security Act of 2007 with the intent
of reducing greenhouse gas emissions. The 2007 update to the standard (commonly
referred to as RFS2) mandates a yearly increase in the production of ethanol and advanced
biofuels up to 36 billion ethanol-equivalent gallons in 2022. RFS2 limits corn-based
ethanol to 15 billion gallons and requires the use of 1 billion gallons of biomass-based
diesel, leaving 20 billion gallons to come from other advanced biofuels [7].

The volumetric RFS2 requirements are plotted in Figure 0.2 as an extension of historical
U.S. ethanol consumption. Also plotted in the figure are the corresponding theoretical
gasoline-ethanol blend levels of the historical data and RFS2 requirement. The theoretical
blend level is the gasoline-ethanol blend that would be required to meet the
consumption/requirement of that year and is based on Energy Information
Administration (EIA) total consumption projections [8]. For example, the 2022
requirement of 36 billion gallons would require an alcohol blend level of approximately 28
v% if solely ethanol blends were being used to meet the requirement.
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FIGURE 0.2: U.S. ETHANOL CONSUMPTION, RFS2 REQUIREMENTS,
AND THEORETICAL GASOLINE-ETHANOL BLEND LEVELS
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0.1.6 MTBE

Methyl tertiary butyl ether (MTBE) has been a commercial gasoline additive since the
1970s. The first use of MTBE was as an octane booster in replace of lead in gasoline.
Demand for MTBE grew through the 1980s as the demand for higher octane fuels
increased. The WO program further increased demand of MTBE in the early 1990s and
the RFG program kept demand high throughout the latter part of the 1990s. MTBE
consumption reached 269,000 barrels per day in 1997 [5].

MTBE has the ability to increase fuel octane rating, but it is also water soluble and does
not biodegrade easily which leads to build up in water reservoirs. In 1999, the EPA Blue
Ribbon Panel on Oxygenates in Gasoline issued a report identifying the need to reduce
the consumption of MTBE due to health concerns. California, New York, and 23 other
states had prohibited the use of MTBE by 2004 [5]. The Energy Policy Act of 2005 left
manufactures of MTBE vulnerable to lawsuits concerning water pollution which drove
many to end production. Production of MTBE was down to 130 barrels per day in 2005
and 30 barrels per day in 2010. Production has remained around 30 barrels per day since
2010 [9].

0.1.7 ASTM STANDARDS

ASTM International is a not-for-profit organization that develops international
engineering standards. ASTM standards are used by individuals, companies, and academic
institutions around the world. There are multiple ASTM standards that apply to
automotive fuels, such as D4814 (Standard Specification for Automotive Spark-Ignition
Engine Fuel), D4806 (Standard Specification for Denatured Fuel Ethanol for Blending
with Gasolines for Use as Automotive Spark-Ignition Engine Fuel), D5798 (Standard
Specification for Ethanol Fuel Blends for Flexible-Fuel Automotive Spark-Ignition
Engines), D86 (Standard Test for Distillation of Petroleum Products and Liquid Fuels at
Atmospheric Pressure), and D975 (Standard Specification for Diesel Fuel Oils). This
project utilizes information from D4814 and D5798.

ASTM D4814 details vapor pressure and distillation requirements for fuels used in SI
engines. Requirements vary depending on geographical location and month. The
requirements for summer months throughout most of the country will be used in this
project; this sets a maximum vapor pressure of 62 kPa (9.0 psi) and distillation points of
70°C (158°F), 77-121°C (170-250°F), 190°C (374°F), and 225°C (437°F) for 10 v%, 50 v%,
90 v%, and end point, respectively [10].
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ASTM D5798 details vapor pressure requirements for ethanol fuel blends to be used in
flexible-fuel SI engines. These blends contain 51 to 83 v% ethanol. Requirements vary
depending on geographical location and month. The requirements for summer months
throughout most of the country will be used in this project; this sets a vapor pressure
range of 38 to 59 kPa (5.5 to 8.5 psi) [11].

0.2 ALCOHOL PROPERTIES

In order to determine which alcohols could be viable components of automotive SI
engine fuels, a database of chemical and engine-related properties of various alcohols
needed to be generated. Alcohols of carbon numbers 2 through 8 were initially chosen for
investigation. Two propanol isomers, four butanol isomers, eight pentanol isomers, 17
hexanol isomers, four heptanol isomers, and four octanol isomers were examined in
addition to methanol and ethanol.

Some alcohol properties could be found in previous publications on engine testing and
more could be found in chemical engineering databases. However, some properties,
especially of heptanol and octanol, proved difficult to find. The pertinent properties are
discussed here and again, in greater detail, in Chapter 2 while a list of all of the property
values found are given in Appendix 7.2.

The skeletal structures of all 41 isomers are shown in Figure 0.3. The isomers are grouped
by carbon number in the figure — the first row contains methanol, ethanol, and propanol;
the second row contains the four butanol isomers; the third and fourth rows contain the
eight pentanol isomers; rows five through nine contain the 17 hexanol isomers; row ten
contains the four heptanol isomers; and row eleven contains the four octanol isomers. As
illustrated in the figure, the n- isomer of each alcohol has a straight-chain structure and the

iso- isomer is branched.

The knock resistance of each isomer is dependent upon its molecular bonds, as illustrated
by their skeletal structures in Figure 0.3. Each black line in the skeletal structure represents
a carbon atom. Longer carbon chains, such as 1-octanol, weaken the bond of the alcohol
group. This results in lower knock resistance as the bonds would be more prone to
breaking. Similarly, the closeness of the carbon atoms to the alcohol group in some of the
isomers, such as tert-butanol, results in stronger bonds as compared to isomers that have
carbon atoms that are more “stretched out” from the alcohol group, such as n-butanol.
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0.2.1 METHANOL

Methanol, CH,;OH, has a slightly higher density, much higher heat of vaporization (HoV),
much lower energy content, much lower vapor pressure, and higher knock resistance than
gasoline [12]. It has the highest knock resistance of all of the alcohol isomers because it
has the shortest carbon chain, as illustrated in Figure 0.3.

Methanol is typically produced by steam-reforming natural gas and then feeding the
product into a reactor with a catalyst. Other feedstocks can be used but natural gas is the
most economical [13]. The oil crisis of the 1970s produced a need for alternative
automotive fuels. Scientists and engineers were quick to propose methanol as an
alternative fuel [14]. However, initial interest in methanol was for use as an octane booster
rather than as an alternative fuel [15].

In 1979, the EPA Substantially Similar rule allowed for up to 2.75 percent by volume (v%o)
methanol to be combined with commercial gasoline. Fuel waivers increased the allowable
methanol content to 4.75 v% in 1981 and then to 5.0 v% in 1986 [16]. Large scale use of
methanol was severely reduced in 1989 by the EPA’s fuel volatility regulations (Phase 1
RVP Program) which allowed vapor emissions waivers for ethanol blends but not for
methanol blends [15].

Methanol was classified as an alternative fuel by the Energy Policy Act of 1992.
Throughout the 1990s it was marketed in the U.S. automotive industry as a way to lower
production costs, improve safety, and increase energy security. During this time, nearly 6
million gasoline-equivalent gallons of methanol were used annually in the form of 100 v%
methanol and in blends of 85 v% with 15 v% gasoline. However, methanol use has
declined dramatically since the 1990s and automotive manufacturers no longer design
vehicles for methanol fuel [13].

In current years, methanol use in the automotive industry is limited to fuel cells and high
performance applications. Hydrogen can be produced from methanol using an on-board
reformer, making it a desirable fuel for fuel cell vehicles. Its higher knock resistance and
HoV make it more desirable than gasoline as a high performance fuel. Despite its
decreased use, there are still current efforts to utilize methanol to reduce emissions [17]
and improve combustion efficiency [18].
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0.2.2 ETHANOL

Ethanol, which has a carbon number of two, has a slightly higher density, much higher
HoV, lower energy content, much lower vapor pressure, and higher knock resistance than
gasoline [12]. Despite its lower energy content and vapor pressure, ethanol is commonly
blended with gasoline for use in SI engines because of its increased knock resistance.
Recent research continues to examine the effects of ethanol, including its use in
compression-ignition (CI) engines [19] and its compatibility with different materials used
in automotive systems [20].

Some of the very first internal combustion engines were designed to run on ethanol and it
has been utilized as an automotive fuel in varying quantities since the early 1900s. The
Clean Air Act Amendments of 1990 required ethanol to be mixed with gasoline during the
winter months in geographical areas that did not meet emissions standards. The Energy
Policy Act of 2005, while not directly requiring the use of ethanol, again significantly
increased ethanol consumption in the automotive sector [1].

Flexible fuel vehicles (FFVs), or FlexFuel vehicles, have also greatly increased the
consumption of ethanol. FFVs are designed to utilize E85 which is a blend of 15 v%
gasoline and 85 v% ethanol. Depending on the season and geographical location, E85
actually ranges from 51 to 83 v% [21]. In 2014 there were 3,320 light-duty FFVs and
485,500 fleet FFVs in the U.S. [22].

Fuel ethanol consumption from January 1981 until April 2016 is shown in Figure 0.4.
Consumption remained around 10 trillion BTU (2,382,002 barrels) per month, or 120
trillion BTU (28,584,024 barrels) per year, throughout the latter half of the 1990s. In 2002,
consumption had risen to approximately 14 trillion BTU (3,334,802 barrels) per month, or
171 trillion BTU (40,732,227 barrels) per year. Fuel ethanol consumption drastically
increased between 2002 and 2011. In 2011, consumption had risen to approximately 89
trillion BTU (21,199,814 barrels) per month, or 1,065 trillion BTU (253,683,170 barrels)
per year. From January 2012 to April 2016, monthly consumption has averaged 92 trillion
BTU (21,914,414 barrels). The yearly consumption between 2012 and 2015 has gradually
increased and averaged 1,105 trillion BTU (263,211,176 barrels) [23].

Most ethanol in the U.S. is produced through a dry-milling process that grinds starch- or
sugar-based feedstocks and then ferments them into ethanol. Ethanol can also be
produced from cellulosic feedstocks such as grass and wood through biochemical or
thermochemical processes [24].
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FIGURE 0.4: MONTHLY U.S. FUEL ETHANOL CONSUMPTION

0.2.3 PROPANOL

Propanol, C;H,OH, has a slightly higher density, much higher HoV, lower energy content,
much lower vapor pressure, and higher knock resistance than gasoline [12]. N-propanol is
currently used in the making of cosmetics, pharmaceuticals, perfumes, dyes, antifreezes,
soaps, window cleaners, and other chemical products. Iso-propanol, or isopropyl alcohol,
is a common household chemical [25].

Propanol is a by-product of the synthesis of methyl alcohol by high pressure during the
propane/butane oxidation process. Over 1 billion pounds of propanol has been produced
in the U.S. annually since 1990 [25].

Efforts to use propanol in gasoline blends for SI engines have shown it to reduce
emissions while maintaining performance despite increased combustion durations [20].
Propanol fuel blends have also been shown to withstand durability testing in CI engines
[27] and to reduce NO, emissions of selective catalyst reduction (SCR) systems [28].

0.2.4 BUTANOL

N-butanol and iso-butanol, which have a carbon number of four, have been studied
thoroughly in SI engines over the last decade. Primarily driven by the need for automotive
fuels that produce fewer emissions, the production, transportation, storage, physical and
chemical properties, and combustion characteristics of butanol blended with gasoline have
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been examined by those in academia and industry. Multiple companies, such as DuPont
and BP [29], Butalco [30], and Gourmet Butanol [31], have announced plans to develop
butanol production methods.

In addition to industry support, biobutanol (butanol produced from renewable sources)
qualifies as a renewable fuel under the Renewable Fuel Standard. There are two CAA
provisions that allow the blending of biobutanol with gasoline for transportation fuel. The
Fuel Quality Standard for Biobutanol, ASTM D7862, allows for butanol blends up to 12.5
v% with gasoline and the Octamix Waiver allows for a 16 v% biobutanol blend to be
substituted for E10 [32].

Butanol can be produced from fossil fuels, but it is more commonly produced by
fermenting a biomass feedstock such as sugar beets, sugar cane, corn grain, switchgrass, or
wheat in a process nearly identical to the one used for ethanol production [32]. Current
production of butanol in the U.S. is around 5 billion gallons per year. If made from corn,
producing that quantity of butanol would require 20% of the U.S. corn crop but would
only replace 1% of U.S. petroleum use. This suggests that corn-based butanol is not a
long-term solution to the RFS2 requirements [33].

Compared to gasoline, butanol has higher oxygen content, lower hydrogen and carbon
content, higher density, lower energy content, much lower vapor pressure, and higher
HoV [12]. As illustrated in the skeletal structures shown in Figure 0.3, the increased chain
length as compared to ethanol results in butanol’s slightly lower knock resistance because
the bonding of the alcohol group is weakened by the increased number of carbon atoms.
Also shown in Figure 0.3, the knock resistance of the second and third isomers of butanol
will have higher knock resistance because of the increased bond strength due to the
carbon atoms being placed closer to the alcohol group [34].

Blending butanol with gasoline has been shown to reduce NO, emissions [35] and
particulate emissions [36] in SI engines across multiple operating points (speeds and
loads). In-depth engine testing has been done on butanol blends, including studies on fuel
spray patterns [37] and the effects of butanol on lean-boosted engines [38]. Theoretical
models of butanol’s behavior as an engine fuel have been developed in addition to the
numerous experimental studies done. For example, a kinetic oxidation mechanism was
developed to aid in the study of the effect of ignition delay on butanol fuels [39].
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0.2.5 PENTANOL

Pentanol has been studied in CI engines during the past decade. Pentanol fuels have
significantly different properties than neat gasoline with regard to ignition process and
behavior in boosted conditions but they have proved to be a viable biofuel alternative [40].
While the use of pentanol as a fuel component is not directly addressed in current
legislation or ASTM standards, any fuel containing pentanol would need to satisfy the
Substantially Similar rule and applicable RVP requirements.

Compared to gasoline, pentanol has slightly higher density, much higher HoV, lower
energy content, and much lower vapor pressure [12]. It is produced by hydrogenation of
valeric aldehyde with sodium amalgam in quantities of over 10 million pounds annually in
the U.S. since 1986. Pentanol is currently used as a lubricant additive, a processing aid, a
solids separation agent, and as a solvent [41].

0.2.6 HEXANOL

Hexanol, C;H,;OH, has a slightly higher density, higher HoV, lower energy content, much
lower vapor pressure, and lower knock resistance than gasoline [12]. It has lower knock
resistance than alcohols of carbon numbers 1 through 5 because of its elongated carbon
chain, as illustrated in Figure 0.3. The long carbon chain reduces the strength of the
alcohol group’s bond making it easier to disassociate and lower in knock resistance.

Hexanol has a wide variety of both industry and consumer uses, such as: adhesives,
lubricants, odor agents, paints, plasticizers, solids separation agents, solvents, hair care
products, agricultural products, and textile products. It can be produced in a variety of
ways including reaction and then hydrogenation of acetaldehyde and crotonaldehyde or by
reducing ethyl caproate with sodium in absolute alcohol. Over 10 million pounds of
hexanol has been produced in the U.S. annually since 1986 [42].

Hexanol as a fuel component has been studied in recent years. A fuel composed of 20 v%
hexanol was tested for aeronautic application as part of the Alternative Fuels and Biofuels
for Aircraft Development (ALFA-BIRD) project in Europe [43] and a blend of 15 v% n-
hexanol was examined for its ability to reduce soot emissions in heavy-duty CI engines
[44]. As compared to gasoline, hexanol has a slightly higher density, higher heat of
vaporization, lower energy content, and much lower vapor pressure [12].

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



38

0.2.7 HEPTANOL

Heptanol has not been widely studied as a substantial fuel component for use in SI
engines but has been suggested as a fuel additive to improve ignition as far back as 1981
[45]. Heptanol has a slightly higher density, higher HoV, and slightly lower energy content
than gasoline [12].

A distillation product of castor oil, enanthic aldehyde, is used to create heptanol through a
reduction process. Around 75% of the heptanol is the U.S. is used as a plasticizer while
the other 25% is used for anti-odor products such as deodorants and as a flavoring. Over
1 million pounds of heptanol was produced in the U.S. in 1994 but use has decreased
since then [46].

0.2.8 OCTANOL

Octanol, which has a carbon number of eight, has also been studied recently as an
automotive fuel component for use in CI engines as a method of reducing emissions [47]
[48]. While the use of octanol as a fuel component is not directly addressed in current
legislation or ASTM standards, any fuel containing octanol would need to satisfy the
Substantially Similar rule and applicable RVP requirements.

Octanol has a slightly higher density, higher HoV, and slightly lower energy content than
gasoline [12]. It also has significantly lower knock resistance than alcohols of any lower
carbon number as it has the longest carbon chain. A longer carbon chain results in the
weakening of the bond of the alcohol group. The long carbon chain of octanol is
illustrated in Figure 0.3.

I-octanol can be synthesized from engineered microbes in a sustainable, bio-based
method. However, because octanol is not currently used in large enough quantities to be
comparable to U.S. fuel use, it is unknown if this production method could sustain the
large demand of the automotive industry [49]. Currently 1-octanol is primarily
manufactured for use in perfumes and 2-octanol is used as a raw material for flavorings,
fragrances, paints, inks, and much more [50].
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1 INTRODUCTION

Chapter 1 provides an introduction to the project, including an overview of the use of
oxygenates in SI engine fuels and of U.S. fuel regulations. This chapter also contains the

project hypothesis and objectives.

Contents of this Chapter

1.1 Background
1.1.1 U.S. Fuel Regulations
1.1.2 Oxygenates as SI Fuel Components

1.2 Project Hypothesis

1.3 Project Objectives
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1.1 BACKGROUND

A brief history of the oxygenates used in spark-ignition (SI) engines in transportation
vehicles in the United States (U.S.) is needed to fully understand this project. Within the
scope of this project, ‘oxygenate’ is used to describe hydrocarbons that contain at least one
oxygen atom.

1.1.1 U.S. FUEL REGULATIONS

The Clean Air Act Amendments of 1977 set the requirement that all oxygenates must be
approved for use in automotive fuel by the U.S. Environmental Protection Agency (EPA).
Alcohols and ethers are the primary oxygenates used in automotive fuels. The most
common are: methyl tertiary butyl ether (MTBE), ethyl tertiary butyl ether (ETBE),
tertiary amyl methyl ether (TAME), and fuel ethanol. Methanol, isopropyl alcohol, n-
butanol, t-butanol, tertiary hexyl methyl ether, tertiary amyl ethyl ether, and diisopropyl
ether are also used [51].

The CAA Amendments of 1990 generated two automotive fuel programs: the Winter
Oxyfuel (WO) program and the year-round reformulated gasoline (RFG) program. The
WO program was implemented in 1992 and requires automotive fuels to contain at least
2.7% oxygen by weight (wt%) during the winter season in cities with high levels of CO.
The RFG program, implemented in 1995, requires the use of reformulated gasoline in
cities with high levels of smog. RFG contains at least 2.0 wt% oxygen and contains fewer
pollutants than conventional gasoline [52] [53].

In recent years the use of oxygenates has increased as a means of reducing carbon
monoxide (CO) and hydrocarbon (HC) emissions [54]. In addition, RFG sold in high
pollution areas was required to contain a minimum of 2.1 wt% oxygen by 2000.

1.1.2° OXYGENATES AS SI FUEL COMPONENTS

Oxygenates have been used in the U.S. for 40 years to increase the volume and octane
rating of automotive gasoline. The introduction of oxygenates was driven by the phasing-
out of lead from gasoline that began in the 1970s. MTBE was the most common octane
booster during this time. The use of MTBE was expanded in the late 1980s when states
began requiring the use of oxygenates to reduce carbon monoxide (CO) emissions during
the winter months.

Ethanol is currently the predominant oxygenate in transportation fuel. It is widely used as
an alternative fuel for SI engines in blends of 10 percent by volume (v%) and 85 v%
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(known as E10 and E85, respectively) in gasoline. However, while there are more than 10
million vehicles in the U.S. which are capable of operating on E85, only a small fraction of
these vehicles are actually fueled on the high-level ethanol blend due to availability and

consumer behavior. Despite this, U.S. ethanol consumption averaged 850,000 barrels per
day in 2011 [23].

RFS2 requires an increase in the use of advanced biofuels up to 36 billion gallons by 2022.
While cellulosic ethanol and bio-derived synthetic hydrocarbons are likely candidates to fill
the advanced biofuels portion of the RFS2 requirement, longer chain alcohols may also
offer potential as advanced biofuels to displace gasoline for spark-ignition (SI) engine
applications. Properties of these higher alcohols may, when blended in multi-component
mixtures with a gasoline blendstock, create a fuel with improved blend properties such as
higher petroleum displacement, improved knock resistance, or increased energy content.

There are many published studies concerning ethanol, n-butanol, and iso-butanol as fuel
components. Studies comparing the engine-related properties of alcohols up to carbon
number five have also been published [55], but there is a lack of comprehensive
information concerning alcohols with carbon numbers higher than five as SI engine fuel
components. Replacing gasoline with ethanol results in a substantial reduction in vehicle
range, and high ethanol content blends can cause material compatibility issues and require
adaptive engine calibrations. In addition, ethanol is fully miscible in water which requires
blending at distribution sites instead of the refinery. Higher carbon number alcohols, on
the other hand, have a higher energy density and lower affinity for water than ethanol,
which could mitigate some of the above mentioned issues. However, little information is
available on the combustion characteristics of a majority of the longer-chain alcohols.
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1.2 PROJECT HYPOTHESIS

This project aims to demonstrate that blends of alcohols up to carbon number six with
gasoline blendstock can serve as a SI engine fuel with properties superior to those of

traditional gasoline-ethanol blends.

In order to demonstrate this, alcohol isomers will be chosen for consideration based on
their chemical and engine-related properties, metrics will be developed by which to
compare fuel blends to traditional ethanol blends, promising blends will be identified
based on their estimated chemical and engine-related properties, and promising blends will
be tested in a SI engine for emissions and performance.
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1.3 PROJECT OBJECTIVES

This project consists of four phases: alcohol selection, comparison metric development,
blend comparison, and blend testing, which correspond to the chapters in this document
and are illustrated in Figure 1.1. Each phase consists of multiple project objectives which

are listed here.

* Select alcohol isomers to be used as fuel components
* Measure engine-related neat alcohol properties

AJCOhOI * Demonstrate that higher alcohols can be utilized in SI engines without
Selection significantly degrading engine performance or emissions
(Ch. 2)

* Select appropriate gasoline blendstock

) * Examine the impact of consumer expectations, industry trends, government
Metric legislation, and technology requirements on desired fuel properties

Development  « Establish metrics by which to compare higher alcohol and traditional blends
(Ch. 3)

* Predict chemical and engine-related properties of higher alcohol blends
* Identify higher alcohol blends that exceed traditional blends

Blend * Explore the effect of individual and total alcohol concentrations and criteria
Comparison target values on optimal blend composition
(Ch. 4)

* Evaluate the performance of identified higher alcohol blends in a SI engine
Blend * Validate blend property prediction methods

Testing * Correlate engine performance with neat alcohol properties

(Ch. 5)

FIGURE 1.1: PROJECT OBJECTIVES GROUPED INTO FOUR PHASES

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



44

Phase 1, Alcohol Selection, focused on a theoretical survey of higher alcohols as well as an
experimental assessment of two-component blends of gasoline and higher alcohols. A
state-of-the-art spark-ignited test engine setup in a dedicated engine test cell was used to
evaluate the efficiency, emissions, and performance of the fuel blends. The test results
include such basic metrics as engine efficiency, engine performance, and emissions
characteristics. Combustion properties were also evaluated on the basis of in-cylinder
pressure measurements. Several steady-state test points were chosen to best replicate
automotive applications. The outcome of Phase 1 is detailed experimental data that allows
for assessment of the potential of higher alcohols and their blends with gasoline as engine
fuels.

Criteria for an objective assessment and their importance will be determined in Phase 2,
Metric Development. These criteria will include, but are not limited to, evaporative
behavior, vehicle range, and knock resistance. A suitable baseline for comparison will also
be determined.

Phase 3, Blend Comparison, focuses on analytical work based on the experimental results
from Phase 1. By using these data and information available in the literature, chemical
properties of multi-component alcohol fuels will be predicted and promising blends will
be proposed.

Phase 4, Blend Testing, will focus on experimental analysis of promising multi-component
blends as determined from previous phases. The goal of this phase is to experimentally
quantify the behavior associated with multi-component blends identified in Phase 3.
Characterization will include engine performance and emissions, as well as overall vehicle
fuel economy. Additional laboratory testing will be conducted to measure chemical
properties of proposed multi-component blends.
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2 VIABLE ALCOHOL ISOMERS

Alcohol Metric Blend Blend
Selection Development Comparison Testing

Chapter 2 details the Alcohol Selection phase of the project, which includes the selection
of alcohol isomers to be used as fuel components based on their chemical properties, the
measurement of the neat engine-related properties of those isomers, and preliminary
engine testing that demonstrates that the chosen isomers can be utilized in a SI engine

without significantly degrading engine performance or emissions.

Contents of this Chapter

2.1 Chemical Properties

2.2 RON, MON, LHV, and RVP Measurement

2.3 Engine Testing of 50/50 Blends
2.3.1 Fuel Flowrate, BTE, and CO, Emissions
2.3.2 CO, HC, and NO, Emissions
2.3.3 Combustion Properties
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2.1 CHEMICAL PROPERTIES

This project began by examining isomers of ethanol, propanol, butanol, pentanol, hexanol,
heptanol, and octanol (C2-C8). As listed in Table 2.1, two propanol isomers, four butanol
isomers, eight pentanol isomers, 17 hexanol isomers, four heptanol isomers, and four
octanol isomers were examined in addition to methanol and ethanol. Data on the most
crucial chemical properties of each isomer was compiled. Key properties are presented
here and a detailed dataset can be found in Appendix 7.2.

TABLE 2.1: ISOMERS EXAMINED DURING ALCOHOL SELECTION

Carbon # Isomer Carbon # Isomer
1 methanol 6 4-methyl-1-pentanol
2 ethanol 6 2-methyl-2-pentanol
3 n-propanol 6 3-methyl-2-pentanol
3 iso-propanol 6 4-methyl-2-pentanol
4 n-butanol 6 2-methyl-3-pentanol
4 iso-butanol 6 3-methyl-3-pentanol
4 sec-butanol 6 2,2-dimethyl-1-butanol
4 tert-butanol 6 2,3-dimethyl-1-butanol
5 n-pentanol 6 3,3-dimethyl-1-butanol
5 iso-pentanol 6 2,3-dimethyl-2-butanol
5 2-methyl-1-butanol 6 3,3-dimethyl-2-butanol
5 2,2-dimethyl-1-propanol 6 2-ethyl-1-butanol
5 2-pentanol 7 1-heptanol
5 3-pentanol 7 2-heptanol
5 3-methyl-2-butanol 7 3-heptanol
5 2-methyl-2-butanol 7 4-heptanol
6 1-hexanol 8 1-octanol
6 2-hexanol 8 2-octanol
6 3-hexanol 8 3-octanol
6 2-methyl-1-pentanol 8 4-octanol
6 3-methyl-1-pentanol
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Chemical properties deemed crucial and the reason for their importance are listed in Table
2.2. Many chemical properties impact engine performance: heat of vaporization and
boiling point effect cold start behavior [56]; volumetric lower heating value determines the
overall vehicle range; and octane number reflects the knock resistance of the fuel
Additional chemical properties play an important role in determining if a fuel could be a
viable alternative to current fuels: melting point, vapor pressure, solubility, and toxicity
effect storage requirements [57]; and production rate impacts availability and cost.

TABLE 2.2: CRUCIAL CHEMICAL PROPERTIES OF ALCOHOL ISOMERS

Property Reason for consideration
Heat of vaporization Engine cold start performance
Lower heating value Vehicle range

Boiling point Engine cold start performance
Melting point Storage issues

Vapor pressure Storage and safety issues
Solubility Fuel infrastructure requirements
Research octane number (RON) Knock resistance

Motor octane number (MON) Knock resistance

Toxicity Danger of handling

U.S. annual production Availability and pricing

Data was compiled for all isomers of alcohols of carbon numbers two through six, and the
four common isomers of alcohols of carbon numbers seven and eight. This resulted in 41
total isomers for initial consideration as SI engine fuel components. In order to narrow
down the choice of alcohol isomers for preliminary engine testing, some isomers were
excluded based on unfavorable chemical properties such as melting and boiling point. In
addition, iso-hexanol was withdrawn from consideration because of its unusually high cost

[58].
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Isomers fell within three categories with respect to the amount of information found in
the literature about their chemical properties:

1. all information known;

2. most chemical properties (density, viscosity, etc.) known but no engine-related

properties (RON, LHV, etc.) known; or

3. not enough information known to be properly assessed.
Examples of each of these 3 categories are given in Table 2.3 and a complete list is given
in Appendix 7.2. Isomers that fell into information category three, 23 total, were
withdrawn from the project because it is not likely that they are produced in large enough
quantities to be a viable automotive fuel component.

TABLE 2.3: ISOMER INFORMATION CATEGORIES AND AN EXAMPLE

OF EACH
Category 1: Category 2: Category 3:
Ethanol n-pentanol 3-heptanol
Property [12] (& 3 other (&p12 other (& 2 other
isomers) isomers) isomers)
Density [kg/m’] 789 814 828
Dynamic viscosity [mPa-s] 1.2 3.33
Heat of vaporization [kJ/kg] 919.6 647.1
Lower heating value [M]J/kg] 25.541 34.74
Boiling point [°C] 78 138 163.5
Melting point [°C] -112 -78.5
RVP [psi] 2.52 0.72
Solubility [mol/100g of H,O] Miscible 0.03
Stoichiometric AFR 9 11.76
RON 107.4
MON 88.2
Toxicity (in rats) [mg/kg] 7060 210
U.S. annual production [Ib] > 1 billion 10-50 million
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Figure 2.1 shows the boiling points of the alcohol isomers, plotted as a function of alcohol
oxygen content (ethanol at 34.7 wt% through octanol at 15.7 wt%). Boiling point
decreases with oxygen content, or increases with carbon number, due to increasing
complexity in chemical structure (more carbon-carbon bonds). Iso-structures have lower
boiling points than their corresponding n-structures (and sec- lower than corresponding
iso-) because of a decrease in hydrogen bond strength.

The isomers of heptanol and octanol, which are circled in Figure 2.1, have boiling points
above 150°C and therefore were withdrawn from consideration. Fuels with high boiling
points can make engine operation undependable in cold environments [56]. The ASTM
distillation specification for gasoline (D4814) requires at least 65% evaporation at 150°C
[10].
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FIGURE 2.1: BOILING POINT OF ALCOHOL ISOMERS
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Figure 2.2 shows the melting points of the alcohol isomers, also plotted as a function of
alcohol oxygen content. Tert-butanol, which is circled in Figure 2.2, has a melting point
above 20°C and therefore was withdrawn from consideration. A melting point near room
temperature could complicate storage of the fuel and make it incompatible with current

fuel delivery infrastructure and vehicle fuel systems. The melting point of gasoline varies
around -50°C [12].
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FIGURE 2.2: MELTING POINT OF ALCOHOL ISOMERS

Ultimately n- (straight) and iso- (branched) isomers of each alcohol through carbon
number six (two isomers of each carbon number) were chosen for preliminary engine
testing, with the exception of n-butanol since it has been previously studied by the
author’s colleagues. All isomers of alcohols with carbon numbers two through four were
tested (except n-butanol for which previous data is used and tert-butanol which is a solid
at room temperature), along with two common isomers of carbon number five and one of
carbon number six. Isomers chosen are listed in Table 2.4.
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TABLE 2.4: PROPERTIES OF SELECTED ISOMERS AND CERTIFICATION

GASOLINE
Ener Energy content . 3 Oxygen

Substance Carbon conte%l}tf1 of Sng}rf% BOB Dens“Z con)ignt4

# [MJ/kg] blend® [M]/kg] [kg/m] [mass %]
gasoline (EEE) 43.0 742 0
ethanol 2 25.5 33.9 789 34.7
n-propanol 3 30.2 36.3 803 26.6
iso-propanol 3 29.7 36.0 786 26.6
n-butanol 4 32.9 37.6 810 21.6
iso-butanol 4 32.7 37.6 802 21.6
n-pentanol 5 34.7 38.6 814 18.1
iso-pentanol 5 34.5 38.5 810 18.1
n-hexanol 6 36.0 39.2 814 15.7

! Values were measured using ASTM D240.
? Values are calculated from the LHV and density of the alcohol and of the BOB.
> [59] [60] [61]

Values are calculated form molecular composition and molecular weight.

Denatured ethanol (96.5 v% ethanol, 2.4 v% gasoline, 1 v% water) was mixed with a
blendstock for oxygenate blending (BOB) to make a 50/50 blend test fuel. All other
isomers chosen for testing, listed in Table 2.4, were purchased from a chemical suppler at
98% ot higher purity and then 50/50 splash blended with BOB to cteate a test fuel. While
blending to match oxygen content [62] or vapor pressure are established methods of
creating test fuels, blends of 50 percent by volume (v%) alcohol were chosen for this study
so that the effects of high blend levels of each alcohol on combustion properties and
engine emissions would be highlighted.

The energy content (lower heating value or LHV) of each neat substance and each alcohol
blended 50 v% with BOB are given in Table 2.4 along with the density and oxygen
content of each substance. Note that the energy content of all of the alcohols is lower
than that of certification gasoline, and increases with increasing carbon number or
decreasing oxygen content. Most of the alcohols have similar density, all of which are
higher than that of certification gasoline.
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2.2 RON, MON, LHV, AND RVP MEASUREMENT

Testing for research octane number (RON), motor octane number (MON), lower heating
value (LHV), and Reid vapor pressure (RVP) was done by Southwest Research Institute
(SwRI) on the neat (not blended) alcohols listed in Table 2.4 so that reliable and consistent
data was available for the remainder of the project. The results of this testing are detailed
in Appendix 7.3 and plotted along with data for gasoline in Figure 2.3 through Figure 2.6.

Results are plotted as a function of neat fuel oxygen content so that identifying gasoline
(zero oxygen) is less convoluted since it can have a range of carbon numbers. Note that
the following plots are only meant to show trends for the single alcohols tested, therefore
extrapolating based on oxygen content for other alcohols may not yield accurate
information. Certification gasoline and a Blendstock for Oxygenate Blending, or BOB, are
plotted along with the alcohols for reference. Certification gasoline has slightly different
properties than pump gasoline, such as higher RON and MON and lower RVP [59].

Figure 2.3 and Figure 2.4 show the RON and MON of the alcohols as a function of neat
fuel oxygen content. RON and MON are measures of a fuel’s knock resistance. Both the
isomer’s chain length and location of carbon atoms affect the strength of molecular bonds
and therefore the fuel’s knock resistance. Straight chain alcohols (n- isomers) have
secondary carbon-hydrogen bonds which are significantly weaker than the primary bonds
found in branched chain (iso- isomers) alcohols, which makes them easier to autoignite.
This results in the increase in RON and MON from the n- to the iso- structure shown in
the figures. Alcohols with higher carbon numbers have longer chain lengths and a higher
number of the weak secondary bonds, which results in a 30% decrease in RON and a 25%

decrease in MON from n-butanol to n-hexanol.
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Figure 2.5 shows the lower heating value (energy content) of the neat alcohols as a
function of oxygen content. Lower heating value (LHV) linearly decreases with increasing
oxygen content. An isomer with a higher carbon number has more carbon-carbon bonds
that are broken during combustion. An increase in the number of chemical bonds in
addition to a lower mass percentage of oxygen increases the change in enthalpy during
combustion which results in a higher heating value [12]. Note that the neat alcohols have
LHYV values between 16 and 40% lower than those of certification gasoline and BOB.
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RVP is plotted as a function of neat fuel oxygen content in Figure 2.6. RVP linearly
increases with increasing oxygen content and all of the alcohols have much lower
(between 57 and 95% lower) vapor pressure than certification gasoline and BOB. The test
for RVP is only applicable for samples that exert pressures between 1.0 and 18.6 psi so the
results for some of the alcohols may not be accurate [63].

RVP is related to boiling point and volatility. A higher RVP corresponds to a lower boiling
point and increased volatility. RVP is a critical property for fuels since high RVPs will
cause excess evaporative emissions and low RVPs will make the engine difficult to start in
cold temperatures. ASTM standards require RVPs between 7.8 and 15.0 psi for gasoline,
depending on geographical location and season [11].
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In addition to the properties measured in laboratory analytical testing at SwRI, the heat of
vaporization (HoV) of each of the alcohol isomers was examined. Figure 2.7 is a plot of
HoV on a mass basis (left axis) and an energy content basis (right axis) of the neat
alcohols as a function of oxygen content. The HoV of each alcohol by gasoline mass
equivalent is calculated by multiplying the alcohol’s HoV by the ratio of the LHV of
gasoline to the LHV of the alcohol. This calculation normalizes HoV for different LHVs.
HoV increases linearly with increasing oxygen content. All of the alcohols have higher
(138 to 314%) HoV than EEE certification gasoline.
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FIGURE 2.7: HOV OF NEAT ALCOHOLS

HoV is an important fuel property because of the charge cooling effect during fuel
vaporization. Fuels with a higher HoV require more energy to change phase. When
running at stoichiometric conditions, neat ethanol’s charge cooling effect is about four
times that of neat gasoline. Neat n-hexanol’s charge cooling effect is about 165% that of
neat gasoline. Increasing HoV coupled with decreasing stoichiometric AFR (captured by
the gasoline equivalent HoV) as oxygen content increases results in lower cylinder
temperatures because of the increasing charge cooling effect. The additional energy
required to vaporize a fuel with a higher HoV results in a lower cylinder temperature
during the compression stroke which leads to reduced temperatures throughout the entire

engine cycle.
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2.3 ENGINE TESTING OF 50/50 BLENDS

Blends of 50 v% blendstock for oxygenate blending (BOB) and 50 v% of each alcohol
listed in Table 2.4 were tested to identify any significant degradation in engine
performance or emissions due to the high fraction of each alcohol. The blends tested and
their properties are listed in Table 2.5. EEE certification gasoline was also tested for
reference. Provided none of the test fuels exhibited a large increase in emissions or
decrease in engine performance, each of the alcohols would be deemed viable engine fuel
components and used throughout the remainder of the project.

TABLE 2.5: PROPERTIES OF 50/50 BLEND FUELS USED IN ENGINE
TESTING

Oxygen LHV Density RON* HoV  RVP* AFR,

Fuel %]  [MJ/kg]l [kg/m’] [ [/kgl [psil [
EEE 0.0 43.0 742 97.1 351* 9.0 14.7
eth50 17.8 33.9 771 103.8 642 6.3 12.0
nprop50 13.7 36.3 778 101.3 579 51 12.7
iprop50 13.6 36.1 769 107.1 558 5.5 12.7
nbut50 11.2 37.6 781 95.7 536 4.4 13.1
ibut50 111 37.6 777 100.5 524 4.4 13.1
npent50 9.4 38.6 783 86.6 505 4.2 13.4
ipent50 9.4 38.5 781 95.4 489 4.2 13.4
nhex50 8.2 39.2 783 75.7 421 4.2 13.6

*Values are calculated using the methods outlined in Section 4.1.

The oxygen content, energy content, density, calculated knock resistance, heat of
vaportization, calculated vapor pressure, and stoichiometric air/fuel ratio of the 50/50
blends are listed in Table 2.5. RON and RVP are calculated as detailed in Section 4.1. In
Table 2.5, three groups of fuels are highlighted: those with RON similar to EEE in dark
gray (nbut50 and ipent50), those with RON significantly higher than EEE in light gray
(eth50, nprop50, iprop50, and ibut50), and those with RON significantly lower than EEE
in white (npent50 and nhex50). The LHV of all of the test fuels is lower than that of EEE,
ranging from 9% (nhex50) to 21% (eth50) lower. The RVP of all of the fuels is also lower
than that of EEE, ranging from 4.2 (nhex50) to 6.3 psi (eth50).

The 50/50 blend tests wete run in a 2.4L Hyundai engine. The engine is a gasoline direct-
injected (GDI), naturally aspirated (NA), spark-ignited (SI) 4 cylinder with exhaust gas
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recirculation (EGR) and knock detection systems. Details on the engine and the test
equipment used can be found in Appendix 7.4.

The engine operating points chosen for steady-state engine testing are listed in Table 2.6
and illustrated in Figure 2.8 along with the test engine’s peak performance curve. The
worldwide mapping point (1500 rpm, 2.62 bar) was chosen to make comparing the results
of this project to other projects more direct. The other four points were chosen to allow
for same power, same speed, and same load comparisons as well as demonstrate the
effects of high load and high speed. All tests were tun at a stoichiometric air/fuel ratio.
Emissions and combustion data was collected for 240 seconds at each operating point and

then averaged.

TABLE 2.6: ENGINE OPERATING POINTS FOR BLEND TESTING

Speed [rpm] BMEDP [bar]
1500 2.62
1500 4.0
1500 8.0
3000 4.0
3000 8.0
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Engine testing results are plotted as a function of the blend oxygen content (values are
listed in “Oxygen” column in Table 2.5). Note that increasing blend oxygen content (left
to right on the x-axis in the plots) is decreasing carbon number for the alcohols (hexanol
on the left at 8.2 to ethanol on the right at 17.8 wt%). EEE is shown at 0 wt% blend
oxygen content. The n-hexanol blend does not appear in the 1500 rpm, 8 bar plots
because the engine knocked too heavily for those tests to be completed.

Note that the following plots are only meant to show trends for the alcohols tested,
therefore extrapolating based on oxygen content for other alcohols may not yield accurate
information. Where two data points for a fuel at one operating point are shown, two test
sessions were completed to help demonstrate the precision of the data.

2.3.1 FUEL FLOWRATE, BTE, AND CO, EMISSIONS

The fuel flowrate for each of the 50/50 blends is shown in Figure 2.9. As expected, fuel
flowrate increases with increasing blend oxygen content at all engine operating points. The
increase in flowrate is to compensate for the decrease in LHV and stoichiometric AFR as

oxygen content increases.

Brake thermal efficiency (BTE) of each 50/50 blend at each engine operating point is
plotted in Figure 2.10.. The plot is divided vertically by engine operating point. BTE is
calculated using engine speed, engine torque, and the energy content of the fuel as shown
in Equation 1. Nhex50 could not be run at 1500 rpm, 8 bar or at 3000 rpm, 8 bar because
of engine knock. The LHV of each of the neat alcohols is used to calculate the LHV of
each 50/50 blend.

engine speed * engine torque
BTE = LHV x fuel flowrate

)

Error is introduced into the BTE calculation from the measurement of each neat alcohol’s
LHV. The LHV measurement procedure mandates that a mass quantity of liquid fuel is
combusted. The energy required to vaporize the liquid reduces the measured energy
content of the fuel [64]. This causes an overestimation of efficiencies with higher heat of
vaporization. The corrected BTE, which is calculated using the HoV and LHV from Table
2.5 according to Equation 2, is plotted in Figure 2.10 along with the raw BTE calculated
with Equation 1.
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engine speed * engine torque

BTE =
corrected ™ (I HV + HoV) * fuel flowrate

2

As shown in Figure 2.10, the differences between raw and corrected BTE numbers are not
insignificant and decrease with increasing carbon number due to the decreasing HoV. The
main factors influencing the remaining BTE differences are combustion phasing and heat
transfer. Two categories of operating points have to be differentiated when analyzing BTE
results: 1) knock-limited operation at medium and high engine load, and 2) non-knock-
limited operation at low engine loads.

For example, npent50 shows significantly reduced efficiencies in knock-limited operation
at the two 8 bar operating points which is mainly due to the retarded combustion phasing
as a result of knock. Operating points that are not knock-limited, such as 3000 rpm, 4 bar
also show differences in corrected BTE results. These differences are likely attributable to
a combination of reduced wall heat transfer losses due to lower cycle temperature levels
for blends with high HoV and more favorable combustion phasing at constant spark
timing as a result of slower-burning velocities. This also explains the efficiency advantages
of the slower-burning iso- isomers compared to their respective n- isomers.

CO, emissions are a result of complete combustion and are a function of BTE as well as
the molecular hydrogen-to-carbon (H/C) ratio of the fuel. The H/C ratio of the tested
fuels ranges from 1.87 for EEE to 2.35 for the eth50 blend. Thus, the strictly inverse
trend of CO, emissions with BTE is shifted due to the changes in H/C ratio. The change
in H/C ratio is estimated to result in a decrease in CO, emissions from gasoline to pure
ethanol of approximately 3% [64]; thus the effect for eth50 compared to EEE would be
approximately 1.5% with a further decrease in impact for higher carbon number alcohols.

Figure 2.11 compares the CO, emissions for all tested blends at each engine operating
point. The majority of the blends have CO, emissions lower than those of EEE and CO,
emissions generally increase with increasing carbon number among the alcohol fuels. This
cotresponds with BTE trends, while the H/C ratio impact diminishes with higher catbon

numbet.
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2.3.2 CO, HC, AND NO, EMISSIONS

Figure 2.12 shows carbon monoxide (CO) emissions of each alcohol blend at each engine
operating point as a function of blend oxygen content. CO emissions trends are
inconsistent and of the same magnitude as that of EEE at each operating point. The
smallest difference, 1.7%, is that of npent50 at 1500 rpm, 8 bar while the largest variation
from EEE, 17.1%, is that of ibut50 at 3000 rpm, 4 bar.

Iprop50 and ipent50 generally have slightly higher CO emissions than their corresponding
n- alcohol fuels, but ibut50 has lower emissions than nbut50. Therefore, it is difficult to
find a definite trend in CO emissions based on isomer structure. There is also no apparent
trend in CO emissions with alcohol carbon number.

Figure 2.13 shows the uncorrected hydrocarbon (HC) emissions of each alcohol blend at
each engine operating point as a function of blend oxygen content. All of the alcohol
blends have lower HC emissions that those of EEE at each engine operating point. HC
emissions decrease with increasing blend oxygen content at all operating points.

CO and HC emissions are primarily controlled by the air/fuel ratio. Since all engine tests
were run at tightly controlled stoichiometric conditions, neither CO nor HC emissions
were expected to vary greatly from EEE. The HC emissions shown are not corrected for
FID sensitivity' and therefore slightly underestimate the actual values.

NO, emissions of each alcohol blend at each engine operating point are shown in Figure
2.14 as a function of blend oxygen content. NO, emissions generally decrease with
decreasing carbon number for most of the operating points. At all engine operating
points, NO, emissions decrease with decreasing carbon number among the iso- isomers.
NO, emissions of the n- isomers slightly increase with decreasing carbon number at each
of the 1500 rpm operating points, but exponentially increase at 3000 rpm, 8 bar and
slightly decrease at 3000 rpm, 4 bar.

' “FID sensitivity” refers to the ability of the Flame Tonization Detector (FID) emissions
measurement system to correctly report HC emissions for a fuel that contains oxygen.
Refer to SAE publication 2010-01-1571 for more information.
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NO, emissions are primarily driven by cylinder temperature. The higher fuel flowrate
coupled with the higher HoV for fuels with increasing oxygen content results in lower
cylinder temperatures and therefore lower NO, emissions. Most of the alcohol blends
have NO, emissions lower than those of EEE at all of the engine operating points. These
results are in agreement with other studies on high level blends of ethanol and butanol

[65].

2.3.3 COMBUSTION PROPERTIES
Combustion properties such as spark timing, knock occurrence, cylinder pressure, rate of
heat release, and flame propagation rate of the 50/50 blends ate examined here.

2.3.3.1 SPARK TIMING

The spark timing change from EEE for each alcohol blend at each engine operating point
is shown in Figure 2.15. At each operating point, 500 cycles were averaged for each
cylinder. The average of all four cylinders was used to calculate the change in spark timing
shown in the figure. Each fuel was run with stock ECU settings. The ECU retards the
spark timing of each cylinder individually if knock is detected.

Spark timing was not retarded while testing ethanol, the propanols, or the butanols since
they have a RON similar to that of EEE. Spark timing was retarded approximately 4
degrees for npent50 at 1500 rpm, 4 bar and 1500 rpm, 8 bar and approximately 10 degrees
at 3000 rpm, 8 bar. Spark timing was retarded approximately 9 degrees for nhex50 at 1500
rpm, 4 bar. At low load the spark timing of npent50 and nhex50 are within 2° of EEE, but
as load is increased the spark timing of npent50 and nhex50 are retarded compared to
EEE.

The change in spark timing for npent50 and nhex50 suggests that knock resistance
decreases with increasing carbon number and that iso- structures have higher knock
resistance than n- structures. This is consistent with the RON and MON results illustrated
in Figure 2.3 and Figure 2.4.
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2.3.3.2 KNOCK OCCURRENCE

To obtain a clearer quantification of the knocking behavior of the test fuels, further engine
tests were conducted with the knock sensor disabled, eliminating the spark retard
observed in earlier tests and using calibrated spark timing only. Test fuels were limited to
EEE and 50 v% blends of ethanol, iso-propanol, iso-butanol, and iso-pentanol. Operating
conditions were comprised of a sweep of engine load at 1500 rpm, across an approximate
range of 4 to 8.5 bar BMEP.

Knocking behavior is quantified by analysis of high-speed cylinder pressure data. A sharp
increase in cylinder pressure is characteristic of knock. Also, since knock is the
autoignition of the end-gas mixture (fuel-air mixture ahead of the propagating flame), it
generally occurs in the later stages of the combustion process. Therefore, the magnitude
and location of the peak pressure rise rate (PPRR), the greatest increase in cylinder
pressure per unit time within a cycle, is a clear indicator of knock.

Figure 2.16 shows the peak pressure rise rate as a function of when it occurs within the
engine cycle for EEE, eth50, iprop50, ibut50, and ipent50. Cycles with high magnitude
and later-phased PPRRs are considered to be knocking cycles. Cycles in the non-knocking
region have eatlier-phased PPRR with lower magnitudes compared to those in the

knocking region.
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Knock intensity trends with the magnitude of the PPRR (more severe knock yields higher
PPRR) and with earlier phasing (earlier phasing suggests a greater quantity of end-gas
mixture is autoigniting). A clear distinction between the knocking and non-knocking
regions can be readily identified which allows cycle classification. This methodology was
applied to all tested conditions in the load sweep to characterize the knock behavior across
the range of conditions tested.

Knock prevalence, or the percentage of cycles identified as knocking, is shown as a
function of load for each fuel in Figure 2.17. Data for this figure was measured at an
engine speed of 1500 rpm and across a range of BMEP with both the EGR and knock
sensor disabled. At each point, 1500 engine cycles were analyzed.

The blends of gasoline with ethanol, iso-propanol, and iso-butanol demonstrate almost no
tendency to knock across the range of tested conditions; with less than 1% of cycles
identified as knocking (this is not considered a significant number given the applied
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methodology). The iso-pentanol blend demonstrated comparable knocking behavior to
the neat certification gasoline, with both fuels peaking around 75% knocking cycles.

A reduction from the peak level of knocking occurs at the very high load points and is tied
to a retard in the calibrated spark timing. As identified in Figure 2.3 and Figure 2.4, the
octane numbers (RON, MON) of ethanol (107, 88), iso-propanol (113, 97), and iso-
butanol (105, 89) are greater than that of the certification gasoline (97, 89), which matches
their observed knocking behavior. The octane numbers of iso-pentanol (99, 87) are close
matches to the certification gasoline, as is the 50/50 blend’s knock behavior. This suggests
that trends of octane number, as measured on a CFR rating engine, generally correspond
to observed knock behavior in the modern direct-injection test engine used in this study.
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FIGURE 2.17: PREVALENCE OF KNOCK FOR 50/50 BLENDS AT 1500 RPM

2.3.3.3 CYLINDER PRESSURE AND ROHR

A trace of average cylinder pressure and average rate of heat release (ROHR) for each of
the fuels at 3000 rpm, 4 bar is shown in Figure 2.18. This engine speed and load chosen
because each of the fuels could be run at equal spark timing, allowing for a direct
comparison of cylinder pressure and ROHR. At this engine operating point, 500 cycles
were averaged for each cylinder. The average of all four cylinders is shown in the figure.

The cylinder pressure traces show slight differences in the fuels. The peak cylinder
pressures, from highest to lowest, are: nhex50 (32.7 bar), npent50, nbut50, nprop50,
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eth50, EEE, ipent50, ibut50, and iprop50 (30.5 bar). The fuels composed of n- isomer
alcohols have the highest peak cylinder pressures while the iso- alcohol fuels have the
lowest. The location of peak pressure moves slightly as the peak value decreases; from
nhex50’s peak at 11° to iprop50’s peak at 13°. The ROHR traces show the same trends.
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FIGURE 2.18: AVERAGE CYLINDER PRESSURE AND ROHR FOR 50/50
BLENDS AT 3000 RPM, 4 BAR

Higher flame speeds result in higher peak ROHR. While it is difficult to find a single
source for the flaime speeds of all of the alcohols used in this project, measured flame
speeds of most of the alcohols from published studies are given in Table 2.7. Nhex50 has
the highest flame speed while iprop50 has the lowest. Also, the n- isomer fuels have
higher burn velocities than their corresponding iso- isomer fuels.
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TABLE 2.7: LAMINAR FLAME SPEED OF STOICHIOMETRIC
ALCOHOL/AIR MIXTURES AT SIMILARP AND T

Alcohol Flame speed [cm/s]
ethanol 50[66]
n-propanol 46 [67]
iso-propanol 44167]
iso-butanol 56 [66]
n-pentanol 62[68]
n-hexanol 61[69]

2.3.3.4 FLAME PROPAGATION

The MFB50% location (point at which 50% of the fuel/air mixture has combusted) of
each fuel at each operating point is plotted in Figure 2.19. At each operating point, 500
cycles were averaged for each cylinder. The average of all four cylinders is shown in the
figure. The MFB50% location should be around 8 to 10° for maximum engine torque and
efficiency [70].

At each operating point the MFB50% location for all of the fuels that have a RON similar
to or greater than EEE (see Table 2.5) are approximately equal. The MFB50% of npent50
and nhex50 are approximately equal to the other fuels at low load (2.62 bar BMEP), but
are retarded at medium and high loads (4 and 8 bar). In general, the iso- isomer fuels have
more retarded MFB50% than the corresponding n- isomer fuels (which is in agreement
with the trend of flame speed), although the differences are small at low and medium
loads.
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FIGURE 2.19: MFB50% OF 50/50 BLENDS AT EACH OPERATING POINT
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The spark timing, MFB10%, MEFB50%, and MFB90% locations of each fuel at each
operating point are plotted in Figure 2.20. The plot is divided vertically by engine
operating point. For each operating point, fuels are plotted with increasing carbon number
moving up the y-axis with EEE (blue diamond) at the bottom of all of the fuels and
nhex50 (blue triangle) at the top. For each fuel, the left most point indicates spark timing,
then MFB10%, MFB50%, and MFB90% points are plotted from left to right as a function
of crank angle. The crank angle interval between each point is indicated with text.

The crank angle interval between spark and MFB10%, or the flame development angle,
generally decreases with increasing carbon number among the alcohol fuels. For example,
as shown in Figure 2.20, at the 1500 rpm, 4 bar operating point the flaime development
angle of eth50 (catbon number of two) is 29.9°, nprop50 (carbon number of three) is
29.3°,
25.9°.

npent50 (carbon number of five) is 27.7°, and nhex50 (carbon number of six) is

Figure 2.20 also illustrates differences between the n- isomer fuels and the corresponding
iso- isomer fuels of the same carbon number. The flame development angle of the iso-
fuels is larger than the corresponding n- fuels at each operating point. Also, the 10-90%
MFEB duration for the iso- fuels is generally longer than that of the corresponding n- fuels.

While the range of average MIFB90% locations is larger than the range of the other points,
the average spark timing, MFB10%, MFB50%, and MFB90% of EEE, eth50, nprop50,
iprop50, nbut50, ibut50, and ipent50 are approximately equal. Npent50 and nhex50 are
significantly different because of engine knock. On average, the MFB10%, MFB50%, and
MFB90% of iprop50 occur later than those of nprop50. Similarly, ibut50 occurs later than
nbut50. The higher flame speed of the n- alcohol fuels results in higher peak ROHR and
earlier MFB10%, MFB50%, and MFB90% locations.
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FIGURE 2.20: SPARK TIMING, MFB10%, MFB50%, AND MFB90% OF 50/50
BLENDS AT EACH OPERATING POINT
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3 BLEND COMPARISON METRICS

Alcohol Metric Blend Blend
Selection Development Comparison Testing

Chapter 3 details the Metric Development phase of the project, which includes the
selection of criteria by which to compare multi-component blends to traditional ethanol
blends, the selection of gasoline blendstocks to be used in multi-component blends, and
the creation of three scenarios for which optimal blends would be identified.

Contents of this Chapter

3.1 Criteria
3.1.1 Industry Trends in Engine Technologies
3.1.2 Automotive Consumer Expectations
3.1.3 U.S. Fuel Legislation
3.1.4 Engine Requirements
3.2 Gasoline Blendstocks
3.2.1 Certification Gasoline
3.2.2 Blendstock for Oxygenate Blending (BOB)
3.2.3 Vapor Pressure Boosters
3.3 Fuel Scenarios
3.3.1 E10/E15 Alternate
3.3.2 RFS2 Fuel
3.3.3 E85 Alternate
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3.1 CRITERIA

If a multi-component gasoline-alcohol blend is to be a suitable alternative fuel, it would
need to meet fuel property, engine emissions and performance, and production process
criteria, as illustrated in Figure 3.1. The target values of each possible criterion could come
from industry standards, government legislation, consumer expectations, or engine
requirements. Some examples of target types and sources are listed in Table 3.1. For
example, the total alcohol content of the blend would need to fall within a certain range to

satisfy the RFS2 requirements.

TABLE 3.1: EXAMPLE FUEL CRITERIA, CRITERIA TYPE, AND SOURCE
FOR THE CRITERIA TARGET VALUE

Criterion Type Source

Alcohol content Range RES2 requirements
Distillation profile Range ASTM D4814, ASTM D86
Vehicle range/LHV Min Consumer acceptability
Oxygen content Max ASTM D4814

RON Min Engine requirements

RVP Range ASTM D4814, ASTM D5798

In this project, fuel property considerations focus on energy content, oxygen content,
petroleum displacement, and vapor pressure. The primary emissions and performance
criterion is knock resistance. Production considerations, including cost, are not addressed
in this project. A lack of information on large scale production of many of the higher
carbon number alcohols makes cost estimation very difficult. In addition, only regulated

emissions will be examined in this project.
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® Alcohol content

¢ Distillation profile

® Lower heating value
® Oxygen content

® Vapor pressurc Fuel properties
® Smell/appearance

Production Emissions &

process erformance i
p ® Knock resistance

® Regulated emissions

® Non-regulated emissions
® Blends that occur during production o Vehicle range (miles/tank)
® Byproducts of production

® Cost/availability

® Bottlenecks (lag in production after demand)

FIGURE 3.1: TYPES OF BLEND COMPARISON CRITERIA

3.1.1 INDUSTRY TRENDS IN ENGINE TECHNOLOGIES

In recent years the automotive industry has moved toward using smaller engines with
turbochargers, direct-injection, and/or vatiable valve timing as a means of meeting
emissions requirements without sacrificing performance. Fuels with higher octane rating
are often required by these engines, or at least, can further increase the benefits of these

advanced technologies. Therefore, demand for high octane (research octane number, or
RON, of 100 or higher) fuels will likely increase in the near future [71].

In addition to providing a way to increase the octane rating of automotive fuels, alcohol
blends can help automotive manufacturers meet regulated emissions requirements. The
use of gasoline-alcohol blends have been shown to decrease carbon monoxide (CO),
hydrocarbon (HC), and nitrogen oxide (NO,) emissions in spark-ignition (SI) engines [72].
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3.1.2  AUTOMOTIVE CONSUMER EXPECTATIONS

One of the primary concerns of automotive consumers, other than the cost of fuel which
is not addressed in the project, is the range of their vehicle (how many miles it can travel
on one tank of fuel). Fuels with lower volumetric energy density will decrease vehicle
range. Therefore, a minimum lower heating value should be maintained when identifying
promising multi-component blends in this project.

The vapor pressure of a fuel plays a critical role in the ability of the engine to start in cold
temperatures. To satisfy consumer expectations, the vapor pressure of any multi-
component blend highlighted in this project should adhere to strict Reid vapor pressure
(RVP) limits.

3.1.3 U.S. FUEL LEGISLATION

Multiple vapor pressure considerations come from U.S. fuel legislation. The
Environmental Protection Agency (EPA) E15 Waiver requires a vapor pressure below 62
kPa (9.0 psi). Section 211(h)(4) of the Clean Air Act Amendments allows the RVP of E10
to be 1 psi higher, but this would not apply to blends of alcohols other than ethanol [2].

3.1.4 ENGINE REQUIREMENTS

ASTM D4814 details vapor pressure and distillation requirements for fuels used in SI
engines. Requirements vary depending on geographical location and month. The
requirements for summer months throughout most of the country will be used in this
project; this sets a maximum vapor pressure of 62 kPa (9.0 psi) and distillation points of
70°C (158°F), 77-121°C (170-250°F), 190°C (374°F), and 225°C (437°F) for 10 percent by
volume (v%), 50 v%, 90 v%, and end point, respectively [10].

ASTM D5798 details vapor pressure requirements for ethanol fuel blends to be used in
flexible-fuel SI engines. These blends contain 51 to 83 v% ethanol. Requirements vary
depending on geographical location and month. The requirements for summer months
throughout most of the country will be used in this project; this sets a vapor pressure
range of 38 to 59 kPa (5.5 to 8.5 psi) [11].

Engines in current production vehicles are designed to operate on E10 which has an
oxygen content of 3.5 wt% and a RON of approximately 92 [73]. Vehicles of model year
2001 and newer can operate on E15 which has an oxygen content of 5.25 wt% and a
RON of 94 [74].
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3.2 GASOLINE BLENDSTOCKS

The base of a multi-component blend, or the blendstock, plays a critical role in
determining the properties of the blend. Two possible blendstocks for alcohol blends are
EEE certification gasoline and a blendstock for oxygenate blending, or BOB.
Additionally, BOB with an additive is typically used for high-level alcohol blends (= 50 v%
alcohol). For this project, BOB will be used as the blendstock for blends with less than 50
v% alcohol and BOB+, BOB with 5 v% isopentane, will be used for blends of 50 v% or
higher alcohol. Properties of each of these three blendstocks are given in Table 3.2.

TABLE 3.2: PROPERTIES OF GASOLINE BLENDSTOCKS

EEE [59] BOB [75] BOB+
Density [kg/m’] 742 753 746
LHV [M]/kg] 43.0 42.7% 42.9
HoV* [k]/kg] 351 351 351
RON [-] 97.1 88.6 88.8
MON [-] 88.7 81.0
RVP [psi] 9.0 5.8 6.5
5v% 433 58.5 53.2
o 10v% 51.7 63.9 58.8
= 20v% 64.7 71.6 68.4
£ 30v% 78.9 80.2 77.0
2 40v% 95.6 90.2 87.0
o 50 v% 106.7 102.3 99.1
2 60 v% 112.8 115.1 112.4
= 70v% 118.9 127.9 125.9
3 80v% 131.1 140.5 139.2
R 90v% 158.9 156.2 155.4
95 v% 171.11 168.6 167.0

* Values were not reported, therefore a typical value found in the literature was used.

3.2.1 CERTIFICATION GASOLINE

Certification gasoline is used for benchmarking tests throughout the automotive industry.
Multiple types of certification gasolines are available and all of them have tightly-
controlled properties. The certification gasoline used in this project is an EPA Tier II
EEE gasoline from Haltermann Solutions. The relevant properties of this EEE are listed
in Table 3.2 and a more detailed listing of its properties can be found in Appendix 7.5.
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3.2.2 BLENDSTOCK FOR OXYGENATE BLENDING (BOB)

Blendstocks for oxygenate blending, or BOBs, are used to create fuels that are blends of
gasoline and alcohol(s). Many types of BOBs are available with properties suited to their
application. The BOB used in this project is a RBOB, or regular blendstock for oxygenate
blending, from Haltermann Solutions. The relevant properties of this BOB are listed in
Table 3.2 and a more detailed listing of its properties can be found in Appendix 7.5.

3.2.3 VAPOR PRESSURE BOOSTERS

High-level alcohol blends (50 v% alcohol and higher) have significantly lower RVP than
gasoline or low-level blends. A high-level blend composed of BOB and alcohol(s) would
have too low RVP to be used in conventional SI engines. Additives are blended into high-
level blends to boost the vapor pressure to an adequate level. Isopentane is one of many
different additives that can be used.

Isopentane, C;H,,, is a branched-chain alkane with five carbon atoms. It has a density of
620 kg/m’, a lower heating value (LHV) of 48.9 MJ/kg [76], 2 RON of 93 [77], and a
vapor pressure of 76.992 kPa (11.17 psi) [60]. Property values for a blend of 95 v% BOB
and 5 v% isopentane were calculated using the methods outlined in Section 4.1. These
values ate listed in Table 3.2.
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3.3 FUEL SCENARIOS

Three scenarios were defined that specify criteria and targets for multi-component blends
to meet. The first scenario, the E10/E15 Alternate Scenario, examines low-level blends
and aims to identify a multi-component gasoline-alcohol blend with properties similar to
those of currently approved fuels that could be used to increase the short-term use of
higher alcohols in current engines. The RFS2 Fuel Scenario targets gasoline-alcohol blends
that could theoretically satisfy the Renewable Fuels Standard, which mandates an ethanol-
equivalent blend level of approximately 25 v%. The E85 Alternate Scenario targets high-
level gasoline-alcohol blends and attempts to identify fuels with high knock resistance
(RON = 100) that reduce the range penalty of E85 when compared to gasoline.

The criteria chosen for these scenarios are based on industry standards, government
legislation, consumer expectations, and engine requirements. Table 3.3 summarizes the
criteria and targets for the three scenarios. The values listed in the table were calculated
using the methods described in Section 4.1. For these calculations, ethanol was mixed with
a BOB at blend levels of 10, 15, and 25 v%. The BOB has a LHV of 42.7 MJ/kg, density
of 752.7 kg/m’, RON of 88.6, RVP of 40 kPa (5.8 psi), and does not contain any oxygen.

TABLE 3.3: CRITERIA AND TARGETS FOR FUEL DEVELOPMENT

SCENARIOS

Criterion E10/E15 Alternate  RFS2 Fuel E85 Alternate
Overall Increase. short-term Meet RES2 Increase long-
objective TS G et requirements. te.rm LS

alcohols. higher alcohols.
Alcohol content Low (10-20 v%) Medium (17-50 v%)  High (51-90 v%)
Blendstock BOB BOB BOB+
Oxygen content = 5.25 wt%
LHV > 40.0¢ MJ /kg > 38.3* MJ /kg > 29.4% MJ /kg
RON > 92.4* > 92.4% =100
RVP minimum 5.5 psi 5.5 psi 5.5 psi
RVP maximum 9.0 psi 15.0 psi 8.5 psi
PD = that of E15 = that of E25 = that of E77

* Values are calculated using the methods outlined in Section 4.1.
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3.3.1 E10/E15 ALTERNATE

The objective of the E10/E15 Alternate Scenario is to identify multi-component blends
that could be used in current SI engines and that offer higher petroleum displacement,
knock resistance, and/or energy content than E10/E15 while adhering to industry

standards and consumer expectations. These criteria and their values are summarized in
Table 3.3.

Suitable blends in the E10/E15 Alternate Scenario would have total alcohol content under
20 v%, oxygen content under 5.25 wt% to meet the EPA E15 Waiver, and RON at least
equal to that of E10 so that current engines can use the fuel without modification.
Engines in current production vehicles are designed to operate on E10 which has an
oxygen content of 3.5 wt% and a RON of approximately 92 [73]. Vehicles of model year
2001 and newer can operate on E15 which has an oxygen content of 5.25 wt% and a
RON of 94 [74].

Blends should have LHV greater than or equal to that of E15 so that consumers will not
notice a significant decrease in vehicle range. Blends would also need to meet or exceed
the petroleum displacement of E15 so that previous efforts to meet RFS2 requirements

are not mitigated.

Suitable blends in this scenario should meet the EPA E15 Waiver requirements so that
they could be utilized without additional legislation. To do so, they must have a maximum
RVP of 62 kPa (9.0 psi). Since a minimum RVP is not specified for low level blends, 38
kPa (5.5 psi) was selected based on specifications for blends containing 51 to 83 v%
ethanol from ASTM D5798 [11].

3.3.2 RFS2 FUEL

The objective of the RFS2 Fuel Scenario is to identify blends that contain an ethanol-
equivalent alcohol volume that meets the RFS2 requirement in addition to vapor pressure,
knock resistance, and energy content criteria similar to those in the E10/E15 Alternate
Scenario. These criteria and their values are also summarized in Table 3.3. Suitable blends
for the RFS2 Fuel Scenario could be used in flexible-fuel engines and allow RFS2
compliance while maintaining the knock resistance and energy content of current fuels
and adhering to industry standards and consumer expectations.

The minimum total alcohol content to meet RFS2 requirements varies from 17 to 25 v%
depending on which alcohols are being used. Advanced engine technologies, such as
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gasoline direct-injection (GDI) and downsizing/turbocharging would benefit from
increased knock resistance. However, calibrations for many vehicles are still based on
regular grade gasoline; therefore the RON target in this scenario is the same as the
E10/E15 Alternate Scenario. Suitable blends in the RFS2 Fuel Scenario should have LHV
greater than or equal to E25 so that the range penalty is not increased.

ASTM standard D4814 provides the maximum RVP range, 54 — 103 kPa (7.8 — 15.0 psi),
for a blend whose primary component is not an oxygenate. In absence of an actual lower
RVP limit for fuels at this blend level, the RVP minimum is again set to 38 kPa (5.5 psi)
based on ASTM D5798.

3.3.3 E85 ALTERNATE

The objective of the E85 Alternate Scenario is to identify blends that utilize high levels of
alcohols and have high knock resistance for advanced engine technologies, but that do not
have the range penalty (lowered energy content) of E85. These fuels would be used in
flexible-fuel vehicles or similar applications and would increase long-term use of higher
alcohols.

Suitable blends in the E85 Alternate Scenario will have total alcohol content between 51
and 90 v%, and RON of at least 100. The RVP of suitable blends must fall between 38
and 58.6 kPa (5.5 and 8.5 psi) to meet ASTM standards. Blends should have LHV greater
than or equal to that of E85. What is commonly called ‘E85’ is a gasoline-ethanol blend
that ranges from 51 to 83 v% ethanol depending on geographic location and month [78].
For this project, E85 will be considered a blend of 23 v% BOB and 77 v% ethanol (a
commonly found blend). This blend would have a LHV of 29.4 MJ/kg as calculated with
the method outline in Section 4.1.
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4 HIGHER ALCOHOL BLENDS SUPERIOR TO
TRADITIONAL ETHANOL BLENDS

Alcohol Metric Blend Blend
Selection Development Comparison Testing

Chapter 4 details the Blend Comparison phase of the project, which includes the
prediction of chemical and engine-related properties of multi-component blends, the
identification of optimal blends for each of the three fuel scenarios, examination of the
effects of changing criteria target values on optimal blend composition, and the
examination of the effects of changing total alcohol content on optimal blend
composition.

Contents of this Chapter

4.1 Blend Property Prediction
4.1.1 Linear Properties
4.1.2 Distillation Profile
4.1.3 RON
4.1.4 RVP

4.2 Optimal Blends
4.2.1 Selection Process
4.2.2 E10/E15 Alternate Scenario
4.2.3 RFS2 Fuel Scenario
4.2.4 E85 Alternate Scenario
4.2.5 General Trends

4.3 Target Value Sensitivity
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4.1 BLEND PROPERTY PREDICTION

Both chemical and engine-related properties of gasoline-alcohol blends must be predicted
in order to identify an optimal blend. For a fuel with a certain volumetric amount of each
of the eight alcohols and the blendstock, it is desirable to be able to estimate the fuel’s
density, LHV, heat of vaporization (HoV), RON, distillation profile, and RVP. These
properties are the most crucial when evaluating a fuel for customer satisfaction, engine

requirements, meeting legislative requirements, and maintaining industry standards.

Some of these properties, including density, LHV, HoV, and oxygen content, are obtained
with straightforward calculations if basic assumptions are made about the mixture. These
calculations remain straightforward regardless of the number of components in the blend
because they are linear combinations of the properties of the blend components. Other
properties, like the distillation profile, RON, and RVDP, are significantly more complicated
to calculate.

4.1.1 LINEAR PROPERTIES

The density, oxygen content, HoV, LHV, and ethanol-equivalent of multi-component
blends can be calculated using the volumetric concentration, v, of each component and
the component’s property values using Equations 3 through 7. In each equation, n is the
total number of components in the blend (both alcohols and blendstock).

Pblenda = Z(vipi) 3)
i=1

T n
0XygeNpiena = Z(vipioxygeni) * (Pprena) ™" “4)
=1
. ]
HoVpiena = Z(vipiHOVi) * (Pprena) ™" (5)
=1 ]
. ]
LHVpiena = Z(vipiLHVi) * (Pprena) ™" (6)
=1 ]
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* (pethLHVeth)_l @)

n
eth equivyeng = lZ(vipiLHVi)
i=1

4.1.2 DISTILLATION PROFILE

The distillation profile of a multi-component gasoline-alcohol blend is a combination of
the blendstock distillation profile and the boiling points of the alcohols [79]. Horizontal
sections with width equal to each alcohol’s volumetric concentration are merged into the
blendstock’s profile at each alcohol’s boiling point as illustrated in Figure 4.1. The figure
shows the distillation profile of an example blend that consists of 82 percent by volume
(v%) BOB, 10 v% ethanol, and 8 v% iso-butanol.

Sections of the blendstock’s distillation

‘_A_\ (_A_) X \

—_

0

e}
J

—_

[

e}
1

[N

o

(@]
I

120

[ ——

100

Section 8 v% wide at

(0/e)
]
1

Temperature [°C]

iso-butanol’s boiling point (108°C)

[
(]
1

[
Section 10 v% wide at ethanol’s boiling point (78°C)
L

N
(@]

0 20 40 60 80 100
Distilled fraction [v%]

FIGURE 4.1: DISTILLATION PROFILE OF 82 V% BOB, 10 V% ETHANOL,
AND 8 V% ISO-BUTANOL EXAMPLE BLEND

Knowledge of a blend’s distillation profiles is required for the calculation of drivability
index (DI). Drivability index is a method of evaluating a fuel’s distillation parameters and
behavior in low temperature environments. While DI alone is not an adequate predictor of
gasoline-alcohol blend performance [80], it is an established methodology and regulated by
ASTM standard D4814.
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According to the ASTM standard, DI is a function of the blend’s 10, 50, and 90 v%
distillation temperatures and volumetric ethanol content. When alcohols other than
ethanol are present, the original equation has to be modified to properly predict a blend’s
DI. A modification has been proposed for butanol [56], but not for propanol, pentanol, or
hexanol. Accordingly, no extra terms were added to the original equation for this project;
instead the ethanol content parameter was replaced by total alcohol content, resulting in
Equation 8.

DIblend = 1.5T10 + 3T50 + T90 + 1.33valc (8)

413 RON

Both research octane number (RON) and motor octane number (MON) are measures of a
fuel’s knock resistance. RON is indicative of a fuel’s knock resistance at wide-open
throttle and low and medium engine speeds. MON indicates a fuel’s knock resistance at
high-speed, high-load conditions [10]. Recent studies have shown that RON more
accurately predicts the knock performance of a fuel in modern engines [81]. Therefore,
this project will focus on predicting the RON of a multi-component blend.

Two methods of predicting blend RON are examined. The first is a linear combination of
each blend component’s mole fraction and blending octane number [82]. This method was
used to predict the blend RON used in the process to determine the optimal blends
detailed in Section 5.1. All predicted RON values given throughout this document were
calculated by this method. The second is based on the molecular composition of all of the
blend components [83]. The results of each are given here.

4.1.3.1 MOLE FRACTION METHOD

RON of gasoline-alcohol blends is a non-linear function on a volumetric basis. One
method for calculating the RON of a gasoline-alcohol blend is based on the molar fraction
of each component in the mixture, X, and the blending octane number of each component
on a molar basis, ON, as shown in Equation 9 [82]. In the equation, n is the total number
of components in the blend (both alcohols and blendstock).

n

RONblend = Z(xiONi) (9)

i=1

Blending octane numbers are not available for all alcohols used in this study, but a
comparison with available data [55] suggests that blending octane numbers based on molar
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concentrations are close to the pure component’s RON wvalue. Therefore this study
assumes that each component’s molar blending octane number is the measured RON at
all molar concentrations. It is important to note that this method of calculating blend
knock resistance has only been developed for blends of one alcohol with a gasoline
blendstock, so it is unknown how accurately it will predict the RON of a multi-component
blend.

115
= 105 < X X eth [59]
Z ¥ ® cth [60]
o) ¥
~ % w® eth (calc)
85 Y
115 x n-prop [17]

105 / ——n-prop (calc)
95 e iprop [17]
95 M i-prop (calc)

RON [-]

15 X n-but [17]
; 105 n-but (calc)
g % f_,—;—é ® i-but [17]
35 X i-but (calc)
105
X n-pent [17]
- 9%
z n-pent (calc)
8 85 2 \ e i-pent [17]
75 To—— i-pent (calc)
05 ' ' ' ' =——n-hex (calc)
0 25 50 75 100

Alcohol content [v%]

FIGURE 4.2: PREDICTED RON VALUES FROM THE MOLE FRACTION
METHOD COMPARED TO MEASURED VALUES FROM LITERATURE
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Figure 4.2 compares the RON values calculated using Equation 9 to measured values
found in the literature as a function of alcohol content when mixed with BOB. The
calculated values over predict the RON wvalues for iso-propanol, n-butanol, n-pentanol,
and iso-pentanol. The calculated values agree well for n-propanol and iso-butanol. It is not
known if this method accurately describes RON values for n-hexanol as no measured
values could be found. The ethanol curve shown under predicts the RON value of the
blend. In addition, it does not capture the arc of the measured values with increasing
ethanol content.

This method of blend RON prediction is expected to contain some error. Linear models
for the prediction of the octane number of a gasoline-alcohol blend tend to underestimate
measured values [84]. However, 2*-order prediction methods based on mole fraction
require the use of the octane number of 50/50 molar blends of each of the alcohols with
blendstock [82]. Because these octane numbers are not available for all of the alcohols
used in this project, the 17-order relationship must be used to predict the RON of multi-
component blends if the mole fraction method is used.

4.1.3.2 MOLECULAR COMPOSITION METHOD

Another method of predicting blend RON is based on the molecular composition of each
of the blend components. Molecular “lumps” are defined according to the classes listed in
Table 4.1. Equation 10 is used to calculate blend RON, where v, is the volume fraction of

molecule i, [3;

1

is the molecular parameter listed in Table 4.1, ON; is the pure octane
number of molecule i, and P, O, N, and A stand for paraffins, olefins, naphthenes, and

aromatics, respectively [83].

TABLE 4.1: MOLECULAR CLASS, LUMPS, AND PARAMETERS FOR RON

CALCULATION [83]
Class Molecular Lumps £ (RON) [ (MON)
n-paraffins nC,-nC,, 2.0559 0.3092
i-paraffins C,-C,, mono-, di-, and trimethyl-i-parafiins ~ 2.0204 0.4278
naphthenes  C;-C, naphthenes 1.6870 0.2821
aromatics benzene — C,, aromatics 3.3984 0.4773
olefins C,-C,, linear, branched, and cyclic olefins 8.9390 10.000
oxygenates ~ MTBE, TAME, EtOH 3.9743 2.0727
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ON = Z viﬁiONi<Z viﬁi>_1 (10)

PONA PONA

BOB is modeled as 7 v% toluene, 7 v% xylene, 3 v% n-hexane, 0.5 v% benzene, and 82.5
v% 2,2,4-trimethylpentane for this method. These are average composition values as
reported by the BOB manufacturer [75].

Measured RON values of 21 different two-component blends of C, through C; alcohols
with a gasoline blendstock were found in literature [85] [55]. These values are compared
with the predicted values from both the mole fraction and molecular composition
methods in Figure 4.3. Blend numbers 1 through 5 in the figure are blends of ethanol
ranging from 10 to 75 v% with BOB. Blend numbers 6 through 21 are blends of
propanol, butanol, and pentanol ranging from 3 to 19 v% with BOB.

® Measured Mole fraction method A Mole composition method
110
L
105 gk
A A
AA AAAAA Aa,AhAnd N
~ 100 @ =
—_ A
Z ® A
o
& 95 -
J L
90 B e m s B
L ° e®®%eo °
85 T T T T T ’ ‘_‘ T
0 3 6 9 12 15 18 21

Blend number [-]

FIGURE 4.3: PREDICTED RON VALUES FROM BOTH METHODS
COMPARED TO MEASURED VALUES FROM LITERATURE

Both prediction methods over predict RON for propanol, butanol, and pentanol blends
(blend numbers 6 through 21 in Figure 4.3). The molecular composition method also over
predicts RON for ethanol blends up to50 v% (blend numbers 1 through 4). The mole
fraction method under predicts RON for ethanol at all blend levels and the molecular
composition method under predicts for ethanol above 50 v% (blend number 5).
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Overall the mole fraction method is more accurate than the molecular composition
method. The mole fraction method is within 3.5% of the measured RON wvalue for all 21
blends while the molecular composition method is up to 17.0% different. The molecular
composition method is fairly accurate for ethanol blends above 20 v% (within 6.2%), but
is over 10% different than the measured RON value for all of the other blends.

414 RVP

The Reid vapor pressure (RVP) of a gasoline-alcohol blend is complicated to predict
because of the azeotropic behavior of some of the alcohols. Short-chain alcohols, such as
methanol and ethanol, have very pronounced peaks in RVP when mixed with a
blendstock around 5 v% while the other alcohols do not exhibit this behavior [55].
Experimental data of the effect on blend RVP when more than one alcohol is mixed with
a blendstock is not available for all possible combinations of the alcohols used in this
project, therefore a method to estimate this behavior must be implemented.

Two methods of predicting the RVP of a multi-component blend were used. The first,
extrapolating from measured data, was used to predict the blend RVP used in the process
to determine the optimal blends detailed in Section 4.2. All predicted RVP values given
throughout this document were calculated by this method. The second method,
calculating vapor pressure from chemical activity coefficients, was done to investigate a
possible way to more accurately predict RVP.

4141 EXTRAPOLATION METHOD

An array of multi-component blends was sent to SwRI for RVP testing. The results of
these tests can be found in Appendix 7.3. Curves were fit to the experimental results of
the two-component blends. Those curves were extrapolated for all two-component blends
that were not tested. The curves used for RVP prediction are shown in Figure 4.4 (BOB
blends) and Figure 4.5 (BOB+ blends). It is assumed that the low concentration RVP
boost exhibited in the ethanol data diminishes with increasing carbon number and that all
of the alcohols form the same general shape RVP curve when mixed with gasoline.
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FIGURE 4.5: CURVES USED TO PREDICT THE RVP OF BOB+ BLENDS

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



98

When more than one alcohol comprises the blend (three or more components in the
blend), Equation 11 is used to calculate the RVP of the blend where v, is the total volume
fraction of alcohols in the blend, v, is the volume fraction of each alcohol, RVP; is each
alcohol’s RVP from either Figure 4.4 or Figure 4.5 at its volume fraction, and n is the total
number of alcohols.

n

v.
RVP,1ong = Z( - RVPi> (11)
i=1

Vaic

As shown in Figure 4.4 and Figure 4.5, low concentrations of ethanol increases the RVP
of a gasoline-alcohol blend significantly. This RVP boost can cause E10 to have a vapor
pressure outside of EPA fuel regulations. In response, the EPA issued an amendment to
the Clean Air Act that allows E10 to have a RVP 1 psi (7 kPa) higher than stated by other
regulations [2]. This RVP allowance is known as the “1 pound waiver” and only applies to
a blend of 10 v% ethanol in gasoline.

4.1.4.2 AcTtiviTY COEFFICIENT METHOD

Blend RVP can be calculated using the thermodynamic activity coefficients of the
chemical groups that compose the fuel components [86]. Activity coefficients can be
estimated using the UNIFAC method which accounts for the non-ideal solutions created
when alcohols are mixed. A chemical group’s activity coefficient is affected by both the
group’s concentration and the other types of groups that are present in the blend. This
behavior requires a recalculation of each chemical group’s activity coefficient for each
different fuel blend, resulting in a computationally intensive procedure to predict the
vapor pressure of many blends [87].

To utilize the UNIFAC method, the structural groups that comprise each of the fuel
components must be identified. These are listed in Table 4.2. The group volume (R)),
surface area (Q,), and interaction parameters (a,,) of each structural group must also be

identified. These are listed in Table 4.3 and Table 4.4 [87]. BOB and EEE are modeled as
isooctane since their exact chemical composition is unknown.

Equations 12 through 22 detail the UNIFAC method used to calculate the activity
coefficient of each fuel component [87]. The blend vapor pressure is then calculated using
Equation 23. The activity coefficients must be recalculated for each change in composition
(both changes in component and/or component quantity).
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TABLE 4.2: STRUCTURAL GROUPS OF EACH FUEL COMPONENT [87]

Fuel Component

Molecular Formula

Structural Groups

Isooctane CH,C(CH,),CH,CH(CH,), 1 ACCH,,4CH,,1CH,,1CH
ethanol CH,CH,OH 1 CH,;, 1 COH

n-propanol CH,CH,CH,OH 1 CH,, 1 CH,, 1 COH
iso-propanol (CH;),CHOH 2 CH;, 1 CHOH

n-butanol CH,CH,CH,CH,OH 1 CH,, 2 CH,, 1 COH
iso-butanol (CH,),CHCH,OH 2 CH,, 1 CH,, 1 CHOH
n-pentanol CH,(CH,);CH,OH 1 CH,, 3 CH,, 1 COH
iso-pentanol (CH,),CHCH,CH,OH 2 CH,, 2 CH,, 1 CHOH
n-hexanol CH,(CH,),CH,OH 1 CH,, 4 CH,, 1 COH

TABLE 4.3: GROUP VOLUME AND SURFACE AREA PARAMETERS OF

STRUCTURAL GROUPS [87]
Group R, Q.
CH, 0.9011 0.848
CH, 0.6744 0.540
CH 0.4469 0.228
COH 1.2044 1.124
CHOH 0.9769 0.812
ACCH, 1.2663 0.968

99

TABLE 4.4: INTERACTION PARAMETERS OF STRUCTURAL GROUPS [87]

CH, CH, CH COH CHOH |ACCH,
CH, 0 0 0 931.2 931.2 26.78
CH, 0 0 0 931.2 931.2 26.78
CH 0 0 0 931.2 931.2 26.78
COH 169.7 169.7 169.7 0 0 92.61
CHOH |169.7 169.7 169.7 0 0 92.61
ACCH, |-15.84 15.84 15.84 856.2 856.2 0
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Of the 46 multi-component blends RVP tested at SWRI (listed in Appendix 7.3), 26 were
composed of only one alcohol with blendstock (two-component blends). The other 20
blends were comprised of three to five components (two to four alcohols). The measured
RVP values of those 20 blends are compared to the calculated RVP values using both the
extrapolation and activity coefficient methods in Figure 4.6. The dashed lines in the figure
indicate 5% error.

5% error

7.5 -
= 7
&
= Calculation
E 6.5 1 method
9 Ry 1M # Act Coeff
g 6 - ’ J 7 .
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= 7/ 7
9 ’ ”,
= ’ »
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FIGURE 4.6: COMPARISON OF MEASURED AND CALCULATED BLEND
RVP FROM BOTH METHODS

When using the extrapolation method, the calculated RVP of 19 of the 20 blends is within
5% of the measured value. Only 2 of the 20 blends are within 5% when using the activity
coefficient method. Error is introduced into the activity coefficient method by having to
model the gasoline blendstock as isooctane but it is unknown if that is the only source of

error in the calculation. Further analysis cannot be made without knowing the exact
composition of the BOB utilized.

Figure 4.7 compares the measured RVP of all 46 blends with the RVP calculated with the
activity coefficient method by the number of components in the blend. The dashed lines
in the figure indicate 10% error. Seventeen of the 26 blends (65%) that are comprised of 2
components are within 10% error. Ten of the 18 blends (56%) that are comprised of 3
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components are within 10% error. Each one of the five- and six-component blends are
within 10% error.

10% error
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FIGURE 4.7: COMPARISON OF MEASURED AND CALCULATED BLEND
RVP FROM ACTIVITY COEFFICIENT METHOD
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4.2 OPTIMAL BLENDS

The blend property prediction methods described in Section 4.1 were used to calculate
fuel properties of a large range of blends. The properties of each blend were compared to
the criteria targets of each scenario to determine suitability and a scheme was developed
by which to choose a set of optimal blends.

4.2.1 SELECTION PROCESS

The process by which optimal blends were determined consists of the following steps: 1)
generate a database of possible blends, 2) predict the chemical and engine-related
properties of each blend, 3) identify which of the blends meet a scenario’s criteria targets,
4) identify the three of those blends that have the highest energy content, knock
resistance, and petroleum displacement, respectively.

4.2.1.1 ALL BLENDS

A blend sweep using a 1 v% step width for the total alcohol content of the blend was used
to create a database of possible blends. At each value of total alcohol content, many
possible combinations of all eight alcohols were considered and each alcohol’s content
was varied by 10% of the total alcohol content. This method resulted in over one million

possible blends.

Many blends do not meet one or more of the scenario’s criteria targets and were
immediately excluded from further consideration to generate a set of Suitable Blends, as
illustrated in Figure 4.8. Blends were removed from consideration if they did not meet
LHV, RON, oxygen content, or RVP criteria targets. This is detailed in the next section.

All Blends - over one million combinations of all eight alcohols with a gasoline
blendstock.

Suitable Blends - all blends that meet a scenario's critetia Non-suitable

targets. Blends
Even Blends - blends Eth+1 Blends - blends

that contain only even that contain only ethanol

carbon number alcohols. & one other alcohol.

FIGURE 4.8: SUBSETS OF ALCOHOL BLENDS
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4.2.1.2 SUITABLE BLENDS

Figure 4.9 shows LHV vs RON and oxygen content vs RVP of all of the blends that were
considered for the E10/E15 Alternate Scenatio colored by total alcohol content. Blends
of total alcohol content between 10 and 25 v% were examined for this scenario. As
expected, increasing total alcohol content decreases LHV. RON varies at each value of
total alcohol content depending on which alcohols are present. As total alcohol content
increases, oxygen content increases and RVP decreases.

Blends with RON below 92.4 and/or LHV below 40.0 MJ/kg are removed from
consideration and are grayed out in the figure. Of the blends examined, 75.6% did not
meet the minimum RON criterion and 9.6% did not meet the minimum LHYV criterion.
Blends with oxygen content higher than 5.25 wt% and/or RVP below 37.9 kPa (5.5 psi)
are removed from consideration and are grayed out in the figure. Twenty percent of the
blends exceeded the maximum oxygen content criterion and 25.0% did not meet the
minimum RVP criterion.

Figure 4.10 shows LHV vs RON of all of the blends examined for the RFS2 Fuel Scenario
colored by total alcohol content. Total alcohol content ranges from 17 to 50 v% in this
scenario. Blends with RON below 92.4 and/or LHV below 38.3 MJ /kg are removed from
consideration and are grayed out in the figure. Of the blends examined, 35.2% did not
meet the minimum RON criterion and 26.1% did not meet the minimum LHV criterion.
RON target non-attainment decreases and LHV target non-attainment increases in this
scenario as compated to the E10/E15 Alternate Scenatio because of the higher total
alcohol content. Most of the alcohols have higher RON than the BOB and all of them
have lower LHV.

The oxygen content and RVP of all of the blends that were examined for the RFS2 Fuel
Scenario are also shown in Figure 4.10. Blends with RVP below 37.9 kPa (5.5 psi) are
removed from consideration and are grayed out in the figure. Seventy two percent of the
blends did not meet the RVP minimum. RVP minimum non-attainment is higher in this
scenario because of the higher total alcohol content. All of the alcohols have a RVP much
lower than the BOB.
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Figure 4.11 shows LHV vs RON and oxygen content vs RVP of all of the blends
examined for the E85 Alternate Scenario colored by total alcohol content. Total alcohol
content ranges from 51 to 90 v% in this scenario. Blends with RON below 100 and/or
LHYV below 29.4 MJ/kg are removed from consideration and ate grayed out in the figure.

In each of the scenarios, the blend that is only blendstock with ethanol at each alcohol
content value will have the highest oxygen content and RVP because ethanol has the
highest oxygen content and RVP of the alcohols. Also, at low blend levels the addition of
ethanol to a blendstock will increase the RVP although the RVP of neat ethanol is lower
than that of neat blendstock [88]. This phenomenon causes the blendstock-ethanol blends
to have significantly higher RVP than the other alcohol blends. In the oxygen content vs
RVP plots, the top point of each colored triangle corresponds to the blend that is just
ethanol with blendstock. The triangle shape is formed as the ethanol is replaced with other
alcohols.

More information on the determination of suitable blends, including the percentage of
examined blends at each total alcohol content value that did not meet each of the criteria
targets, is examined in subsequent sections.

4.2.1.3 SUBSETS OF SUITABLE BLENDS

In addition to considering all suitable blends, two subsets were analyzed for each scenario.
These are also illustrated in Figure 4.8. The first subset includes suitable blends that are
composed of only even carbon number alcohols (ethanol, n- and iso-butanol, and n-
hexanol). This limitation is based on production considerations that suggest that it might
be more feasible to produce even number alcohols [89]. The second subset includes
suitable blends that are composed of only ethanol and one other alcohol. These fuels
could help ease the transition to fuels comprised of alcohols other than ethanol in the
event of commercial deployment.

42.1.4 OPTIMIZATION

Within each subset of blends for a scenario (suitable blends, even blends, and eth+1
blends), the gasoline-alcohol mixtures with the highest LHV, RON, and petroleum
displacement (PD) are identified as being the optimal blends. The choice of the blend with
the highest LHV, RON, or PD as the overall most optimal would depend on application.
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Blends with the highest LHV values could be fuels that meet vapor pressure and oxygen
content regulations, engine knock resistance requirements, and maintain current levels of
petroleum displacement while reducing the range penalty of ethanol blends. Blends with
the highest RON wvalues could be fuels that meet vapor pressure and oxygen content
regulations, consumer expected vehicle range, and maintain currents levels of petroleum
displacement while allowing for engine efficiency gains through higher knock resistance.
Blends with the highest PD values could be fuels that meet vapor pressure, oxygen
content, engine knock requirements, and consumer expected vehicle range while
advancing efforts to meet the RFS2 requirement of 36 billion gallons of renewable fuels
by 2022.

422 E10/E15 ALTERNATE SCENARIO

The objective of the E10/E15 Alternate Scenario is to identify multi-component blends
that could be used in current engines and offer higher petroleum displacement, knock
resistance, and/or energy content than E10/E15 while adhering to industry standards and
consumer expectations. Gasoline-alcohol blends that are suitable for this scenario will
meet the criteria targets listed in Table 4.5.

TABLE 4.5: CRITERIA, MOTIVATION, AND TARGET VALUES FOR THE
E10/E15 ALTERNATE SCENARIO

Criteria Motivation Target

LHVa minimum Meet RFS2 requirements 3023 MJ/m’ (E15)
LHYV minimum Meet consumer expectations 40.02 MJ /kg (E15)
RON minimum Utilize current engines 92.4 (E10)

RVP minimum Satisfy ASTM standards 5.5 psi

RVP maximum Satisfy EPA E15 waiver 9.0 psi

Oxygen maximum Satisfy EPA E15 waiver 5.25 wt%

4.2.2.1 CRITERIA NON-ATTAINMENT

The percentage of examined blends at each total alcohol content value that did not meet
each of the criteria targets (minimum LHV, RON, and RVP and maximum oxygen
content and RVP) for the E10/E15 Alternate Scenario is shown in Figure 4.12. Some
blends failed to meet more than one criteria target, so the sum of the percentages, or non-
attainment frequencies, at any one total alcohol content may be greater than 100%.

None of the blends with 10 v% total alcohol content are suitable because they do not
meet the minimum ethanol-equivalent alcohol content criterion (LHVa min) of 3023
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MJ/m’ (that of E15). Nearly 92% of the blends do not have suitable LHVa at the 11 v%
total alcohol content level, but this percentage drops quickly to zero with increasing total
alcohol content as shown in Figure 4.12. The maximum RVP criterion of 9.0 psi is not a
factor in determining suitable blends at any total alcohol content value because of the low
vapor pressures of each of the alcohols.

Non-attainment of the minimum LHYV target does not occur at levels below 16 v% total
alcohol content. At low total alcohol content the minimum LHYV target does not disqualify
any blends because of the high energy density of the BOB. Once the blend alcohol
content is high enough for the minimum LHYV target to have an effect, the percentage of
blends disqualified by it grows rapidly with increasing total alcohol content.

At low total alcohol content, many of the blends do not meet the minimum RON target
because the BOB has such a low RON. To meet the minimum RON requirement of 92.4,
blends must contain at least 10 v% alcohols. As total alcohol content increases, the
likelihood of RON target non-attainment decreases although blends with higher
concentrations of pentanol and hexanol are still likely to fall short of the RON target.
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FIGURE 4.12: CRITERIA NON-ATTAINMENT OF E10/E15 ALTERNATE
SCENARIO
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The RVP minimum criterion of 5.5 psi renders some blends unsuitable at each level of
total blend alcohol content. At 10 v% total alcohol content, 2.2% of blends are unsuitable
because they have a RVP less than 5.5 psi. The RVP minimum non-attainment frequency
linearly increases with total alcohol content, to 52.8% at 25 v%. This is similar to the

maximum oxygen content criterion which grows from 0.1% at 16 v% to 87.7% at 25 v%.

Figure 4.12 also shows the number of blends that are suitable for the E10/E15 Alternate
Scenario for each level of total blend alcohol content. There are no suitable blends at 10,
11, 12, 24, or 25 v% total alcohol content. The low blend levels are not suitable mostly
because they do not meet minimum RON requirements. The higher blend levels are not
suitable because of a combination of not meeting the RVP or LHV minimums or
surpassing the oxygen content maximum. The largest number of suitable blends occurs at
18 v% total alcohol content where 3386 of the 35196 possible blends of that alcohol
content are suitable.

4.2.2.2  BLEND PROPERTY ASSESSMENT

Blends of alcohol(s) and BOB that met all scenario criteria targets were identified as
suitable blends. The LHV and RON of all of the suitable blends of the E10/E15
Alternate Scenario are plotted in Figure 4.13. The figure is also colored by PD level,
according to the legend shown. The suitable blend with the highest LHV is labeled #1A,
the highest RON blend is labeled #1B, and the blend with the highest PD is labeled #1C.
In addition, the reference fuels for the scenario are shown on the plot.

The density of points in the LHV/RON plot indicates that thete are many suitable blends
that have essentially equal LHV and/or RON. The compositions given in Figure 4.14
refer to the mathematically optimal blend but several other blends with slightly different
compositions achieve practically identical properties. The compositions of several of the
suitable blends are listed in Appendix 7.6 with their relevant properties.

The blend shown as #1A in Figure 4.13 yields the highest LHV in the E10/E15 Alternate
Scenatio, which is 41.2 MJ/kg as listed in Table 4.6. However, many other blends can
satisfy the scenario criteria targets while essentially maximizing LHV. Of the suitable
blends, 9.8% had a LHV within 1% of 41.2 MJ/kg. Blend #1B has a RON of 95.5 but
another 968 blends, or 4.8% of all suitable blends, have 2 RON within 1% of 95.5.

There is a direct trade-off of LHV and RON among the suitable blends because LHV
increases and RON generally decreases with increasing alcohol carbon number. Within
each scenario, suitable blends with the highest LHV would be desirable for fuels that meet
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minimum knock resistance requirements yet provide an advantage over conventional
gasoline-ethanol blends in vehicle range. Suitable blends with the highest RON would be
desirable for fuels that meet customer expectations while increasing engine performance
through higher knock resistance.

96 : : PD [Pfh—‘ 0 n]
#1B * 15-20
.. e 20-25
95+ e =25
7 94 .
@)
&
93 |
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FIGURE 4.13: LHV/RON CLOUD OF E10/E15 ALTERNATE SCENARIO
SUITABLE BLENDS

All of the suitable blends of the E10/E15 Alternate Scenatio, represented in Figure 4.13,
have a RVP between 37.9 and 62.1 kPa (5.5 and 9.0 psi), contain less than 5.25 wt%
oxygen, have adequate knock resistance and energy content, and have the petroleum
displacement of E15 or higher. Certain suitable blends exceed E10 in LHV or E15 in
RON. However, because of the strong trade-off between LHV and RON, no blends are
both higher than E10 in LHV and E15 in RON.

Figure 4.13 also shows the range of petroleum displacement of all of the E10/E15
Alternate Scenario suitable blends. Petroleum displacement, which is measured by ethanol-
equivalent volumetric percent, generally increases with decreasing LHV and RON. The
highest LHV blends are equivalent to E15 while the blends in the lower part of the LHV
and RON ranges are equivalent to E28. E10 and E15 are also shown in the figure for
reference.
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The composition of each of the three
optimal blends (highest LHV, highest
RON, and highest PD) for each subset of
suitable blends (All, Even, and Eth+1)
for the E10/E15 Alternate Scenario is
shown in Figure 4.14. The suitable blend
with the highest LHV is comprised of
87.0 v% BOB, 6.5 v% iso-propanol, 5.2
v% iso-butanol, and 1.3 v% iso-pentanol.
The suitable blend with the highest RON
is comprised of 81.0 v% BOB and 19.0
v% iso-propanol. The suitable blend with
the highest PD is comprised of 77.0 v%
BOB, 4.6 v% iso-propanol, 11.5 v% n-
butanol, and 6.9 v% iso-pentanol.

The even carbon number alcohols blend
with the highest LHV is comprised of
86.0 v% BOB, 5.6 v% ethanol, 1.4 v% n-
butanol, and 7.0 v% iso-butanol. The
even carbon number alcohols blend with
the highest RON is comprised of 85.0
v% BOB, 13.5 v% ethanol, and 1.5 v%
iso-butanol. The even cartbon number
alcohols blend with the highest PD is
comprised of 79.0 v% BOB, 2.1 v%
ethanol, 10.5 v% n-butanol, and 8.4 v%
iso-butanol.

The eth+1 blend with the highest LHV is
comprised of 86.0 v% BOB, 5.6 v%
ethanol, and 8.4 v% iso-butanol. The
eth+1 blend with the highest RON is
comprised of 82.0 v% BOB, 1.8 v%
ethanol, and 16.2 v% iso-propanol. The
eth+1 blend with the highest PD is
comprised of 79.0 v% BOB, 6.3 v%
ethanol, and 14.7 v% iso-pentanol.
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The energy content, knock resistance, and petroleum displacement for each of the nine
optimal blends is given in Table 4.6 for the E10/E15 Alternate Scenatio. In the table,
blend #1A is the blend with maximum energy content (LHV), while #1B has maximum
knock resistance (RON), and #1C has maximum petroleum displacement (PD). Each of
these is given for the three data sets examined: all suitable blends (All), blends of only even

number alcohols (Even), and blends that contain only ethanol and one other alcohol

(Eth+1).

For each of the nine multi-component blends, the LHV, RON, and PD of the blend is
given along with the percent improvement from the reference fuel. For example, the blend
from the E10/E15 Alternate Scenario that is composed of only even number alcohols
(Even) that has the highest LHV (#1A), which is 86 v% BOB, 5.6 v% ethanol, 1.4 v% n-
butanol, and 7.0 v% iso-butanol as shown in Figure 4.14, has a LHV of 40.8 MJ/kg, a
RON of 92.4, and a PD of 1.6 ethanol-v%. Its LHV is a 2.0% improvement from that of
the reference fuel while matching RON and increasing PD by 10.5%.

A blend targeted at maximum energy content (#1A) provides a 2.9% increase in LHV
while maintaining the RON of E10 and increasing PD by 7.4%. A blend targeted at
maximum knock resistance (#1B) provides a 3.4% increase in RON while maintaining the
energy content of E15 and increasing petroleum displacement by 46.6%. Finally, a fuel
blend designed to maximize petroleum displacement results in a 100.8% increase in
ethanol-equivalent alcohol content while maintaining RON and even slightly increasing
energy content when compared to the reference fuels.

Similar knock resistance and energy content results can be achieved with blends that use
only even carbon number alcohols but the potential to increase RON is limited when
compared to blends that utilize all alcohols. Blends that use only ethanol and one other
alcohol can achieve similar energy content and neatly equal knock resistance as blends of
all alcohols, but the petroleum displacement gains are decreased because of the use of
ethanol instead of a higher carbon number alcohol.

Compositions of these and several other promising blends, including those that utilize all
alcohols as well as even alcohols only and blends of only ethanol and one other alcohol,
are listed in Appendix 7.6 with their relevant properties.
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TABLE 4.6: COMPARISON OF E10/E15 ALTERNATE SCENARIO OPTIMAL
BLEND PROPERTIES TO REFERENCE FUELS

LHV RON PD
[M]/kg] [-] [eth-v%0]
Baseline 40.02 92.39 15.0
(fuel) (E15) (E10) (E15)
Al 41.2 92.4 16.1
s (2.9%) (0.0%) (7.4%)
:'_: E Even 40.8 92.4 16.6
g % (2.0%) (0.0%) (10.5%)
(]
m E 40.8 92.6 16.5
Eth*l ) 00 (0.2%) (10.3%)
Al 401 95.5 22.0
- (0.3%) (3.4%) (46.6%)
* S 40.1 93.8 15.5
e o] Even
o (0.3%) (1.5%) (3.0%)
[PIE]
R 402 95.2 20.6
Eth+1 (0.4%) (3.0%) (37.0%)
Al 403 92.6 30.1
O ~ (0.7%) (0.2%) (100.8%)
T A
- P~ Even 40.4 92.5 26.9
o X (0.9%) (0.1%) (79.6%)
2 E
|~ 403 92.7 26.7
Eth+1 (0.7%) (0.3%) (78.0%)
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42,3 RFS2 FUEL SCENARIO

The objective of the RFS2 Fuel Scenario is to identify blends that contain an ethanol-
equivalent alcohol volume that meets the RFS2 requirement in addition to vapor pressure,
knock resistance, and energy content criteria similar to those in the E10/E15 Alternate
Scenario. Gasoline-alcohol blends that are suitable for this scenatio will meet the criteria
targets listed in Table 4.7.

TABLE 4.7: CRITERIA, MOTIVATION, AND TARGET VALUES FOR THE

RFS2 FUEL SCENARIO
Criteria Motivation Target
LHVa minimum Meet RFS2 requirements 5038 MJ/m’ (E25)
LHYV minimum Meet consumer expectations 38.26 MJ /kg (E25)
RON minimum Utilize current engines 92.4 (E10)
RVP minimum Satisfy ASTM standards 5.5 psi
RVP maximum Satisfy ASTM standards 15.0 psi

4.23.1 CRITERIA NON-ATTAINMENT

The percentage of examined blends at each total alcohol content value that did not meet
each of the criteria targets (minimum LHV, RON, and RVP and maximum RVP) for the
RFS2 Fuel Scenario is shown in Figure 4.15. Some blends failed to meet more than one
criteria target, so the sum of the percentages, or non-attainment frequencies, at any one
total alcohol content may be greater than 100%.

None of the blends below 20 v% total alcohol content or above 37 v% are suitable for the
RFS2 Fuel Scenario. The low level blends are not suitable because they do not meet the
minimum alcohol content (LHVa min) or the minimum knock resistance (RON min)
criteria. The high level blends are not suitable because they do not meet the minimum
vapor pressure (RVP min) or minimum energy content (LHV min) criteria.

A large percentage of low level blends (79.0% of the blends with 17 v% total alcohol
content) do not meet the minimum RON criterion, but this occurs less with increasing
total alcohol content. Above 43 v% total alcohol content, less than 20% of the blends are
disqualified because they do not meet the RON criterion.

The LHV minimum criterion is not of concern with low level blends as the BOB has a
much higher energy content than all of the alcohols. No blends below 26 v% total alcohol
content are disqualified by the minimum energy content criterion. However, as total
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alcohol content increases, the LHV minimum criterion disqualifies many blends (94.1% of
blends with 50 v% total alcohol content).

ILHVamin mRONmin ALHVmin @®RVPmin XRVP max

100% - 7,000
% 0% - ‘.’...ooooob—z
g / \ ®® 251 6,000
g 80% m o A
3 =/ °® A @
£ 70% u ° o\ K - 5,000 @
(=] u . . \ A ) L
g 50% e k)
- I o iy \ A - 3,000 2
5 40% & . o i TS
u =
2 30% e = = A - 2,000 &
= ° I Sngy
S 20% ¢ / \A S T
1
g_," 10% A ;000
0% x—xlxﬂx-x-x—x—x—x—x—x**—%—x—x-mm 0

17 20 23 26 29 32 35 38 41 44 47
Total blend alcohol content [v%]

FIGURE 4.15: CRITERIA NON-ATTAINMENT OF RFS2 FUEL SCENARIO

The RVP minimum criterion of 5.5 psi renders some blends unsuitable at each level of
total blend alcohol content. At 17 v% total alcohol content, 21.8% of blends are
unsuitable because they have a RVP less than 5.5 psi. The RVP minimum non-attainment
frequency increases with total alcohol content, to 98.5% at 50 v%. This is similar to the
E10/E15 Alternate Scenario.

Figure 4.15 also shows the number of blends that are suitable for the RFS2 Fuel Scenario
for each level of total blend alcohol content. There are no suitable blends at from 17 to 19
v% or from 38 to 50 v% total alcohol content. The largest number of suitable blends
occurs at 25 v% total alcohol content where 6513 of the 35196 (18.5%) possible blends of
that alcohol content are suitable. The number of suitable blends decreases rapidly with
increasing or decreasing total alcohol content from 25 v%.
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4.2.3.2 BLEND PROPERTY ASSESSMENT
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FIGURE 4.16: LHV/RON CLOUD OF RFS2 FUEL SCENARIO SUITABLE
BLENDS

All of the suitable blends of the RFS2 Fuel Scenario, represented in Figure 4.16, have a
RVP between 37.9 and 103.4 kPa (5.5 and 15.0 psi), adequate knock resistance and energy
content, and have the energy-based ethanol-equivalent of E25 or higher. Based on the
EIA total fuel consumption projections [8], E25 is the necessary blend level to satisfy the
REFS2 requirements in 2022 [7]. Certain suitable blends exceed E15 in LHV or E25 in
RON. But again, no blends are both higher than E15 in LHV and E25 in RON because of
the LHV/RON trade-off among the alcohols.

The density of points in the LHV/RON cloud indicates that thete ate many suitable
blends that have essentially equal LHV and/or RON. The compositions given in Figure
4.17 refer to the mathematically optimal blend but several other blends with slightly
different compositions achieve practically identical properties. The compositions of
several of the suitable blends are listed in Appendix 7.6 with their relevant properties.

The ethanol equivalence of the RFS2 Fuel Scenario suitable blends ranges from E25 to
E46. Similar to the E10/E15 Alternate Scenario suitable blends, those with higher LHV
have lower petroleum displacement. Petroleum displacement increases with decreasing
LHYV and slightly with decreasing RON. The RFS2 Fuel Scenario suitable blend with the
highest LHV, RON, and petroleum displacement (PD) are shown as blend #2A, #2B, and

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



119

#2C, respectively, in Figure 4.16. The composition of each of these blends is illustrated in
Figure 4.17 and their properties are listed in Table 4.8. These blends are discussed in
subsequent sections.

The blend shown as #2A in Figure 4.16 yields the highest LHV in the RFS2 Fuel
Scenatio, which is 40.6 MJ/kg as listed in Table 4.8. However, many other blends can
satisfy the scenario criteria targets while essentially maximizing LHV. Of the suitable
blends, 4.1%, or 3122 blends, had a LHV within 1% of 40.6 MJ/kg. Blend #2B has a
RON of 99.6 but another 919 blends, ot 1.2% of all suitable blends, have a RON within
1% of 99.6.
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42.3.3 OPTIMAL BLEND COMPOSITION

All Suitable Blends The composition of each of the three
optimal blends (highest LHV, highest
RON, and highest PD) for each subset of
W eth suitable blends (all, even, and eth+1) for
mi-prop the RFS2 Fuel Scenario is shown in
Figure 4.17. The suitable blend with the
highest LHV is comprised of 80.0 v%
¥ n-pent BOB, 6.0 v% iso-propanol, 2.0 v% n-
®i-pent butanol, and 12.0 v% iso-pentanol. The
suitable blend with the highest RON is
comprised of 67.0 v% BOB and 33.0 v%
iso-propanol. The suitable blend with the
highest PD is comprised of 63.0 v%
Even Blends BOB, 11.1 v% ethanol, 14.8 v% n-
butanol, 3.7 v% n-pentanol, and 7.4 v%
n-hexanol.
The even carbon number alcohols blend
with the highest LHV is comprised of
80.0 v% BOB, 2.0 v% ethanol, 8.0 v% n-
butanol, and 10.0 v% iso-butanol. The
even carbon number alcohols blend with
the highest RON is comprised of 67.0
v% BOB, 13.2 v% ethanol, and 19.8 v%
LHV RON PD iso-butanol. The even carbon number
alcohols blend with the highest PD is
Eth+1 Blends comprised of 63.0 v% BOB, 7.4 v%
ethanol, and 29.6 v% n-butanol.
The eth+1 blend with the highest LHV is
comprised of 80.0 v% BOB, 6.0 v%
= eth ethanol, and 14.0 v% iso-pentanol. The
_ eth+1 blend with the highest RON is
WIprop  comprised of 68.0 v% BOB, 3.2 v%
®n-but ethanol, and 28.8 v% iso-propanol. The
eth+1 blend with the highest PD is
comprised of 63.0 v% BOB, 7.4 v%
ethanol, and 29.6 v% n-butanol.
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SCENARIO
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As listed in Table 4.5, the RFS2 Fuel blend with the highest LHV (#2A) exceeds that of
the reference fuel (E25) by 6.2% while maintaining RON and increasing PD by 5.0%. A
5.8% improvement in LHV can be achieved when using only even number alcohols and a
5.6% improvement can be achieved with blends that are composed of only ethanol plus
one other alcohol.

The RFS2 Fuel blend with the highest knock resistance (#2B) achieves a RON of 99.6
which is 7.8% higher than the reference fuel (E10) and even significantly exceeds the
RON of E25 which is 96.7. At the same time, this blend improves PD by more than 50%
while maintaining the energy content of E25. If only even carbon alcohols are used, the
maximum achievable RON is 96.8 which is 4.8% above E10 and equivalent to E25. At the
same energy content this even carbon alcohol blend improves the PD compared to E25
by 56%. The Eth+1 blend achieves a RON of 99.2 while maintaining LHV and increasing
PD by 46%.

When targeting maximum PD (#2C) in the RFS2 Fuel Scenario, a blend based on
selection from all alcohols can increase the ethanol-equivalent content by more than 86%
while maintaining energy content of E25 and knock resistance equivalent to that of E10.
When limiting the selection of alcohols to even carbon only, PD can still be improved by
86% while maintaining energy content. The knock resistance exceeds the base fuel but
remains below that of E25. The Eth+1 blend achieve similar results with a PD of 46.6
ethanol v%, LHV of 38.4 MJ/kg, and RON of 94.6.

Detailed compositions of these and several other promising blends, including those that
utilize all alcohols as well as even alcohols only and blends of only ethanol and one other
alcohol, are listed in Appendix 7.6 with their relevant properties.
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TABLE 4.8: COMPARISON OF RFS2 FUEL SCENARIO OPTIMAL BLEND
PROPERTIES TO REFERENCE FUELS

LHV RON PD
[M] /ke] [ [eth-v%]
Baseline 38.26 92.39 25.0
(fuel) (E25) (E10) (E25)
Al 40.6 92.6 26.2
<o (6.2%) (0.2%) (5.0%)
N
‘_: : Even 40.5 92.5 25.6
= % (5.8%) (0.2%) (2.5%)
()
) 40.4 92,5 254
Eth*1 5 600 (0.1%) (1.7%)
Al 38.3 99.6 38.2
3 (0.0%) (7.8%) (52.8%)
(q\]
* O 38.3 96.8 39.0
e Even
o (0.1%) (4.8%) (56.0%)
v
m & 38.3 99.2 36.5
Eth+1 (0.0%) (7.4%) (46.2%)
All 38.4 92.9 46.6
O ~ (0.4%) (0.5%) (86.6%)
S QA
‘_: M 38.4 94.6 46.6
o X (0.3%) (2.4%) (86.3%)
= g
|~ 38.4 94.6 46.6
Eth+1 (0.3%) (2.4%) (86.3%)

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition

Engines by Kristina Marie Lawyer



123

4.2.4 E85 ALTERNATE SCENARIO

The objective of the E85 Alternate Scenario is to identify blends that utilize high levels of
alcohols and have high knock resistance, but do not have the range penalty (lowered
energy content) of E85. Gasoline-alcohol blends that are suitable for this scenario will
meet the criteria targets listed in Table 4.9.

TABLE 4.9: CRITERIA, MOTIVATION, AND TARGET VALUES FOR THE
E85 ALTERNATE SCENARIO

Criteria Motivation Target

LHVa minimum Meet RFS2 requirements 15517 MJ /m’ (E77)
LHYV minimum Meet consumer expectations 29.35 MJ /kg (E77)
RON minimum Utilize advanced engines 100

RVP minimum Satisfy ASTM standards 5.5 psi

RVP maximum Satisfy ASTM standards 8.5 psi

4241 CRITERIA NON-ATTAINMENT

The percentage of examined blends at each total alcohol content value that did not meet
each of the criteria targets (minimum LHV, RON, and RVP and maximum RVP) for the
E85 Alternate Scenario is shown in Figure 4.18. Some blends failed to meet more than
one criteria target, so the sum of the percentages, or non-attainment frequencies, at any
one total alcohol content may be greater than 100%.

In this scenatio, there are no suitable blends below 61 v% total alcohol content. This is
largely due to the minimum alcohol content criterion which disqualifies all blends up to 55
v% total alcohol content. From 55 to 61 v% total alcohol content, a large percentage of
blends do not meet the minimum alcohol content and/or the minimum knock resistance
criteria. The effect of both of these criteria diminishes with increasing total alcohol
content (the RON min criterion to 53.3% of blends at 90 v% and the LHVa min criterion
to 0% at 77 v% total alcohol content).

Figure 4.18 also shows the number of blends that are suitable for the E85 Alternate
Scenario for each level of total blend alcohol content. There are no suitable blends below
61 v% total alcohol content. The largest number of suitable blends occurs at 90 v% total
alcohol content, the highest level examined, where 6684 of the 35196 (19.0%) possible
blends of that alcohol content are suitable. The number of suitable blends quickly
increases between 62 and 70 v%, then gradually increases to 90 v% total alcohol content.
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All of the suitable blends of the E85 Alternate Scenario, represented in Figure 4.19, have a
RVP between 37.9 and 58.6 kPa (5.5 and 8.5 psi), adequate knock resistance and energy
content, and have the energy-based ethanol-equivalent of E77 or higher. Certain suitable
blends exceed E77 in LHV or in RON. But again, no blends are both higher than E77 in
LHYV and in RON because of the LHV/RON trade-off among the alcohols.

The density of points in the LHV/RON cloud indicates that thete ate many suitable
blends that have essentially equal LHV and/or RON. The compositions given in Figure
4.20 refer to the mathematically optimal blend but several other blends with slightly
different compositions achieve practically identical properties. The compositions of
several of the suitable blends are listed in Appendix 7.6 with their relevant properties.

The ethanol equivalence of the E85 Alternate Scenario suitable blends ranges from E77 to
E122. Similar to the suitable blends of the other two scenarios, those with higher LHV
have lower petroleum displacement. Petroleum displacement increases with decreasing
LHV and slightly with decreasing RON. The E85 Alternate Scenario suitable blend with
the highest LHV, RON, and petroleum displacement (PD) are shown as blend #3A, #3B,
and #3C, respectively, in Figure 4.19. The composition of each of these blends is
illustrated in Figure 4.20 and their properties are listed in Table 4.10. These blends are
discussed in subsequent sections.

The blend shown as #3A in Figure 4.19 yields the highest LHV in the E85 Alternate
Scenatio, which is 36.7 MJ/kg as listed in Table 4.10. However, many other blends can
satisfy the scenario criteria targets while essentially maximizing LHV. Of the suitable
blends, 0.5%, or 608 blends, had a LHV within 2% of 36.7 MJ/kg. Blend #3B has a RON
of 111.0 but another 1293 blends, or 1.0% of all suitable blends, have a RON within 2%
of 111.0.
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4243 OPTIMAL BLEND COMPOSITION

All Suitable Blends The composition of each of the three

100 optimal blends (highest LHV, highest
RON, and highest PD) for each subset of
suitable blends (all, even, and eth+1) for
the E85 Alternate Scenario is shown in
Figure 4.20. The suitable blend with the
mi-but highest LHV is comprised of 40.0 v%
BOB+, 18.0 v% iso-propanol, 18.0 v%
iso-butanol, and 24.0 v% iso-pentanol.
The suitable blend with the highest RON
is comprised of 10.0 v% BOB+ and 90.0
v% iso-propanol. The suitable blend with
the highest PD is comprised of 10.0 v%

100 - Even Blends BOB+, 9.0 v% iso-propanol, 9.0 v% iso-

o]
]

[N
e}

M i-prop

N
(@]

M i-pent

Alcohol content [v%]
Do
(]

)

LHV RON PD

— butanol, and 72.0 v% iso-pentanol.
% 80 The even carbon number alcohols blend
g with the highest LHV is comprised of
g 60 mcth 38.0 v% BOB+ and 62.0 v% iso-butanol.
g = n-but The even carbon number alcohols blend
% 40 =i but with the highest RON is comprised of
< 20 11.0 v% BOB+, 62.3 v% ethanol, and
é’ ¥ n-hex 26.7 v% iso-butanol. The even carbon
0 number alcohols blend with the highest
LHY RON PD PD is comprised of 10.0. v% BOB+, 9.0
v% n-butanol, 72.0 v% iso-butanol, and

Eth+1 Blends 9.0 v% n-hexanol.

100 - The eth+1 blend with the highest LHV is
= comprised of 39.0 v% BOB+, 6.1 v%
> 80 ethanol, and 54.9 v% iso-butanol. The
e = eth eth+1 blend with the highest RON is
o 060 ¢ .
= _ comprised of 10.0 v% BOB+, 9.0 v%
. 40 WIprop  ethanol, and 81.0 v% iso-propanol. The
° mi-but eth+1 blend with the highest PD is
S 20 mipene  Comprised of 10.0 v BOB+, 18.0 v%
< ethanol, and 72.0 v% iso-pentanol.

0

LHV RON PD

FIGURE 4.20: COMPOSITION OF
OPTIMAL BLENDS IN E85
ALTERNATE SCENARIO
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The E85 Alternate Scenario blend targeted at maximizing energy content (#3A) achieves a
LHYV of 36.7 MJ/kg exceeding that of the reference fuel (E77) by 25% while maintaining
knock resistance and petroleum displacement. Slightly lower improvements can be
achieved when limiting to even carbon alcohols only or to blends of only ethanol and one
other alcohol.

The blend with the highest knock resistance (#3B) in the E85 Alternate Scenario achieves
a RON of 111.0 exceeding the RON target by 11.0% while simultaneously increasing
LHV by 5.7% and PD by more than 35%. If the alcohol selection is limited to even
alcohols only, the maximum achievable RON is 105.8 which still significantly exceeds the
RON target at constant energy content and a PD of 97.1. The Eth+1 blend achieves a
similar RON of 110.4 with LHV 4.4% above the RON target and PD 33.5% above the
reference fuel.

The E85 Alternate Scenario blend with the highest PD reaches an ethanol-equivalent
content of 122 v% while meeting the RON target and increasing the LHV by 18.5%.
When limited to even alcohols only, the maximum PD is reduced to 118.8 eth-v% at a
RON of 100.7 and an improvement in LHV of 16.1%. Finally, when limited to Eth+1
blends, a PD of 117.9 eth-v% is reached while having a RON of 100.6 and LHV of 33.8
M]/kg.

Detailed compositions of these and several other promising blends, including those that
utilize all alcohols as well as even alcohols only and blends of only ethanol and one other
alcohol, are listed in Appendix 7.6 with their relevant properties.
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TABLE 4.10: COMPARISON OF E85 ALTERNATE SCENARIO OPTIMAL
BLEND PROPERTIES TO REFERENCE FUELS

LHV RON PD
[M]/kg] [-] [eth-v%0]
Baseline 29.35 100 77.0
(fuel) (E77) (E77)
All 36.7 100.1 776
<< (25.0%) (0.1%) (0.8%)
(3]
‘_: E Even 36.6 100.0 80.8
= % (24.7%) (0.0%) (4.9%)
[P
m & 36.3 100.3 777
Eth+1 (23.5%) (0.3%) (0.8%)
All 31.0 111.0 104.2
@2 (5.7%) (11.0%) (35.3%)
(39]
#* O 29.4 105.8 97.1
ee] Even
S (0.2%) (5.8%) (26.1%
[P I
m & 30.6 110.4 102.8
Eth+1 (4.4%) (10.4%) (33.5%)
All 34.8 100.3 122.1
O~ (18.5%) (0.3%) (58.5%)
= Q
‘_: M Een 34.1 100.7 118.8
S X (16.1%) (0.7%) (54.3%)
2 E
|~ 338 100.6 117.9
Eth+1 (15.1%) (0.6%) (53.1%)
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4.2.5 GENERAL TRENDS

In all of the scenarios, and regardless of which blend property is being maximized,
replacing alcohol blend components with alcohols of the same carbon number but
different structure (for example, swapping iso-propanol for n-propanol) has negligible
effect on the blend properties. For many cases, replacing one of the alcohol components
with a different carbon number and/or structure alcohol also has negligible effect. This
can be seen when comparing the composition of the five best blends when maximizing
for each variable in each scenario, listed in the Appendix 7.6.

The largest gains from the use of higher alcohols are shown in the maximum PD blends
of each of the scenarios. These blends increase petroleum displacement to 53 to 101%
that of their reference fuel while matching energy content and knock resistance. These
results demonstrate that higher carbon number alcohol blends could greatly increase the
use of alternative fuels to meet the RFS2 standard while utilizing current engine
technologies.

The ability of higher alcohols to increase the energy content of a blend increases with
increasing total alcohol content. Improvements of only 2.0 to 2.9% were made in LHV for
the E10/E15 Alternate Scenario which has blends of total alcohol content between 10 and
20 v%. LHV improvements of 5.6 to 6.2% occur in the RFS2 Fuel Scenario where blends
have total alcohol content between 17 and 50 v%. The E85 Alternate Scenatio, which has
blends of total alcohol content between 51 and 90 v%, shows LHV gains of 23.5 to
25.0%.

Knock resistance can also be increased more with higher total alcohol content. RON gains
for the E10/E15 Alternate Scenario, which has the lowest total alcohol content blends,
are between 1.5 and 3.4%. RON gains in the E85 Alternate Scenario, which has the
highest total alcohol content blends, are between 5.8 and 11.0%.
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Figure 4.21, Figure 4.22, and Figure 4.23 illustrate the occurrence level of each alcohol in
the suitable blends of each scenario. The percentages in the “LHV” row are for the blends
with the highest LHV, percentages in the “RON” row are for the top RON blends, and
percentages in the “All” row are for all suitable blends. For example, in the E10/E15
Alternate Scenario (Figure 4.21), ethanol appears in 70% of all suitable blends (row All)
but only in 47% of the blends with the highest RON values (row RON) and 40% of the
blends with the highest LHV values (row LHYV). This means that ethanol can be used in
many blends that satisfy the requirements of the scenario, but that ethanol is replaced by
another alcohol when maximizing LHV or RON.

100%
90%
80%
70%
60% H ——F
50% = ——r1
40% - —
30% ——

20% | —— =

10% |- [ | r -
0% : . m = -

eth |n-prop| i-prop | n-but | i-but | n-pent | i-pent | n-hex

All 70% | 63% | 84% | 52% | 64% | 36% | 55% | 20%

LHV | 40% | 52% | 100% | 38% | 65% | 18% | 51% 7%
BRON/| 47% | 28% | 100% | 20% | 35% 6% 19% 2%

FIGURE 4.21: ALCOHOL OCCURRENCE IN E10/E15 ALTERNATE
SCENARIO SUITABLE BLENDS
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100%
90%
80%
70% H ————————————
60% H ——
50% = ——+1 —
40% H ——r —
30% — — — —

20% I: I: — I

10% — |
0% . ; — .

eth |n-prop| i-prop | n-but | i-but | n-pent | i-pent | n-hex

All 82% | 63% | 73% | 58% | 55% | 45% | 50% | 39%

LHV | 26% | 51% | 90% | 62% | 79% | 40% | 82% | 18%
BRON| 30% | 24% | 100% | 22% | 50% 7% 33% 0%

FIGURE 4.22: ALCOHOL OCCURRENCE IN RFS2 FUEL SCENARIO
SUITABLE BLENDS

The alcohol occurrence figures show that iso-propanol is, overall, the most popular
alcohol in each of the scenarios. Iso-propanol is used in 84%, 73%, and 77% of all of the
suitable blends in the E10/E15 Alternate, RFS2 Fuel, and E85 Alternate scenarios,
respectively. When maximizing for RON, iso-propanol becomes very dominant, occurring
in 100% of the top RON blends in each of the three scenarios. Iso-propanol is dominant
when maximizing for LHV as well, occurring in 90% or more of the top RON blends in

each scenatio.

Iso-butanol and iso-pentanol are also quite popular in each of the scenarios. Iso-butanol
and iso-pentanol increase in popularity when maximizing for LHV. For example, 55% of
all suitable blends in the RFS2 Fuel Scenario contain iso-butanol but 79% of the top LHV
blends contain it. This correlates to the properties of neat alcohols shown in Figure 2.5.

The iso- structure of each alcohol is more popular than its n- structure in all of the
scenarios. For example, n-butanol is used in 52% of all suitable blends, 20% of top RON
blends, and 38% of top LHV blends in the E10/E15 Alternate Scenatio while iso-butanol
is used in 64% of all suitable blends, 35% of top RON blends, and 65% of top LHV
blends. This trend is due to the slightly higher RON of the iso- structures while having the
same LLHV and PD as the n- structutes.
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Low occurrence of the highest carbon number alcohols, pentanol and hexanol, was
expected because of their low knock resistance. However, iso-pentanol was quite popular,
being used in nearly the same percentage of blends as n-propanol in each scenario. In
many cases, the higher LHV and PD of iso-pentanol made it a desirable blend component
despite its lower RON.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

eth | n-prop | i-prop | n-but | i-but | n-pent | i-pent | n-hex

m Al 71% 64% T7% 54% 64% 39% 55% 24%
LHV | 0% 5% 95% 16% 84% 0% 79% 0

B RON| 13% 6% 100% | 15% 62% 1% 34% 0%

FIGURE 4.23: ALCOHOL OCCURRENCE IN R85 ALTERNATE SCENARIO
SUITABLE BLENDS
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4.3 TARGET VALUE SENSITIVITY

To explore how the criteria target values effect the composition of the optimal blends, the
highest LHV suitable blend was identified for a sweep of RON target values while all
other criteria targets remained the same. While the composition of only one top blend is
plotted here, there are many blends that have very similar LHV and could therefore be
considered the best blend. The plots in this section show the composition of the blend
with either the highest LHV or RON for a certain value of the minimum LHV or
minimum RON criteria target. The composition of each blend is read vertically at each x-

axis value.

For example, to generate Figure 4.24, first the RON criteria target is set to 89 while all
other criteria are as listed in Table 4.5. All of the blends that meet the criteria are sorted by
LHV. The blend with the highest LHV that meets all of the criteria is 1.1 v% n-butanol,
5.5 v% iso-butanol, and 4.4 v% n-hexanol with BOB. These concentrations are all plotted
at an x-axis value of 89. Then the RON criteria target is changed to 89.5 and the process is
repeated.

The target value sweep plots, Figure 4.24 through Figure 4.29, also show the LHV and/or
RON values of the reference fuel(s) for each of the scenarios as a black vertical line. For
example, the two black vertical lines shown in Figure 4.24 are at 92.4, the RON of E10,
and 94.0, the RON of E15.

Figure 4.24 shows the effect of RON target value on the best LHV blend composition in
the E10/E15 Alternate Scenario. At a RON target of 92 (blend must have a RON of 92
or higher), the blend that has the highest LHV while meeting all of the other scenario
criteria listed in Table 4.5 is 3.9 v% iso-propanol and 9.1 v% iso-butanol mixed with BOB.
When the RON target increases to 95 the highest LHV suitable blend is 19 v% iso-
propanol with BOB. The plot ends at the maximum RON achieved in the scenario, 95.5,
with 19.0 v% iso-propanol with BOB (blend #1B).

As the minimum acceptable RON increases, the highest carbon number alcohols, which
have poor RON, are replaced with those lower in carbon number. The same behavior is
seen in the RFS2 Fuel Scenario, shown in Figure 4.26. At a RON target of 94, the top
LHYV blend is 6.3 v% iso-propanol and 14.7 v% iso-butanol with BOB. The maximum
RON achieved in the scenario, 99.6, is a blend of 33 v% iso-propanol and BOB (blend
#2B).
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In both the E10/E15 Alternate and RFS2 Fuel Scenarios, once the RON target is
sufficiently high the optimal blend becomes just iso-propanol with BOB because iso-
propanol has the highest RON of all of the alcohols. As the RON target continues to
increase, the concentration of iso-propanol increases to meet the RON target until the
amount of iso-propanol causes the blend to fail one of the other criteria. At that point
there are no suitable blends and RON targets of that value or higher cannot be reached.
This occurs at a RON target value equal to the maximum RON achieved in each scenario.
Ethanol is not utilized in either scenario because iso-propanol has similar properties with
higher RON.

Figure 4.25 shows the effect of LHV target value on the best RON blend composition in
the E10/E15 Alternate Scenatio. For LHV target values of 39.5 to 40.25 MJ /kg, the blend
with the highest RON is 2.3 v% ethanol, 4.6 v% iso-propanol, 2.3 v% n-butanol, 11.5 v%
iso-pentanol, and 2.3 v% n-hexanol mixed with BOB. As the value of the of LHV target
increases past 40.25 M]J/kg, the higher number alcohols (pentanol and hexanol) are
replaced with lower number ones (propanol and butanol).

The same general trend appears in the blends with the highest RON for each LHV target
value for the RFS2 Fuel Scenario shown in Figure 4.27. At a LHV target value of 37
M]/kg, the blend with the highest RON that still meets all of the other scenatio critetia
targets is 22.0 v% ethanol, 4.4 v% n-propanol, and 17.6 v% n-hexanol mixed with BOB.
At a LHV target value of 39.5 MJ/kg, the blend with the highest RON is 12.0 v% iso-
propanol, 9.0 v% n-butanol, and 9.0 v% n-hexanol mixed with BOB.
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FIGURE 4.24: EFFECT OF CHANGING RON TARGET VALUE ON
OPTIMAL LHV BLEND FOR E10/E15 ALTERNATE SCENARIO
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FIGURE 4.25: EFFECT OF CHANGING LHV TARGET VALUE ON
OPTIMAL RON BLEND FOR E10/E15 ALTERNATE SCENARIO
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FIGURE 4.26: EFFECT OF CHANGING RON TARGET VALUE ON
OPTIMAL LHV BLEND FOR RFS2 FUEL SCENARIO
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FIGURE 4.27: EFFECT OF CHANGING LHV TARGET VALUE ON
OPTIMAL RON BLEND FOR RFS2 FUEL SCENARIO
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FIGURE 4.28: EFFECT OF CHANGING RON TARGET VALUE ON
OPTIMAL LHV BLEND FOR E85 ALTERNATE SCENARIO
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FIGURE 4.29: EFFECT OF CHANGING LHV TARGET VALUE ON
OPTIMAL RON BLEND FOR E85 ALTERNATE SCENARIO
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5 OPTIMAL BLEND PERFORMANCE

Alcohol Metric Blend Blend
Selection Development Comparison Testing

Chapter 5 details the experimental assessment of multi-component blends identified in
Chapter 4. Multi-component blends selected to represent the optimal blends identified for
each scenario were tested in a multi-cylinder gasoline direct injection (GDI) engine.
Efficiency, emissions, and performance results collected from operating the engine on
these blends are compared to baseline results gained with reference fuel (EEE), a
blendstock for oxygenate blending (BOB), and several gasoline-ethanol blends.

Contents of this Chapter

5.1 Blends Tested
5.2 Combustion Properties

5.3 Emissions

5.4 Spark Timing Sweeps
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5.1 BLENDS TESTED

Since the calculations described in Chapter 4 were not yet complete before engine testing
of multi-component blends was scheduled to occur, the exact optimal blends from each
scenario could not be tested. Instead, multi-component blends were chosen based on
preliminary calculations to represent the trends of the identified optimal blends for each
scenario. The multi-component blends chosen for engine testing are summarized in Table
5.1 with their calculated RON wvalue. In addition to testing 8 multi-component blends,
EEE, BOB, and several gasoline-ethanol blends (E10, E15, E25, E50, and E77) were
tested.

The Blend ID given in Table 5.1 correlates to the scenario and subset for which it would
be the optimal blend. For example, blend “1A (all)” represents the blend from the
E10/E15 Alternate Scenatio that has the highest LHV (“A” signifies LHV optimization)
of all suitable blends and blend “2B (even)” represents the blend from the RFS2 Fuel
Scenario that has the highest RON (“B” signifies RON optimization) of the “even” subset
of suitable blends.

TABLE 5.1: MULTI-COMPONENT BLENDS USED IN ENGINE TESTING

BOB  eth i-prop i-but i-pent n-hex | RON
Blend ID [ o0/ [y [IV)O/O]p [v%4] [5%] [v%4] [-]
EEE 97.1
BOB 100 88.6
E10 90 10 92.4*
E15 85 15 94, 0%
E25 75 25 96.7*
E50 50 50 101.7%
E77 77 23 105.2*
1A (all) 87 6.5 5 1.5 92,4
1B (all) 80 18 2 95.6*
2B (all) 67 33 99.6*
1C (all) 77.5 2 9 7 45 92.7*
1B (even) | 83 12 5 94, 0%
2B (even) | 69 15.5 15.5 96.7*
2C (all) 65.5 7 20.5 7 96.7*
3A (all) 40 18 18 24 100.3*

*Values are calculated using the methods outlined in Section 4.1.
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5.2 COMBUSTION PROPERTIES

Figure 5.1 shows the brake thermal efficiency (BTE) results for the blends from the
E10/E15 Alternate Scenario. BOB and EEE are also shown in this plot for reference.
BTE is defined as the power output of the engine divided by the fuel energy provided to
the engine and is calculated with Equation 1. Therefore, differences in energy content of
the different fuels used in these tests are already accounted. As can be seen, the achievable
efficiencies are generally similar for all of the blends.

One of the main factors influencing the efficiency of a SI engine is the combustion
phasing [90]. Figure 5.2 compares the combustion phases expressed as location of 50% of
the fuel Mass Fraction Burned (MFB50%) for the blends from the E10E15 Alternate
Scenario. The MFB50% point is the crank angle location at which half of the fuel in the
combustion chamber has been consumed. As a general guideline, peak efficiency is
typically achieved at a combustion phasing of MFB50% around 6 to 10 crank angle
degrees after top dead center (PATDC) [90].

The two 4 bar operating points show similar BTE and consistent combustion phasing in
the optimal region (6-10°ATDC) for all of the blends. The efficiencies for blend 1A (all)
are slightly below the other fuels. The two 8 bar operating points show uniform
efficiencies for all fuels except BOB. This is due to the reduced knock resistance of BOB
(RON of 88.6) compared to the other fuels.

Reduced knock resistance causes the engine control unit (ECU) to retard spark timing to
avoid knock. This causes a delayed MFB50% location. The retarded spark timing also
results in slower combustion which is apparent from the extended combustion duration
for BOB at both of the 8 bar points as shown in Figure 5.7. Figure 5.2 also shows the
retarded combustion phasing for all fuels at the 1500 rpm, 8 bar point. This is due to the
engine’s conservative ECU calibration to avoid knock which is most critical at low speed,
high load conditions.

The largest variations in efficiency can be observed at the 1500 rpm, 2.62 bar operating
point. This point was the first in the test sequence upon completion of the engine warm-
up period. The differences between fuels at this point are likely due to slower combustion
caused by slight differences in the engine thermal conditions and not necessarily
attributable to a specific fuel. This hypothesis is also supported by the large errors bars in
BTE on the first of the two data sets in Figure 5.1. This is particularly pronounced for
BOB, E10, E15 and 1A (all) at 1500 rpm, 2.62 bar.
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FIGURE 5.1: BTE OF E10/E15 ALTERNATE SCENARIO MULTI-
COMPONENT BLENDS
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Figure 5.3 and Figure 5.4 compare the BTE and combustion phasing (MFB50%) results
for the reference fuels and blends for the RFS2 Fuel Scenario. Figure 5.5 and Figure 5.6
compare BTE and MFB50% results for the E85 Alternate Scenario. Both show similar
results to those of the E10/E15 Alternate Scenario. The variations at the lowest load point
(1500 rpm, 2.62 bar) are again more pronounced; in particular for the E10 and E15
reference fuels due to thermal conditions. Engine efficiencies at the higher load and speed
points are consistent between the reference gasoline-ethanol blends and tested multi-
component alcohol blends. Combustion phasing for the reference fuels and multi-
component blends is consistent for all operating conditions and no knock related delay of
combustion phasing beyond the base engine calibration is observed.
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The conclusion that the reference fuels and multi-component blends exhibit similar
combustion behavior is further supported by the combustion duration and combustion
stability plots. These are shown in Figure 5.7 and Figure 5.8 for the E10/E15 Alternate
Scenario; Figure 5.9 and Figure 5.10 for the RFS2 Fuel Scenario; and Figure 5.11 and
Figure 5.12 for the E85 Alternate Scenario. For each of the scenarios, combustion
duration is consistent except at the 1500 rpm, 2.62 bar operating point due to the
aforementioned differences in the thermal conditions. The thermal conditions also
contribute to the slightly deteriorated combustion stability results shown at that operating

point.

Combustion duration of each blend at each operating point is given in Figure 5.7, Figure
5.9, and Figure 5.11. Combustion duration is the difference between the crank angle
location of MFB10% and MFB90%. A larger duration suggests a slower, less efficient
combustion. Combustion stability is determined using the coefficient of variation (COV)
of the Indicated Mean Effective Pressure (IMEP), shown in Figure 5.8, Figure 5.10, and
Figure 5.12 for each blend at each operating point. COV is defined as the standard
deviation of IMEP over a number of combustion cycles divided by the average IMEP.
Reduced COV translates to more stable combustion. Typical COV values are below 5%
[70].

Comparing the combustion duration and the combustion stability further supports the
conclusion that combustion of reference fuels and the tested multi-component blends are
similar under comparable operating conditions. Both combustion duration and COV are
comparable for all fuels for comparable operating conditions. The increased combustion
duration as a result of lower engine temperatures for the 1500 rpm, 2.62 bar (E10 and
E15) case as well as the increased combustion duration due to delayed phasing for BOB at
the two 8 bar points can be clearly seen in Figure 5.7. The resulting decrease in
combustion stability is apparent in Figure 5.8. Similar results are shown for the other

scenatios.
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5.3 EMISSIONS

Figure 5.13, Figure 5.14, and Figure 5.15 show the carbon dioxide (CO,) emissions for the
reference fuels and blends for each of the three scenarios. CO, emissions atre a result of
complete combustion. The magnitude of CO, emissions depends on the engine efficiency
as well as the hydrogen-to-carbon (H/C) ratio of the fuel [70]. Engine efficiency, shown in
Figure 5.1, Figure 5.3, and Figure 5.5, does not vary significantly for the blends tested. The
H/C ratio of gasoline (EEE and BOB) is 1.87, while the H/C ratios of the alcohol blends
are between 2.05 and 2.1.

The increased H/C ratio of the alcohol blends favors the production of H,O over CO,,
and thus is not sufficient to dramatically change CO, emissions [70]. Therefore, CO,
emissions are generally indirectly proportional to the engine efficiency results for each
fuel. This inverse trend is most cleatly visible with the increased CO, emissions of BOB at
the 1500 rpm, 8 bar operating point.

Figure 5.16, Figure 5.17, and Figure 5.18 show the nitrogen oxides (NO,) emissions for
the reference fuels and blends for each of the three scenarios. NO, emissions are equal
among the ethanol and multi-component alcohol blends and are generally lower than
those for the EEE reference case likely due to increased heat of vaporization.

Nitrogen oxides are formed from the oxygen and nitrogen present in the air during
combustion. NO, formation is strongly dependent upon cylinder temperature but is also
dependent upon air-to-fuel ratio (AFR) [70]. As can be seen in the figures, NO, emissions
are highly dependent on engine speed conditions. A general trend of slightly reduced NO,
emissions with all alcohol blends compared to the EEE reference fuel can be observed
which is likely due to the increased heat of vaporization which results in reduced cylinder
temperatures. Differences between the blends are likely due to changes in combustion
phasing rather than fuel composition itself [70].

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



151

BOB [WEEE = E10 [ME15 | 1A@l) [T1B@y) WliCEl) EiB(even)
1100
1050
1000
950
900
850

1 ].I
1
800 - 11 I1 Bt
750 I[HI I g I
700 T
600 + — . - —n3

1500 rpm 1500 rpm 1500 tpm 3000 rpm 3000 rpm
2.62 bar 4 bar 3 bar 4 bar 3 bar

FIGURE 5.13: CO, EMISSIONS OF E10/E15 ALTERNATE SCENARIO
MULTI-COMPONENT BLENDS

CO; [g/kWh]
=1

=1

EEE | E10 [E15 HE2 [ 2B(all) [l?B(even) H2C@1)
1100 -
1050
1000
950 ]
900 ||
850
800 I

it iz
I 1
750 F #5 PRt
700 1 =T
630 I]
600 . o e e 1

1500 rpm 1500 rpm 1500 rpm 3000 rpm 3000 rpm

CO; [g/KkWh]

2.62 bar 4 bar 8 bar 4 bar 3 bar
FIGURE 5.14: CO, EMISSIONS OF RFS2 FUEL SCENARIO MULTI-
COMPONENT BLENDS

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



152

EEE [E0 HE77T BB3AGRY

1100
1050 ¢
1000 -
950 -
900
850

800 ll LI

750 | 11 —

700 - zs

d L1l ™

1500 rpm 1500 rpm 1500 rpm 3000 rpm 3000 rpm

CO;y [g/kWh]

=]

2.62 bar 4 bar 3 bar 4 bar 8 bar
FIGURE 5.15: CO, EMISSIONS OF E85 ALTERNATE SCENARIO MULTI-
COMPONENT BLENDS

BOB [ EEE  E10 ME15  1A@ll) | 1B@l) [HCEl) El1B(even)
20
18 -

] i

I uﬂl |
| } 11111 I I{III lll

1500 rpm 1300 tpm 1500 rpm 3000 tpm 3000 rpm
2.62 bar 4 bar 8 bar 4 bar 8 bar

FIGURE 5.16: NOy EMISSIONS OF E10/E15 ALTERNATE SCENARIO
MULTI-COMPONENT BLENDS

NO, [g/kWh]
= B B

= k2 e o oo

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



153

EEE E10 [E1; E2  2BGll) [2B(even) Wl2CGI)
20
18
16 7

14 l[ [ Hll Tiigd|
12 1

| e i :
alll

1500 rpm 1500 rpm 1500 rpm 3000 rpm 3000 rpm

NO, [g/1Wh]
=

L= S

262 bar 4 bar 3 bar 4 bar 8 bar
FIGURE 5.17: NOy EMISSIONS OF RFS2 FUEL SCENARIO MULTI-
COMPONENT BLENDS

EEE [lEs0 HET kAR

20
18 1

16 1 -r-‘
14

12 4 - et !
10 - - |
o I
— H

1500 rpm 1500 rpm 1500 rpm 3000 rpm 3000 rpm

NO, [g/KWh]

L= R LA

2.62 bar 4 bar 8 bar 4 bar 8 bar
FIGURE 5.18: NOy EMISSIONS OF E85 ALTERNATE SCENARIO MULTI-
COMPONENT BLENDS

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



154

Figure 5.19, Figure 5.20, and Figure 5.21 show the carbon monoxide (CO) emissions for
the reference fuels and blends for each of the three scenarios. CO emissions represent
partially burned components and are strongly dependent on AFR. The Hyundai engine
uses a closed loop feedback to tightly control AFR to stoichiometric conditions. CO
emissions are relatively consistent for all of the blends because of the closely maintained
AFR. No significant trends in CO emissions as a function of fuel properties were
observed. Sensitivity to AFR is likely the dominant factor for the variability at certain load
conditions.

Figure 5.22, Figure 5.23, and Figure 5.24 show the uncorrected hydrocarbon (HC)
emissions for the reference fuels and blends for each of the three scenarios. HC emissions
represent unburned fuel in the exhaust and are, just like CO emissions, highly dependent
on AFR. Flame lonization Detectors (FID), which were used to measure the amount of
unburned hydrocarbon in the engine exhaust, are known to have reduced sensitivity to
oxygenated hydrocarbon constituents [91]. When burning oxygenate blends in excess of
25 v%, the U.S. Code of Federal Regulations (CFR) requires measurement of the
appropriate alcohols and aldehydes for certification-type testing [92].

As seen in the figures, HC emissions for the alcohol blends are generally equal or lower
than those of the reference fuels. However, the differences are likely due to changes in
FID analyzer sensitivity rather than actual changes in the concentration of unburned
hydrocarbons. Given that the total alcohol concentration of the E10/E15 Alternate
Scenario blends do not exceed 25 v%, a correction of the hydrocarbon emissions is not
required. A correction would be required for blends from the RFS2 Fuel and ES85
Alternate scenarios.
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5.4 SPARK TIMING SWEEPS

In addition to operating the engine at the predefined engine speed and load points listed in
Table 2.6 with the stock ECU calibration, a spark sweep was performed to quantify each
fuel’s knock resistance characteristics. These tests were performed at 1500 rpm and
constant throttle conditions resulting in an engine load of approximately 8 bar BMEP for
the best torque conditions. Since neither throttle position nor fueling was adjusted when
changing the spark timing, the actual engine load changes. This test most closely resembles
a vehicle acceleration where fuel knock tendencies would limit engine performance and
efficiency.

Spark timing was adjusted starting from very late phasing until either knocking
combustion was encountered or peak efficiency (or peak torque) was exceeded. The spark
timing at which the highest efficiency (or torque) is achieved is also known as Maximum
Brake Torque (MBT) spark timing. Rather than plotting results as a function of spark
timing, the combustion phasing is calculated from the measured pressure traces and
results are plotted as a function of 50 % Mass Fraction Burned (MFB50%0) location.

Figure 5.25 and Figure 5.26 show the results of the spark timing sweeps of the fuels
associated with the E10/E15 Alternate Scenario. Figure 5.27 and Figure 5.28 pertain to
the RIFS2 Fuel Scenario and Figure 5.29 and Figure 5.30 pertain to the E85 Alternate
Scenario. All three scenatios show similar trends.

BTE increases as the combustion phasing is advanced. The left-most point in each BTE
plot (the point with the numerically lowest MFB50%) indicates the combustion phasing at
which the knocking combustion limit is reached. A combustion event is counted as a
knocking cycle if the peak magnitude of the hi-pass filtered (4000 Hz) cylinder pressure
trace exceeds 0.2 bar. The RON of each fuel is indicated in the legend of each plot.
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Due to the low knock resistance of BOB (88.6 RON), combustion phasing no eatlier than
25°ATDC can be achieved resulting in a peak BTE of less than 34 % at this particular
operating point (1500 rpm, 8 bar). The general trend of increasing efficiency with
advanced combustion phasing is consistent for all of the blends, and all fuels show
knocking combustion before the efficiency peak is achieved. Even the EEE reference fuel,
which has the highest knock resistance of all of the blends in this scenario, is limited by
engine knock.

Knock occurrence frequency is plotted against combustion phasing in Figure 5.26. As
combustion phasing is advanced, the number of knocking cycles increases. While the
knock-limited combustion phasing is higher for blends with higher RON, the order is not
quite exactly as anticipated from the calculated RON values. The knock occurrence
frequency of EEE, E15, and 1B (even) are almost identical although the calculated (as
described in Section 4.1) RON values of E15 and 1B (even) are 94.0 and the RON of
EEE is 97.1. A similar observation is made with blends 1A (all) and 1B (all).

Figure 5.28 shows the knock resistance of the RFS2 Fuel Scenario test blends compared
to the respective reference fuels. The overall BTE trends observed as a function of
combustion phasing are consistent for all of the blends. As noted previously, BOB, as well
as E10 and E15, are limited by occurrence of knocking combustion before the efficiency
peak is achieved. As illustrated by the flattening efficiency curve for E25, peak efficiency
can be achieved with the higher level ethanol blend as well as the 2B (all) and 2B (even)
blends.

When comparing the knock occurrence frequency trends, it is apparent that the 2B (all)
and 2B (even) blends are similar to E25. While this is expected for the 2B (even) blend
with a calculated RON of 94.1 (E25 has a calculated RON of 93.3), the higher calculated
RON of the 2B (all) blend (96.5) is not reflected in the engine results. Additionally, blend
2C (all), which has a calculated RON of 93.5, performs similarly to EEE which has a
RON of 97.1 and E15 which has a calculated RON of 91.4.

Figure 5.29 and Figure 5.30 show the efficiency trends and knock occurrence frequency as
a function of combustion phasing for the E85 Alternate Scenario. The combustion
phasing for both ethanol blends can be advanced well before MBT conditions without
causing knock. Despite the almost identical calculated RON for the 3A (all) blend and
E50, the observed knock resistance is not as high as the predicted value. In addition, the
peak efficiencies with advanced spark timing reach 38% while the measured efficiencies
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with spark timing based on engine calibrations, shown in Figure 5.5, are limited to less
than 34% with a combustion phasing of 25°ATDC.
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6 PROJECT SUMMARY AND SIGNIFICANT FINDINGS

Chapter 6 contains a summary of each phase of the project: Alcohol Selection, Metric
Development, Blend Comparison, and Blend Testing. An overview of the results of each
phase is also given, including which alcohol isomers were chosen for testing, which metric
were chosen by which to compare fuel blends, which blends were identified as optimal
using the property prediction methods, and how those optimal blends behaved in a SI
engine.

Contents of this Chapter

6.1 Alcohol Selection
6.2 Metric Development

6.3 Blend Comparison
6.4 Blend Testing
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6.1 ALCOHOL SELECTION

Ethanol, n-propanol, iso-propanol, n-butanol, iso-butanol, n-pentanol, iso-pentanol, and
n-hexanol wete 50/50 splash blended with a BOB to create eight test fuels. These fuels
were tested in a SIDI engine along with certification gasoline at five steady-state test
points.

At all operating points the spark timing for eth50, nprop50, iprop50, nbut50, ibut50, and
ipent50 are within 2° of EEE. Npent50 and nhex50 have retarded spark timing at high
loads because of engine knock. Nhex50 could not be tested at the high load operating
points (8 bar BMEP) because of severe engine knock.

Cylinder pressure and ROHR traces show slight differences in the alcohol fuels. Fuels
composed of the n- structure alcohols have the highest cylinder pressures and ROHRs.
Peak cylinder pressure and ROHR decrease with decreasing carbon number of the alcohol
constituent. Peak cylinder pressure and ROHR is related to the flame speed of the fuel,
which is higher for the n- structure alcohol fuels as compared to the iso- structure fuels.

At each operating point the MFB50% location for eth50, nprop50, iprop50, nbut50,
ibut50, and ipent50 are approximately equal. The MFB50% of npent50 and nhex50 are
approximately equal to the other fuels at low load (2.62 bar BMEP), but occur later at
medium and high loads (4 and 8 bar BMEP).

Engine efficiency generally decreases with increasing alcohol carbon number. The fuels
composed of iso- structure alcohols tend to have higher efficiency than those composed
of the n- structure alcohols of the same carbon number. At each operating point the
efficiency of each alcohol fuel is within a few percent of EEE.

None of the alcohol fuels show a dramatic change from EEE in any of the emissions at
any of the operating points. CO, emissions generally increase with carbon number among
the alcohol fuels. All of the alcohol fuels have lower NO_ and HC emissions than EEE at
all operating points (with the exception of a few alcohols at low load).

While most of the alcohols in this study do not significantly degrade engine performance
or emissions at a 50 v% blend level, the poor knock resistance of higher carbon number
alcohols, specifically hexanol and n-pentanol, may render them inadequate as SI engine
fuel components. However, the use of pentanol and hexanol in SI engine fuels at low
blend levels could be advantageous in terms of boosting energy content or petroleum

displacement.
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6.2 METRIC DEVELOPMENT

The RFS2 requires an increase in the use of advanced biofuels up to 36 billion gallons by
2022. Higher carbon number alcohols could be used in gasoline-alcohol blends to meet
this demand. These alcohols can also improve the energy content, knock resistance,
and/or petroleum displacement of gasoline-alcohol blends compared to traditional
ethanol blends such as E10 while maintaining desired and regulated fuel properties.

The knock resistance, energy content, and vapor pressure of eight neat alcohols was
measured and trends were identified. Knock resistance peaks at propanol (carbon number
3) and drastically decreases with increasing carbon number. Energy content is linearly
related to carbon number, with hexanol (carbon number 6) being the highest and ethanol
(carbon number 2) being the lowest. Vapor pressure is also linearly related to carbon
number, but increases with decreasing carbon number.

A scenario approach was adopted to set criteria for identifying gasoline-alcohol blends
that are potential alternative fuels. The scenario approach allows for an overall fuel
objective to be defined and criteria targets specific to that objective to be chosen. Criteria
target values are derived from industry standards, government legislation, consumer
expectations, and engine requirements.

The objective of the E10/E15 Alternate Scenario is to identify multi-component blends
that could be used in current engines and offer higher petroleum displacement, knock
resistance, and/or energy content than E10/E15 while adhering to industry standards and
consumer expectations. The objective of the RFS2 Fuel Scenario is to identify blends that
contain an ethanol-equivalent alcohol volume that meets the RFS2 requirement in addition
to most of the considerations referenced in the E10/E15 Alternate Scenario. The
objective of the E85 Alternate Scenario is to identify high-level gasoline-alcohol blends
with high knock resistance (RON = 100) that reduce the range penalty of E85 when
compared to gasoline.
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6.3 BLEND COMPARISON

Methods to predict the properties of multi-component gasoline-alcohol blends were
adapted from literature. A blend’s distillation profile is obtained from merging the
blendstock’s profile with the alcohols’ boiling points and concentrations. The knock
resistance of a blend can be estimated with the octane numbers and molar concentrations
of each component. Vapor pressure is approximated from experimental data of ethanol
blends and extrapolated for the other alcohols.

The property prediction methods were used to calculate the density, energy content
(LHV), HoV, oxygen content, knock resistance (RON), RVP, distillation index, and
ethanol equivalence of over one million blends. Blends that satisfied each of the three
scenario’s criteria were identified as suitable. Within each set of suitable blends, the blends
that maximized energy content, knock resistance, and petroleum displacement were
identified as optimal blends.

Optimal blends, those that maximize energy content, knock resistance, or petroleum
displacement, were also found for two additional subsets of suitable blends: those that
contain only even carbon number alcohols, and those that contain only ethanol and one
other alcohol. In total, nine optimal blends were found for each of the three scenarios. All
27 optimal blends are listed in Table 6.1.

The largest gains from the use of higher alcohols are shown in the maximum PD blends
of each of the scenarios. These blends increase petroleum displacement to 53 to 86% that
of their reference fuel while matching energy content and knock resistance. These results
demonstrate that higher alcohol blends could greatly increase the use of biofuels to meet
the RS2 standard while utilizing current engine technologies.

The ability of higher alcohols to increase the energy content of a blend increases with
increasing total alcohol content. Improvements of only 2.0 — 2.9% were made in LHV for
the E10/E15 Alternate Scenario, while improvements of 5.6 — 6.2% occur in the RFS2
Fuel Scenario, and gains of 23.5 — 25.0% occur in the E85 Alternate Scenario which has
blends with higher total alcohol content (greater than 50 v%) than the blends of the other
two scenarios (less than 50 v%o).

Knock resistance can also be increased more with higher total alcohol content. RON gains
for the E10/E15 Alternate Scenario, which has the lowest total alcohol content blends,
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are between 1.5 and 3.4%. RON gains in the E85 Alternate Scenario, which has the
highest total alcohol content blends, are between 5.8 and 11.0%.

Additional calculations were done to examine the effects of the criteria target values on
optimal blend composition. For example, the minimum RON target value for the
E10/E15 Alternate Scenatio was changed from 92.4 to 93 and the new optimal blends
were found. This was repeated for a range of RON target values and then again for a
range of LHV target values. Through this process, the effect of changing criteria target
values on optimal blend composition can be seen.

As the minimum acceptable RON increases, the highest carbon number alcohols, which
have poor RON;, are replaced with those lower in carbon number. In each of the
scenarios, once the RON target is sufficiently high the optimal blend becomes just iso-
propanol with BOB because iso-propanol has the highest RON of all of the alcohols. As
the RON target continues to increase, the concentration of iso-propanol increases to meet
the RON target until the amount of iso-propanol causes the blend to fail one of the other
criteria.

As the minimum acceptable LHV increases, the lower carbon number alcohols are
replaced with higher ones because energy content increases with carbon number. This
continues until the low RON of the higher alcohols causes the blends to fail the scenario’s
RON target.
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TABLE 6.1: OPTIMAL BLENDS OF EACH SCENARIO

Subset of Suitable Blends

All Even Eth + 1
Max | 87.0 v% BOB 86.0 v% BOB 86.0 v% BOB
.2 | LHV | 6.5 v% iso-propanol 5.6 v% ethanol 5.6 v% ethanol
S 5.2 v% iso-butanol 1.4 v% n-butanol 8.4 v% iso-butanol
;Jd 1.3 v% iso-pentanol 7.0 v% iso-butanol
& | Max | 81.0 v% BOB 85.0 v% BOB 82.0 v% BOB
g RON | 19.0 v% iso-propanol ~ 13.5 v% ethanol 1.8 v% ethanol
i 1.5 v% iso-butanol 16.2 v% iso-propanol
n
@ | Max | 77.0 v% BOB 79.0 v% BOB 79.0 v% BOB
§ PD | 4.6 v% iso-propanol 2.1 v% ethanol 6.3 v% ethanol
a) 11.5 v% n-butanol 10.5 v% n-butanol 14.7 v% 1so-pentanol
6.9 v% iso-pentanol 8.4 v% iso-butanol
Max | 80.0 v% BOB 80.0 v% BOB 80.0 v% BOB
LHV | 6.0 v% iso-propanol 2.0 v% ethanol 6.0 v% ethanol
2.0 v% n-butanol 8.0 v% n-butanol 14.0 v% iso-pentanol
g 12.0 v% iso-pentanol  10.0 v% iso-butanol
% Max | 67.0 v% BOB 67.0 v% BOB 68.0 v% BOB
& | RON | 33.0 v% iso-propanol  13.2 v% ethanol 3.2 v% ethanol
E 19.8 v% iso-butanol  28.8 v%o iso-propanol
o
% Max | 63.0 v% BOB 63.0 v% BOB 63.0 v% BOB
~ | PD | 11.1 v% ethanol 7.4 v% ethanol 7.4 v% ethanol
14.8 v% n-butanol 29.6 v% n-butanol 29.6 v%o n-butanol
3.7 v% n-pentanol
7.4 v% n-hexanol
Max | 40.0 v% BOB+ 38.0 v% BOB+ 39.0 v% BOB+
LHV | 18.0 v% iso-propanol  62.0 v% iso-butanol 6.1 v% ethanol
2 18.0 v% iso-butanol 54.9 v% iso-butanol
% 24.0 v% iso-pentanol
A | Max | 10.0 v% BOB+ 11.0 v% BOB+ 10.0 v% BOB+
2 | RON | 90.0 v% iso-propanol  62.3 v% ethanol 9.0 v% ethanol
g 26.7 v%o iso-butanol  81.0 v% iso-propanol
; Max | 10.0 v% BOB+ 10.0 v% BOB+ 10.0 v% BOB+
= | PD | 9.0v% iso-propanol 9.0 v% n-butanol 18.0 v% ethanol
9.0 v% iso-butanol 72.0 v% iso-butanol  72.0 v% iso-pentanol
72.0 v% iso-pentanol 9.0 v% n-hexanol
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6.4 BLEND TESTING

Multi-component blends were chosen to represent the optimal blends of each scenario for
each subset of suitable blends. They were then engine tested for combustion
characteristics, emissions, and performance. EEE, BOB, E10, E15, E25, E50, and E77
were also tested as reference fuels. In addition to operating the engine at the predefined
engine speed and load points with the stock calibration, a spark sweep was performed to
quantify each fuel’s knock resistance characteristics. These tests were performed at 1500
rpm at constant throttle conditions resulting in an engine load of approximately 8 bar
BMEP for the best torque conditions.

As illustrated by combustion duration and combustion stability, the combustion of the
reference fuels for each of the three scenarios and the multi-component blends for each

scenario are similar under comparable operating conditions.

A general trend of slightly reduced NOx emissions with all alcohol blends compared to
the EEE reference fuel can be observed; but this is likely due to the increased heat of
vaporization which results in reduced cylinder temperatures. Differences between the
blends are likely due to changes in combustion phasing rather than fuel composition itself.
Overall, the emissions of multi-component alcohol blends from each scenario are
comparable to the reference fuels for each scenario.

While the knock-limited combustion phasing is higher for blends with higher RON, the
order is not quite exactly as anticipated from the calculated RON wvalues. This occurs for
each of the three scenarios and suggests that the RON prediction method utilized is not
quite accurate.
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7 APPENDICES

Additional data and information pertaining to the project is provided here.

Contents of this Chapter

7.1 Detailed Project Timeline
7.2 Alcohol Isomer Properties

7.3 Neat Alcohol Analytical Testing Results

7.4 Engine, Dynamometer, and Test Cell Setup

7.5 Blendstock Properties

7.6 Blends Similar to the Optimal Blends of Each Scenario
7.6.1 E10/E15 Alternate Scenario
7.6.2 RFS2 Fuel Scenario
7.6.3 E85 Alternate Scenario

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer



184

7.1 DETAILED PROJECT TIMELINE

October ‘11

Project begins and Kiristina begins working at ANL.

“Determine whether a certain blend of gasoline with ethanol, as well
as higher alcohols, could provide a fuel with properties superior to
those of traditional gasoline-ethanol blends” is set as the project goal.

Literature review is conducted to find the chemical properties of
alcohol isomers with carbon number 2 through 8.

The most important chemical and engine-related properties for this
project are identified.

November ‘11

N- and iso- structures of alcohols through carbon number 6 are
chosen for further investigation.

50/50 blends of each chosen alcohol are tested in a SIDI engine.

December ‘11

50/50 blends of each chosen alcohol are tested in a SIDI engine.

January ‘12 50/50 blends of each chosen alcohol are tested in a SIDI engine.

February ’12 — | Data analysis continued.

March ‘12

April ‘12 Phase 1 Progress Report submitted to the Iowa Corn Promotion
Board (funder of the project work done at ANL).

May ’12 — Data analysis continued.

November ‘12

December 12 | Phase 2 Progress Report submitted to the Iowa Corn Promotion
Board (funder of the project work done at ANL).

January 13 Data analysis continued.

February ‘13 Phase 3 Progress Report submitted to the Iowa Corn Promotion
Board (funder of the project work done at ANL).

March ’13 — Data analysis continued.

June ‘13

July ’13 - Little progress is made as Kristina took a full-time job at Indiana State

September ‘15 | University and was given a teaching overload each semester.

October ’15 — | Drafts of dissertation chapters are produced and revised.

November ‘16

Incorporation of Higher Carbon Number Alcobols in Gasoline Blends for Application in Spark-Ignition
Engines by Kristina Marie Lawyer




7.2 ALCOHOL ISOMER PROPERTIES

185

As detailed in Chapter 2, isomers fell within three categories with respect to the amount of

information found in the literature about their chemical properties:

1. all information known;

2. most chemical properties (density, viscosity, etc.) known but no engine-related
properties (RON, LHV, etc.) known; or
3. not enough information known to be properly assessed.

All of the isomers are listed by information category in Table 7.1.

TABLE 7.1: ALCOHOL ISOMERS BY INFORMATION CATEGORY

Category1  Category 2 Category 3
ethanol iso-propanol 2,2-dimethyl-1-propanol
n-propanol sec-butanol 2-pentanol
n-butanol tert-butanol 3-pentanol

iso-butanol

n-pentanol
iso-pentanol
3-methyl-1-butanol
2-methyl-1-butanol
1-hexanol
iso-hexanol
1-heptanol
2-heptanol
1-octanol
2-octanol

3-methyl-2-butanol
2-methyl-2-butanol
2-hexanol

3-hexanol
2-methyl-1-pentanol
2-methyl-2-pentanol
3-methyl-2-pentanol
4-methyl-2-pentanol
2-methyl-3-pentanol
3-methyl-3-pentanol
2,2-dimethyl-1-butanol
2,3-dimethyl-1-butanol
3,3-dimethyl-1-butanol
2,3-dimethyl-2-butanol
3,3-dimethyl-2-butanol
2-ethyl-1-butanol
3-heptanol

4-heptanol

3-octanol

4-octanol
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PROPERTIES OF ALCOHOLS OF CARBON NUMBER ONE

TABLE 7.2

THROUGH FOUR
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PROPERTIES OF ALCOHOLS OF CARBON NUMBER FIVE

TABLE 7.3
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PROPERTIES OF ALCOHOLS OF CARBON NUMBER SIX

TABLE 7.4
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PROPERTIES OF ALCOHOLS OF CARBON NUMBER SIX

TABLE 7.5
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PROPERTIES OF ALCOHOLS OF CARBON NUMBER SEVEN

TABLE 7.6
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7.3 NEAT ALCOHOL ANALYTICAL TESTING RESULTS

TABLE 7.7: TESTING RESULTS OF ETHANOL
Ethanol (SwRI Lab ID# oddb-4657)

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)

RVP, DSl st sr e 2.69
DVPE, PSI..iiiiiiriiiniinrenni s nieinistas s sses e ess st sssassasnas s asseasasessasas 2.52
CARVP, PSIcoiviiriimitimrernminereinmmeremeresses s sersssesessnesesseseessmsess sismmeses 238

ASTM D240  Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter

GROSS
12170
28.308
6761.2
10981
25.541
6100.3
ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON ot e e s sse e 107.4
ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel
IMON oottt s e 88.2
TABLE 7.8: TESTING RESULTS OF 1-PROPANOL
1-Propanol (SwRI Lab ID# oddb-4655)
ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)
RVP, PSLacuiiiiiiiiiimsn e ssnis s ansessssssntosssens 1.41
DIVPE, PSi .ovvvveveenreesvererersesssesssessmessoeesssessomsssmessesmeasesseoseesessressemsestrens 1.23
CARVP, PS1 vt eseseiee st s e vt s e st searasa s sa e r e 1.07
ASTM D240  Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
GROSS
BTUD vttt et e eas s pa s eesr s g 14213
33.06
7896.2
BTU/D .ot et se st ren s st ses s e e s ses s e 12699
MIVKG coovvivviceniirssississs sttt en s easssnressenssnenessensensres 30.236
CAL/Z. ittt e et et en e neneser s 7221.6
ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON .cooiitrviernrrmr s st s s s ss s s st s s s sarsss s 104.9
ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel
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TABLE 7.9: TESTING RESULTS OF ISO-PROPANOL
Iso-Propanol (SwRI Lab ID# oddb-1656)

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)
RVP, D51 rueriiuiiiirisiitie i er et res e asa b en et e sbe s betan 2.11

ASTM D240  Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter

GROSS
BTU/MD coivvivncmmemimriemassinsstnisneneen et et s essesesesser e s ens e 13974
IMIZKE covveeersensie st st b s sas st ar s e v ar e 32.504
CAL/ B ettt et bbbt n bt s e s nte e aseeteran 7763.5
NET
BTU/MD oot e nnesesses s sasss s e s s st ar i on 12760
MK ovvnisirisen s st bt sra s s aanen 29.679
CAL/B ettt e e et et a e eans 7088.8
ASTM D2699 Rescarch Octanc Number of Spark-Ignition Engine Fuel
RON et s st s e en s nr e s 112.5
ASTM D2700 Motor Octans Number of Spark-Ignition Engine Fuel
MON et s e e e snsr e s aas er et e sra s sene 96.7
TABLE 7.10: TESTING RESULTS OF 1-BUTANOL
1-Butanol (SwRI Lab ID# oddb-4658)
ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)
RV P, PSIatiiiiii ettt et et er s e e e 1.64
DIVPE, PSI oo vc et e e e ve s e e ses e se st s ase e e 1.46
CARVP, DS i ee e e e e en s 131
ASTM D240 Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
GROSS
BTUMB ..ot s e e 15387
35.791
B548.5
14157
32.928
7864.8
ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON e ssr s e s sm e e 98.3
ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel
MON ettt s et et et 84.4
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TABLE 7.11: TESTING RESULTS OF 2-METHYL-1-PROPANOL
2-Methyl-1-Propanol (SwWRI Lab ID# oddb-4659)

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)
RIVP, Pl ettt st 1.11
DVPE, PSI oo eee e eoncs e ea et e en e e e 0.92
CARVP, PSI oo eresn e s ncannes 0.76

ASTM D240  Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter

GROSS
BTU/D coeo ettt et s s e 15312
MIFICE ettt sttt st et e am e s e tnn 35.615
0 11 PSSP 8506.6
NET
BTU/D ..ottt e e 14079
MK ettt e nea 32.749
CAI/B.ieiiir et e b e s e sr b 7821.9

ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON ottt rate st sa s eares e st srensserare e e s sr s vbvanss st tesrsrsseasaraen 105.1

ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel
MON ..ot s s et e s e ser st 89.3

TABLE 7.12: TESTING RESULTS OF 1-PENTANOL
1-Pentanol (SwRI Lab ID# oddb-4660)

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)

RVP, DS1iisisirmrcrnesrimesssrsersirsesionasorsamsssersissse issmsssesscessssssssesatesessssssoraras 0.72
DIVPE, PSI cvvvvonsiosemenssinsisssiosesssassssmsasssississsesssssesmeeeeeemeses s eesoeeeerenseeees 0.53
CARVP, PSI sttt e mreneses s s s sn s s s e s smsnssssreans 0.37

ASTM D240 Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter

GROSS

BTU/D ottt e e e 16177
37.628
8987.2
14935
34.74
8297.4

ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON et 85.8

ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel

IMON Lo e s s e e 75.9
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TABLE 7.13: TESTING RESULTS OF 3-METHYL-1-BUTANOL
3-Methyl-1-Butanol (SwRI Lab ID# oddb-4661)

ASTM DS191  Vapor Pressure of Petroleum Products (Mini Method)

RVP, D811 ettt ettt s 0.60
DVPE, psi .. 0.41
CARVP, PSL oottt ce e e emre e s eas e es e s emenes 0.25
ASTM D240  Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
GROSS
16086
37416
8936.6
14844
34.528
8246.8
ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON .ottt st s st s s sp e s et st b 98.8
ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel
MON ..ttt e es e s ee st e e e se e em e a e s sraes 86.8
TABLE 7.14: TESTING RESULTS OF HEXYL ALCOHOL
Hexyl Alcohol (SWRI Lab ID# oddb-4662)
ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)
RV P, P81ttt st st e 0.60
DVPE, PSI oottt s 0.41
CARVP, DB crcviiiiicncienceien ettt sten s eba e et 0.25
ASTM D240 Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
GROSS
16736
38.028
9297.8
15486
36.021
8603.5
ASTM D2699 Research Octane Number of Spark-Ignition Engine Fuel
RON et e 69.3
ASTM D2700 Motor Octane Number of Spark-Ignition Engine Fuel
MON .. 64.1
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TABLE 7.15: RVP TESTING RESULTS OF ALCOHOL BLENDS

Southwest Research Institute
Petroleum Products Research Department
WO# 65303 Data Summary
For
Argonne National Laboratory
October 8, 2012

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)

Part | — Base Blend Components

EEE GASONME ..ttt ettt ettt e s e s £ et £ e e b s et ee e e en£rts s a bt as et s reas e 8.74
BOB GaS0NIME ...ttt eeeeeeeieiei ettt et a e e s e £ et e e s s et e e e n s e s n bt an et s ae e 5.76
Ly =TT OO OSSOSO 274
ISOPIOPANON .ttt ettt et e £ et £ e e b b st ee e e s en£res s a bt an et s eres e 181
B 41T = T OSSO 0.39
1SO-DULANO c1rvrttiteesi s e ssr s srsrs s s anar s s sass srnssrs s srsres s aa s s ssmsnes snmssssssmsanesensananasn 0.49
TPENEANO] ettt ettt eme s et e ems e e et eemsareesseae et eees s asmsnsesensrassa s se s en e esanaasann 0.13
Isopentyl Alcohol... 0.19
4T v 1 T | OSSOSO 0.30
F T T T v 14 T | OSSO 0.46
1-hexanol........... 0.03
Lo =y TSSO U TSR 19.22

Part Il = Mixtures of Alcohols with EEE Base Fuel

EEE gasoling W/ELhanol 2%6....cuiiiierieiniesssiciesess s sesasssseessssesssss s s sasassssnsssssnsssssss s smass sesssnen 9.54
EEE gasoling W/ETNan0ol 5%6....coco it e e et e e s enan 9.67
EEE gasoline w/Ethanol 10%... 9.57
EEE gasoline w/Ethanol 15%... 9.53
EEE gasoline w/Ethanol 20%... - 9.35
EEE gasoline W/Ethanol 306......c..ceioiiee e e ot acs s se s e s smss s s crasae e e e esenan 9.10
EEE gasoling W/Ethanol S0%......c..ceeieeeeeieieeesicieeceie e s eee s seaasss e s sesmems s emessessrassesss s amans e asanan 8.30
EEE gasoling W/Ehanol 75%. ... i ieiniesssisesessn s sesasassesssssessssssss s sssasassssnsssssnsssssssssnans sesssnen 6.19

EEE gasoline W/ 1-Butanol 0% ........coweceeeieeeeeieeeecee e et e e smeas s eme s s srasae e s amans e s anan 8.28
EEE gasoline W/ 1-butanol 2006 ........co.ceeeieeeeeeeecee e et ess e smeas s eme s srasse e e e aaenan 7.80
EEE gasoline W/ 1-butanol 30%6 .......ucoeieineeirerern s sevasssseessssesssss s sesasassssnssssssnsssssssssmass sesssnen 7.46
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RVP TESTING RESULTS OF ALCOHOL BLENDS (CONTINUED)

Southwest Research Institute
Petroleum Products Research Department
WO# 65303 Data Summary
For
Argonne National Laboratory
October 8, 2012

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)

EEE gas0line W/1-PENtanol 5% ..o iiereesiericiesssssnssessss s s ssssssassessaes s st sssssssensssesesssessnsssnsssans 8.29
EEE gasoline w/1-pentanol 10%... 8.16
EEE gasoline w/1-pentanol 20%... 7.81
EEE gasoling W/ 1-pentanol 509 ... ..o ceeeeee e ceetese e eeeeaecasaee e sessssassessssensesese e ses e sennnans 6.14
EEE gasoling W/ 1-PENTANO0L 75% c..ovevemeuerierererererereeassncnssnssesassssssssesenenssasssssmsmsssesassssesssesessnsensasanns 3.71

EEE gasoline w/isopentyl @lIC0N0I 5% «.......ccveerreeeieincer e caressee e eresesas e smens e snsassesesesesenssasananns 8.28
EEE gasoline w/isopentyl alcohol 10% ... 7.99
EEE gasoline w/isopentyl alcohol 20% ... 7.69
EEE gasoline w/isopentyl alcohol 50% ... 6.17
EEE gasoline w/isopentyl @IC0N0T 759 ......coieieeeeeincer e carissess e eresesas e smenssnesnssssesesesesenssasananns 3.9

EEE gasoling W/3-Pentanol 56 ... cuiieeiesie s ienssssssss e s ssess st s essasssensassssesas snes s snsnsssanen 8.26
EEE gasoline w/3-pentanol 1096 .....cc e seseeee et s et eseness s s aesas s e e e sme s enen 8.07
EEE gasoline w/3-pentanol 20%... 7.63
EEE gasoline w/3-pentanol 50% ... 5.96
EEE gasoling wW/3-pentanol 7598 .....ccieceiecee e e eaene e e ese et s seaasaseesassesesas e e e ena s anan 3.73

EEE gasoline w/3-methyl-2-DUtanol 526 ... sseessssesssesess s sssssssssssssssessssssessssssnssssnne 8.31
EEE gasoline w/3-methyl-2-butanol 10%.... 8.24
EEE gasoline w/3-methyl-2-butanol 20%.... 7.77
EEE gasoline w/3-methyl-2-butanol 50%.... 6.10
EEE gasoline w/3-methyl-2-Butanol 75% ... s eevssssees s sesssas e e seemssaanan 3.87

EEE gasoline w/Ethanol/1-butanol L.8/8.4% ... sessssessssssessasssssssssssesassssnssssnne 8.33
EEE gasoline w/Ethanol/1-butanol 8.1/12.3% ..o et esese e e e ean 8.7
EEE gasoline w/Ethanol/1-butanol 18.2/11.8% .......ccvveermeereeaereeereeeresesesssasasaransnssusassssnsassnen 8.52
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RVP TESTING RESULTS OF ALCOHOL BLENDS (CONTINUED)

Southwest Research Institute
Petroleum Products Research Department
WO# 65303 Data Summary
For
Argonne National Laboratory
October 8, 2012

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)

Part Il = Mixtures of Alcohols with BOB Base Fuel

BOB gasoline W/EEhAN0! 296 ..o i s sssesssssssssssss e st st st sssssesessssessssn s sssnsnane 6.73
BOB gas0ling W/ETRANO! 596 ...t e setstes s es e et ettt s e e se et enanen 6.86
BOB gasoline W/Ethanol 10%6 ... e s sssesssssssssssss csses s ss st sssssssesessssessnsssssssessssans 6.92
BOB gas0ling W/ETRANOI 15% .o.ececeeeeeeeececeesees et e e snses s ssarasse cueaereeae s erasaessenassessensnassseasansans 6.9
BOB gasoline w/Ethanol 20% .. 6.84
BOB gasoline W/EThAN0! 3096 ..ot etetesaeseseees e e es st ssaseeseseesese e s e snenanans 6.73
BOB gas0ling W/ETRANO! 50%6 .....coc et e sestssessssse e s e st sess e s e e s neenanen 6.26
BOB gasoling W/ETNANO! 756 ..ueecieeeeeeeeieecees et eeesesaeseseeescassaeae s st ssasaeseseesesesesss e s snanans 5.16

BOB gasoline W/1SOPropanol 5% ... seeeesesaeseeeees s e ee st ssasaesese s s e e snenanans 6.42
BOB gasoline W/1SOPropanol 1096 ..o e seetseeeassseeess e et stes s s e s s sesnanens 6.25
BOB gasoline w/1SOpropanol 209 ... ..o seeeesesaeseeeees e eesessaseeseseee s e e seenanans 6.13
BOB gasoline W/1SOPropanol 3076 .....cc e seeissessesse s e st ss s s es s seenanan 5.93

BOB gasoling w/ISOPropanol S0% .......c v sessissasssesevsssersess e sesssssssssssessssssessesessnssessasenn 5.49
BOB gasoling w/ISOPropanol 75% ... oo ceeceee et veaaes e e eeeseseesa e e sassees e s e s ansanenn 4.26

BOB gasoline w/lSODUTAN0] 5%B..c.....oueeereeerereraieererireeesssnsanssassesesasseseresans e snsamassnsesasasssassansensanssen 5.74
BOB gasoline W/ISODUTANO0] 10% ...c.oeeereeeeereraecrertreesssansamseassesesassese e aras e snsamassnsesasasasassansensansn 5.56
BOB gasoline wylsobutanol 20% ... 5.35
BOB gasoline wylsobutanol 30% ... 5.12
BOB gasoline w/lsobutanol 50% ... 4.44
BOB gasoline wy/lsobutanol 75% .... 3.15

BOB gasoline w/1sopenty] GlCOR0I 598 ... e et rteme e sasnsamesaessnra e sansesannnnn 5.56
BOB gasoline w/Isopentyl 2lcoN0l 10% ... secinrsnssercsseess e sesssssessssseassssessesesnsssssssens 5.44
BOB gasoline wy/lsopentyl alcOR0l 20% ..o oceeerreierseres e e rae e ansamssasssnsasaesesansessnnn 5.19
BOB gasoline w/Isopentyl alcoN0ol 30% ... secsisiasseresseess e s sssessss s easssessesesnsssssssens 4.93
BOB gasoline wylsopentyl alcohol 50%.... 4.19
BOB gasoling w/ISopentyl GlCON0T 75% ..o secsissassseresssesess e sesssssessssssassssnessesessnsssssssens 2.71
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RVP TESTING RESULTS OF ALCOHOL BLENDS (CONTINUED)

Southwest Research Institute
Petroleum Products Research Department
WO# 65303 Data Summary
For
Argonne National Laboratory
October 8, 2012

ASTM D5191 Vapor Pressure of Petroleum Products (Mini Method)

BOB gasoling W/ISOPENTANE 2. .c.ecuiieeeeieeeieeee et e se s eeas e e et sesas e e anas s e sensasen 6.00
BOB gas0liNg W/ISOPENTANE 5%...vrreereeeerereseerermsarersessnsssassserasarassasssssssssasesenssssassssesesssesessnsnsassasas 6.52
BOB gasoline w/lsopentane 8%..... 71
BOB gasoline w/lsopentane 10% .. 7.32
BOB gasoline w/Ethanol/ISOPropanol 5/5%6 ... e e e se s eesssen 6.61
BOB gasoline w/Ethanol/ISopropanol 5/10% ........ccoueeeeererurirereessssseesens e snssssassssessssseseenensassasas 6.48
BOB gasoline w/Ethanol/Isopropanol 5/15% ... 6.34
BOB gasoline w/Ethanol/Isopropanol 10/10% ..... 6.49
BOB gasoline w/Ethanol/Isopropanol 10/20% .........coceeeueerurerereessssssesnnseesnssssassssesssssesessnensassasas 6.24
BOB gasoline w/Ethanol/1SobUtan0l 5/5%.......c.coeeceeeeeeeee et ceecacee e ceaesasees s sesssses e seseseesennnsans 6.5
BOB gasoline w/Ethanol/Isobutanol 5/10% . 6.09
BOB gasoline w/Ethanol/Isobutanol 5/15% ..... 5.91
BOB gasoline w/Ethanol/1sobutanol 10/10% ....coccviiniincrrnee s esessssssess ssssssessssesessessssssans 6.24
BOB gasoline w/Ethanol/1sobutanol 102096 ......cccviiniimerne s ssssssessesesessessssssens 5.79
BOB gasoline w/Ethanol/Isopentanol 5/5%...... 6.3
BOB gasoline w/Ethanol/Isopentanol 5/10% ... 6.05
BOB gasoline w/Ethanol/1Sopentanol 5/15% ... essesesess s srses s esesenessens 5.84
BOB gasoline w/Ethanol/I1sopentanol 10/10% .....cc.ceeeeeerrereesaeseresereresmsmssssassssesssess sesessnenssasasaes 6.25
BOB gasoline w/Ethanol/1sopentanol 10/20% .....c.ccceieeeeeicieere e eeaeseeees eresssses e seseseesesessens 5.79
BOB gasoline w/Ethanol/1-heXanol 5/5% ......oc oo cercacee e ceaesaeees e s e s e seseseesansnsans 6.34
BOB gasoline w/Ethanol/1-hexanol 5/10%... 6.06
BOB gasoline w/Ethanol/1-hexanol 10/ 10%. .....cocvuiiniinerinies s esssssssss sssssrsessssesessessssssans 6.31
BOB gasoline w/Ethanol/Isobutanol/isopentyl alcohol 5/5/5% .....cvicvinnincrcsreeseesesessans 6.06
BOB gasoline w/Ethanol/Isopropanol/Isobutanol/isopentyl alcohol 5/5/5/5% .......cccoeveenrennenne 6.02
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7.4 ENGINE, DYNAMOMETER, AND TEST CELL SETUP

The engine used for testing was a gasoline direct-injected, (GDI) four-cylinder Hyundai
Thetall shown in Figure 7.1. The naturally aspirated (NA) 2.4L spark-ignition (SI) engine
was set up in an engine test cell and connected to an AC dynamometer with a range of
temperature probes, fuel and air flow measurement sensors, exhaust emissions probes,
and in-cylinder pressure transducers. The main engine specifications are summarized in
Table 7.16.

TABLE 7.16: MAIN SPECIFICATIONS OF HYUNDAI TEST ENGINE

Parameter Value

Bore 88 mm

Stroke 97 mm
Compression 11.3:1
Displacement 2.36 L

Cylinder count 4

Rated power 147 kW at 6300 rpm

Maximum torque 250 Nm at 4250 rpm

FIGURE 7.1: HYUNDAI ENGINE USED FOR FUEL TESTING
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The engine is equipped with an exhaust gas recirculation (EGR) system which was
disabled for this project. The fuel trim in the engine control unit (ECU) was increased to
adjust for the lower energy content of the alcohols. The engine is also equipped with a
knock sensor and the ECU is calibrated to retard spark timing of each cylinder individually
if knock is detected. To further understand the knock resistance of the fuels, a separate set
of tests was run with the engine knock sensor disabled.

Pre-catalyst emissions data was collected using both a standard raw emissions bench
(Horiba MEXA Model 7100D) as well as an FTIR analyzer (AVL SESAM-FTIR). The
raw emissions bench uses separate analyzers to determine the level of NO,, HC, CO, CO,,
and O, in the exhaust stream. Using a heated sample line, exhaust is fed to a heated oven
that houses a heated flame ionization detector (FID Model FIA-725A) and a heated
chemiluminescent detector (CLD Model CLA-720MA) for HC and NO, emissions
measurements, respectively. CO, CO,, and O, are measured using rack-mounted, cold
analyzers (magneto-pneumatic for O, and non-dispersive infrared, NDIR, for CO and

CO,).

Each test fuel was run at the engine speed and load (BMEP) points listed in Table 7.17.
These operating points were chosen to reflect common drive cycle operation and to allow
for same load and same speed comparisons. Dynamometer data was collected for 120
seconds and cylinder pressure data for 500 engine cycles after allowing the engine to
stabilize. Data was collected twice at each operating point at a frequency of 10 Hz. High-
speed individual cylinder pressure data was taken with an AVL IndiModul system. In post-
processing, data was averaged over the measurement interval for each of the two data sets

and uncertainty ranges were calculated.

TABLE 7.17: OPERATING POINTS FOR ENGINE TESTING
Speed [rpm]  Load [bar]

1500 2.62
1500 4.0
1500 8.0
3000 4.0
3000 8.0
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7.5 BLENDSTOCK PROPERTIES

The fuel certificates (specification sheets) provided by the manufacturer for both the
blendstock for oxygenate blending (BOB) and certification gasoline (EEE) used in this
project are provided in this appendix.

TABLE 7.18: PROPERTIES OF BOB

FAX: (281) 457-1469
e

Johann Haltermann Ltd.
PRODUCT: Blendstock for
Oxygenate Blending
TEST METHOD UNITS SPECIFICATIONS Results
MIN | TARGET| MAX
Distillation - IBP ASTM D88 *C Report 306
5% *C Report 585
10% °C Report 839
20% *C Report 7186
30% *C Report 80.2
40% *C Report 90.2
50% *C Report 102.3
80% °C Report 115.1
70% °C Report 127.9
80% °C Report 1405
90% °C Report 156.2
95% °C Report 168.6
Distillation - EP °C Report 189.5
Recovery vol % Report 086
Residue vol % Report 1.0
Loss vol % Report 04
Gravity ASTM D4052 *API Report 56.3
Density ASTM D4052 - Report 0.8
Reid Vapor Pressure ASTM D5191 psi Report 58
Sulfur ASTM D5453 ppm Report 4.1
Composition, aromatics ASTM D1319 vol % Report 46
Composition, olefins ASTM D1319 vol % Report 14
Composition, saturates ASTM D1319 vol % Report 84.0
Research Octane Number ASTM D2629 Report 886
Motor Octane Number ASTM D2700 Report 81.0
R+M/2 D2699/2700 Report 248
Sensitivity D2699/2700 Report 78
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TABLE 7.19: PROPERTIES OF EEE

Product Information
FAX: (281) 457-1469

Johann Haltermann Ltd,

PRODUCT: EPATIER | EEE Batch No.: _ZH1621LT30
FEDERAL REGISTER
PRODUCT CODE: HE0437 Tank No.: 106
Date:  8/19/2011
TEST METHOD UNITS HALTERMANN Specs RESULTS
MiN_ | TARGET | MAX

Distilation - (BP ASTM D86 *F 75 95 85

15% L= 110

10% °F 120 135 125

20% °F 148
30% °F 174
40% F 204
|50% "F 200 230 224

B0% °F 235
70% F 246
B0% F 268
90% F 305 325 318
95% F 340
Distillation - EP “F 415 398
Recovery vol % Repot 974
Residue vol % Report 1.1

Loss val % Report 1.5
Gravity |ASTM D4052 AP 58.7 612 59.0
Density ASTM D4052 kgt 0.734 0.744 0.742
Reid Vapor Pressure ASTM D5191 psi 8.7 9.2 9.0
Carbon ASTM D3343 wt fraction Report 0.8647
[Carbon ASTM E191 wt fraction Report 0.8628
Hydrogen ASTM E181 wt fraction Report 0.1349
{Hydrogen/Carbon ratio ASTM E181 mole/mole Report 1.862
Stoichiometric AirfFuel Ratio Report 14.601
Oxygen ASTM D4815 wit % 0.05 |None Detected
Sulfur ASTM DS453 wi% 0.0025 0.0035 0.0032
Lead ASTM D237 glgal 0.01 | None Detected
Phosphorous JASTM D323 g/gal 0.005 | None Detected
Silleon ASTM 6184 mgfkg 4 None Detected

position, aromatics ASTM D1319 vol % 35 28

|Compasition, olefins ASTM D1318 vol % .10 1
[Compasition, saturates ASTM D1319 vol % Report 72
[Partictdate matter ASTM D5452 mgfl 1 0.7
Oxidation Stability IASTM D525 minutes 240 1000+
Copper Corrosion IASTM D130 1 ta

Gum content, washed ASTM D381 mg/100mis 5 1.0

Fuel Economy Numerator/C Density JASTM E181 2401 2441 2425

C Factor IASTM E191 Report 1.0080
Research Octane Number ASTM D2699 - 96.0 97.1
Motor Octane Number ASTM D2700 Report 88.7
Sensitivity 75 8.4

Net Healing Value, btudl [ASTM D3338 bhuib Report 18489
Net Heating Value, btulb EASTM D240 bhutb Repart 18202
(Colos VISUAL Report Undyed
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7.6 BLENDS SIMILAR TO THE OPTIMAL BLENDS OF EACH
SCENARIO

As detailed in Chapter 4, many multi-component blends of slightly different composition
have essentially equal properties including LHV, RON, and PD. The compositions of the
top eight blends of each scenario and each subset of suitable blends are listed here with
their relevant properties.
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7.6.1 E10/E15 ALTERNATE SCENARIO

SUITABLE BLENDS

7.6.1.1

TOP 8 LHV SUITABLE BLENDS OF THE E10/E15

TABLE 7.20
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TOP 8 RON SUITABLE BLENDS OF E10/E15 ALTERNATE

TABLE 7.21

SCENARIO
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TOP 8 PD SUITABLE BLENDS OF E10/E15 ALTERNATE

TABLE 7.22

SCENARIO
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7.6.1.2 EVEN BLENDS

TOP 8 LHV EVEN BLENDS OF E10/E15 ALTERNATE

TABLE 7.23

SCENARIO
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TOP 8 RON EVEN BLENDS OF E10/E15 ALTERNATE

TABLE 7.24

SCENARIO
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TOP 8 PD EVEN BLENDS OF E10/E15 ALTERNATE

TABLE 7.25

SCENARIO
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7.6.1.3 ETH+1 BLENDS

TOP 8 LHV ETH+1 BLENDS OF E10/E15 ALTERNATE

TABLE 7.26
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TOP 8 RON ETH+1 BLENDS OF E10/E15 ALTERNATE

TABLE 7.27
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TOP 8 PD ETH+1 BLENDS OF E10/E15 ALTERNATE

TABLE 7.28

SCENARIO
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7.6.2 RFS2 FUEL SCENARIO

SUITABLE BLENDS

7.6.2.1

TOP 8 LHV SUITABLE BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.29
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TOP 8 RON SUITABLE BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.30
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TOP 8 PD SUITABLE BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.31
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7.6.2.2 EVEN BLENDS

TOP 8 LHV EVEN BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.32
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TOP 8 RON EVEN BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.33
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TOP 8 PD EVEN BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.34
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7.6.2.3 ETH+1 BLENDS

TOP 8§ LHV ETH+1 BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.35
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TOP 8 RON ETH+1 BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.36
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TOP 8 PD ETH+1 BLENDS OF RFS2 FUEL SCENARIO

TABLE 7.37
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7.6.3 E85 ALTERNATE SCENARIO

SUITABLE BLENDS

7.6.3.1

TOP 8 LHV SUITABLE BLENDS OF E85 ALTERNATE

TABLE 7.38
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