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1. Executive Summary

As outlined in the CRC Annual Report for 2014, the AVFL-20 project was undertaken to “investigate
efficiency advantages for increased octane number fuel quality that may be available from ethanol or
other blend components in modern light-duty vehicles.” Recently, studies have been published that
show the potential for improving vehicle fuel efficiency through increasing fuel octane ratings%456.78,
These improvements are understood to derive from increases in the anti-knock qualities of the fuel that
enable the use of increased compression ratio. Fuel efficiency benefits may also be obtained through
vehicle system changes (such as engine downsizing and down-speeding) that result in the engine
operating under conditions that produce higher efficiency. These changes often result in engine operation
at higher brake mean effective pressure (BMEP) levels that are frequently limited by the onset of knock.
Hence, the anti-knock characteristics of the fuel are an important part of the overall vehicle optimization
strategy to achieve higher fuel efficiency.

The project was organized into three phases. In Phase 1, the fuels were designed and prepared. Target
fuel properties were selected by the AVFL-20 panel members. These included research octane number
(RON), ethanol content (volume %), and octane number sensitivity. Octane number sensitivity is the
difference in the RON and motor octane number (MON) ratings. These parameters formed the axes of a
cubic fuel design space. These fuels included blends with RON levels from 92 to 100, ethanol content
from 10% to 30% by volume, and sensitivity from 6 to 12. Gage Products was selected as the fuel
supplier. Gage reviewed the design matrix and determined that the fuel blend targeted to achieve 92 RON
and a sensitivity of 6 with an ethanol content of 30% by volume was infeasible since the high ethanol
content would result in an excessively high sensitivity level. Ultimately, 19 fuel blends were identified
for inclusion in subsequent experimental efforts for the project.

In Phase 2, the 19 fuel blends were subjected to evaluation using a modern turbocharged, direct-injection
gasoline engine provided by Ford Motor Company and equipped with pistons designed to deliver
different compression ratios. The engine was installed in an engine dynamometer research cell at Oak

1 CRC Annual Report, 2014. Available on the web from:
http://www.crcao.org/about/Annual%20Report/2014%20Annual%20Report/AR2014Final.pdf

2 CRC Project No. CM-137-11-1b Report. Available on the web from:
http://www.crcao.org/reports/recentstudies2012/CM-137-11-1b%20Task%202-5/CM-137-11-
1b%20Final%20Report.pdf

3 Stein, R., Polovina, D., Roth, K., Foster, M. et al., “Effect of Heat of Vaporization, Chemical Octane, and
Sensitivity on Knock Limit for Ethanol-Gasoline Blends,” SAE Int. J. Fuels Lubr. 5(2):2012, doi:10.4271/2012-01-
1277.

4 Leone, T., Olin, E., Anderson, J., Jung, H. et al, “Effects of Fuel Octane Rating and Ethanol Content on Knock,
Fuel Economy, and CO2 for a Turbocharged DI Engine, “SAE Int. J. Fuels Lubr. 7(1):9-28, 2014,
doi:10.4271/2014-01-1228.

5 Splitter, D. and Szybist, J., “Intermediate Alcohol-Gasoline Blends, Fuels for enabling Increased Engine Efficiency
and Powertrain Possibilities,” SAE Int. J. Fuels Lubr. 7(1):29-47, 2014, d0i:10.4271/2014-01-1231.

6 Raymond L. Speth, Eric W. Chow, Robert Malina, Steven R. H. Barrett, John B. Heywood, and William H. Green,
“Economic and Environmental Benefits of Higher-Octane Gasoline,” Environ. Sci. Technol. 2014, 48, 6561-6568,
do0i:10.1021/es405557p.

" David S. Hirshfeld, Jeffrey A. Kolb, James E. Anderson, William Studzinski, and James Frusti, “Refining
Economics of U.S. Gasoline: Octane Ratings and Ethanol Content,” Environ. Sci. Technol., 48, 11064-11071,
doi:10.1021/es5012668.

8 Leone, Thomas G.,Anderson, James E., Davis, Richard S., et al., “The Effect of Compression Ratio, Fuel Octane
Rating, and Ethanol Content on Spark-Ignition Engine Efficiency,” Environ. Sci. Tech. 2015, 49, 10778-10789,
doi:10.1021/acs.est.5b01420.
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Ridge National Laboratory (ORNL). The data gathered during this phase focused on screening of the
anti-knock performance of all 19 fuels using pistons that produced a geometric compression ratio of 11.4
at a fixed engine speed of 2,000 revolutions per minute (RPM) over a wide load range. Using these data,
a subset of the fuels were selected and screened at the same conditions using either the original equipment
manufacturer (OEM) pistons or pistons that produced a compression ratio of 13.2. The OEM pistons
nominally produce a compression ratio of 10.1, though subsequent measurements with the hardware used
for this project placed this compression ratio at 10.5. The resulting combustion data were reviewed by the
project committee to reach a consensus on fuel and compression ratio pairs that should be studied in
Phase 3. Fuel and compression ratio pairs were selected based on their ability to produce combustion
phasing results that were similar to those produced by the OEM pistons and baseline (i.e. ~91 RON E10)
fuels, or that allowed single-fuel comparisons between compression ratios. The fuel and compression
ratio pairs were as follows: fuels #1, #10, and #15 at compression ratio 10.5, fuels #7 and #15 at
compression ratio 11.4, and fuels #16 and #19 at compression ratio 13.2.

In Phase 3, engine fuel consumption maps were developed using the fuel / compression ratio pairs
selected in Phase 2. These engine maps were comprised of fuel consumption measurements at
approximately 75 conditions that encompassed the range of operation of the engine for each fuel. The
fuel consumption maps were then employed in vehicle models representing both an “industry average”
mid-size sedan and an “industry average” small sport utility vehicle (SUV) using the Autonomie model
developed by Argonne National Laboratory for the U.S. Department of Energy. The Autonomie model is
a vehicle model which can predict fuel economy changes that result from differing vehicle architectures
and powertrain control strategies. Autonomie relies upon engine maps for information about engine
efficiency at given engine speed and torque output conditions. The Autonomie model provided estimates
of the impact of the different fuels and compression ratios on vehicle energy consumption (BTU/mile),
volumetric fuel economy (miles/gallon), and tailpipe CO- emissions (g/mile) over three EPA-defined
driving cycles: the urban dynamometer driving schedule (UDDS), the highway fuel economy test
(HWFET), and the US06 cycle. Results were compared to those for the baseline case (the average results
of 91 RON E10 fuels (#1 and #10) with the baseline OEM compression ratio. The results showed that
decreases in vehicle energy consumption are possible on all three driving schedules with the higher RON
fuels and increased CR. Opportunities for efficiency improvement are highest for the city and highway
portions of the US06 cycle because of the more frequent occurrence of knock-limited engine conditions
on this cycle. Depending on the fuel used, vehicle energy consumption decreased by 1-2% on the UDDS
and HWFET cycles, and by up to 6% on the city and highway portions of the US06 cycle when
compression ratio (CR) was raised from 10.5 to 11.4. Likewise, the higher compression ratio and
resulting higher efficiency led to reductions in tailpipe CO, emissions for all fuels, with reductions of 0.6-
5.3% on the UDDS and HWFET cycles and 2.2-7.9% on the US06 cycle, also in part due to differences in
fuel CO; intensities.

For the E30 fuels studied at CR11.4, the energy efficiency improvements were not sufficient to overcome
the lower volumetric energy density of the gasoline-ethanol blend, and so volumetric fuel economy
declined relative to baseline conditions (i.e. 91 RON E10 at CR10.5). Since this study did not include
fuels with ethanol levels between 10% and 30% by volume, there are no data to indicate whether
intermediate blend levels could achieve fuel economy parity with the baseline. Increasing sensitivity
and/or RON were shown to provide vehicle energy consumption decreases at both compression ratios.
The only fuel which had a better volumetric fuel economy at CR11.4 than the baseline on all drive cycles
was the E10 fuel having 96 RON and 10.7 octane sensitivity which are properties similar to those of
premium grade gasolines in the market today. This study focused on improving efficiency by increasing
compression ratio and varying combustion phasing without changing other engine parameters, such as
bore diameter, stroke length, valve timing, fuel injection pressure, fuel injection phasing, and so on.
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Attempts were made to gather data at CR13.2 for 4 fuels (#7, #15, #16, and #19). An engine failure
occurred during these tests that required installation of a new engine. The new engine was found to have
efficiency differences relative to the original engine. At the same time, the CR13.2 pistons were found to

have performance that was lower than expected. As a result, further data collection at CR13.2 was
discontinued.
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2. INTRODUCTION

2.1 MOTIVATION AND REGULATORY BACKGROUND

The relationship between the ability of a fuel to resist undesired auto-ignition and the use of increased
compression ratio to improve efficiency of spark-ignited (SI) engines has been investigated since the very
early days of the automotive industry.®1% As a result of these early investigations, increasing
compression ratio is a well-known path towards improvement in engine efficiency if the onset of knock
can be avoided. For the last several decades, the automotive manufacturers have been able to continue to
increase automotive fuel efficiency through the development of a number of technologies without higher
gasoline octane ratings.*> However, the introduction of new Corporate Average Fuel Economy (CAFE)
standards in 2012 has created an unprecedented rate of increase in fuel economy requirements.’* As a
result of these more stringent fuel economy standards, automakers are faced with the need to adopt an
“all-of-the-above” technology strategy to meet these requirements. Thus, there is a renewed interest in
understanding the benefits and costs of increasing fuel octane ratings as a means of enabling further
improvements in engine efficiency.

One frequently asked question is whether the automotive manufacturers could make greater use of
existing premium-grade gasoline to enhance engine efficiency? Answering this question requires some
explanation of how cars and the regulatory environment have changed in the last several decades. One of
the key innovations that allowed the automobile manufacturers to increase engine efficiency without
requiring increased octane was closed-loop knock detection and avoidance. The U.S. Environmental
Protection Agency (EPA) quickly realized that the ability for vehicles to adjust their spark timing to avoid
knock could lead to improved fuel economy, however these increases might not be realized by the public,
where gasoline with an octane rating lower than that of certification gasoline is typical.}* The EPA
subsequently began requiring the manufacturers to prove, through testing with two different certification
fuels, that either the knock sensor output does not alter spark timing during Federal Test Procedure (FTP)
operation, or that the fuel economy difference between testing with 96 RON fuel and 91 RON fuels is 3%
or less on any regulatory drive cycle. Manufacturers can design vehicles to gain an advantage greater
than 3% through the use of premium fuel, but must specify in the owner’s manual that premium fuel is
required in order to gain credit for CAFE compliance. These vehicles are designated as “premium-
required” vehicles. After several years of data collection, EPA agreed with an industry request that the
manufacturers could attest in a written statement that one of the above conditions was true, rather than
conducting certification tests with two fuels.*® This approach was continued through the EPA Tier 2
emissions standards. Thus, for many years, all fuel economy results for regulatory compliance were
determined using a premium-grade fuel, and a small detriment in fuel economy was accepted when
regular-grade fuels were used. This procedure was changed in the Tier 3 emissions standards that took
effect in model year 2017.

®H.L. Horning, “Effect of Compression on Detonation and Its Control,” SAE Technical Paper 230033, SAE
International, 1923.

10 G.A. Young and J.H. Holloway, “Control of Detonation,” SAE Technical Paper 240001, SAE International, 1924.
1 H.E. Hesselberg and W.G. Lovell, “The Potentialities of Fuel AntiKnock Quality,” SAE Technical Paper 500150,
SAE International, 1950.

12 pawlowski, A. and Splitter, D., “SI Engine Trends: A Historical Analysis with Future Projections,” SAE
Technical Paper 2015-01-0972, 2015, d0i:10.4271/2015-01-0972.

13 77 Federal Register 62623-63200

14 Larry C. Landman “Knock Sensor Vehicle Test Program,” EPA report EPA/AA/CTAB/TA/82-1, U.S.
Environmental Protection Agency, 1981.

15 EPA letter to manufacturers, VPCD-97-01, January 24, 1997,
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Beginning in model year 2017, the Tier 3 rules require the automotive manufacturers to use a regular-
grade certification fuel unless the vehicle is “...designed specifically for operation on high-octane fuel
and the manufacturer requires the use of premium gasoline as part of their warranty as indicated in the
owner’s manual.”® The Tier 3 regulations also require that certification fuels be blended to include 10%
ethanol, in recognition of this blend becoming dominant in the US marketplace in recent years. In
principle, this new approach to the certification fuel octane requirement could allow the automobile
manufacturers to begin gaining a fuel economy benefit from requiring premium fuel. Many OEMs,
however, are concerned that mis-fuelling a vehicle that is designed specifically for premium (or even
higher octane rating) fuel could result in significantly degraded performance or engine damage, both of
which would cause customer dissatisfaction. According to a study by the Fuels Institute, only 48% of
consumers surveyed know if their car has a recommended octane grade. Furthermore, only 2% of
consumers surveyed understood that octane grade is a measure of the anti-knocking performance of
gasoline.l” The same Fuels Institute study demonstrated that the level of understanding of octane grade
and anti-knock performance is strongly influenced by the age of the consumer. Older consumers (i.e.
those who learned to drive prior to the proliferation of knock sensors on modern vehicles) were more
likely to understand the linkage between octane grade and knock resistance than younger consumers. The
price differential between regular grade and premium grade gasoline is also known to be a driver in
selection of fuels by consumers, and could result in consumer hesitation about purchase of premium-
required vehicles.

There are currently examples in the marketplace of vehicles that are designed to use regular-grade fuel,
but that can produce more power if they are fueled with premium-grade fuel, particularly when operated
under knock-limited conditions such as towing. Vehicles equipped with the Ford EcoBoost 1.6L
turbocharged direct-injection engine used for this project are an example of this trend. These vehicles
have the capability to both retard and to advance their spark timing in response to knock-detection
algorithms that allow the engine control unit (ECU) to infer the relative anti-knock properties of the fuel
in the vehicle tank and to adjust for environmental conditions that affect knock, such as temperature and
humidity. Thus, they are able to avoid knock by retarding spark timing, but also to enhance performance
and efficiency by advancing spark timing when a fuel with greater knock-resistance is present. Since the
vehicles are designed for regular-grade fuel, the pre-2017 EPA limit on fuel efficiency difference of 3%
discussed previously applies to these vehicles which have already undergone certification. The retail cost
difference for premium grade fuel is generally greater than 3%, and so achieving increased fuel economy
with premium fuel in such vehicles is not economical to many consumers under today’s market and
regulatory conditions. It is important to distinguish today’s vehicles that can adjust to improved fuel anti-
knock properties from a vehicle that is specifically designed for fuels with greater knock resistance. The
latter vehicle would most likely utilize a higher compression ratio (and perhaps other technologies) to
enhance work extraction from the combustion process in addition to spark timing changes, but would
likely experience performance degradation and perhaps engine damage if it were fueled with a low-octane
gasoline blend.

In light of these trends and interests, more information on the potential impact of high-octane fuels in
near-term engine platforms was deemed necessary. As outlined in the CRC Annual Report for 20148, the
AVFL20 project was undertaken to “investigate efficiency advantages for increased octane number fuel
quality that may be available from ethanol or other blend components in modern light-duty vehicles.”

16 79 Federal Register 23527.

17 John Eichberger, “Market Feasibility of Advanced Fuels and Vehicles,” presented at the 2016 CRC Advanced
Fuels and Engine Efficiency Workshop, Livermore, California, October 2016.

18 CRC Annual Report, 2014. Available on the web from:
http://www.crcao.org/about/Annual%20Report/2014%20Annual%20Report/AR2014Final.pdf
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Recently, studies have been published that show the potential for improving vehicle fuel efficiency
through increasing fuel octane ratings!%20:2122232425 - These improvements are understood to derive from
improvement in the anti-knock qualities of the fuel that enable the use of increased compression ratio.
Fuel efficiency benefits may also be obtained through vehicle-system level changes (such as engine
downsizing and down-speeding) that result in the engine operating under conditions that produce higher
efficiency. These changes often result in engine operation at higher brake mean effective pressure
(BMEP) levels that are frequently limited by the onset of knock. Hence, the anti-knock characteristics of
the fuel are an important part of the overall vehicle optimization strategy to achieve higher fuel efficiency.

2.2 KNOCK AVOIDANCE IMPACTS ON ENGINE EFFICIENCY

Closed-loop knock detection and avoidance most typically utilizes ignition retard as the control
mechanism to move engine operation away from a knock condition when it is detected. Knock is a
kinetically-driven process, and hence the pressure and temperature of the fuel-air mixture are important
parameters that lead to the onset of knock for a given fuel. Thermodynamically, retarding ignition timing
both delays and reduces the increases in pressure and temperature in the cylinder that give rise to knock.
However, since the work output of the engine is also related to the in-cylinder pressure, these changes
also reduce engine efficiency. Figure 2.1 shows this effect graphically using a log-pressure versus log-
volume (P-V) diagram.

19 CRC Project No. CM-137-11-1b Report. Available on the web from:
http://www.crcao.org/reports/recentstudies2012/CM-137-11-1b%20Task%202-5/CM-137-11-
1b%20Final%20Report.pdf

20 Stein, R., Polovina, D., Roth, K., Foster, M. et al., “Effect of Heat of Vaporization, Chemical Octane, and
Sensitivity on Knock Limit for Ethanol-Gasoline Blends,” SAE Int. J. Fuels Lubr. 5(2):2012, doi:10.4271/2012-01-
1277.

2 Leone, T., Olin, E., Anderson, J., Jung, H. et al, “Effects of Fuel Octane Rating and Ethanol Content on Knock,
Fuel Economy, and CO; for a Turbocharged DI Engine, “SAE Int. J. Fuels Lubr. 7(1):9-28, 2014, doi:10.4271/2014-
01-1228.

22 Splitter, D. and Szybist, J., “Intermediate Alcohol-Gasoline Blends, Fuels for enabling Increased Engine
Efficiency and Powertrain Possibilities,” SAE Int. J. Fuels Lubr. 7(1):29-47, 2014, doi:10.4271/2014-01-1231.

23 Raymond L. Speth, Eric W. Chow, Robert Malina, Steven R. H. Barrett, John B. Heywood, and William H.
Green, “Economic and Environmental Benefits of Higher-Octane Gasoline,” Environ. Sci. Technol. 2014, 48, 6561-
6568, d0i:10.1021/es405557p.

2 David S. Hirshfeld, Jeffrey A. Kolb, James E. Anderson, William Studzinski, and James Frusti, “Refining
Economics of U.S. Gasoline: Octane Ratings and Ethanol Content,” Environ. Sci. Technol., 48, 11064-11071,
doi:10.1021/es5012668.

5 C. Scott Sluder, David E. Smith, Brian H. West, “An Engine and Modeling Study on Potential Fuel Efficiency
Benefits of a High-Octane E25 Gasoline Blend,” Oak Ridge National Laboratory Technical Report #ORNL/TM-
2017/357, 2017.
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Figure 2.1. P-V diagram showing impact of spark timing on engine indicated work output.

The region representing the gross indicated work output is labeled on the figure. This region is bounded
on the lower side by the compression stroke and on the upper side by the expansion stroke. The total area
enclosed in this region is the integral of pressure over the swept volume for the engine expansion cycle,
which defines the indicated gross work output for the engine. The region representing indicated pumping
work is also shown. Pumping work quantifies the work done by the engine to pump air and exhaust
through the engine during the non-combustion portion of the engine cycle. The difference between the
gross work and the pumping work is the net, or useful, work output of the engine at the conditions shown.
For the example shown in Figure 2.1, the engine was operated at approximately 1000 kPa brake mean
effective pressure (BMEP) using the original pistons that produce a compression ratio of 10.1. AVFL-20
fuel #7, with a RON approximating premium grade gasoline was used. Three curves are shown: the
nominal spark timing that the ECU commands is the dashed blue line. The green line was produced by
advancing the spark timing 4 crank angle degrees (CAD), and the red line by retarding the spark timing 4
CAD. Retarding spark timing at this condition, such as to avoid knock, reduces the work produced by the
engine and thus reduces its efficiency for fixed fuel energy input. Conversely, if a fuel with improved
anti-knock characteristics can be used to avoid knock, more work can be produced by advancing spark
timing, raising engine efficiency. The degree to which a penalty or improvement in fuel efficiency results
depends both on the baseline combustion phasing and the magnitude of the adjustment to spark timing.

For purposes of comparing the fuel effects on knock-limited spark timing and the resulting combustion
phasing, a useful metric is CA50, the crank angle at which 50% of the fuel mass has burned. It has been
clearly shown that engine efficiency and net indicated mean effective pressure (NIMEP) deteriorate in a
highly repeatable pattern as CA50 is retarded for a variety of operating conditions (Ayala et al., SAE
2006-01-0229), with the trend shown in Figure 2.2. Therefore, knock-limited CA50 values are used in
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this study as the primary metric for comparing knock-limited combustion phasing at a given engine speed
and load condition.
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Figure 2.2. Generalized relationship between retarded combustion phasing (as CA50) and net indicated mean effective
pressure as reported by Ayala et al. (2006).

Brake mean effective pressure (BMEP) is another related measure of engine output that is used
extensively in this report. BMEP is the pressure acting on the piston for the entirety of the power stroke
that would produce the same brake output torque as the actual cylinder pressure, which varies during the
engine cycle. Since BMEP is a means of normalizing the output torque to the displacement of the engine,
expressing engine output as BMEP enables comparisons of engine performance across engines of
differing displacements.
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3. PHASE 1: FUEL MATRIX DESIGN AND FUEL PRODUCTION

In Phase 1, target fuel properties were selected by the AVFL-20 panel members. These included research
octane number (RON), ethanol content (volume %), and octane number sensitivity. Octane number
sensitivity is the difference between RON and MON. These parameters formed the axes of a cubic fuel
design space. 19 fuel blends were identified for inclusion in subsequent experimental efforts for the
project. These fuels included blends with nominal RON levels from 92 to 100, ethanol content from 10%
to 30%, and nominal octane sensitivity from 6 to 12. Gage Products of Ferndale, Michigan, was selected
as the fuel blender for the project. Gage produced hand-blends targeting the combination of fuel
properties desired in the experimental fuel matrix. Initial results demonstrated that target fuel #9 (101
RON, 30% ethanol, 6-8 octane sensitivity) was not feasible as the sensitivity could not be made low
enough with an ethanol content of 30%. This fuel was removed from the matrix. Subsequently, a need
was identified for a fuel between fuels 7 and 8 to represent a high-octane E15 blend (fuel #7.5). This
target fuel essentially replaced fuel #9 in the final fuel matrix yielding a total of 19 fuels. A federal
emissions certification gasoline (Haltermann EEE, batch CE2121LT10) was added to the screening study
for comparison. Figure 3.1 shows the final cubic design space of the fuel matrix.

The range of properties of the test fuels was designed to overlap and extend the range of those currently
available in the market. The most predominant gasolines today in the U.S. market are E10 regular grade
with RON values 91-93 and octane sensitivities of 7-10 and E10 premium grades with 96-99 RON and
octane sensitivities of 8-12. EO and E15-E85 blends are also available in some markets.

Detailed hydrocarbon analysis (DHA) conducted by Chevron showed that several high-octane, low-
sensitivity fuels contained higher than desired levels of isooctane. The project committee requested that
Gage attempt to use more alkylate, if possible, to offset some of the neat isooctane blending for these
fuels since high levels of isooctane blending were not typical in market gasolines. Gage was able to
accommodate this request. Upon acceptance of the fuel formulations by the project committee, Gage
blended 55 gallons of each fuel, sending one drum of each fuel to Oak Ridge National Laboratory
(ORNL) and an additional sample to Chevron for analysis and comparison with the original handblends.
To achieve some of the design targets, Gage had to add larger quantities of 1-hexene and/or cyclopentane
to some of the fuels than are typically present in market gasolines.

Gage Products provided the results of several fuel analyses with the delivery of the first drum of each of
the 19 fuels to ORNL. Certificates of Analysis are included in Appendix A; results for the three design
variables (and additionally the MON) are summarized in Table 3.1.

Chevron prepared graphs comparing the RON and sensitivity values of the original handblends and the
drums produced for Phase 2 studies. This comparison is shown in Figures 3.2 and 3.3, respectively. The
drums were found to have properties that agreed well with the original hand blends upon which they were
based. The RON values cluster into three groups, corresponding to the ~91, ~96, and ~101 levels
envisioned during the matrix design. Within each group, the variation in RON is about 1 octane number.
The sensitivity level also falls within two groups (~6-8 and ~10-12), as desired, with a variation of
sensitivity of about 2 within each group with a trend towards slightly higher sensitivity for the higher
RON fuels. Chevron also conducted DHA analyses on the fuel blends received for Phase 2. Graphical
depictions of the results of these analyses are included in Appendix B. Another view of the fuel matrix is
provided in Figures 3.4 and 3.5, in which the MON and sensitivity are plotted against RON with the
ethanol content indicated by the marker color.
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Figure 3.1. Cubic design space of AVFL-20 fuel matrix.

Table 3.1. Gage Products reported values for design variables (Phase 2 blends).

Fuel | RON | MON | Sensitivity | Ethanol Content
(vol%)

1 91.0 | 845 6.5 9.9
2 914 | 85.0 6.4 14.6
3 914 | 845 6.9 20.3
4 91.7 | 84.7 7.0 30.2
5 96.4 | 89.0 7.4 10.2
6 96.3 | 884 7.9 30.0
7 |100.0 | 924 7.2 10.3
75 | 99.8 | 913 8.5 15.3
8 99.6 | 91.2 8.4 20.1
10 | 911 | 80.7 10.4 10.0
11 | 916 | 8038 10.8 14.8
12 | 914 | 81.2 10.2 19.6
13 | 919 | 812 10.7 29.9
14 | 96.2 | 855 10.7 10.0
15 | 964 | 84.9 11.5 30.0
16 | 1015 | 895 12.0 9.9
17 | 101.0 | 89.6 11.4 15.1
18 | 101.1 | 89.1 12.0 20.3
19 | 101.0 | 89.0 12.0 29.9

EEE | 974 | 89.0 8.4 0
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Figure 3.2. RON comparison for hand blends and drums produced for Phase 2.
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Figure 3.3. Sensitivity comparison for hand blends and drums produced for Phase 2.
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4. HARDWARE AND FACILITIES FOR ENGINE STUDIES

41 ENGINE INSTALLATION

Engine studies were performed at ORNL using a model year 2013 Ford Ecoboost 1.6-liter, 4-cylinder
engine. The production implementation of this engine features twin-independent cam phasing, center-
mount direct fuel injection, and a single-stage turbocharger. The production pistons nominally produce a
compression ratio of 10.1, though subsequent measurements of the hardware used for this project yielded
a compression ratio of 10.5. Hereafter, the OEM pistons will be discussed as having a compression ratio
of 10.5. The engine is rated to produce 178 horsepower (HP) at 5,800 RPM and a peak torque of 184
pound-feet (Ib-ft) at 2400 RPM. The engine requires regular grade gasoline with at least 87 anti-knock
index (AKI). The owner’s manual for the 2013 Escape states that using a premium grade fuel with this
engine will provide improved performance, and is recommended for severe duty such as trailer tow?®.
Fuel ethanol content for vehicles produced with this engine is specified to be 0-15%.

Additionally, ORNL procured piston blanks for the engine with technical assistance from Ford Motor
Company. Blanks were used to produce two additional sets of pistons for the engine, one set that was
designed to produce a compression ratio of approximately 12, and another set that was designed to
produce a compression ratio of approximately 13. The compression ratios were later measured by using a
liquid volume measurement technique, establishing that the new compression ratios were 11.4 and 13.2.
The CR11.4 pistons have a bowl diameter of 55 millimeters (mm) and a depth of 7.75 mm from the top of
the piston crown. This bowl diameter is approximately the same bowl diameter as used for the production
pistons, but with a shallower bowl to yield an increased compression ratio. The OEM piston features a
central dome, presumably to enhance in-cylinder charge motion, rather than a flat bottom with uniform
depth. The top of the central dome is approximately 7.75mm from the top of the piston crown. This
dimension was kept constant in the designs of the CR11.4 and CR13.2 pistons to assure clearance for the
spark plug and fuel injector when the piston is at top dead-center. The CR13.2 pistons had a smaller bowl
diameter of 38mm to further increase the compression ratio. A photograph of the three piston designs is
shown in Figure 4.1.

Figure 4.1. Photograph of the three piston designs.

The engine was installed in an engine dynamometer research cell at ORNL. Conditioned combustion air
with control of both temperature and humidity was provided to the engine air intake. Heat exchangers

%2013 Escape Owner’s Manual, available online at:
http://www.fordservicecontent.com/Ford Content/catalog/owner _guides/13204om2e.pdf
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were installed to allow control of the engine coolant temperature (approximately 95 °C), oil temperature
(approximately 95 °C), and air temperature downstream of the intercooler (approximately 45 °C) through
the use of process water as a heat sink. Temperature set points were maintained through the use of digital
feedback controllers that actuated valves to control the flow of process water through the heat exchangers.
A Dynamatic alternating-current (AC) dynamometer rated to absorb up to 233 HP and with a maximum
speed of 6,000 RPM was used to provide a mechanical load to the engine output shaft. The engine was
already in operation at the beginning of the AVFL-20 project and had been previously run at a variety of
speeds and loads to break in the engine, which ensures that the piston rings are seated and that the friction
and thermodynamic efficiency have stabilized. The dynamometer was controlled using a Dyne-Systems
InterLoc-5 digital dynamometer controller. The InterLoc-5 also includes a digital throttle controller,
which was used to actuate the accelerator pedal to control the torque output of the engine.

The engine was controlled using an engine control unit (ECU) provided by Ford Motor Company. The
ECU contained a calibration for the engine that was similar to the calibration used for serial production,
except that some features (such as anti-theft functions, transmission control, traction control, etc.) were
disabled to facilitate operation in an engine test cell. Operator interface with the ECU was accomplished
through Accurate Technologies Incorporated (ATI) Vision™ software. Vision allowed the operator to
monitor, record, and change engine control parameters as needed to support the project. The Vision
software communicated with the engine ECU through a universal serial bus (USB) linkage.

During experiments, the spark timing was adjusted to retard combustion phasing as necessary to avoid
knock. As discussed previously, retarding spark timing causes combustion phasing to occur later in the
cycle. A representative from Ford recommended limiting the crank angle location of 50% combustion
(CA50) to no more than 30 CAD ATDC. This limit is based on the potential for unstable combustion if
combustion is phased later than 30 CAD after TDC (ATDC) and also because retarding combustion
phasing increases exhaust temperatures. Exhaust temperatures were limited to approximately 900 °C at
the inlet of the turbine to protect the turbocharger from excessive heat that could decrease its reliability.
Once the limits on CA50 and turbine inlet temperature were reached, air/fuel ratio enrichment was used to
reduce the propensity for knock and the exhaust temperature. A lower limit of 0.75 (recommended by the
Ford representative) was established for the relative air/fuel ratio (A). Operation at A values less than 0.75
creates excessive degradation of fuel efficiency and high levels of CO and hydrocarbon (HC) emissions.
Enrichment generally was not needed at engine speeds below 2,000 RPM, but was used at some 2,500
RPM and 5,000 RPM high load conditions.

4.2 EMISSIONS MEASUREMENTS AND DATA ACQUISITION

Gaseous emissions from the engine were measured using standard methods: a heated
photochemiluminescence analyzer for oxides-of-nitrogen (NOx), a heated flame ionization detector for
hydrocarbons (HCs), non-dispersive infrared detectors for carbon monoxide (CO) and carbon dioxide
(COy), and a paramagnetic detector for oxygen (O). All of these instruments were manufactured by
California Analytical Instruments, Incorporated (CAI). Particulate mass emissions were measured using
an AVL Model 483 Micro-Soot Sensor. The micro-soot sensor uses an infrared photoacoustic detection
method for soot. The instrument directly reports the mass concentration (mass of soot per volume of
exhaust gas) in the engine exhaust pipe. The nature of the measurement process prevents droplets of
unburned fuel from being measured as soot.

A custom Labview™ data acquisition system (DAS) was established and configured to receive analog

inputs from the emission instrumentation as well as thermocouples and pressure sensors that are typical
devices for measuring temperatures and pressures throughout the engine and associated components. The
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DAS provides the ability to collect the laboratory data streams to data files as well as providing online
visual feedback to support safe and reliable test cell operation.

4.3 COMBUSTION ANALYSIS SYSTEM

A DRIVVEN uDCAT combustion analysis system was used to support the project. (DRIVVEN has
subsequently been purchased by National Instruments, and newer versions of the same software system
and associated hardware modules are now sold through National Instruments Powertrain Controls.)
Combustion analysis is accomplished through high-speed measurement of the pressure in the combustion
cylinders synchronously with the rotational position of the crankshaft. In combination with the known
(from engine geometric information) volume of the combustion cylinders at each crankshaft rotation
position, these data can be used to evaluate the combustion process. This process is a powerful means for
examining engine performance, but it is important to recognize that the only measurements are the
relevant pressures. Other metrics such as cylinder gas temperature, heat release rates, and combustion
durations are values derived from the pressure data and are not independent measurements.

4.3.1 Cylinder Pressure Measurements

Cylinder pressure measurements were accomplished by mounting high-speed piezoelectric pressure
transducers into each combustion chamber. Kistler 6052CU20 transducers were used for this purpose.
These transducers were mounted in each combustion chamber through ports machined into the cylinder
head. The transducers were connected to Kistler model 5010 charge amplifiers, which convert the signals
from the pressure transducers to analog voltages for measurement by the uDCAT system.

A BEI rotary encoder was installed to measure the rotation of the engine crankshaft. The encoder had a
resolution of 1,800 pulses per revolution, or 1 pulse every 0.2 crank angle degrees (CAD). The rotational
position of the engine crankshaft directly determines the piston position and thus the instantaneous
volume of the cylinders. The uDCAT system recorded the signal from the pressure transducers
synchronously at each electrical pulse produced by the encoder.

Piezoelectric pressure transducers require a reference measurement at a known pressure in order to
convert their signals to an engineering value. The process of making this comparison and establishing the
pressure being measured by the piezoelectric transducer is frequently referred to as “pegging”. Pegging
was accomplished in this application by using a low-speed transducer mounted in the engine intake
manifold. The uDCAT system measured this pressure at a fixed location in the engine cycle where the
intake valves were open. At this point, the cylinder pressure is, to a good approximation, the same as the
intake manifold pressure, allowing the cylinder pressure transducer readings to be correctly referenced to
a known pressure during each engine cycle.

4.3.2 Knock Detection

The puDCAT system incorporates a knock-detection algorithm that can utilize several different signal
sources to detect knock in the engine. Audible knock is a result of the undesired autoignition of unburned
pockets of fuel and air mixture in the cylinder. When an autoignition occurs, it causes pressure waves to
propagate through the cylinder at known frequencies that are related to the cylinder dimensions and the
in-cylinder gas temperature. An automotive knock sensor responds to the transmission of these pressure
waves through the cylinder walls. However, since the forcing functions for the signals measured by a
knock sensor are the pressure waves within the cylinder, measuring the in-cylinder pressure can be used
to detect knock. For this project, the cylinder #1 pressure signal was split to both a synchronous
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measurement channel (for combustion characterization) and a high-speed asynchronous channel (for
knock detection). The high-speed asynchronous channel sampled the pressure in cylinder #1 on a time
basis, rather than on a crank-angle basis, so that high-frequency oscillation in the pressure can be
measured.

The algorithm used for knock detection in the uDCAT system is a BRIC method: that is, the signal is
first Bandpass filtered, Rectified, Integrated, and then Compared with the same signal in a non-knocking
portion of the engine cycle. The first step, bandpass filtering, restricts the signal analysis to the target
frequency range. The uDCAT system calculates the frequencies that are characteristic of knock for the
engine, and allows the user to select the cutoff frequencies for the knock-detection algorithm. In this
case, the cutoff frequencies were selected as 10 kHz and 50 kHz. This frequency range was selected to
include the primary knocking frequency and the first harmonic frequency. This filter is applied to
pressure measurements conducted in the crank-angle space where knock is possible (0 CAD ATDC to 50
CAD ATDC) and in a crank angle space where knock is not possible (-210 CAD ATDC to -180 CAD
ATDC). Next, both signals are rectified and integrated to produce a numerical metric that is proportional
to the energy contained in the pressure pulsations in both the knocking and non-knocking portions of the
engine cycle. Finally, the signal from the knocking region is divided by the signal from the non-knocking
region, producing a final value that indicates the strength of the signal in the knock region relative to that
of the non-knocking region. This value is reported as a nondimensional metric of knock intensity. This
measurement was only carried out for cylinder number 1, which was assumed to be representative of the
other cylinders. The in-cylinder pressure traces for all four cylinders were also examined at each
condition, allowing the operator to visually assess whether there were gross differences in the knock
behavior of all four cylinders. No gross differences in the onset of knock among the cylinders was noted
during this study.

Page | 16



5. PHASE 2: ANTI-KNOCK SCREENING

Phase 2 of the project was to conduct an anti-knock screening study on 19 fuel blends that were finalized
during Phase 1. To accomplish the anti-knock screening, a load sweep was conducted at 2,000 RPM for
each fuel in the Ford 1.6L engine. In principle, it is possible to increase the engine compression ratio and
the fuel anti-knock properties together, improving efficiency without compromising the ability of the
engine to produce its rated torque as a result of the onset of knock. The objective of the anti-knock
screening was to identify fuel and compression ratio combinations that closely approximated the
combustion phasing and engine performance of the original engine when fueled with a baseline (~91
RON) gasoline and to down-select fuel / CR pairs for the more in-depth engine studies in Phase 3.

5.1.1 Fuel Anti-knock Screening Process

The first step was to purge the fuel system and introduce the desired test fuel. This process began with
draining the source and return lines for the low-pressure fuel pump to remove as much of the previous
fuel as possible. Then the source line was placed in the desired drum of fuel and a quantity of
approximately 2 quarts of fuel was pumped through the pump system and out through return line into a
waste can to purge the low pressure pump and remaining tubing with the new fuel. Fuel was pumped into
a waste can (instead of flowing back to the fuel drum through the return line) to prevent cross-
contamination of the fuel drum by return flow once the return line was connected to the fuel drum. Once
the low-pressure pump was purged, the return line was connected to the desired fuel drum. Next,
approximately 1 gallon of fuel was pumped through the transfer line to the engine and rejected through a
purge port into a waste can. The purge port was located as close as practical to the inlet of the high-
pressure fuel pump on the engine and allowed rapid changeover of the fuel in the longer transfer line.
Finally, the fuel changeover was completed by operating the engine. The engine was first started and
allowed to reach operating temperature at 2,000 RPM and a BMEP of approximately 200 kPa. Once the
engine reached operating temperature, the engine BMEP was increased to approximately 800 — 1000 kPa
to increase the fuel consumption rate. This condition was held for 15 minutes to burn whatever volume of
the previous fuel might still have been present in the fuel pump, fuel rail, and transfer line. Once this
operating condition was completed, the engine was returned to a brake torque of 10 ft-Ibs and collection
of data was initiated.

The engine control unit (ECU) adapts to the anti-knock quality of the fuel by detecting knock and either
advancing or retarding the spark timing to maximize engine efficiency while avoiding knocking
conditions. The authority of the anti-knock algorithms in the ECU to advance or retard spark is set by
tables that contain numerical limit values for different engine conditions. Prior to the collection of data,
the values in both the spark advance limit and spark retard limit tables were set to zero at all conditions so
that avoidance of knock was controlled by the engine operator and not the ECU. This step was taken
because the ECU anti-knock calibration could not be assumed to respond to knock consistently when non-
standard pistons were used to change the compression ratio.

Next, the engine was operated at target brake torque points that were spaced nominally at 10 ft-Ib
increments, beginning with 10 ft-Ibs. At each point, the commanded spark timing was adjusted to achieve
a target 50% mass fraction burned location (CA50) of ~5 crank angle degrees (CAD) after top dead-
center (ATDC). On-screen traces for fuel consumption and emissions were monitored to determine when
the readings reached steady values. Once this occurred, data collection was initiated. Engine
performance, combustion, and emissions data were collected simultaneously. Upon completion of data
collection, the engine torque output was increased by physically actuating the accelerator pedal using a
digital throttle controller to move to the next desired condition.
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As engine load was increased, CA50 phasing was held approximately constant at 5 CAD ATDC until the
increased load caused the onset of knock, at which point CA50 timing was retarded by retarding spark
timing. The region of operation for each fuel where knock did not occur (where the CA50 phasing was
held approximately constant at 5 CAD ATDC) was defined as the maximum brake torque, or MBT
region. The onset of knock generally occurred at engine torques of 60 — 90 ft-1bs (depending on fuel and
compression ratio), corresponding to brake mean effective pressure (BMEP) levels of approximately 600
—900 kPa. Once the onset of knock was observed, the CA50 phasing was set at the most advanced point
possible while remaining at a borderline knock condition.

On-screen displays of the non-dimensional knock intensity metric described previously were used to
ascertain when a borderline knock condition was achieved. A knock intensity trend chart provided a
means for observing the knock intensity that resulted from changes in spark timing. Spark timing was
initially advanced until knock was observed as a sudden, large increase in the knock intensity for a small
increase in spark advance. Once knock was encountered, the spark timing was retarded in 0.5 degree
increments to remove the knocking condition.

5.1.2 CA50 Phasing Results

All 19 fuels were screened at compression ratio 11.4. This compression ratio was chosen as a
compromise for screening all fuels while assuring that none produced excessively advanced or retarded
combustion phasing. A subset of the fuel matrix was then screened at CR13.2, followed by another
subset at CR10.5. A federal emissions certification gasoline (Haltermann EEE, batch CE2121LT10) was
added to the screening study for comparison. Table 5.1 shows the fuels and CRs at which they were
screened. In general, fuels tested at CR 10.5 were 91 RON while fuels tested at CR 13.2 were 101 RON.
Fuels 5, 15, and EEE (all ~96 RON) were tested at all three CRs.

The knock-limited CA50 results for CR11.4 are shown in Figures 5.1, 5.2, and 5.3, for the 91-RON, 96-
RON, and 101-RON fuels, respectively. In these figures, the CA50 is plotted as a function of BMEP.
Images of the fuel matrix are included identifying the fuels compared in that figure. The symbol and line
colors indicate differing ethanol content. Filled symbols are used for low-sensitivity fuels and open
symbols for high-sensitivity fuels.

In general, the CA50 data for CR 11.4 show that the fuels within a RON group perform similarly to one
another. The CA50 data for the low-RON fuels do not indicate great differences within the variability of
the data. The mid-RON fuels are also self-similar in terms of CA50, but fuel #15 has CA50 phasing in
the highest load, highly retarded region that is several degrees more advanced than the other ethanol fuels.
The performance of the EO EEE fuel is better than that of fuel #15 up to a BMEP of about 1000 kPa. The
results for the high-RON fuels indicate that combustion tends to be more advanced at high loads for the
high-sensitivity fuels, although there doesn’t appear to be an effect of ethanol content for those fuels.
This trend is also evident with the low-RON and mid-RON fuels, but is most clearly seen with the high-
RON fuels. Overall, the phasing of CA50 in the knock-limited load range correlated with the RON level
of the fuels, as expected, with the high-RON fuels showing combustion phasing about 5-10 CAD more
advanced than the low-RON fuels at CR11.4. The overlap of the curves for fuels #16, #17, #18, and #19
suggest that there are no particular observable combustion phasing benefits of higher ethanol content for
the fuels having similar high RON and sensitivity values at this compression ratio.
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Table 5.1. Fuel and compression ratio pairs selected for anti-knock screening.

Fuel # 213 5161|7758 1011121314 |15|16 |17 |18 |19 | EEE
CR105 | X X | X X | X | X | X X X
CRII4A | X | X | X | X[ X | X[ X]| X | X[ XX | X[ X| X[ X]| X[ X]|X|X| X
CR13.2 X X X X[ X | X[ XX X
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The CAS0 results for the CR13.2 condition are shown in Figure 5.4, with the same symbols for fuel
identification as were used for the CR11.4 results. In addition to the high-RON fuels, the mid-RON fuels
(#5, #15, and EEE) were also run. The mid-RON fuels are shown using orange dashed lines to
distinguish them from the high-RON fuels. At CR13.2, the results again show a separation between the
low- and high-sensitivity fuels. The high-sensitivity fuels have a significantly more advanced CA50
phasing. It is also interesting to note that the CA50 phasing for the two low-sensitivity, high-RON fuels
were similar (fuel #8) or more retarded at BMEP above 1000 kPa (fuel #7) than the high-sensitivity, mid-
RON fuel (#15). The other mid-RON fuels (#5 and EEE) had more retarded CA50 timing than the high-
RON fuels, as expected. Also evident from the CR13.2 data is the fact that fuels without sufficient anti-
knock qualities result in CA50 reaching the limit of 30 CAD ATDC at lower BMEP levels. The lower
achievable BMEP level means that these fuels, when used with CR13.2, would cause a performance
detriment compared to fuels with greater anti-knock qualities. The overlap of the curves for fuels #16,
#17, #18, and #19 suggest that there are no particular observable benefits of higher ethanol content for the
fuels having similar high RON and sensitivity values at this compression ratio.
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Figure 5.4. CR13.2 anti-knock screening CA50 results.

The CR10.5 CA50 results are shown in Figure 5.5. Once again, the mid-RON fuels are shown with
dashed-orange lines to distinguish them from the low-RON fuels in this graph. In this case, the mid-RON
fuels have more advanced CA50 than the low-RON fuels, as expected. The low-RON fuels had generally
similar knock limits to each other. Surprisingly, fuel #10 (a high sensitivity E10) was slightly more
knock-limited than fuel #1 (a low sensitivity E10). The low-RON, low-sensitivity fuels had MON levels
of about 85, compared to about 81 MON for the high-sensitivity fuels. Fuel #10 has a MON of just less
than 81, compared with marginally higher MON values for fuels 11-13. However, the results from fuels
#5 (up to a BMEP of about 1300 kPa) and #15 show that if RON is higher, high sensitivity produces less
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knock-limited phasing than the other ethanol-containing fuels, as was also observed at both CR11.4 and
CR13.2. At the same RON (96) and same sensitivity (7), fuel EEE (EOQ) offers better knock resistance
than fuel #5 (E10) at all compression ratios studied. Interestingly, the results of the low-sensitivity, EO
EEE fuel track those of fuel #15.
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Figure 5.5. CR10.5 anti-knock screening CA50 results.
5.1.3 CAS50 Results Relative to Baseline Condition

While the CA5Q results discussed above are informative, it is useful to compare them to a baseline
condition to aid in establishing fuel and CR pairs that approximate the performance of the OEM engine
and marketplace fuels. For this purpose, the CA50 data for fuel #1 at the CR10.5 condition were taken as
a baseline condition, since the octane values of fuel #1 approximates a regular-grade E10 marketplace
fuel. Since the BMEP points for all of the fuels exhibit some variability, the knock-limited CA50 data for
fuel #1 was fit with a third-order curve to allow calculation of a baseline CAS50 for each of the BMEP
levels where data was logged for the other fuels. The baseline CA50 data and curve fit are shown in
Figure 5.6, with red data points indicating results in the maximum brake torque (MBT) region and blue
data points indicating knock-limited conditions that were used for the third-order curve. The baseline
CAS50 was then calculated at each BMEP point for all fuel and CR pairs and subtracted from the observed
CADS50 to produce a metric of ACAS0. At this point, the combustion phasing versus BMEP plots that have
been discussed previously were re-created using the ACA50 metric. These plots are shown as Figures 5.7
—5.11 and are presented in the same order and with the same symbols for fuel identification as used
previously. In these figures, a value of zero indicates that the CA50 was the same as that observed for the
baseline condition. Values greater than zero indicate that the CA50 was more retarded than baseline, and
values less than zero indicate that the CA50 was more advanced than the baseline. A fuel-CR pair that
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exactly matches the performance of the baseline condition would therefore have a flat line at zero, and
that fuel would enable use of that CR with the same knock behavior as the baseline condition. Fuel-CR
pairs that approximate the baseline condition would have values that are either slightly positive or
negative, with slightly negative being more desirable. Large positive values indicate that the selected CR
requires more knock resistance than the fuel provides, while large negative values indicate that that the
fuel has more knock resistance than the selected CR can effectively utilize.
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Figure 5.6. CR10.5 fuel #1 CA50 data and curve fit for the knock-limited region of the data.
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The CR11.4 results for the low-RON fuels show that all ACAS50 values are positive, indicating that none
of these fuels provide sufficient knock resistance for use with CR11.4. The mid-RON fuels show ACA50
trends that cross zero or are only positive or negative by a few degrees, indicating that ~96-97 RON fuels
enable CR11.4 with approximately the same knock behavior as the baseline. Fuel #15 and EEE are good
examples of this trend. The results for the 101-102 RON fuels at CR11.4 show that the low-sensitivity
fuels have small positive or negative values, while the high-sensitivity fuels have large negative values at
high BMEP levels, with no apparent benefits of higher ethanol content.

The CR13.2 ACAS50 results show that the mid-RON fuels (with the possible exception of #15) have large
positive values and thus do not provide sufficient knock resistance for use with CR13.2. Fuels #15 and
#8 have similar performance, as noted previously. Fuel #7 shows significantly more retarded phasing
than #8; the same pattern is also apparent at CR11.4. Fuel #8 has higher ethanol content, perhaps
indicating that the ethanol content is affording more advanced combustion phasing at the same RON and
sensitivity level. The high-RON, high-sensitivity fuels all show near-zero values at moderate loads and
negative values at high loads, with no obvious trend with ethanol content. In general, the high-RON,
high-sensitivity fuels seem to be the best candidates for use with CR13.2 with approximately the same
knock behavior as the baseline.

The CR10.5 data show that the low-RON fuels have ACAS0 values that generally fall between £2 CAD
of baseline, indicating that they are very similar to the baseline case, as could be expected, with no
discernable effect of ethanol content. The mid-RON fuels have negative ACAS0 values, which is not
surprising since this engine is known to achieve higher performance when premium fuel is used. In
particular, fuel #15 with high sensitivity and 30% ethanol content shows the most negative values,
although the mid RON EO EEE fuel shows similar results, at least up to 1700 kPa BMEP.
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5.1.4 Fuel/CR Recommendations for Phase 3

The Phase 2 data were reviewed by the AVFL-20 project committee to down-select to 7 fuels that would
be included in the Phase 3 engine mapping and vehicle modeling stage of the project. These selections
are summarized in Table 5.2. After considerable discussion, the working group agreed to recommend
study of fuels #1, #10, and #15 at CR10.5, followed by fuels #6, #7, #14, and #15 at CR11.4. Finally,
fuels #7, #14, #15, #16, and #19 would be studied at CR13.2. Thus a total of 12 fuel-CR combinations
were selected for Phase 3 testing. The project committee selected these fuels on the basis of their
performance at the different compression ratios, with consideration for allowing comparisons among
RON, sensitivity, and ethanol content from the Phase 3 data. These recommendations were presented to
and approved by the AVFL committee.

Table 5.2. Fuel / CR pairs selected for Phase 3 studies.

Fuel CR10.5 CR11.4 CR13.2
#1 V

#6 V

#7 N N
#10 V

#14 V V
#15 V V V
#16 N
#19 N
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6. PHASE 3 -ENGINE MAPPING AND VEHICLE MODELING

Phase 3 of the project focused on generating engine maps to support vehicle modeling using the fuels
down-selected from the Phase 2 anti-knock screening study.

6.1 PHASE 3 FUEL PROPERTIES

CRC commissioned Gage Products to produce three 55-gallon drums of each of the selected fuels. The 3-
drum volume was judged to be sufficient to support both AVFL-20 Phase 3 as well as AVFL-20a project
activities, allowing both projects to use fuels manufactured as one batch. Gage provided measurements of
RON, MON, density, RVP, distillation, and aromatic, olefin, and saturate content. Copies of the
certificates of analysis provided by Gage are included in Appendix D, and summarized in Table 6.1. The
properties of the Phase 3 fuels were confirmed to agree very closely with those of the Phase 2 fuels.
Figure 6.1 shows the net heating value comparison, with the error bars representing the stated
repeatability for ASTM D4809.
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Figure 6.1. Comparison of ASTM D4809 Net Heating Value results for Phase 2 and Phase 3 fuels.

At the conclusion of Phase 2, the OEM CR10.5 pistons were re-installed in the engine. Thus, for Phase 3
the first maps conducted were for the fuels selected for evaluation at the lowest compression ratio, 10.5.
The run order for the fuels was #1, #10, and #15. Following the CR10.5 studies, the CR11.4 pistons were
installed and data collected for fuels #6, #7, #14, and then #15. Finally, the CR13.2 pistons were installed
with the intention of collecting data for fuels #7, #15, #16, and #19.
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Table 6.1. Gage Products reported values for design variables in Phase 3 fuels.

Fuel RON MON Sensitivity Ethanol Content (Vol%o)
1 91.8 84.5 7.3 10.4

6 96.0 88.5 7.5 30.0

7 100.1 92.5 7.6 10.1

10 91.4 81.0 10.4 10.0

14 96.6 85.5 11.1 10.4

15 96.5 84.9 11.6 30.4

16 101.1 89.3 11.8 10.2

19 101.0 89.0 12.0 29.9

6.2 ENGINE MAPPING

The methods and procedures detailed previously for the Phase 2 studies were also adopted for use in the
Phase 3 efforts. The automotive members of the project committee showed data indicating that operation
in the speed range from 2,500 RPM to 5,000 RPM on standard drive cycles is very sparse, making data
collection in that region less important to vehicle models aimed at the standardized drive cycles. The
project technical committee, after considerable discussion, agreed that an abbreviated mapping procedure
be used. This procedure focused on collecting engine data at 1,000 RPM, 1,500 RPM, 2,000 RPM, 2,500
RPM, and 5,000 RPM in nominal 100 kPa BMEP load increments at each speed. Additionally, the
maximum torque achievable at speeds between 2,500 RPM and 5,000 RPM was collected in 500 RPM
increments. Eliminating data collection at speeds between 2,500 RPM and 5,000 RPM allowed a larger
number of fuels to be included in the Phase 3 study. Generally, data collection was initiated at 1,000
RPM and moved upward in engine speed until all desired data had been collected. Figure 6.2 shows the
speed and load conditions for a typical engine map.
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Figure 6.2. Speed and load conditions investigated for the engine map of fuel #1 at CR10.5.
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In the absence of knock, the CA50 phasing was adjusted to approximately 5 CAD ATDC, which is
typical of MBT phasing. Both positive and negative offsets to the spark timing were needed to
accomplish this phasing, depending upon the engine condition and fuel used. As the load was increased
and the engine began to experience knock, the spark timing was adjusted at each operating condition to
locate the timing at which the knock intensity increased substantially for a small change in spark timing.
This condition was then taken as the threshold of knock onset. Once this point was identified, spark
timing was set slightly retarded of the threshold and data collection was initiated.

6.2.1 Results for Fuels Studied at CR10.5

Based on the results of the Phase 2 studies, three fuels were selected for use with CR10.5 in Phase 3 of
the project. These included #1 and #10, which have a low RON, low ethanol content, and vary in
sensitivity. Additionally, #15 was selected to be tested at all 3 CRs. Fuel #15 has a mid-level RON, a
high ethanol content, and high sensitivity.

6.2.1.1 Combustion Phasing

The CA5O0 results at the five engine speeds studied for fuel #1, #10, and #15 are shown in Figures 6.3 —
6.5, respectively. CA50 results for these three fuels are compared at one single engine speed (2000 RPM)
in Figure 6.6. As expected, the BMEP where knock begins to occur rises as the engine speed increases
for all three fuels. Fuels #1 and #10 exhibit CAS50 trends that are similar, as might be expected based on
the similarity of their RON ratings. Fuel #15 has more advanced CA50 resulting from its higher RON
rating. The CA50 trends for the three fuels are shown together for 2,000 RPM in Figure 6.6. Readers
may note that the 1,000 RPM trends often end at CA50 values that are much less than the 30 CAD ATDC
limit. At 1,000 RPM, the maximum torque output of the engine is limited by available intake air mass, as
the turbocharger is not able to produce full boost at this low speed. Hence, maximum torque at 1,000
RPM is achieved before the CA50 limit is reached.
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6.2.1.2 Fuel Mean Effective Pressure

Fuel mean effective pressure (MEP) is a measure of the fuel energy consumed by the engine at a given
torque output, normalized to the displacement of the engine.?"?32° The concept is similar to the
normalization of engine torque output accomplished by the brake mean effective pressure metric. Engine
brake thermal efficiency at a given condition is equal to BMEP divided by fuel MEP. Fuel MEP is
generally not a strong function of engine speed, although at low speeds heat transfer losses can cause it to
increase. Similarly, at high speeds friction increases and causes fuel MEP to increase. In general, fuel
MEP is a linear function of BMEP over a wide operating range and accounts for heating value differences
between fuels. Therefore, a linear regression of fuel MEP and BMEP data for non-knock limited load
conditions is a means of examining the change in fuel energy consumption resulting from the use of
different compression ratios. Best-fit lines were established in the MBT region (at all engine speeds) for
all of the fuels examined at each compression ratio using the data from engine speeds of 1,500 — 2,500.

An example is shown as the dashed black line in Figure 6.7, which shows the best-fit line for the three
fuels studied at CR10.5. The results for all three fuels fall onto one line, indicating that the fuel
consumption measurements produced during experiments combined with the net heat of combustion for
each fuel agree well in the MBT region, as expected. The relationship determined by this regression was
used to calculate the fuel consumption rate for all fuels for conditions within the MBT region to aid in
reducing the impact of experimental noise during vehicle modeling. Measured fuel consumption values
for each individual fuel were used for BMEP levels beyond the MBT region. An example fuel
consumption map for fuel #1 is shown in Figure 6.8. In this plot, filled symbols represent points in the
MBT region, open symbols represent points that are in the knock-limited region. Different engine speeds
are represented by the color of the plot symbol. The data in Figure 6.8 do not fall onto one line because
the fuel consumption values in Figure 6.8 are dependent on engine speed. Fuel MEP values, as shown in
Figure 6.7, are not dependent on engine speed since fuel MEP is a measure of energy consumption per
engine cycle.

2" Wei Wu and Marc Ross, “Spark-Ignition Engine Fuel Consumption Modeling,” SAE Technical Paper #1999-01-
0554, SAE International, 1999.

28 p J. Shayler, J.P. Chick, and D. Eade, “A Method of Predicting Brake Specific Fuel Consumption Maps,” SAE
Technical Paper #1999-01-0556, SAE International, 1999,

2 Marc Ross and Feng An, “The Use of Fuel by Spark Ignition Engines,” SAE Technical Paper #930329, SAE
International, 1993.
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6.2.2 Results for Fuels Studied at CR11.4

Based on the results from Phase 2, four fuels were chosen for study in Phase 3 at CR11.4. These were #6,
#7, #14, and #15. Fuels #7 and #14 had low ethanol content and differed in both sensitivity and RON
rating. Fuels #6 and #15 had high ethanol content, mid-level RON, and differed in sensitivity.
Additionally, #14 and #15 had nominally the same sensitivity and RON rating, but differed in ethanol
content.

6.2.2.1 Combustion Phasing

Figures 6.9 — 6.12 show the CA50 timing for the four fuels studied at CR11.4. As was observed at
CR10.1, the delay in combustion phasing that was needed to avoid knock decreased as engine speed
increased. As shown in Figure 6.13 fuel #7 enables higher BMEP output prior to the onset of knock, but
fuel #15 required less ignition retard as BMEP increased. This tendency was observed at all engine
speeds and was found to be repeatable in multiple experiments with these fuels.
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Figure 6.9. Combustion phasing (CA50) results for fuel #6 at CR11.4.
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6.2.2.2 Fuel Mean Effective Pressure

Figure 6.14 shows the fuel MEP for all fuels studied at CR11.4 in the MBT region. The observed trends
in the fuel MEP for individual fuels were very similar to those identified and discussed in the CR10.5
results. The linear regression for the CR11.4 data produced a slope of 2.4314 kPa/kPa and an intercept of
417.56 kPa. The slope is numerically smaller than that determined at CR10.5, with only a marginally
higher intercept value. The marginally higher intercept value is consistent with higher friction torque,
which is often experienced when compression ratio is increased (due to higher cylinder pressure which
leads to higher loads on the piston rings, higher piston side forces, and higher bearing loads). The lower
slope indicates an overall efficiency increase for CR11.4 compared to CR10.5 in the MBT region, as
expected. The average efficiency improvement in the MBT region is 1%. A curve fit to the data of
several recent studies provides a benchmark that can be used to evaluate these results.®® The curve fit to
the data in that paper shows that the increase in efficiency from CR10.5 to CR11.4 is approximately
1.7%.
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Figure 6.14. Fuel MEP in the MBT region for all fuels studied at CR11.4.

%0 |eone, Thomas G.,Anderson, James E., Davis, Richard S, et al., “The Effect of Compression Ratio, Fuel Octane
Rating, and Ethanol Content on Spark-Ignition Engine Efficiency,” Environ. Sci. Tech. 2015, 49, 10778-10789,
doi:10.1021/acs.est.5b01420.
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6.2.3 Results for Fuels Studied at CR13.2

Four fuels were selected for study at CR13.2 in Phase 3. These fuels were #7, #15, #16 and #19. Fuel
#15 had mid-level RON, while fuels #7, #16, and #19 had high-level RON. Fuel #7 had low sensitivity;
fuels #15, #16, and #19 had high sensitivity. Fuels #7 and #16 had low ethanol content, while fuels #15
and #19 had high ethanol content.

6.2.3.1 Issues with the CR13.2 Pistons

During experiments with the CR13.2 pistons, an engine failure occurred that prevented collection of data
for fuels #15 and #19. A new engine was installed, but had different efficiency than the original engine,
likely because of small differences in manufacturing in addition to changes in the state of the original
engine resulting from numerous re-builds and considerable run time. This difference would have
confounded the results for the CR13.2 condition unless a new baseline was established for this engine
prior to resumption of tests with the CR13.2 pistons. Additionally, data from the CR13.2 pistons had not
shown as much improvement in fuel efficiency as had been observed in previous studies.®!,%

A computational fluid dynamics (CFD) study was undertaken by Ford Motor Company to examine the
potential causes of this shortcoming in an effort to determine the most beneficial path for study of the
CR13.2 condition. Solid models were generated for the piston crowns and used together with engine and
fuel data from the study to support the CFD analyses. Figure 6.15 shows an example solid model for the
CR13.2 piston crown.

z

J

Figure 6.15. Solid model of the CR13.2 piston crown.

The CFD study showed that the relatively small diameter bowl in the CR13.2 pistons increased the
likelihood of impingement of the fuel spray on the piston, confined flame propagation, and extended
combustion later into the cycle compared to the baseline OEM piston. All of these factors limit the
combustion efficiency and are likely contributors to the lower-than-expected efficiency increase for these
pistons. Extension of the combustion event later into the cycle was also observed in the CFD study for
the CR11.4 pistons, but to lesser extent owing to the larger diameter of the CR11.4 piston bowl that was
more comparable to the OEM piston. Based on the results of the CFD analysis, the AVFL-20 project
committee deemed that conducting baseline experiments on the new engine for the purpose of continuing
study with the existing CR13.2 pistons was not likely to provide beneficial information, and thus
discontinued study at the CR13.2 pistons. Study of fuel efficiency benefits of CRs higher than 11.4 in

31 Smith, P., Heywood, J., and Cheng, W., “Effects of Compression Ratio on Spark-Ignited Engine Efficiency,” SAE
Technical Paper 2014-01-2599, 2014.

% Leone, T., Olin, E., Anderson, J., Jung, H. et al., “Effects of Fuel Octane Rating and Ethanol Content on Knock,
Fuel Economy, and CO2 for a Turbocharged DI Engine,” SAE Int. J. Fuels Lubr. 7(1):2014.

Page | 39



this engine was suggested for a potential future project. Existing data at CR13.2 with the original engine
are nevertheless included in this report for completeness.

6.2.3.2 Combustion Phasing

Figures 6.16 and 6.17 show the CA50 versus BMEP for fuels #7 and #16, respectively. As was observed
at CR10.5 and CR11.4, the amount of phasing retard to avoid knock decreased as engine speed increased.
In general, fuel #16 required less combustion phasing retard than fuel #7 at similar BMEP and engine
speed as was observed during the Phase 2 screening.
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Figure 6.16. CA50 versus BMEP for fuel #7 at CR13.2.
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Figure 6.17. CA50 versus BMEP for fuel #16 at CR13.2. Data were not collected at 5,000 RPM due to engine failure.

6.3 VEHICLE MODELING

Vehicle modeling allows the engine data gathered during this project to be used to estimate the fuel
consumption and CO- emissions from vehicles that might use similar engines with the different
compression ratios and fuels studied in this project. The vehicle modeling for this project was carried out
using the Autonomie model, which was developed at Argonne National Laboratory with support from the
U.S. Department of Energy. The Autonomie model has been extensively benchmarked, and offers the
advantage of being a non-proprietary modeling tool designed to assess fuel consumption for conventional
and hybrid vehicle designs. 33343536

6.3.1 Parameters Describing the Model Vehicles
Several parameters are needed in vehicle simulation models to describe the aerodynamic and inertial

loads placed on the vehicle and its powertrain during operation. Aerodynamic and inertial loads at the
tire-road interface are specified by the dynamometer target coefficients and test weight that are available

33 Kim, N., Rousseau, A., and Rask, E., “Autonomie Model Validation with Test Data for 2010 Toyota Prius,” SAE
Technical Paper 2012-01-1040, 2012, d0i:10.4271/2012-01-1040.

34 Kim, N., Duoba, M., and Rousseau, A., “Validating Volt PHEV Model with Dynamometer Test Data Using
Autonomie,” SAE Int. J. Passeng. Cars — Mech. Syst. 6(2):2013, doi:10.4271/2013-01-1458.

% Lee, D., Rousseau, A., and Rask, E., “Development and Validation of the Ford Focus Battery Electric Vehicle
Model,” SAE Technical Paper 2014-01-1809, 2014, doi:10.4271/2014-01-1809.

3% Kim, N., Rousseau, A., and Lohse-Busch, H., “Advanced Automatic Transmission Model Validation Using
Dyanamometer Test Data,” SAE Technical Paper 2014-01-1778, 2014, doi:10.4271/2014-01-1778.
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in the EPA certification test database for all vehicles sold in the U.S. The EPA “Equivalent Test Weight”
(ETW) allows calculation of inertial forces acting on the vehicle. Aerodynamic and friction forces at the
interface of the vehicle tires and the roadway are described by a quadratic function of vehicle speed. In
this relationship, the “A” parameter is the fixed force that is independent of vehicle speed. The “B”
parameter is the coefficient of vehicle speed, and the “C” parameter is the coefficient of vehicle speed to
the second power. The forces at the wheel are translated to forces at the engine output shaft through the
differential and transmission. Hence, the relevant gear ratios and final drive ratio also need to be
specified. Two target vehicle configurations suitable for the 1.6L EcoBoost engine were of interest for
this project: an industry-average mid-size sedan and industry-average small sport utility vehicle (SUV).

A data mining effort was conducted using the 2014 EPA certification test database as a source for the
required information to support vehicle model development. Each record in the database was augmented
with vehicle size class to enable analysis of the certification data by vehicle size.*” The next step was to
analyze the data for the mid-size sedan and the SUV size classes. Parameters such as dynamometer target
coefficients were examined as a function of the power density and the specific displacement ratio for all
of the vehicles in the EPA database for the appropriate vehicle size class. Figure 6.18 shows an example
of the result of this analysis for target coefficient C.

2014 EPA Test Car List Data (Tier 2 Cert Gasoline)
I | I I I

0.04 |
* MidsizeCar_FTP

* SmallSUV2WD_FTP
0.035 - .

0.03 |- o ° .
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0.015

0.01 | ! I ! ! ! ! !
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Figure 6.18. Target coefficient C versus vehicle power density for midsize sedans and small SUVs in the EPA certification
test database.

In this example, the midsize sedan results for the FTP cycle are shown in shades of red, while the results
for small SUVs for the FTP cycle are shown in shades of gray. The lighter region for each vehicle group
denotes the range of variation for all of the data in the database, with the exception of statistical outliers.
Statistical outliers are shown by stars that fall outside the bounds of the shaded areas. The darker regions

372014 Certified Vehicle Test Result Report Data (XLS), available online at
https://www3.epa.gov/otag/cert/documents/cert-tst/14actrr.xls
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denote the interquartile range of the data for each vehicle size. The larger circular icon on each line
shows the geometric median of the data for each vehicle size class. As shown by the example data, target
coefficient C for mid-size sedans is relatively insensitive to the vehicle power density. Using the same
process as for target coefficient C, the EPA certification database was analyzed to determine target
coefficients A and B, and the engineering test weight for the mid-size sedan and small SUV vehicle
configurations. The geometric median of the data for each parameter was adopted for use in the vehicle
modeling efforts for this project.

Once the median power density for the target vehicle configurations was determined, these results were
used to select production vehicle examples that had similar power density to the median. These examples
provided a means of selecting final drive and transmission gear ratios for use in the vehicle models. The
2014 Ford Fusion and 2015 Ford Escape, both equipped with the 1.6L Ecoboost engine used in this study,
had power densities that were very close to the median. After consultation with the AVFL-20 project
committee, the transmission gear ratios from these vehicles were adopted for use in the vehicle models for
this project. Table 6.1 summarizes the parameters used in the vehicle models for this project.

Table 6.1. Parameters for Vehicle Models

Parameter Mid-Size Small
Sedan SuUv

Target Coefficient A (Ibf) 34.0501 31.3622
Target Coefficient B (Ibf / MPH) 0.2061 0.3408
Target Coefficient C (Ibf / MPH"2) 0.0178 0.0235
Equivalent Test Weight (Ibs) 4000 4000
1%t Gear Ratio 3.73 4.584
2" Gear Ratio 2.05 2.964
3" Gear Ratio 1.36 1.912
4™ Gear Ratio 1.03 1.446
5" Gear Ratio 0.82 1.000
6™ Gear Ratio 0.69 0.746
Final Drive Ratio 4.07 3.21
Tire Rolling Radius (m) 0.32775 0.32775

6.3.2 Vehicle Gear Shift Points

The baseline Autonomie shift algorithm calculates low-load gear shift points based on the engine speed
that produces most efficient operation. Higher load shift points are calculated based on the maximum
torque of the engine. Initially, the engine speed profile predicted by Autonomie for the small SUV when
using a typical certification drive cycle was notably higher than actual test data from a 2015 Ford Escape,
as shown in Figure 6.19. The data shown in Figure 6.22 are for a UDDS cycle followed by a US06 cycle.
The Autonomie shift algorithm includes the ability to adjust the shift point calculations through setting
the engine speed where maximum efficiency is obtained. Adjustment of this parameter to 2,000 RPM
caused the Autonomie shift algorithm to calculate shift points that were similar to data from the 2015
Escape. It is important to note that this adjustment was not the result of providing a particular shift
schedule to the model, but rather a change that enabled the model to more closely mirror the performance
of an actual vehicle. Once this change was accomplished, the engine speed profile predicted by the model
was acceptably similar to test data, as shown in Figure 6.20.
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6.3.3 Effect of Reduced Engine Map Data Content on Fuel Economy Results

The engine map procedure used for this project focused most of the data collection at engine speeds less
than 2,500 RPM, where previous experience had demonstrated that vehicles operate most frequently. The
model relied on interpolation to calculate fuel consumption data in the range between 2,500 RPM to 5,000
RPM. This strategy was not expected to cause significant issues with vehicle model results, but an
assessment was conducted to quantify the impact. For this purpose, data collected previously in a study
funded by the U.S. Department of Energy was used. These data were gathered on the Ford 1.6L engine
equipped with the CR10.5 pistons and using a retail 87 AKI E10 fuel. The map generated with this fuel
contained points between 2,500 RPM and 5,000 RPM in addition to the lower speed data. The data
between 2,500 RPM and 5,000 RPM were then removed to create a second engine map that duplicated
the map procedure in use for this project. By using the same vehicle model with these two versions of the
87 AKI E10 engine map, differences in results could be directly attributed to the difference in the data
content of the engine map. Figure 6.21 shows the results of this comparison.
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Figure 6.21. Comparison of vehicle model results for full and reduced engine map.

The urban dynamometer driving schedule (UDDS) is the same driving schedule as Phases 1 and 2 of the
Federal Test Procedure (FTP) driving schedule. The UDDS and the highway fuel economy test
(HWFET) fuel economy results are not significantly impacted by the reduction in data content of the
engine map. Both the city portion (US06_City) and highway portion (US06_Hwy) of the US06 cycle
have marginally lower modeled fuel economy resulting from the reduction in data content of the engine
map. The difference for the city portion and highway portion of the US06 cycle is 4% and 1%,
respectively. However, since the purpose of this study is to evaluate the potential impacts of different
fuels and/or CR with the same type of engine map, the small difference in absolute US06 fuel economy
resulting from the use of the reduced engine map is not likely to significantly influence conclusions about
the differences between fuels and/or CR. Therefore, the reduced map approach was used.
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6.3.4 Vehicle Model Results — CR10.5

Figure 6.22 shows an example of the second-by-second engine conditions predicted by Autonomie for the
UDDS cycle and the US06_City cycle for fuel #1 at CR10.5 for the midsize sedan. These results show
that low-load cycles such as the UDDS include a large fraction of operation in the MBT region, while
high-load cycles such as the US06_City cycle include more operation in the knock-limited regime. The
model output indicates that knock-limited operation occurs at ~7.5% of the operating points included in
the UDDS cycle, and at ~32.5% of points included in the US06_City cycle for this CR and fuel
combination. Figures 6.23-6.24 show the volumetric fuel economy (miles/gallon) and energy
consumption (BTU/mile) results, respectively, for the mid-size sedan using fuels #1 (low RON, low S,
E10), #10 (low RON, high S, E10), and #15 (mid RON, high S, E30) with the CR10.5 pistons. Figure
6.25 shows the volumetric heating values for all of the fuels.

Fuel #15 had the lowest volumetric fuel economy on all drive cycles due to its lower volumetric heating
value owing to its higher ethanol content. Fuel #15 had 0-6.4% poorer fuel economy than fuel #1 and 0-
8.2% poorer fuel economy than fuel #10. Fuels #1 and #10 have similar RON ratings and ethanol
content, but fuel #10 demonstrates marginally higher volumetric fuel economy on all drive cycles studied.
Comparisons of volumetric fuel economy don’t enable conclusions to be drawn about whether differences
are due to the higher sensitivity of #10 compared with #1, or higher volumetric heating value, or both.

So, the volumetric fuel economy results were re-cast in terms of engine efficiency or energy consumption,
in units of BTU/mile, to visualize differences among these three fuels without the confounding effect of
differences in volumetric heating value. Fuel #10 consumes marginally more energy per mile than fuel
#1. Figure 6.28 shows the volumetric heating values for all of the fuels. Examination of the volumetric
heating values in Figure 6.25 for these fuels shows that fuel #10 has just over 2% more energy per gallon
than fuel #1, which is likely the primary reason for fuel #10 having marginally higher volumetric fuel
economy despite exhibiting similar or slightly poorer efficiency. The slightly higher energy consumption
for #10 (0-1.1% relative difference depending on drive cycle) also suggests that its higher sensitivity was
not beneficial at this compression ratio. Fuel #15 showed the lowest energy consumption on all cycles,
demonstrating that increasing RON rating can improve engine efficiency at CR10.5, although it is not
enough to overcome the lower volumetric heating value of this E30 fuel except on the city portion of the
USO06 cycle. This result is not surprising, since this engine is advertised to achieve greater performance
when premium-grade fuel is used.

Page | 46



2000

- UDDS
1800 | . ysoe_city
1600

1400

1200

. © 00
1000 500, 8%

800 -
600 -
400 -

200 -

Engine Brake Mean Effective Pressure (kPa)

OO0 OO0 O O O Oo.x

@Dg}@) 20O 00 O

'200 T T T T
0 1000 2000 3000 4000 5000
Engine Speed (RPM)
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Figure 6.23. Volumetric fuel economy results for the mid-size sedan with CR10.5 pistons.
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Figure 6.24. Energy consumption for the mid-size sedan at CR10.5.
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CO; emissions are another potential metric upon which to judge the performance of these fuels relative to
one another. Hence, the results were re-cast using the analyses for each fuel to provide the CO, emissions
rate for each fuel. As shown in figure 6.26, fuel #10 exhibited the highest CO. production on all cycles
because of its higher carbon intensity (mgCO./BTU, Figure 6.27). Fuel #15 generally had similar or
slightly lower CO- emissions than fuel #1. Figure 6.27 shows that fuel #7 (high RON, low S, E10) has
the lowest CO; intensity of the fuels studied.

Table 6.2 includes the fuel economy, energy consumption, and CO, emissions results for the small SUV
as well as for the mid-size sedan. The two vehicle platforms show directionally similar trends for each of
the metrics across the fuels and driving cycles analyzed. The fuel economy for the SUV is lower than for
the sedan, with the energy consumption and CO; emissions higher for the SUV than for the sedan, as
expected due to larger target coefficients.

A baseline case was selected for use in evaluating the results from the AVFL-20 project vehicle modeling
activity for different fuels at all CRs. The baseline case was defined as the average result for fuels #1 and
#10 at CR10.5, for both the mid-size sedan and small SUV. The average value for fuels #1 and #10 was
used since marketplace fuels tend to have sensitivities between those of fuels #1 and #10. That is,
improvements are assessed for each vehicle independently. Table 6.3 shows the results for both the mid-
size sedan and small SUV expressed as percentage changes from their respective baseline cases. The
metrics are defined so that a positive numeric result is the desirable outcome.
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Figure 6.26. COz emissions for the mid-size sedan with CR10.5 pistons.
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Figure 6.27. COz intensity for the Phase 3 fuels.

Table 6.2. Volumetric fuel economy, energy consumption, and CO:z emissions results for the mid-size sedan and small
SUV at CR10.5.

Vehicle model results for the mid-size sedan and small SUV for CR10.5

Fuel #1 Fuel #10 Fuel #15
Driwe 92 RON, 7 S, E10 91 RON, 10 S E10 | 97 RON, 12 S, E30
Cycle Sedan Suv Sedan Suv Sedan Suv
uUDDS 3,765 3,838 3,808 3,884 3,729 3,799

Eneroy  |lpwrer | 2643 2918 | 2650 2929 | 2633 2897
Consumption .
(BTUMiley |USO6City | 7494 7561 | 7582 7696 | 6943 7100
USOBHwy | 3756 4200 | 3761 4232 | 3633 4,001
UDDS 204 289 | 207 201 | 277 211
Volumetric Fuel [HWFET 41.9 38.0 2.7 38.6 39.2 35.6
Economy (MPG) |USO06 City | 14.8 14.7 14.9 14.7 14.9 14.5
USOBHwy | 295 264 | 301 267 | 284 258
UDDS 285 290 294 300 285 201
Tailpipe CO> | yweer | 2000 221 | 204 226 | 200 222
E(rg}fnsi'lzr)‘s USO6City | 566 571 | 585 594 | 531 543
USO8 Hwy | 284 317 290 326 278 306
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Table 6.3. Improvements in volumetric fuel economy, energy use, and CO2 emissions relative to baseline (average of E10
fuels #1 and #10) for fuels studied at CR10.5.

Changes with CR10.5 relative to baseline (awy. of fuels #1 and#10 at CR10.5)

Fuel #1 Fuel #10 Fuel #15
Driwe 92 RON, 7 S E10 | 91 RON, 10 S E10 | 97 RON, 12 S E30
Cycle Sedan SUv Sedan Suv Sedan Suv
uDDS 0.6% 0.6% -06%  -0.6% 1.5% 1.6%

HWFET 0.1% 0.2% -01%  -0.2% 0.5% 0.9%
US06 City | 0.6% 0.9% -0.6%  -0.9% 7.9% 6.9%
US06 Hwy | 0.1% 0.4% -01%  -0.4% 3.4% 5.1%
uDDS -05%  -04% 0.5% 0.4% -6.5% | -6.4%

Energy Use
Reduction

>
T § % HWFET -09%  -0.8% 0.9% 0.8% -15%  -7.1%
w L% é’ Uso6 City | -04%  -0.1% 0.4% 0.1% 0.0% -1.1%
USO6 Hwy | -1.0%  -0.6% 1.0% 0.6% -48%  -3.0%
2 g uDDS 1.6% 1.6% -1.6%  -1.6% 1.4% 1.4%
S -% § HWFET 1.1% 1.2% -11%  -12% 0.3% 0.7%
'L% E US06 City 1.6% 1.9% -1.6% -1.9% 7.7% 6.8%

uUS06 Hwy | 1.1% 1.4% -11%  -1.4% 3.2% 4.9%

6.3.5 Vehicle Model Results - CR11.4

Figures 6.28 — 6.30 show the volumetric fuel economy, energy consumption, and CO; emissions for the
mid-size sedan using CR11.4 and fuels #6 (mid RON, low S, E30), #7 (high RON, low S, E10), #14 (mid
RON, high S, E10), and #15 (mid RON, high S, E30). The two vehicle platforms exhibit similar trends,
as was observed for the CR10.5 results. Fuel #14 exhibits the best (highest) volumetric fuel economy on
all cycles, with #6 showing the worst (lowest) fuel economy. Fuels #6 and #15 differ in sensitivity. In
general, fuel #15 shows marginally improved fuel economy and similar or improved energy consumption
compared with #6. The CO; emissions for fuel #15 compared to fuel #6 are similar or marginally higher.
Fuels #7 and #14 are both E10 fuels and show improved volumetric fuel economy compared to the E30
fuels (5.2-7.9% better volumetric fuel economy for the E10 fuel #14 versus the E30 fuel #15, both fuels
having nominally the same RON & octane sensitivity). Fuel #14 demonstrates improved energy
consumption compared to fuel #7. This result is somewhat surprising, given that fuel #7 has a higher
RON rating than fuel #14, although fuel #14 has the higher sensitivity of the two fuels. However, fuel #7
has the lowest volumetric heating value of all of the fuels, owing to the large fraction of saturated
hydrocarbons in its makeup. This characteristic causes its volumetric fuel economy results to be low in
spite of its octane number advantage. Table 6.4 shows the results for both the sedan and the small SUV at
CR11.4. The trends for both vehicles are similar.

Table 6.5 shows the results for both the mid-size sedan and small SUV relative to their respective baseline
cases (the average of fuels #1 and #10 at CR10.5). Fuel #14 is the only fuel at CR11.4 that has better
volumetric fuel economy (1.4-3.8%) over all drive cycles than the baseline. Gasolines having properties
similar to fuel #14 are available in the market today. For comparison, the fuel economies for fuel #15,
which has the same nominal RON and sensitivity, but higher ethanol content than fuel #14 has poorer fuel
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economies than the baseline on all drive cycles (2.1-6.6% lower). Fuel #6, also an E30 fuel, has the
poorest fuel economies on all drive cycles (5.2-7.5% lower than baseline).
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Figure 6.28. Fuel economy results for the mid-size sedan using CR11.4 and fuels #6, #7, #14, and #15.
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Figure 6.29. Energy consumption results for the mid-size sedan using CR11.4 and fuels #6, #7, #14, and #15.
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Figure 6.30. CO2 emissions results for the mid-size sedan using CR11.4 and fuels #6, #7, #14, and #15.

Page | 53



Table 6.4. Volumetric fuel economy, energy consumption, and CO: emissions results for the mid-size sedan and small
SUV at CR11.4.

Vehicle model results for the mid-size sedan andsmall SUV for CR11.4
Fuel #6 Fuel #7 Fuel #14 Fuel #15
Driwe 96 RON, 8 S, E30 100 RON, 8 S,E10 | 97 RON, 11 S, E10 97 RON, 12 S, E30
Cycle Sedan SuvV Sedan Suv Sedan SV Sedan SuvV
uUDDS 3720 3787 | 3728 3789 | 3745 3813 | 3717 3,782
Energy  |jwret 2605 2863 | 2610 2860 | 2621 2882 | 2609 2859
Consumption .
(BTUMile) USO6City | 7,254 7322 | 7225 7259 | 7,309 7,381 | 7,086 7,230
USO6Hwy | 3644 4060 | 3634 4042 | 3664 4092 | 3616 3,988
uUDDS 274 26.9 29.1 28.6 30.0 29.5 21.7 27.3
Volumetric Fuel |HWFET 39.1 35.6 415 379 429 39.0 39.5 36.1
Economy (MPG) |US06 City | 14.1 13.9 15.0 14.9 15.4 15.2 14.6 14.3
USO6 Hwy | 28,0 25.1 29.8 26.8 30.7 275 285 25.9
UDDS 278 283 276 280 287 292 284 289
Tailpipe COz | yyeer | 194 214 | 193 211 | 20 21 | 200 219
Eg;:nsi'lzr)'s USO6City | 542 547 | 53 537 | 560 566 | 542 553
US06 Hwy | 272 303 269 299 281 314 277 305

Table 6.5. Improvements in volumetric fuel economy, CO2 emissions, and energy use relative to baseline (average of fuel
#1 and #10 at CR10.5) for the mid-size sedan and small SUV.

Changes with CR11.4 relatiwe to baseline (avg. of fuels #1 and#10 at CR10.5)

Fuel #6 Fuel #7 Fuel #14 Fuel #15
Driwe 96 RON, 8 S,E30 | 100 RON, 8 S, E10 | 97 RON, 11 S, E10 | 97 RON, 12 S, E30
Cycle Sedan suv Sedan Suv Sedan Suv Sedan Suv
UDDS 1.8% 1.9% 1.5% 1.9% 1.1% 1.2% 1.8% 2.0%

HWFET 1.6% 2.1% 1.4% 2.2% 1.0% 1.4% 1.4% 2.2%
US06 City | 3.8% 4.0% 4.2% 4.8% 3.0% 3.2% 6.0% 5.2%
US06 Hwy | 3.1% 3.7% 3.3% 4.1% 2.5% 2.9% 3.8% 5.4%
ubDS 4% -12% | -L7%  -14% 1.6% 1.7% -6.2% -6.0%

Energy Use
Reduction

> o

g E § HWFET -1.5% -7.0% -1.9% -1.1% 1.4% 1.9% -6.6% -5.8%
s

w E 2 [US06 City | -5.4% -5.2% 1.0% 1.7% 3.6% 3.8% -2.1% -2.9%

US06 Hwy | -6.1% -5.5% 0.0% 0.9% 3.0% 3.5% -4.3% -2.7%

@ c UDDS 4.0% 4.1% 4.7% 5.0% 0.8% 0.9% 1.7% 1.9%
(@]

3 -g S |HWFET 3.8% 4.3% 4.5% 5.3% 0.6% 1.1% 1.3% 2.0%
[}

O '€ B |Uso6City | 5.9% 6.2% 7.2% 7.9% 2.1% 2.9% 5.8% 5.1%
w o

US06 Hwy | 5.2% 5.8% 6.4% 7.2% 2.2% 2.6% 3.6% 5.2%
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As highlighted previously, the UDDS and HWFET cycles result in engine operation in the MBT region
for most of the conditions in the cycle. At these conditions, the improvement in energy consumption
should follow the improvement noted in fuel MEP for the increased compression ratio relative to baseline.
However, some operation in these cycles does occur in the knock-limited region. Within the knock-
limited region, changes in energy use will relate to the degree of CA50 retard needed to avoid knock with
a particular fuel and compression ratio combination relative to the performance of the baseline fuel and
compression ratio. Since the fuels studied at CR11.4 were selected based on their ability to produce
combustion phasing that is similar to or better than the baseline case, additional improvements in energy
use might be expected. Examination of the energy use improvements for both the mid-size sedan and
small SUV shows that the improvements for the UDDS and HWFET are on the order of 1-2%. These
improvements appear directionally correct and reasonable in magnitude given the average improvement
in fuel MEP of 1.0% for the increased compression ratio in this comparison. Improvements in energy use
for the city and highway portions of the US06 cycle are more dependent on the combustion phasing
differences associated with knock avoidance for each fuel. For these cycles, greater improvements are
noted than for the UDDS and HWFET.

6.3.6 Corporate Average Fuel Economy

In reporting the results of this study, it is important to highlight the fact that corporate average fuel
economy (CAFE) values and volumetric fuel economy values are not the same. The fuel economy values
that are used to demonstrate that manufacturers comply with CAFE standards are calculated as if the test
fuel had the same volumetric energy content as certification gasoline that was in use in 1975, when the
standards were first promulgated.®3%4° The R factor is a measure of the marginal difference in the
volumetric energy content of the fuel that results in a marginal difference in volumetric fuel economy.
The current value of the R factor of 0.6 was established in the late 1980s based on data from vehicles that
used carburetors. EPA and the automotive manufacturers are working to develop an acceptable means of
establishing CAFE fuel economy values with certification fuels that contain ethanol. While the details of
current and potential future CAFE fuel economy calculations are beyond the scope of the current study,
the fact that CAFE calculations include a means of adjusting for the volumetric heating value of the test
fuel is important. For example, calculating the ratio of the CAFE fuel economy value to the volumetric
fuel economy value for the 30% ethanol fuel #15 with an R factor of 0.6 gives a result of 1.058. Thus, if
the volumetric fuel economy for this fuel is at least 94.5% of the fuel economy of an ethanol-free fuel
with volumetric heating value equivalent to the 1975 certification fuel, the CAFE fuel economy for fuel
#15 will be equal to or greater than that of the EO fuel. This example demonstrates that even cases where
the volumetric fuel economy declines marginally for a test fuel containing a low heating-value blending
stream (such as ethanol), the CAFE fuel economy value can actually increase.

6.4 COMPARISON WITH PREVIOUSLY PUBLISHED DATA

The results from this study show that decreases in energy consumption and CO- emissions on the UDDS,
HWFET, and US06 cycles are possible with higher-octane fuels when compression ratio is increased to
take advantage of improved knock behavior. Volumetric energy content of the fuel remains as an
important factor in whether decreases in energy consumption translate to increases in vehicle volumetric

38 «Average Fuel Economy Standards,” Title 49 U.S. Code, Sec. 32902 et seq, 2001 ed.

39 Sluder, C., West, B., Butler, A., Mitcham, A., et al., “Determination of the R Factor for Fuel Economy
Calculations Using Ethanol-Blended Fuels over Two Test Cycles,” SAE Int. J. Fuels Lubr. 7(2):2014.

40 Hochhauser, A., Benson, J., Burns, V., Gorse, R. et al., “Fuel Composition Effects on Automotive Fuel Economy
— Auto/Oil Air Quality Improvement Research Program,” SAE Technical Paper 930138, 1993.
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fuel economy on given drive cycle. A recent review of previous studies have shown that efficiency gains
for increasing from 10.5 to 11.5 compression ratio range from approximately 1.5% to just over 2%.*" The
ideal Otto Cycle establishes an upper limit on this improvement at just over 2.5%. The gains observed in
engine efficiency in the MBT region in the AVFL20 study averaged 1%. Similarly, the UDDS and
HWFET vehicle energy consumption improvements for fuels evaluated at CR11.4 fell between 1% and
2%. The improvements noted on the US06 cycle where knock-limited operation was more prevalent were
larger, as expected. Thus, the observed improvements in this study compare reasonably well with those
of other studies. Previous studies have also shown that 96-97 RON fuels typically enable compression
ratios of 12 or higher.*> The compression ratio used in this study with 97 RON fuels was 11.4. It is
possible that additional benefits are possible for 96- 97 RON fuels that were not adequately captured with
the CR11.4 pistons used in this study. Finally, this study focused on improving efficiency by increasing
compression ratio and varying combustion phasing without changing other engine parameters, such as
bore diameter, stroke length, valve timing, fuel injection pressure, fuel injection phasing, and so on.

4l Leone, TG, Anderson, JE, Davis, RS, Igbal, A, Reese, RA, Shelby, MH, and Studzinski, WM, “The Effect of
Compression Ratio, Fuel Octane Rating, and Ethanol Content on Spark-Ignition Engine Efficiency,” Environ. Sci.
Tech. 49(18), 2015.
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7. CONCLUSIONS

Based on the screening study:

Knock behavior and the ability to increase CR were primarily affected by RON.

Higher sensitivity (RON minus MON) also showed some knock benefit, especially for the ~101-
102 RON fuels at the highest loads.

At equal RON, there were no significant effects of differences in fuel ethanol content (between 10
vol% and 30 vol%) on knock behavior.

The ~96-97 RON fuels at CR11.4 generally gave similar knock behavior to the baseline ~91-92
RON fuels at the baseline CR10.5. This indicates that +5 RON enabled +0.9 CR, i.e. 5.6 RON
per CR.

The ~101-102 RON fuels with high sensitivity at CR13.2 generally gave similar knock behavior
to the baseline. This indicates that +10 RON enabled +2.7 CR, i.e. 3.7 RON per CR (however
these results were not achieved with lower-sensitivity fuels).

At similar RON (96-97) but lower sensitivity (7-8), fuel EEE (EQ) offered knock resistance
similar to fuel #15 (E30) at CR10.5, but more similar to fuel #5 (E10) at CR13.2.

Based on the vehicle modeling results:

Comparing Compression Ratio 11.4 with the CR10.5 Baseline Condition (Average of Fuels #1 and #10)

O

On the UDDS and HWFET cycles, increasing compression ratio from CR10.5 to CR11.4
provided vehicle energy consumption improvements (decreases) between 1-2.2% for both the
mid-size sedan and small SUV depending upon the fuel used. Volumetric fuel economy changes
ranged from a 7.5% detriment to a 1.9% improvement in volumetric fuel economy. Fuel #6 (96
RON, 7.5 sensitivity, E30) provided the poorest fuel economy result, with fuel #14 (96.6 RON,
11.1 sensitivity, E10) providing the highest volumetric fuel economy improvements, relative to
the baseline. No ethanol levels between 10% and 30% were studied, so no data exists to directly
indicate whether intermediate values of ethanol content might have achieved fuel economy parity
with the baseline case. Tailpipe CO- emissions reductions ranged from 0.6-5.3%, with the largest
improvements (reductions) achieved for fuels #6 (96.0 RON, 7.5 sensitivity, E30) and #7 (100.1
RON, 7.6 sensitivity, E10).

On the higher load US06 cycle, increasing compression ratio from CR10.5 to CR11.4 enabled
decreases in vehicle energy consumption of 2.5-6.0% depending upon the fuel used. However,
these improvements were not sufficient to enable the two E30 fuels (#6 and #15, both 96-97 RON
and with varying sensitivity) to achieve volumetric fuel economy parity with the baseline case.
No ethanol levels between 10% and 30% were studied, so no data exist to directly indicate
whether intermediate values of ethanol content might have achieved fuel economy parity with the
baseline case. Fuels #14 and #7 had better (higher) fuel economies over both portions of the
USO06 cycle compared to the baseline. Fuels #6, #7, and #15 showed significant tailpipe CO;
emissions reductions, ranging from 3.6-7.9%, with fuel #7 showing the largest reductions.

Compression Ratio 10.5

O

Increasing sensitivity from 7.3 (fuel #1) to 10.4 (fuel #10) at nominally fixed RON (91-92) and
ethanol content (10%) caused vehicle energy consumption (BTU/mile) to increase on all cycles.
Increases were in the range of 0-1.8%, and did not result in decreases in volumetric fuel economy
(miles / gallon) because fuel #1 had a marginally lower volumetric heating value. Tailpipe CO>
emissions trends followed energy consumption trends.
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O

Increasing RON from 91.4 (fuel #10) to 96.5 (fuel#15) by increasing ethanol content from 10%
to 30% at nominally fixed sensitivity (11-12) caused vehicle energy consumption to decrease by
0.6 to 8.4%, depending on the drive cycle and vehicle. The largest decrease (8.4%) was sufficient
to allow the E30 fuel to achieve volumetric fuel economy parity with the E10 fuel for the city
portion of the US06 cycle for the sedan, but not for the SUV. On all other drive cycles the
volumetric fuel economy of the E30 fuel was lower by 5.7 to 8.3% for the sedan and 1.2 to 7.9%
for the SUV. Tailpipe CO, emissions trends followed energy consumption trends.

Compression Ratio 11.4

O

All fuels mapped at CR11.4 produced similar energy consumption results on the UDDS and
HWFET drive cycles. Since both of these cycles are dominated by operation in the MBT region,
it is possible that CR11.4 did not provide enough knock propensity in the knock-limited region to
enable effects to be differentiated as a function of fuel RON and sensitivity for these two cycles.
Increasing ethanol content from 10% (fuel #14) to 30% (fuel#15) at nominally fixed sensitivity
(11-12) and RON (96-97) caused vehicle energy consumption to decrease by 1-3% with the
largest change occurring on the US06 cycle. This improvement was not large enough to offset
the lower volumetric energy content of the E30 fuel relative to the E10 blend, and thus the
volumetric fuel economy for fuel #15 was lower than for fuel #14 (5.5-7.9% lower). CO,
emissions for fuel #15 were 1.4-3.0% lower than for fuel #14 on the US06 cycle. On the UDDS
and HWFET cycles, the vehicle energy consumption for fuel #15 was 0.4 to 0.8% lower than fuel
#14 while volumetric fuel economy was about 8% lower and tailpipe CO, emissions were about
1% lowver.

Increasing sensitivity from 7.5 (fuel #6) to 11.6 (fuel #15) at nominally fixed ethanol content
(30%) and RON (96-97) caused vehicle energy consumption to improve (decline) in all but one
case by 0.1-2.3%, with the greatest improvement on the city portion of the US06 cycle.
Volumetric fuel economy was 1.0 to 3.6% higher (better) for fuel #15, partially due to the higher
volumetric energy content of fuel #15. Tailpipe CO, emissions for fuel #15 were equal to or
greater than those for fuel #6. On the UDDS and HWFET cycles, the vehicle energy
consumption of the two fuels were comparable, although the volumetric fuel economy of the
higher sensitivity fuel was about 1% better (higher). On those cycles, the tailpipe CO2 emissions
of the higher sensitivity fuel were about 2 to 3% higher.

Increasing RON from 96.0 (fuel #6, E30) to 100.1 (fuel #7, E10) at nominally fixed sensitivity
(6-7) and lower ethanol content resulted in less than 1% improvement in vehicle energy
consumption on the city and highway portions of the US06 cycle. On both portions of the US06
cycle, volumetric fuel economy for fuel #7 was higher by about 7%. This difference was caused
in part by to the higher volumetric energy content of fuel #7. Tailpipe CO, emissions were 0.5-
1.8% lower for fuel #7 depending on the drive cycle and vehicle, caused in part by its lower CO,
intensity. On the UDDS and HWFET cycles, the vehicle energy consumption was comparable
for the two fuels, while the volumetric fuel economy was about 6% better for fuel #7 and tailpipe
CO- emissions were about 1% better.

Of the four fuels tested at CR11.4, fuel #14 (96.6 RON, 11.1 sensitivity, E10) had the highest
(best) volumetric fuel economy while the two E30 fuels (#6 and #15, both 96-97 RON and with
varying sensitivity) had the lowest (poorest) fuel economy on all drive cycles. The differences
between fuel #14 and fuel #6 were consistently about 9% for all drive cycles and vehicles.

Of the four fuels tested at CR11.4, fuel #15 (96.5 RON, 11.6 sensitivity, E30) had the lowest
(best) vehicle energy consumption on all cycles, with one exception where fuel #6 (RON 96,
sensitivity 7.5, E30) was marginally lower (by 0.2%). Fuel #14 had the highest (poorest) energy
consumption results for all cycles and for both vehicles, by 0.5 to 3.1% compared with fuel #15.
Of the four fuels tested at CR11.4, fuel #7 (100.1 RON, 7.6 sensitivity, E10) had the lowest (best)
CO, emissions with fuel #14 (96.6 RON, 11.1 sensitivity, E10) resulting in the highest (poorest)
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tailpipe CO; emissions for all cycles and both vehicles. The differences between these two fuels
ranged from 4.1 to 5.4%.

Compression Ratio 13.2

o No vehicle models were produced for CR13.2 because of the engine failure and subsequent
challenge in terms of data comparability with data at CR10.5 and CR11.4. Thus, no volumetric
fuel economy, vehicle energy consumption, or tailpipe CO2 emissions comparisons were
established at CR13.2.
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APPENDIX A. Certificates of Analysis for Phase 2 Blends
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GAGE PRODUCTS COQ.

821 WANDA AVENUE
AGE FER":"‘:"E' W e Gage Products Company
(2 5a1-3624 Certificate of Analysis / QC Results
Pago: 1
o oioarta ot 407 P Customer: C00100 / CRC, Inc.

Sales Order #: 55123 Customer PO #:769 Shipped Qty : 54

Packaged Product:

41771-55F
CRC AVFL-20 Fuel #1

Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 80 DEG.F  ASTM DaD52 REFGRT a.7287
DENSITYAT165DEG.C  ASTM D4DS2 Tke/L " ReroRT v
RESEARCH GCTANE NUMBER  ASTM D2698 RO o 91.0 - 92.0 9.0

MOTOR OCTANE NUMBER ASTM D2700 HoR REFORT B 96,5
OCTANE RATING GAGE-CALCULATED Rt/ 2 REFORT 8.8

OCTANE SENSITIVITY GAGE-CALCULATED PE R 6.0 - 8.0 s
ETHANOL CONTENT ASTM DAR1S voL. & 9.50 - 10.50 o
RVP @ 100 DEG. F T ASTMDS191 T ear tkem - REFORT - 8.22(56.681
DISTILLATION, IBF ASTM D88 ) CEG F DR €1 WEPORT 107.0036.9
DISTILLATION, 8% ASTMDSE DEG F_LDRG €1 REFORT 126.4(51. 3}
DISTILLATION, 10% ASTM D86 TEG F LDEG €] RRFORT 133,4156.3)
DISTILLATION, 20% ASTM D88 DEG F (DEG C) " reroat 143, 6162.01
DISTILLATION, 30% " AsTM DES “mec r (beG ) ~ REFORT ) 150.9(66.1)
DISTILLATION, 40% " AsTMDSS ""bEc ¥ (bEG CI T Taeronr 162.7(72.61
DISTILLATION, 50% ASTM D36 DEG F (DEG CI T . 220,91104,%)
DISTILLATION, 60% TASTM D86 T hee £ oqoes ©) o REPORT o 240.8(171.00 |
Dia'riLl..h‘IIDH.‘-"'I'}-V.-_ ASTM DBG ) DEG F {DEG C) REFORT 271.30132.9
DISTILLATION, 80% ASTM DB o DRG F IDEG €1 REPORT 206,8(147,1)
DISTILLATION, 50% ASTMDES DEG F 1DEG ) “REFORT 129.00165.01
DISTILLATION, 55% ASTM D86 DEG F (DEG €] - RETCAT 1M6.71175.9 |
DISTILLATION, DRY POINT ‘ASTM D86 " be6 ¢ tueG @ mEpoRT h 178.00197.21
RECOVERY ASTM D86 T - REFOHT 5
RESIDUE ASTM D86 voL. . REPORT

oss  AsTMDes - voL.A REVORT

AROMATIC CONTENT ASTHM D1318 R VoL ) REPORT )

OLEFIN CONTENT ASTM D1318 voL.1 BEFORT

SATURATE CONTENT ASTM D1318 VoL.A

Lot# 7270700

Approved By:

Made 09/12/14

Bobnd [ihiitr

In sealed unopensd containers this product is good until 03/05/15




GAGE PRODUCTS CO.
B21 WANDA AVENUE
GE FERNDALE, Ml 48220

{248) 541-3824

Page: 1
Date: 10/24/14 at 2:08 PM

Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100 f CRC, Inc.,

Sales Order # : 55519 Customer PO #: 769 Shipped Qty : 54

Packaged Product:

41772-55F
CRC AVFL-20 Fuel #2

Lot # 7324000

Approved By:

bt Pkt

Made 10/01/14

In sealed unopened containers this product is good until 09/19/15

Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG. F  ASTM D4052 REEORT 0.7386
DENSITY AT 16.6 DEG. C ASTM 4052 K L REPORY 0,738
RESEARCH OCTANE NUMEER ~ ASTM D2699 1.0 - 92.0 91.4

'MOTOR OCTANE NUMBER ASTH D2700 REPORT 85.0
OCTANE RATING GAGE.CALGULATED REBGRT TR

OCTANE SENSITIVITY GAGE-CALCULATED 60
ETHANOL CONTENT  ASTM D485 EETRT

RVP @ 100 DEG. F ASTM D519% FSI (KPR} BEFORT £.54058.841
DISTILLATION, 187 ASTH DES T T merFwmeso seeoRt 103.3(39.6)
DISTILLATION, 5% ASTMDES T meG F (DEG ©) REFORT L21.8049.9)
DISTLLATION, 0% AsTMDss DEG P IDEG C) " REFORT 129.6(54.2)
NSI‘I.,LA“W,M ASTM D86 DEG F [DEG ©) REPORT 148, 7 (G0 .4
DISTILLATION, 30% ASTM D86 DEG F UG C) REFORT 143,2 (65,1}
DISTILLATION, 40% ASTM DBG EG £ DG C) REFORT 156,0068,5)
DISTILLATION, 50% ASTM DB LEG F (DEG C) REBORT WLy
DISTILLATION, 60% ASTM DE% TG P {DEG O T hEeoaT T T s s e
i:-ISIl.LhTK)N.-'.I;l'}L_“_m B ‘-rﬁi_ﬁg_-_.-- I - ‘BHE _E_ipﬁh Fl . -_lli:-Pi:l"F-T‘_ o T .;;b.'i ;‘6‘[[29.'” o
TR TR A
DISTILLATION, 90% ASTM D8§ DEG T {DEG C} REFORT 29.90165.5)
| DISTILLATION, 95% ASTM DBS DEG T {DEG T} REFORT 47,5180, 8
DISTILLATION, DRY POINT  ASTMDES  DEG ¥ (oeG €1 REFORT T 3324185, 1)
‘REcOVERY  AstMoes  won weromr ¥
RESIDUE ASTMDES REFORT w.a

Loss ASTM D86 FEFORT 1.4 o
AROMATIC CONTENT ASTM D318 KEFORT T T e
OLEFINCONTENT ASTM Di318 - —' REFORT %]
SATURATE CONTENT ASTM DS " RERORT 0.8




GAGE PRODUCTS CO.

821 WANDA AVENUE
AG'E FERNDALE, MI 48220 Gage Products Company
(248) 5413824 Certificate of Analysis / QC Results

Page: 1

Dato: 10724114 a1 2:08 PM Customer: C00100 / CRC, Inc.

Sales Order # : 55519 Customer PO #: 769 Shipped Qty : 54

Packaged Product:  41773-55F
CRC AVFL-20 Fuel #3

Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 pre 0.1423
DENSITY AT 165 DEG. C ASTM DAD52 RG/L sesoRr 0742
RESEARCH OCTANE NUMBER  ASTM D2689 Hon o 9.4
MOTOR OGTANE NUMBER ASTM D2700 wH T
OCTANE RATING GAGE-CALCULATED PRITE: T 9.0
OCTANE SENSITRTY GAGE-CALCULATED BM I 6.0 - 8.0 )
ETHANGL CONTENT ASIMDaBs  wvoL.s 19,50 - 20,50 70,90
RVP @ 100DEG.F  ASTM D&181 PSI (KPR BEFGAT £.14156.08)
DISTILLATION, I8P ASTH D6 T mEr e RESORT TR
DISTILLATION, 5%  AsTMDES LEG F (DEG C) REPGHT
DISTILLATION, 10% ASTMDES EG £ {DEG C) REFCRT BRI
DISTILLATION, 20%  ASTMDES TEG F DEG € REPOAT B 143.4061.9)
DISTILLATION, 30% ASTM DES PEG F {DEG C) REFDAT 152.2066.8)
CISTILLATION, 40% ASTM DBS BEG F (DEG € REROAT Tise.eiin.ey |
DISTILLATION, 50% ASTM DES . F (oEG €1 meeomt 164.8073.8) |
ASTM D5 2 ‘ REFORT 187.2(86.2)
) " mpeomr 291.0(132.8)
(DEG T ReroRT 07,5 (1503
IEG T (006 C T
DISTILLATION, 95% ASTM DES DEG F (DEG €) REFORT
DISTILLATION, DRY POINT ASTMDES  DEG F (DEG C) REFORT
RECOVERY  ASTMDES VoL 4 REFCRT
RESIDUE ~ ASTMDBS VoL b REFORT -
LOSS ASTM D85 VoL.A T TwEFORT s
AROMATIC CONTENT ASTM D1319 voL.s  REPCRT T e
OLEFIN CONTENT ASTM D319 vol.y T RERORT T W
SATURATE CONTENT ASTMDi3®  wvon.s meRORT 1.4
T Lot# 7324400 Made 10/01/14

In sealed unopened containers this product is good until 09/18/15

Approved By: %M fdjﬁ»’f"




GAGE PRODLUCTS CO.

Page: 1
Data: 10/03/14 at 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc.

Sales Order #: 65123 Customer PO #:769 Shipped Qty : 54

Lot# 7211100

Approved By:

" Made 09/23/14
In sealed unopened containers this product is good until 09/05/15

Pbod it

Packaged Product:  41774-55F

CRC AVFL-20 Fuel K4
Property Test Method Uom Specification Value
SPECIFIC GRAVITY @ 60 DEG. F ASTM D4052 REPORT 0,457
DENSITY AT 15.5 DEG. C ASTM D4052 B KG/L REFORT KT
RESEARCH OCTANE NUMBER  ASTM D298 aon - 9.0 - 92,0 1.7
MOTOR OCTANE NUMBER ASTM D2700 wON REFORT ) 44,7
OCTANE RATING GAGE-CALCULATED RoN/2 ) REPORT o an.z
OGTANE SENSITIVITY GAGE-CALCULATED [T ) 6.0 - 8.0 T8
ETHAMNOL CONTENT ASTM D4816 : voL.y "29.50 - 30.50 10,21
RVP @ 109 DEG, F ASTM D5191 BS1 (KPR) REFORT 7.1151.05)
DISTILLATION, 188 ASTM D86 "TDEG F (DEG ©) REFORT B ETTEITIGE
| DISTILLATION, 5% ASTM DBE B DEG F |DEG C) REFORT T 128.5¢53.61
DISTILLATION, 10% " ASTMDEE DEG F IDEG C) REPCRT ) 136.2057.91
DISTILLATION, 20% ASTM DA DEG P (DEG €] T heront 148.8164.51
DISTILLATION, 30% ASTM Da6 DEG T (DEG ©) o REPORT 158.4470.21
DISTEI.A'I'IGN.M .p.smnit DEG F [DEG €] REPORT B 164.5{73. 6}
DISTILLATION, 50% ASTM DS DEG F (DRG € REFORT TR CN
DISTILLATION, 0% T ASTMODES DEG £ (DEG €] REFORT TRt 9T
DISTILLATION, 70% " ASTM DBE ) DEG F LDEG €} REFORT R
DISTILLATION, 80% T AsTMODES - UEG F {0E6 €] RoreRT 311.54158,3)
DISTILLATION, 90%  ASTMDES UEG F (026G €) REPOAT Je1.a0171. 9
DISTILLATION, 95% ASTM D88 DEG P IDEG C) T heroar 356.70180.410
DISTILLATION, DRY POINT  ASTM D86 TEG F (0BG C) T T94.91190,5)
RECOVERY o ASTMDSS VoL % RELGRT T
RESIDVE ASTMDES VOL.® BEFGRT 1.0
loss ASTM D36 vaL.s BEPORT ' N
AROMATIC CONTENT ASTM D1218 VOL.% REFORT
OLEFIN CONTENT ASTM D1319 VLA REPORT
SATURATE GONTENT ASTM D1319 VoL.% REFORT




GAGE PRODUCTS 0.
821 WANDA AVENUE

FERNDALE, MI 48220 Gage Products Company
(248) 541-3824 Certificate of Analysis / QC Results

1
Page Customer: C00100 / CRC, Inc.

Date: 10/24/14 ot 2:08 PM

Sales Order # : 65519 Customer PO #:769 Shipped Qty : 54

Packaged Product; 11775-50F
CRC AVFL-20 Fuel #5

In sealed unopened containers this product is good until 09/19/15

Approved By: ﬁé-ﬁ*ffmm'

Property Test Method UomM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REFORT 0.1342
DENSITY AT 15,5 DEG. C ASTM D052 HGIL REFORT LT
RESEARCH OCTANE NUMBER  ASTM D2689 [T 9.0 - 9.0 36,4
MOTOR OCTANE NUMBER ASTM D2700 N 89.0
OCTANE RATING GAGE-CALGULATED B2 93,7
OCTANE SENSITIVITY GAGE-CALGULATED P I T
'ETHANGL CONTENT ASTM Da315 VaL.A .11
RVP @ 100DEG.F  ASTMDEIM EST (KPA) B.22(56.64) |
DISTILLATION, IBF T ASTM DES LEG F {DEG C} 100.3(37.9)
[DISTILLATION, 5%  ASTMDBS  DEG F e o 127.1(52.8}
 DISTILLATION, 10% ASTM DBS P Dse 0 136.0157.8)
 DISTILLATION, 20% ASTM D8S P DEG CF REFORT 148, 1(64.5)
DISTILLATION, 30%  ASTMDES IOEG ) REFORT 155.4 (68,61
DISTILLATION, 40% ASTM DAS * {DEG C) HEFOHT 186, 5 {05, 8}
DISTILLATION, 50% ASTM D86 (0BG ©) REPORT Z2T.I008.71
DISTILLATION, 0% ASTM D6 P {0EG €] N TR, 614,20
DISTILLATION, T0% T ASTM D8 T T wm v wes o0 meeoRT TISE.10124.5)
DISTILLATION, 80% ASTM Do6 T mes FooE ©) | REFORT TzEw. 143,20
DISTILLATION, 80%  ASTMD®S  ©E6 F (0EG 01 REFORT " 330,89 o
DISTILLATION, 8% ASTMDSS IEG F (DEG C) FEFORT T menmlm
DISTILLATION, DRY POINT ~ ASTM DS9S ' T Twemorr 312.21189.0)
|RECOVERY ASTM D8E REFURT 9.5
ASTM D35 ) REFORT 1.0

 AsTMDEE VOL. % REFORT 1.5 N
AROMATIC CONTENT ASTM D4319 VoL, T mERORT  mam
OLEFIN CONTENT ASTM D139 VoL, % " REFORT T e
SATURATE CONTENT ASTM D139 VoL % T hEroRy #1.0
" Lot# 7324800 Made 10/10/14 B '




GAGE

PROOUCTS CO.

821 WANDA AVENUE

FERNDALE, MI 46220
AGEMMM

Page: 1
Date: 10/03/14 at 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results
Customer: C00100 / CRC, Inc.

Sales Order # : 55123 Customer PO #: 769 Shipped Qty : 54

Lot# 7271500

Approved By!

Made 10/02/14

bl Jiditr

In sealed unopened containers this product is good until 09/05/1%

Packaged Product:  41776-55F
CRC AVFL-20 Fuel #6

Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D405z REFCRT 0.7486
DEMNSITY AT 155 DEG.C ASTM DA0S52 BG/L REPORT 0.738
RESEARCH OCTANE NUMBER  ASTM D2699 RO 96.0 - 97.0 BT
MOTOR OCTANE NUMBER ASTM D2700 HOH REPORT 6.4
OCTANE RATING GAGE-CALCULATED Rebii 2 REFORT 9.4
OCTANE SENSITIVITY GAGE.CALCULATED RH 6.0 - 8.0 e
ETHAMNOL CONTENT  ASTMDd815 VoL % 29,50 - 30,50 30,03
RVP @ 100 DEG.F ASTH D594 PSI IKEPAI HEFORT 7.58052.000
DﬂﬂLLﬁ:Fl_Ur;l.'IB-i’- ASTM DA DEG F IDEG C€) REPORT lez.zam.m
DISTILLATION, 5% ASTM D36 DEG £ (LEG €1 REFORT 133.3156. 31
DISTILLATION, 10% ASTM D86 DEG £ (BES C) HEPORT 143.3(61.8)
DISTILLATION, 20% T ASTM DB DEG F (DEG C) REEORT 154.8(68.2)
DISTILLATION, 30% ASTR DB DEG F (D26 Cf REFORT 160.7(71.5)
| DISTILLATION, 40% ASTM DEE oEG F (086 € REFORT L6112
DISTILLATION, 80% ASTM D86 EC F (DG Cf REPORT 165.8174.2]
DISTILLATION, 60% ASTH DBE DEG F {DEG C) REPORT 167, 1175, 1)

ISTILLATION, 70% ASTM DB EG F (DEG C) REFORT 1901 (87,8
DISTILLATION, 0% T AsTmDas VEG F (DEG €) " herort 261.31198.5)
DISTILLATION, 50% T ASTMODES B DEG F (BEG C) REPORT 335.01166.3)
DISTILLATION, 95%  ASTM DES DEG F (DEG C) REPOLT 349.7T{176.5)
DISTILLATION, DRY POINT ASTM D6 DEG F {DEG C) RELORT 368.41186.9)
RECOVERY ASTMDBE VOL.% HEFORT KR
RESIDVE ASTM DEG VoL % REFORT o |
088 ASTM D86 vOL. % REFORT 1.
AROMATIC CONTENT ASTM D1319 VOL. A REPORT .1
OLEFIN CONTENT ASTH D1349 VoL, v REFCHT 2.1
SATURATE CONTENT T AsTMDI3Y VoL % HEFGAT 6.4




Page:
Date:

GAGE PRODUCTS C0.
821 WANDA AVENUE
AGE me":'E'“ 420 Gage Products Company
248) 541-3624 Certificate of Analysis / QC Results
1
J0Ia314 at 1:07 I Customer: C00100  CRC, Inc.

Sales Order#: 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product: 41777-55F
CRC AVFL-20 Fuel #7

Property Test Method Uom Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4D52 HEFORT 0.7142
DENSITY AT 156 DEG. € ASTM D052 BiE/L BEFORT 0.714
RESEARCH OCTANE NUMBER  ASTM D2899 RoN 100.0 - 102.0 wo.0
MOTOR OCTANE NUMBER ASTM D2700 MO REPORT B2
'OCTANE RATING GAGE-CALCULATED w2 REPORT 9.2
OCTANE SENSITIVITY GAGE-CALCULATED = 6.0 - 8.0 1.2
ETHANOL CONTENT ASTH D488 TvoL.s T 0.50 - 10.50 10.20
RVP @ 100 DEG. F ASTM D5194 PSI (KFA) - REPORT T.00058.29)
DISTILLATION, 18P ASTH D86 DEG F (EEG € REFGRT 110.3143.5)
DISTILLATION, 8% ASTM DBS DEG F {DEG €] REFORT TT12u.2081.01
DISTILLATION, 10% ASTM DBS DEG F|DEG C) " mEroRT 136.4(55.1)
ﬂ’s‘"l.u‘nm,]ﬂ". _ﬁ;'r“m ) LEG F (DEG C) REFORT 145.4 (63.0)
DISTILLATION, 30% " aAsTMOD8s ) DEG F {DEG C} REPORT 159.3070,7)
EIISTMATiDeri'}L o ASTM DaB DEG F {DEG €} REPORT 1389192 1)
| DISTILLATION, 50% ASTM D88 DEG F (056 C) WEFORT 218,441
DISTILLATION, 60% ASTM D88 DEG F (66 ) WEPGRT “222.81106.0)
DISTILLATION, 70% ASTM D88 - 56 F (656 C) REFOAT 22841108, 1)
DiE‘iii.!..MlﬂH,m ASTM D88 T G F [m:{'i_t.': nnrmﬁ . 2a0.1(115.6)
DISTILLATION, 50% ASTM D85 DEG F (DG Cb REPGAT T283.31139.6)
DISTILLATION, 56% ASTM D85 DEG F (DEG C) REFORT 338.21170.1)
DISTILLATION, DRY FOINT  ASTM D88 “DEG F (DEG C) REPCRT 188, 41192.0)
RECOVERY T asTMDes L. HEFORT s
RESIDUE ASTM D88 L% REPORT To.8
LOSS - o ASTM D85 VOL. A - REFORT W]
ARDMATIC CONTENT ASTM D1318 VOL. % BEFORT 1.3
OLEFIN CONTENT ASTM D138 VOL.A REFORT 0.5
SATURATE CONTENT ASTM D1319 WLy TRESORT 656

Lot# 7271900 Mada 09/12/14 o

In sealed unopened containers this product is good until 09/05/15

Approved By: .2‘;1-‘:-*-!" ﬁ:&;ﬁ




GAGE PRODUCTS GO,
821 WANDA AVENUE
GE FERMDALE, M| 48220

(048 544.8604 Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100/ CRC, Inc.
Sales Order # : 65519 Customer PO #:769 Shipped Qty : 64

Page: 1
Date:  10/24/14 at 2:08 PM

Packaged Produect: 41721-55F
CRC AVFL-20 Fuel £#7.5

Property Test Method uom Specification Value
SPECIFIC m‘ﬂwaﬂﬂm F  ASTM D4052 REFORT o, TLEA
DENSITY AT 15.5 DEG. C "'_'.Ei-i.\nm ™ ==
'RESEARCH OCTANE NUMBER T e o - 10z.0 T

'MOTOR OCTA KUMBER o Yo T ot Tt
OCTANE RATING GAGE-CALCULATED  mews2  weeosr 956

| ocTANE SENSITIVITY m.cau:uursn —— T 6.0 - 8.5 TTws
ETHANOL CONTENT  AsTMOssis  wvons 14.50 - 15.50 T T
mgiwnzu F T Asmnmu ' Fer PR} nrmm T £.33157.39

DISTILLATION, IBP ) bsr. £ {0EG ©)

| DISTILLATION, 5% G P (oEs ©) " REFORT
I‘.lﬁl'll..LAl‘lml,ﬂ%. o ASTHM DOS s v tl:ll-_'L: L‘JH ) . REFORT ]
DISTILLATION, 20%  ASTM D88 IEG £ (DEG £ BEFORT T s0.01E5. 81
usnﬁulriiiﬂ,:m " astmpss VEG F (DEG £ T o 15681693}
Dlsrl.mmn.m " ASTMDBG ¥ (DEG C1 T TResort  aenaacinsr
I)Ié"‘ll_l,ﬁﬂoﬂ. m o ASTHM IJH - FOiDEG © REPORT T T T ez s esey
DISTILLATION, 60%  ASTM D86 . T 210050101020
miﬁfhﬁ:ﬁi—_ﬁmﬁiﬁ'nﬁ- T ke v mEn o1 T kEvoAT 225.3(107.41
DISTILLATION, 80%  ASTMDES "7 bEG F (DEG O REFOAT 236.4(113.6)
DISTILLATION, 80%  ASTMDBE DEG F {DEG €} REFORT 290.4(143.6)

LLATION,88%  AstMD8s bEG £ {DEG ©) mEFORT  3ar.cfies.er
DISTILLATION, DRY F T astmoes | EG E qmeG e ) REFORT 376.00191.1)
ety i i e e
RESIDUE © asTmMDIs REFORT 1.1
Loss o ASTM OB REFORT 1.2
AROMATIC CONTEN r ) ASTMDIMS RETORT T
QLEF'HGMT“T N o mm Dhi‘l R _Hl:PU"-']' T _6 ,_l}_ T
SATURATE CONTENT  ASTMD1319 REFORT I

Lot# 1327600 Made 10/24/14

In sealed unopened containers this product is good until 09/13/15%

Approved By: g—dmf f&w




GAGE PRODUCTS CO.

821 WANDA AVENUE
GE FEHW:LE’ Wl %220 Gage Products Company
248) 541-3024 Certificate of Analysis / QC Results

Page: 1

Deto: 10/28/14 a2 2:08 PM Customer: C00100/ CRC, Inc.

Sales Order # : 55519 Customer PO #:769 Shipped Qty : 54

Packaged Product:  41778-50F
CRC AVFL-20 Fuel #8

Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM 04052 REPORT 0.1270
| DENSITY AT 15,5 DEG. C ASTM D052 ¥ szeomt 0.726
RESEARCH OCTAME NUMBER  ASTM D268 RO 99.0 - 102.0 s

MOTOR OCTANE NUMBER  ASTM D700 rom REPORT 9.2

CCTANE RATING GAGE-CALCULATED ReM/Z REFORT 554

OCTANE SENSITIVITY GAGE-CALCULATED P 6.0 - 9.0 .4

ETHANOL CONTENT ASTM D4B15 VDL & 19,50 - 20.50 z0.11
RVP g 100 DEG. F ASTM D5181 PEL (KPA) REPORT NN

DISTILLATION, 1P ASTM D88 UEG § (DG C) BERORT  s.zl46.21
‘IS ASTM D88 BEG F (DEG €) BEFORT | 139.1(5%.5)
(DFG ¢ T T  heroRt ) 140.5065.3) |
: " REFORT 0. |
ASTM -n‘“ DEG F rnrjl.'%-{tl T REFORT I W
DISTILLATION, 0%  ASTMDES  DEs F (EG €1 REFORT 163.0072 8}
-Dls-'!'li.l..l\'ll-:}ﬂ.!mﬁ- ASTH DE6 DEG F I'D'éé éf----- T .-“.-l-ﬁ?l’mif 164.5073.6)
| DISTILLATION, 60% ASTM DEE ' UEG F IDEG C) REFORT 221.8(105.,
|DISTILLATION, 70%  ASTMoDB& TOEG FIDEG ©) REFORT 330,2(110.1)
| DISTILLATION, 80%  ASTMDBS DEG F |DEG ©) REFORT 289.8(119.9)
DISTILLATION, 50% " ASTM DEE T T kG F e Q) REFORT 0.5 (1603
DISTILLATION, 85% ASTM DG DEG F(IEG C) REFCRT amLs(ii0.d)
| DISTILLATION, DRY POINT ASTM D55 DEG F {DEG ©) T mesear T sensneng |
(RECOVERY ASTM DBs von.. 3 T T weomr T T TTee
MﬂD'LE o .-".__-__;.Bﬁu_ln__.--“-.-.-m"-.“”“-- .'-T,;...-.“”. . . . REPOAT . S 0.1
LOSS  ASTMDES ' Vo, % pepoaT %]
AROMATIC CONTENT ASTM D1319 VOL. % ) ~kEroaT K]
(OLEFINCONTENT ASTMDIMS T vy T REFORT 0.0
'SATURATE CONTENT ‘ASTMDiM®  voL.s T wevoRr Tz
Lot# 7325200 Made 10/01/14 o

In sealed unopened containers this product is qood until 09/18/15

Approved By:_ Jelnd ATt

A-10




GAGE PRODUCTS CO.
621 WANDA AVENUE
AGE FERNDALE, MI 48220

(248) 541-3824

Page: 1
Date: 10/03/14 at 1:07 PM

Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc.
Sales Order#: 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product:  41780-35F

CRC AVFL-20 Fuel #10
Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REEORT 0.759)
DENSITY AT 155 DEG. C ASTM D4052 KG/ 1L REFORT 0,758
RESEARCH OCTANE NUMBER  ASTM D2693 s 1.0 - 82,0 T
MOTOR OCTANE NUMBER ASTM D2708 MO REFORT 80,7
OCTANE RATING GAGE-CALCULATED e - HEPORT 45,9
OCTANE SENSITVITY GAGE-CALCULATED Rt 10,0 - 12,0 0.4
ETHANOL CONTENT ASTM D4B1S voL.y 9.50 - 10,50 10.00
RVP @ 100 DEG. F ASTM D5191 ¥S1 (KPR REPORT 7.59152.30}
DISTILLATION, I8P ASTM D86 eGP (DEE C) REPOAT ERETTRYITRT
Dlsfl.ul'l‘lﬂll,m - ASTHM DEE B DEG F (DEG C) REPOAT 127.5(153.1)
DISTILLATION, 10% ASTM D86 DEG F (LG C) : BEFORT 1. 115611
'DISTILLATION, 20% ASTM D86 DEG F {DEG €) REFORT lar.8061.0)
DISTILLATION, 30% ASTM DS DEG F (DEG C) REPORT 147.81064.3)
DISTILLATION, 40% " ASTM DBE “Tbec P DEG ©) RErORT EETTRTITR]
DISTILLATION, 50% "~ asTmoDEs TThEG F (pEs ©) REPONT 2072090, 3)
DISTILLATION, 60% ASTM DBE EG F [DEG C) - REPORT 262.31127.9)
DISTILLATION, 70% ASTM D88 DEG F (DEG C) o FEPORT 287.41141.9)
DISTILLATION, 80% ASTM D86 LEG ¥ (DEG C) REPORT 302.80150.41
DISTILLATION, 90% ASTM D6 DEG £ (DEG C) HEFORT 325.31162,9]
DISTILLATION, 85% ASTMOBS UEG E (BEG €} HEPORT 346.81174.9)
DISTILLATION, DRY POINT ASTM DBg UEG F (DES C) REFORT 175.11190.6)
RECOVERY ASTM DBE oL & " herort 98.0
RESIDUE ASTM DEG woLe “RepoaT 1.0
LOSS " ASTM DEE Yol v REFORT - 1.0
AROMATIC CONTENT  ASTMD1313 VoL, % REFORT 20.7
OLEFINCONTENT  ASTM DS L3 BEFORT 5.5
SATURATE CONTENT  ASTMDIMS VoL, A HEPORT TR

".Lot# 7272300

Approved By:

Febk il

Mada 09/23/14

in sealed unopened containers this product is good until 08/05/15

A-11




GAGE PRODUCTS CO.
821 WANDA AVENUE
FERNDALE, MI 48220

48 54138 Gage Products Company

Certificate of Analysis /| QC Results

Page: 1
Customer: C00100/ CRC, Inc,

Date: 10/24/14 at 2:08 PM

Sales Order # : 556519 Customer PO #: 769 Shipped Qty : 54

Packaged Product; 41781-55F

CRC AVFL-20 Fuel #11

Property Test Method UoMm Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM Dé052 REPORT 07527
{DENSITY AT1EEDEG.C  ASTM DAD52 KU/ L REFORT (AT
RESEARCH DCTANE NUMBER  ASTM D2699 [T 91,0 - 52.0 T e
MOTOR OCTANE NUMBER ASTM D2700 won REFORT T 0.8
OCTANE RATING GAGE-CALCULATED Wz meeort 6.2

OCTANE SENSITIVITY GAGE-GALCULATED T < 1z T ie.e
ETHANOL CONTENT ASTM D815 14.50 - 15.50 .75

RVP @ W0DEG.F  ASTMD&isd  BST (RPAJ REPORT IR
DISTILLATION, IBF  ASTMDBS " oEG T (DEG T wpeonT 103.9(39,8}
i;is‘rl.l.ﬂ'“w,i‘- T iﬂ“m o o ]:l.'l;r _F-l-[_&-.h .':'.I-““__"_ REFORT 120.6049.2}
DISTILLATION, 10% ASTM DG T bEG £ OADEG ©F REFORT 12841536
DISTILLATION, 20% ' TDEG F(DEG ©) REFDRT Ti36.0057,81

| DISTILLATION, 30% ) T REFORT K
DISTILLATION, 40% TA0ES ©) HEEDRT 147.2(64.00
DISTILLATION, 50% " {DEG €) REPORT 152.9161.2)
DISTILLATION, 60% {DEG ©) o " REPORT 1671.0075.00
DISTIL T F oG O " mEeoRT T mzoeams |
DISTILLATION, 80% 6 T (DEG C1 o REFORT

DISTILLATION, 80% “IEG F (DEG ©) REFORT

DISTILLATION, 85% DEG F (DEG C) REFORT 363, 41184, 1)
DISTILLATION, DRY POINT TEG F IDEG ) T Rerony 186.9(187.71
|Rccovery el REPORT 9.9
RECSIDUE o T vont REFORT T
ltoss o VoL, % REFORT o 7.0
AROMATIC CONTENT ASTM D131D - 1.8

OLEFIN CONTENT N ASTMDI319 TREFORT 5.4
SATURATE CONTENT ASTMD131D REFORT o

Lot# 7325600 Made 10/11/14 o -
In sealed unopened containers this product is good until 09/19/15

Approved By: ;me

A-12



GAGE PRODUCTS CO.
B21 WANDA AVENUE
FERMDALE, M| 48220

48] 5419824 Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100/ CRC, Inc.
Sales Order # : 55519 Customer PO #:769 Shipped Qty : 54

Page: 1
Date: 10/24/44 at 2:08 PM

Packaged Product:  41782-55F
CRC AVFL-20 Fuel #12

Property Test Method uom Specification Value
SPECIFIC URA“'I\‘GNOEQ. F ASTM D4D52 EEFORT 0. 71568
DEMNSITY AT 15,6 DEG. © ASTM D4052 WG/, I REFORT 0,156
RESEARCH OCTANE NUMBER  ASTM D2699 T hm aL.0 - 2.0 n.e
MOTOR OCTANE NUMBER ASTM D2700 o o o REFORY B2
OCTANE RATING GAGE-CALCULATED RM/Z o REFORT T
OCTANE SENSITVITY  GAGE.CALCULATED Twn 10.0 - 12.0 0.2 N
ETHAMOL CONTENT  ASTM D4815 VL. 4 19,50 - 20.50 - 19,58
RVP @ 100 DEG, F ASTM D191 FE1 (KPR} REFORT 7.30050.30)
DISTILLATION, I8P ASTM DEs G EOEG © REFORT TR
| DISTILLATION, 5% ASTM D86 G F (DEG ©) 7 BT I
DISTILLATION, 10% ASTM DEG UEG F DEG ©F REPORT LRI
DISTILLATION, 20% ASTM DEG G F0EG €) FEFORT T 4006020
BISTILLATION, 30% ASTM DES o DEG € T heeoRT 146,3163 )
DISTILLATION, 40% ASTM DB oRG € REFORT 151,766
DISTILLATION, 50% ASTMDBS G FooEG O REFORT 157,85 (65.8)
ﬁé“tluﬁm.ml S -‘I.gl'ulm o DEG F fB‘DG. ;:-ll- REPORT Jf;:f.“ (73.2)
DISTILLATION, 70%  ASTMDBS " bEG F {DEG €
DISTILLATION, 80% " ASTM DES T s ¥ o )
DISTILLATION, 50% ASTM D86 "~ 0EG F {DEG C)
DISTILLATION, 95% AsTMOBE UEG F (DEG C)
DISTILLATION, DRY POINT ~ ASTM DBS G FADEG ©1
RECOVERY ASTM D88 o VOL, 4 o
RESIDUE ASTM DBS T o
LosS ASTMDOS v
e . Mt s
d- . VOL.%
SATURATE CONTENT © ASTM D110 T voLa o

Lot# 7326000 " Made 10/14/14

1n sealed unopened containers this product is good until 09/19/15

Approved By: ;'339&'-{ J&;;W

A-13



GAGE PRODUCTS CO.
521 WANDA AVENUE

JAGE FERNDALE, W 48220

(248) 541-3824

Page: 1
Date: 10/03114 at 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc.

Sales Order #: 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product:

41783-55F
CRC AVFL-20 Fuel #13

ASTM D138

Property Test Method Uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REPORT 0.7543
DENSITY AT 18,5 DEG. C T AsTMOD4082 KoL REFORT 0.751
'RESEARCH OCTANE NUMBER  ASTM D239 mow 91.0 - 92.0 B 1.9
MOTOR GGTANE NUMBER ASTM DZ700 ot REPORT i
OCTANE RATING GAGE-CALCULATED Rt/ 2 REFORT 865
OGTANE SENSITIVITY GAGE-CALCULATED Rt o 10,0 - 12.0 10.7
ETHANOL CONTENT ASTM D4B1S Vol.v T 29,50 - 30,50 29.90
RVP @ 00DEG.F ASTM D191 31 (KPA) REPORT 7.34150.571
DISTILLATION, I8P ASTH DBS T bza F ines @ REPORT 118500661
DISTILLATION, 5% AsTMDEE DEG F (DEG C) REFORT 123.2156.21
DISTILLATION, ASTMDES MG F (0R6 € REPORT 140.7160.11
DISTILLATION, " ASTMDBE mee FoApEG ©) REFORT 148.3464.61
DISTILLATION, 30% ASTM D6 DEG T (DEG C) REFORT 153.5167.51
DISTILLATION, 40% ASTM D8B “oee ¢ 10EG € REFORT 158.24710.11 |
ISTILLA ASTH D8E “bec F 10£G ©) RRFORT 163.2072.9) |
DISTILLATION, 60% ASTM DBE I er——— FRRORT GELEIEE
DISTILLATION, 70% ASTM D8E ) DEG F (DEG C) REPORT 170.2(76.8)
DISTILLATION, 80% ASTH DB BEG E (DEG C) " Reront T207.94127,7)
DISTILLATION, 30% AsTMDES CEG F (DEG €1 REPORT 353.11178.1)
DISTILLATION, 86% ASTMDES DEG F IDRG €] - REVORT T.20000.01
DISTILLATION, DRY POINT  ASTM D8 DEG F (DRG ©) HEPORT w00.51704.71
et T e o e e
RESIDUE ASTH D8S . BEPORT 0. o
I_dﬂ-a o ASTM DOS - -‘;CIL. L1 HIT.IOI'J'“ "‘:'-.-s
'AROMATIC GONTENT ASTM 01318 oL REFORT 5.0
OLEFIN GONTENT AstmMOtS VoL A " reromt 21.8
SATURATE CONTENT T vaL. v " herost 2.1

Lot# 7272700

Approved By!:

Pl [ty

Made 02/23/14

In sealed unopened containers this product is good until 09/05/15

A-14




GAGE PRODUCTS CO.
621 WANDA AVENUE
FERNDALE, Mi 48220

{248 413804 Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100/ CRG, Inc.
Sales Order # : 55123 Customer PO#:769 Shipped Qty : 54

Page: 1
Date: 10/03M14 at 1:07 PM

Packaged Product:  41784-55F
CRC AVFL=20 Fuel #14

Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REPORT 0.7549
DENSITY AT 18.5 DEG. © ASTM Da052 Koo, T REFORT 0,754
RESEARCH OCTAME NUMBER  ASTMD2888 ROH B 6.0 - 97.0 '
MOTOR OCTANE NUMBER ASTMDZTOD MON ) REFORT as.s
DCTANE RATING GAGE-CALCULATED Ra 2 REPORT 0.8
OGTANE SENSITIVITY GAGE-CALCULATED Rei . -z - 0.7
ETHAHOL CONTENT ASTMDABIE VoL, % 9,50 - 10.50 10,00
RVP @ 100 DEG. F ASTM DS191 PST IKPAI o AEPORT T.96154.841
DISTILLATION, 18P AsTMDIS DEG F (DEG C REFORT 100.1(37.8)
oomuaToue  Aswoas oG ¥ (o 0 weore A
DISTILLATION, 10% ASTM D6 DEG F (DEG C) REPORT 177.4
DISTILLATION, 20% ASTM D26 DFG F (DRG €) REPORT 135.2
DISTILLATION, 30% ASTM Das TEG F IDEG T} REPORT 1431161, 7}
DISTILLATION, 40% ASTM DBS " oEG ¥ (oes o REFORT 1502165, 1]
DISTILLATION, 60% ASTM DB6 " oRG F amES £ REPORT Tien.zi86.21
&S‘I’ILI.&HDH.WH ASTM Dag F IDEG C) REPORT FLEPET RN O]
DISTILLATION, 70% ASTM D36 F (0BG ©) REFORT h T11.10134.5)
DISTILLATION, 80%  ASTMDSS DEG F ADEG C} REPORT W00.3009.6)
DISTILLATION, 80%  ASTMDSS DEG F DEG C) REPGRT 333,70067,61 |
DISTILLATION, 85%  ASTMDE6 DEG F (DEG €) REPORT 156.60180,3F
DISTILLATION, DRY POINT ASTM D8 DEG F (DEG C) REFORT 364 . 3']6‘5‘ .T-' i‘_-__
RECOVERY ASTM D86 VoL, % S REPORT o w7
RESIDUE ASTM DBS voL.v REPORT o 1.1
Loss T ok REBORT 1.2
AROMATIC CONTENT VoL 4 REPORT 2000
OLEFIN CONTENT © AsTMDINE VoL 4 REPORT a0
SATURATE GONTENT  AsTMDI3MB VL. & " REPORT f1.8

Lot# 7273100 Made 09/25/14

In sealed unopened containers this product is good until 09/05/15

Foted fie

Approved By:

A-15



GAGE PRODUCTS CO.
621 WANDA AVENUE
AGE FERNDALE, NI 48220

(2485413824 Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100 / CRC, Inc.
Sales Order # : 55519 Customer PO#: 769 Shipped Qty ; 54

Page: 1
Date: 1072414 at 2:08 PM

Packaged Product: 41785-55F

CRC AVFL=-20 Fuel #1565
Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG. £ ASTM D4052 SEPORT 0.7550
DENSITY AT 16.5 DEG. G ASTM Da0s2 KG/L SEFGRT 0,755
RESEARCH DCTANE NUMBER  ASTM D2689 o 96.0 - 51.0 TTeel T
MOTOR OCTANE NUMBER ASTM D2T00 1 REFORT Bl G
OCTANE RATING GAGE-CALCULATED H/Z REFORT woe
OCTANE SENSITIVITY GAGE-CALCULATED [ET T 1.5
'ETHANOL CONTENT ASTM D4615 veL.s  za.%0 - 30,50 9,98
|RVF @100 DEG.F REFORT - 7.3a152.30)
DISTILLATION, IBP T hevonr 104.51040.5)
(DISTILLATION, 5% REFORT 137505611
DISTILLATION, 10% REFORT 141.5160.8)
DISTILLATION, 20%  ASTM DB HEFCRT 151,0166.11
DISTILLATION, 30% ASTM D88 DEG F {DEG C} HEPOHT 7
DISTILLATION, 40% ASTM D8 DEG F|DEG ) RERORT 160.7(71.5]
DISTILLATION, 50% ASTH D86 BEG F (DG C) : 16.3(73.5)
mﬁl’l:.lﬁl’lnﬂ,sm ASTM D6 BEG F (DEG C} B 167.3471%.2)
DISTILLATION, 70% ASTM D#6 TDEG F (DEG €} - TR T
DISTILLATION, 80% BEG F {DEG C) - Ted.z(138.60 |
DISTLLATION, 80% 4 T bes FDEG ©) BT T
DISTILLATION, 85% ~ ASTMDBE " oEs F DES ©) I 370.5(168.1)
DISTILLATION, DRY POINT ~ ASTMDBS DEG F (DEG £ ) 386.04196. 71
RECOVERY  AsTMoss  vols 91,8
g e L - .
LOSS ASTM D85 Vo REFORT Ty
AROMATIC CONTENT ASTM 01313 VOL. REFORT N 1.2
OLEFIN CONTENT ASTM D1319 VoL % - BEFORT 18,5
SATURATE CONTENT ASTM D1319 VoL, N " mERORT TN

Lot# 7326400 Made 10/13/14
In sealed unopened containers this product is good until 09/19/15

Hedodd Jiitr

Approved By:

A-16



GAGE PRODUCTS CO.
B21 WANDA AVENUE

AG.EFMLE,W%

{248) 541-3824

Page: 1
Date: 10724114 at 2:08 PM

Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100/ CRC, Inc.
Sales Order # : 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product:

41786-55F
CRC AVFL-20 Fuel #16

DISTILLATION, T0%

BEG )

DISTILLATION, 80%

“(OEG ©)

Property Test Method UOoM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D052 REEQRT 0. 1577
DENSITY AT 16.5 DEG. C ASTH D452 KG/L REFORT 0.757
RESEARCH OCTANE NUMBER  ASTM D2699 RO 1010 - 102.0 101.5
MOTOR OCTANE NUMBER ASTM D2T00 ] HEFORT Ba.5
OCTANE RATING GAGE-CALCULATED Py REEORT .5

| DCTANE SENSITIVITY GAGE-CALCULATED BH 0.0 - 12.0 1.0
ETHANOL CONTENT ASTH D415 TwoLw a0 - 10.50 4,82
RVP @ 100 DEG. F ASTM D5191 o BST [KER) REFORT T.58(52.23)
DISTILLATION, IBF ASTM DES DEG F (DEG C) eePoRT 102,139,2)
DISTILLATION, 5% ~ ASTMDBS  DEs ¥ (DEG €] REPDRT 128.6153.7)
DISTILLATION, f0% ASTM DBS DEG ©(DEG €1 werPORY 13640800 |
DISTILLATION, 20% ASTM DBS o T e v omec © REPORT o 147.0163.9)
DISTILLATION, 30% ASTM DES DEG F(DEG ) HEPORT 155, 0168,31
DISTILLATION, 40%, ASTM DEs MG FO(DEG C) REFORT 5, 4{05, 2}
msﬁfn_mm 0% ASTM Dis IEG F O(DEG ©) REFORY 228.1{108.9)
DISTILLATION, 66% -

662 {130
22008010

TIL69.4]

TILLATION, $0% ASTM D186 (DEG C)

DISTILLATION, 95% ASTM D85 (0BG ©) (L.
DISTILLATION, DRY POINT ~ ASTM D& FEG € ) BEETNTICT R T
'RECOVERY  ASTM DS - [ 7.5

RESIDUE ASTM D8E N T h k.l

LOSS ASTM D86 1.0
AROMATIC CONTENT ASTM D1319 VoL 5.6 N
OLEFIN CONTENT ASTM D1318 von.. 3 T T
SATURATE CONTENT  ASTM D1319 vy T 4.4

Lot g' 1273500

Approved By:

Jolod Jibaer

Made 10/21/14

In sealed unopened containers this product is good until 09/05/15

A-17



621 WANDA AVENUE
IAGHE FERNDALE, Ml 48220 Gage Products Company
(2ddy 541004 Certificate of Analysis / QC Results

Page: 1

Date: 10/24/14 at 2:08 PM Customer: CO0100 / CRC, Inc.

Sales Order # : 55519 Customer PO # : 769 Shipped Qty ; 54

Packaged Product: 11787-55F
CRC AVFL-20 Fuel #17

In sealed unopened containers this product is good until 09/19/15

Property Test Method Uom Specification Value
SPECIFIC GM“WGSDDE“\. F ASTM D452 REFORT 0.7542
DONSITY AT 1650EG.C ASTM D4052 REFGRT 0. 783
' RESEARCH OCTANE NUMBER  ASTM 02699 91,0 - 02,5 101.0
| MOTOR OCTANE NUMBER ASTM D2700 T e T hmeoar #3.6
locTame RATING ‘GAGE-CALCULATED Tmeyz 7 heeoar B Iy
OCTANE SENSITIVITY GAGE-CALGULATED e " Tioo - 12w e o
ETHANOL CONTENT ASTM [ T Twoy .50 - 15,80 1s.10
WPQ 1‘;‘6'{'2—‘-]?;- ASTM D191 - [ 18 IK-I;PT’_- T I.EE'URT ) T.13153.26) T
tHﬁl'lLLﬁtlD;l; |ﬂp ASTM DB& DEG F (DEG C) REFORT T 110.3(43.51
ﬁsflLl-.ﬁflnN:ﬂ-f' ASTHM O DEG ¥ {DEG ) REFORT 130.0154.9)
DISTILLATION, 10%  ASTM D86 BEG F {BRG ©) REFORT 135,558, 1)
DISTILLATION, 20%  ASTMDSS DEG ¥ (DEG ) REFORT 151,5066.4)
DISTILLATION, 30% ASTMDSS DG £ (05 0) REPORT 157.6169.8)
‘DISTILLATION, 40%  ASTMD88  DEG F (DEG REFORT 161,6172,0)
DISTILLATION, 80% ASTMDES “'pec F (oEG & REFORT - 210.6198,2)
_ﬁ}W-_-E"‘-DM . - DEG F [DES C) REP.[.]R?:- T '—'"'"——"_";'"2'_';'['["_‘_1]'
DISTILLATION, 70% ASTM D86 T bes ¢ oes © REFoRT 262.0M127.8)
DISTILLATION, 80% ASTM D86 T s r mes o meeoar aso.tiues.ay
DISTILLATION, 80% ASTM D86 DEG F (DEG C) o RELORT o 49750168,
DISTILLATION, 95% ASTM D86 DEG F {0EG C) “REFORT - FYRTICIET
dai'lm‘nnn',diw POINT ASTM DEs PEG F {DEG €) REFORT 3826118480
RECOVERY ASTM D85 [T RERURT 91,6
RESIDUE © AsTMOD8s var 4 REPORT 1.0
Loss ASTMODSS  vol.v REPORT 1.4
AROMATIC GONTENT  ASTMDIS ST T v T BEFORT 1.2 .
R B e Gy T e e e
SATURATE CONTENT ASTMDINS T wow ) REPORT T tem

Lot# 7326800 Mada 10/21/14

A-18



GAGE PRODUCTS CO.
621 WANDA AVENUE
AG.E FERNDALE, MI 48220
(248} 541-3824
Page: 1
Date: 10/24/14 at 2:08 PM

Sales Order # : 55519 Customer PO #: 769 Shipped Qty : 54

Gage Products Company

Customer: C00100 / CRC, Inc.

Certificate of Analysis / QC Results

DISTILLATION, DRY PONT

Packaged Product: 11788-55F
CRC AVFL-20 Fuel #18

Property Test Method uom Specification Value

SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REFORT

DENSITY AT 165DEG. € ASTM DA0S2 GL B REFORT

RESEARCH OCTANE NUMBER  ASTM D2089 o T hem wie - w20

MOTOR OCTANE NUMBER ASTM D2700 o REFORT )

OCTANE RATING GAGE-CALCULATED Iz o AEFORT

'OCTANE SENSITMITY GAGE-CALCULATED - 0.0 - 12.0

'ETHANOL CONTENT " ASTM D481 voL.A 19,50 - 20.80

RVP @ 100 DEG.F ASTMDSISt  EST [keAl REFORY T.36150.70)

i on, B - &1 T s ¢ okG €1 REFORT 112.6(44.8)

DISTILLATION, % 26 P (DRG ) HEFORT 133.2(56.2)

DISTILLATION, 10% . DEG F (0BG ©) REFORT 142.7(61.51

DISTILLATION, 20% ) DEG F (DEG C) © TREFoRT 153.8167,7)

DISTILLATION, 30% o "ok ¢ (oEs £) REFORT 145.8071.00

DISTILLATION, 40% G ¥ w6 0 REFORT N 1.2 11

DISTILLATION, 50% EG ¥ (DEG C) BLECRT

DISTILLATION, 60% DEG F (0EG €] ‘seront

DISTILLATION, 70% DEG ¥ {DEG C) HEEGHT B

DISTILLATION, 80% DEG ¥ {OEG €) REFDAT )

DISTILLATION, 0% ) LEG ¥ (DEG €) REFDRT o 336.5(170. %)

DISTILLATION, 98% T hea £ ibEs € REFORT 354, 6(179.2)
T TEG F (DEG ©) REFORT 3844 (195.8)

Lot# 7327200

Approved By: Filod Jikatr

Made 10/21/14

RECOVERY vaL.s

“.ES'DLE- o VoL.§

LOSS T Ve

| AROMATIC GONTENT wer
|OLEFINCONTENT ASTM D1319 voL.% T
SATURATE GONTE TASTM D1313 VoL, 4

In sealed unopened containers this product is good until 09/19/15

A-19




GAGE PRODUCTS CO.
£21 WANDA AVENLEE

FERNDALE, M 48220
(248) 541-3824

Page: 1
Date: 10/03M4 al 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc,

Sales Order # : 56123 Customer PO#:769 Shipped Qty : 54

Approved By:

Lot# 7273900

ASTM D138

Packaged Product:  417835-55F

CRC AVFL-20 Fuel 419
Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REFORT 0.1495
DENSITY AT 16,5 DEG. C ASTM D4052 HG/ L, REFORT 0,748
RESEARCH OCTANE NUMBER  ASTM D2692 RO 101.0 - 102.0 101.0
MOTOR OCTANE NUMBER ASTM DZ700 How REPORT #5.0
DCTANE RATING GAGE-CALCULATED Rehd 7 REFORT 5.0
OCTANE SENSITIVITY GAGE-CALCULATED Rt 10.0 - 12.0 12.0
ETHANOL CONTENT ASTM D4E1S VOL. § 29.50 - 30.50 25,85
RVP (@ 100 DEG. F ASTM D5191 Fa1 (KEAD HEFORT 1,25 148,95}
DISTILLATION, IBP ASTM DB DEG F (DEG CI BEFORT 107, 5141, 94
DISTILLATION, 8% ASTM DB T hEG Fones ©) REPORT 137, 7158, 1}
DISTILLATION, 10%  ASTMDBE  DEG F (DEG CJ BEPORT 146.0163, 3¢
DISTILLATION, 20% ASTM DG DEG F IDEG C} REFORT 155. 1168, 4)
DISTILLATION, 30% ASTM DS DEG F (DEG C) REPURT 159.8(71.0}
DISTILLATION, 20% ASTM D85 DEG F IDEG C} REFORT ;
| DISTILLATION, 50% ASTM DB6 DEG F IDEG T REFORY 165.0073.85
DISTILLATION, 60 ASTM DB DEG F (DEG ©) REFORT B TTITET N TR
DISTILLATION, o ASTMDEE DEG F (DEG €1 REPORT 174.5119.2)
DISTILLATION, 80%  ASTMD8S " DEG F (DEG € REPOAT 211.21136.2)
DISTILLATION, 0% T ASTM DS 0EG F (DEG T) REPORT 333.01167.2)
DISTILLATION, 86% ASTM D5 OEG F {DEG €] REFURT 34330172, 9]
DISTILLATION, DRY POINT ASTM D85 DEG F IDEG €1 REFORT 65,4 (185.2)
-REMRY ASTM DEE VOL. ¥ REPORT ) '—'—;};:E""""—""
RESIDUE ASTM D88 VoL % REFORT o 1.0
Loss ASTI D86 VoL.% REFORT 1.0
AROMATIC CONTENT ASTM D1218 voL.v T ReroRT B.5
‘OLEFIN CONTENT ASTM D1318 VoL, 4 B ) REFORT 2.4
'SATURATE CONTENT VoL % T RevoRt 59.2

Aot figer

Made 10/01/14
In sealed unopened containers this product is good until 09/05/15

A-20




LN
3

haltermannsolutions

g the wono. ono sehutiamd § Wng

Telephone: (800) 969-2542

Product Information

FAX: (281) 457-1468
Johann Haliermann Lid.

PRODUCT: EPATIER || EEE Batch No.: CE2121LTID
FEDERAL REGISTER
PRODUCT CODE: HEQ437 Tank No.: 105
Date:  5/28/2014

TEST METHOD UNITS HALTERMAMNMN 5 RESULTS

T 0 S
Disfiflation - IBP ASTM DBG F 75 95 90
5% F 105
10% °F 120 135 121
20% F 144
30% F 168
40% °F 198
50% °F 200 230 219
60% °F 230
T0% °F 240
BO0% °F 257
Q0% °F 305 325 312
B85% °F 337
Distillation - EP °F 415 396
Recovery vol % Report 95.4
Residua wvol % Report 1.1
Loss vol % Report 3.5
Gravity ASTM D4052 &P 58.7 812 59.0
Density [ASTM D4052 kg 0.734 0.744 0.743
Reid Vapor Pressure [ASTM D5191 psi ar 92 9.2
(Carbon ASTM D3343 wt frection Report 0.8650
(Carbon ASTM D5201 wi fraction Report 0.8644
Hydrogen ASTM D5291 wt fraction Report 0.1355
Hydrogen/Carbon ratio ASTM D521 mola/mole Report 1.867
Stoichiometric Air/Fuel Ratio Report 14.607
Oxygen ASTM D4815 wih 0.05 Mone Detected
Sulfur ASTM D5453 wi % 0.0025 0.0035 0.0033
Lead ASTM D3237 gigal 0.0 None Detected
Phosphorous ASTM D3231 gigal 0.005 None Detected
Silicon ASTM 5184 mg/kg 4 Mone Detected
Compaosition, aromatics ASTM D110 vol % 35 28
Composition, olefing ASTM 01319 vol % 10 1
Compaosition, saturates ASTM D1319 wvol % Repaort 71
Particulate matter ASTM D5452 magil 1 0.4
Onadation Stability ASTM D525 minutes 240 1000+
Copper Corrosion ASTM D130 1 la
Gum content, washed ASTM D381 mgl100mis 5 =0.5
Fuel Economy Numerator/C Density |ASTM D5291 2401 2441 2425
C Facior ASTM D5291 Report 1.0088
Research Octane Number ASTM D2629 96.0 97.4
Mator Octane Number ASTM D2700 Report 89.0
Sensitivity 7.5 8.4
Net Heating Value, bluilb ASTM D3338 brtuil Report 18479
Nel Heating Value, biu/lb ASTM D240 btuflo Report 18241
Color WVISUAL /S Repart Undyed

APPROVED BY:
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APPENDIX B. Chevron DHA Results for Phase 2 Blends
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Gage Fuels (Drum) - DHA Results - Hydrocarbons Only (No Ethanol)
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Gage Fuel #1 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #2 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #3 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #4 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #5 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #6 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Handblend #7 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #7.5 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #8 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #10 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #11 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #12 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #13 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #14 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #15 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #16 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #17 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #18 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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Gage Fuel #19 (Drum) - Detailed Hydrocarbon Analysis (Volume %)
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APPENDIX C. Southwest Research Institute Fuel Analysis Results For
Phase 2 Blends
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D4809 Net

D5291
Carbon Hydrogen

D5453
Sulfur

Fuel Number | BTU/Ib MJ/kg cal/g mass% mass% | ppm mass %
1 18007 41.884 | 10004 82.3 14.39 1.5 0.00015
2 17678 41.118 | 9820.8 80.22 14.41 15 0.00015
3 17172 39.941 | 9539.7 77.41 14.36 1.2 0.00012
4 16400 38.148 | 9111.4 74.31 14.4 1.4 0.00014
5 18028 41.933 | 10016 82.11 14.51 1.5 0.00015
6 16504 38.387 | 9168.6 73.12 14.34 1 0.0001
7 18163 42.247 | 10091 79.81 14.98 1.6 0.00016
7.5 17740 41.263 | 9855.6 78.84 15.1 0.0001
8 17304 40.248 | 9613.1 77.04 14.92 0.0001
10 17844 41.505 | 9913.3 82.58 13.5 1.1 0.00011
11 17482 40.664 | 9712.5 81.06 13.55 1.4 0.00014
12 17080 39.727 | 9488.6 78.98 13.57 0.0001
13 16368 38.071 | 9093.1 75.16 13.6 0.0001
14 17870 41.567 | 9928.1 83 13.72 1.6 0.00016
15 16310 37.937 | 9061.1 75.57 13.61 1 0.0001
16 17806 41.417 | 9892.2 83.84 13.96 1.9 0.00019
17 17445 40.577 | 9691.7 81.32 14.07 1.3 0.00013
18 17088 39.748 | 9493.6 79.38 14.14 14 0.00014
19 16381 38.102 | 9100.6 75.03 14.51 0.9 0.00009
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APPENDIX D. Results of Analyses for Phase 3 Blends
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GAGE PRODUCTS CO.
>~ g3 WANDA AVENUE

AG'E FQERNDALE’ Mi 46220 Gage Products Company
(248) 41-3024 Certificate of Analysis | QC Results

Gustomer: C00100 /] CRC, inc.
Sales Order # : 63180  Customer PO # : 769 REVISED Shipped Qty : 150

Page: 1
Date: 06/16/46 at 3:01 PM

packaged Product: 41771-55F
CRC AVFL-20 Fuel #1
Propert Test Method Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REPORT 5.7383
DENSITY AT 16.5 DEG. G ASTM D402 K6/, REBORT 0.737
RESEARGH OCTANE NUMBER  ASTM D2698 o 91.0 - 92.0 T Toas
OTOR OCTANE NUMBER  ASTM pze T hew REPORT T
OCTANERATNG GAGECALGULATED /2 T REPORT EEy
OCTANE SENSITIVITY "GAGE.CALCULATED | R4 o so 8.0 7.3 '"'
ETHANGL GONTENT ASTM DAB15 VoE. % .50 - 10.50 10.40
RVP @ 100 DEG. F ASTM D5191 28T (KPR REPORT B.33(57.39)
DISTILLATION, iBP ASTM D86 DEG F {DEG <) REPCRT 103.6(39.8)
DISTILLATION, 5% ASTM D86 DEG F (DEG C) REPORT 126.3152.4)
| DISTILLATION, 10% ASTM D86 DEG F (DEG C) REPORT 153.6056.3)
DISTILLATION, 20% ASTM D86 DEG F (DEG C) REFORT 143.1(6t.7)
DISTILLATION, 30% ASTH D85 DEG F ADEG €) REPORT — T T laotes.)
DISTILLATION, 40% ASTM D85 DEG F_{DEG C} _’ REPORT 156.9169.4)
DISTILLATION, §0% ASTM D86 DEG F(DEG C REPORT 715.91102.21
DISTILLATION, 60% ASTM D86 DEG F_(DEG C) REPORT 739.01120.00 |
TJIST‘LLA‘I’ION, 70% ASTM D86 DEG F (DEG C) REPORT 272.2(133.4)
DISTILLATION, 80% ASTM D86 DEG F_(DEG C) REPORT 767.5(147.5)
DISTILLATION, 90% ASTM D36 DEG F {DEG C) REPORT 327.3 (]:64 L1y
DISTILLATION, 95% ASTM D36 DEG ¥ IDEG ©) REPORT Ssear.
DISTILLATION, DRY POINT ASTH DB6 DEG F (DEG € REZORT 208910
RECOVERY ASTM D86 ot REFORT R
'RESIDUE ASTM D86 voL.% B REPORT - 7%
1L0ss - " ASTM D88 VOL.% T REPORT 1.3
AROMATIC CONTENT ASTM D1319 voL.% REPORT e
OLEFINCONTENT ASTH D1319 VOL.% REPORT T eo |
SATURATE CONTENT AsTmDIs® YOL. % REPORT 72.0
Lot# 8240400 Made 06/15/15
in sealed unopened containers this product is good until 06/15/16
Approved By: Zw é 9752?
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GAGE PRODUCTS CO.
821 WANDA AVENUE

IAGE FERNDALE, M 46220 Gage Products Company
(248) B41-3824 Certificate of Analysis / QC Resuits

Customer: C00100/CRC, Inc.
Sales Order # : 64719 Customer PO #: 769 REVISED Shipped Qty : 150

Page: 1
Date: 09/02/15 at 2:35 PM

Packaged Product: 41776-55F
CRC AVFL-20 Fuel #6

Property Test Method UOM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REPORT 0.7390
DENSITY AT 15.5 DEG. C ASTM D4052 KG/L REFORT 0.738
RESEARCH OCTANE NUMBER  ASTM D2699 RON 96.0 - 97.0 96.0
MOTOR OCTANE NUMBER ASTM D2700 MON REPORT §8.5
OCTANE RATING GAGE-CALCULATED RM/2 REPORT 92,2
QCTANE SENSITIVITY GAGE-CALCULATED R-H 6.0 - 8.0 7.5
ETHANOL CONTENT ASTM D4B16 VOL. % 20.50 - 30.50 26.98
RVP @ 100 DEG.F ASTM D5184 PSI {KPA) REPORT 6.81146,92)
DISTILLATION, I8P ASTM D86 DEG F {DEG C) REPORT 113.1{45.1}
DISTILLAYION, 5% ASTM D86 DEG F {DEG C) REPORT 138,8(5%.3)
DISTILLATION, 10% ASTM D86 DEG F {DEG C) REPORT 147.1{63.9)
DISTILLATION, 20% ASTM D8e DEG F {DEG C) REPORT 156.4{6%.1)
DISTILLATION, 30% ASTM D88 DEG F {DEG C) REPORT 161.4(71.9)
DISTILLATION, 40% ASTM D86 DEG F (DEG C) REPORT 164.1(73.4)
DISTILLATION, 0% ASTM D86 DEG F (DEG C) BEPORT 165.8(74.3}
DISTILLATION, 60% ASTM D8s DEG F (DEG C} REPORT 167,2(75.1}
DISTILLATION, 70% ASTM D86 DEG F (DEG €) REPORT 226.4(108,0)
DISTILLATION, 80% ASTM D86 DEG F (DEG C} REPORT 282,4(139.1}
DISTILLATION, 90% ASTM D86 DEG F (DEG C} REPORT 337.0(169,4}
DISTILLATION, 95% ASTM D86 DEG F (DEG C}) REPORT 348.4(175.8}
DISTILLATION, DRY POINT ASTM D86 DEG F (DEG C) REPORT 365.4(185.2}
RECOVERY ASTM D86 VOL. % REPORT 7.0
RESIDUE ASTM D86 VOL. % REPORT 1.0
LOSS ASTM D86 VOL. % REPORT 2.0
AROMATIC CONTENT ASTM D1319 VOL, & REPORT 1.4
COLEFIN CONTENT ASTM D1319 VOL. ¥ REPCRT 1.4
SATURATE CONTENT ASTM D1319 VoL.. % REPORT 67.2
Lot# 8423800 Made 08/29/15

In sealed unopened containers this product is good until 97/24/16

Approved By: W f M
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GAGE PRODUCTS CO.

821 WANDA AVENUE
AGE FERNDALE, M 45220 Gage Products Company
(248) 541-3024 Certificate of Analysis / QC Results

Page: 1

Date: 09/02115 at 2:35 PM Customer: C00100 / CRC, Inc.

Sales Order #: 64719 Customer PO #:769 REVISED Shipped Qty : 150

Packaged Product; 41777-55F
CRC AVFL-20 Fuel #7

Property Test Method UOM Specification Value
SPECIFIC GRAVITY @60 DEG, F  ASTM D4052 REPORT 0.7145
DENSITY AT 155 DEG. C ASTM D4052 KG/L REPORT ¢.714
RESEARCH OCTANE NUMBER  ASTM D2698 RON 100.0 - 102.0 100.1
MOTOR OCTANE NUMBER ASTM D2700 MON REPORT 92.5
OCTANE RATING GAGE-CALCULATED R4M/2 REPORT 96.3
OCTANE SENSITIVITY GAGE-CALCULATED R-M 6.0 - 8.0 7.6
ETHANOL CONTENT ASTM D4815 VOL.% 9.50 - 10.50 10.10
RVP @ 100 DEG.F ASTM D5191 B3I (KBER) REFORT 7.69(52.98)
DISTILLATION, 18P ASTM D86 DEG F (DEG C) REPORT 105.1{40.6)
DISTILLATION, 8% ASTM D86 DEG F (DEG C) REFCRT 135.3¢(57.4}
DISTILLATION, 10% ASTM D86 DEG F (DEG C) REPORT 143.0(61.7}
DISTILLATION, 26% ASTM D3g DEG F (DEG C} REPORT 153.,4(67.4}
DISTILLATION, 30% ASTM D86 DEG F {DEG T} REPORT 161.0(71.7)
DISTILLATION, 40% ASTM D86 DEG F (DEG C} REPORT 208.3(97.9)
DISTILLATION, 60% ASTM D88 DEG F {DEG C) REPORT 217.7(163.2)
DISTILLATION, 60% ASTM D86 PEG F (PEG C) REFORT 222.4(105.8)
DISTILLATION, 70% ASTM D86 DEG F (DEG C) REPORT 227.71108.7)
DISTILLATION, 80% ASTM D85 DEG F [DEG C) REFORT 237.1(113.9)
DISTILLATION, 90% ASTM D86 DEG F {DEG C) REPCRT 275.5{135.3)
DISTILLATION, 95% ASTM D86 DEG F [DEG €) REPORT 337.2(169,6)
DISTILLATION, DRY POINT ASTM D86 DEG F {DEG C) REPORT 377.9(192.2)
RECOVERY ASTM D86 VOL. ¥ REPORT 91.5
RESIDUE ASTM D86 VOL. % REPORT 1.1
LOSS ASTM D86 VOL. % REPORT 1.4
AROMATIC CONTENT ASTM D1319 VOL. % REFORT 3.7
OLEFIN CONTENT ASTM D1319 VOL, % REPORT 0.7
SATURATE CONTENT ASTM D1319 VoL. % REPORT 85.5
Lot# 8424000 Made 08/21/15

In sealed unopened containers this product is good until 07/24/16

Approved By: Wﬂ%]ﬁ
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GAGE PRODUCTS C0.
* 421 WANDA AVENUE
(S FERNDALE, M 45220
A (248) 5413624

Page: 1

Date;

06/16/15 at 3:01 PM

Sales Order#: 63180 Customer PO #: 769 REVISED Shipped Qty : 150

Gage Products Company

Customer: C00100 / CRC, Inc.

Certificate of Analysis / QC Results

Packaged Product:

41780-55F

CRC AVFL~20 Fuel #10

Property Test Method UOM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REPORT 0.7591
DENSITY AT 15.56 DEG. C ASTM D4052 KG/L REPORT 0.758
RESEARCH OCTANE NUMBER  ASTM D2699 RON 91.0 - 92.0 91.4
MOTOR OCTANE NUMBER ASTM D2700 MON REPORT 81.0
QCTANE RATING GAGE-CALCULATED R+M/2 REPORT 86.2
OCTANE SENSITIVITY GAGE-CALCULATED R-M 10.0 - 12.0 10.4
ETHANOL CONTENT ASTM D4815 VOL.% 8.50 - 10.50 10.00
RVP @ 100 DEG. F ASTM D5191 PSI (KPA) REPQRT 7.721(53.19)
DISTILLATION, IBP ASTM D86 DEG F (DEG Q) REPORT 105.7(40.9}
DISTILLATION, 5% ASTM D86 DEG F {DEG €) REPORT 128.41(53.6)
DISTILLATION, 16% ASTM D86 DEG F {DEG C) REPORT 134.4(56.9)
DISTILLATION, 20% ASTM D88 DEG F (DEG C}) REPORT 141.9¢61.1)
DISTILLATIQN. 30% ASTM D8s DEG F {DEG C} - REPORT 147,3(64.1})
DISTILLATION, 40% ASTM D88 DEG F {DEG C) REPORT 154.9(68.3)
DISTILLATION, 50% ASTM D86 DEG F (DEG €) REPORT 211.0(99.4)
DISTILLATION, 60% ASTM D88 DEG F (DEG C) REPORT 270.8{132.7)
DISTILLATION, 70% ASTM DB6 DEG F {DEG C} REPORT 293,4{145,2)
DISTILLATION, 80% ASTM D86 DEG F {DEG C) REPORT 302.0(150.06}
DISTILLATION, 90% ASTM D88 DEG F [DEG C) REPORT 323.9(162,2)
DISTILLATION, 85% ASTM D36 DEG ¥ (DEG C} REPORT 343.8(173.2)
DISTILLATION, DRY POINT ASTM D86 DEG F {DEG C) REPORT 367.6{186.4)
RECOVERY ASTM D86 VOL. % REPORT 98.4
RESIDUE ASTM D86 VOL. % REPORT 1.0
LOSS ASTM D88 VOL. % REPGRT 0.6
AROMATC CONTENT ASTMD1319 VOL. % REPOR?T 20.5
OLEFIN CONTENT ASTM D1318 VOL. % REPCRT 20.9
SATURATE CONTENT ASTM D1319 VOL.% REPORT 48,5

Lot# 8240100 Made 06/15/15
In sealed unopened containers this product is good until 06/15/16

Pl Pttt

Approved By:
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GAGE PRODUCTS CO.

821 WANDA AVENUE
A FERNDALE, M 46220 Gage Products Company
{048) 541-3624 Certificate of Analysis / QC Results

Page: 1

Date: 08124115 at 12:03 PM Customer: C00100/CRG, Inc.

Sales Order # : 64717 Customer PO#:775 Shipped Qty : 150

Packaged Product: ~ 41784-35¥
CRC AVFL-20 Fuel #14

In sealed unopened containers this product is good until 07/24/16

Approved By: W . ﬂ éjgjﬁ

Property Test Method UOM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REPORT 0.7532
 DENSITY AT 15.5 DEG. C ASTM D4052 KG/1L REFORT 0.752 7]
RESEARCH OCTANE NUMBER  ASTM D2699 RO 36.0 - 97.0 96.6

MOTOR OCTANE NUMBER ASTM D2700 MON REPCRT 85.5

OCTANE RATING GAGE-CALCULATED ReM/Z REPORT 91,0

OCTANE SENSITIVITY GAGE-GALCULATED R 10.0 - 12.0 1.1
'ETHANOL CONTENT ASTM D4815 VoL, % 9.50 - 10.50 10.35 ]
RVP @ 100 DEG.F ASTM D511 PSI (KPA) REPORT 8.31(57.26}
DISTILLATION, IBP ASTM D26 DEG F (DEG C} REPCRT 104.6(40.0)
| DISTILLATION, 6% ASTM D86 DEG F (LEG CJ REEORT 116.9 (48,3}

| DISTILLATION, 10% ASTM D86 DEC F {DFG € REFORT 125.8(52.1)
DISTILLATION, 20% ASTM D86 DEG F (DEG CI REFORT 135.3(57.4)
DISTILLATION, 30% ASTM D86 DEG F (DEG C} REFGRT 143.4(61.9) -
DISTILLATION, 40% ASTM D86 DEG F (DEG C} REFORT 150.3(65.71
DISTILLATION, 50% ASTM D86 DEG F (DEG C) REPORT 184.3(84.¢})
DISTILLATION, 60% ASTM D86 DEG F {DEG C) REPORT 245.7¢118.7)
DISTILLATION, 70% ASTM D86 DEG F {DEG C) REPORT 277.2(136.2)
DISTILLATION, 80% ASTM D86 DEG ¥ (DEG €) REPORT B 302.0(150.0}
DISTILLATION, 80% ASTM D86 DEG F (DEG C} REPORT i 330.3(165.7)
DISTILLATION, 95% ASTM D86 DEG E (DEG C) REFORT 35z.40178.08
DISTILLATION, DRY POINT ASTM D85 DEG F (DEG C) REFORT 381.0{193.9)
RECOVERY ASTM DS6 VoL, % REFORT ] 9.3 o
RESIDUE ASTM D86 VOL. % REFORT 0.9

LOSS ASTM D86 VOL.% REPORT c.8
AROMATIC CONTENT ASTM D1319 VOL.% REPORT la.9

OLEFIN CONTENT ASTM D1318 VL. % REFORT 8.1
SATURATE GONTENT ASTH D1318 VOL.3 REPORT 1.6

Lot# 8424200 Made 08/17/15
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GAGE PRODUCTS CO.
821 WANDA AVENUE

AG'E FERNDALE, MI 4220 Gage Products Company
(24e) Bat-3024 Certificate of Analysis / QC Results

Customer: C00100 / CRG, Inec.
Sales Order #: 63180 Customer PO #: 769 REVISED Shipped Qty : 150

Page: 1
Date: 08/16/15 at 3:01 PM

Packaged Product:  41785-55F
CRC AVFL-20 Fuel #15
Property Test Method UOM Specification Value
SPECIFIC GRAVITY @40 DEG. F  ASTM D4052 REPORT 0.7559
DENSITY AT 16.5 DEG. C ASTM D4052 KG/L ) REPORT 0.755
RESEARCH OCTANE NUMBER  ASTM D2699 RON 96.0 - 97.C 96.5
MOTOR OCTANE NUMBER ASTM D2700 MON REPQRT 84.9
OCTANE RATING GAGE-CALCULATED R41/2 A‘. REPORT 90.7.
OCTANE SENSITMITY GAGE-CALCULATED R-M ) 10.0 - 12.0 11.6
Eﬁ-{ANOL CONTENT ASTM D4815 VOL.% 28.50 ~ 30,50 30.37
RVP @ 100 DEG. F ASTM D51814 B3I {KPA} REPCRT 7.65(52.71)
DISTILLATION, IBP ASTM D88 DEG F (DEG ) REPORT 109.3(42.9}
DISTILLATION, 5% ASTM D86 DEG ¥ (DEG T} REPORT 134.8(57.1)
DISTILLATION, 10% ASTM D86 DEG F (DEG C) REPORT 142.4(61.3)
DISTILLATION, 20% ASTM D86 DEG F (DEG C} REPORT 151.4(66.3)
DISTILLATION, 30% ASTM D86 DEG F {DEG ) REPORT 156.8({69.4)
DISTILLATION, 40% ASTM D86 DEG ¥ (DEG C} REPORT 160.9(71.6)
DISTILLATION, 50% ASTM D86 DEG ¥ {DEG C) REPCRT 164.4(73.6)
DISTILLATION, 60% ASTM D86 DEG F ({DEG C) REPORT 167.7(75.4}
DISTILLATION, 70% ASTM D86 DEG F (DEG C) REPORT 170.5(76.9)
DISTILLATION, 80% ASTM D86 DEG F (DEG C) REPORT 291.0(143.9)
DISTILLATION, 90% ASTM D88 DEG F (DEG C) REPORT 345.0{(173.9)
DISTILLATION, $5% ASTM D6 DEG ¥ (DEG C) REPORT 368.7(187.1)
DISTILLATION, DRY POINT ASTM D8 DEG F (DEG C) REPORT 383.7(195.4)
REGCOVERY ASTM D88 VOL.% REPORT 98.0
RESIDUE ASTHM D86 VOL.% REPORT 1.1
LOSS ASTM D86 VOL. % REPORT 0.9
AROMATIC GONTENT ASTM D1319 VOL.% REPCORT 12.8
QLEFIN CONTENT ASTM D1319 VOL. % : REPORT 16.5
SATURATE CONTENT ASTM D1318 VOL. % REPORT 40.3
Lot# 8239800 Made 06/09/15
In sealed unopened containers this product is good until 06/09/16
Approved By: 7{1&‘% ﬂ? 47;#7?7
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GAGE PRODUCTS CO.
821 WANDA AVENUE
AG'.E FERNDALE, MI 48220
(248) 541-3624
Page: 1
Date: 08/24/15 at 12:03 PM

Gage

Products Company

Certificate of Analysis / QC Results

Customer: C00100/ CRC, Inc.
Sales Order # : 64717 Customer PO #:775 Shipped Qty : 150

Packaged Product: 41786-55F
CRC AVFL-20 Fuel #16

Property Test Method UOM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REPORT 0.7539
DENSITY AT 155 DEG. C ASTI D4052 KG/T ) REPORT 0.753
RESEARCH OCTANE NUMBER  ASTM D265% KON 101.0 - 102.0 1051
MOTCOR GCTANE NUMBER ASTM D2700 MON REPORT 89.3
OCTANE RATING GAGE.CALCULATED 72 REPORT 95.2
OCTANE SENSITIVITY GAGE-CALCULATED Y 10.0 - 12.0 1.8
ETHANOL CONTENT ASTM D4815 VOL.% 4,50 — 10.50 ig.21
RVP @ 100 DEG. F ASTM D5491 ST (KER] REPGRT 7.75(53-40)
DISTILLATION, IBP T asTmDEs DEG F (DEG C) REPORT 100.6138.1)
'DISTILLATION, 5% ASTM D86 DEG £ (DEC ©) REPORT 129.4154.1)
DISTILLATION, 10% ASTM D86 B DEG F (DEG Ci REFORT 137.1(58.4)
DISTILLATION, 20% T AsTMDES DEG £ (DEG C) REPORT 147.2164.00
DISTILLATION, 30% ASTM DB DEG F (DEG C) REFORT 154.7(68.2)
DISTILLATION, 40% ASTM D86 DEG F {DEG C} REPORT 182.8({683.8)
DISTILLATION, 50% ASTM D86 - LEG F (DEG C} REPORT 227.0{108.3)
DISTILLATION, 60% ASTM D86 DEG F (DEG C} REPORT 243.6{117.6)
DFSTILLA'HON, 70% ASTM D86 DEG F {DEG C} REPORT 261.2{127.3)
DISTILLATION, 80% ASTM D86 DEG F (DEG C} "~ REpoRT 269.71148.7)
DISTILLATION, 90% ASTM D86 DEG F (DEG C) T Rerort N 333.90167. 11
DISTILLATION, 95% AsMDEs o DEG F (DEG C} REPORT 348.2(175.7}
VII‘J?S?IWL"LAT!DN. DRY POINT ASTHM D86 T DEG F (DEG C) REPORT 375.%(191.1}
RECOVERY ASTM D86 voL.y REPORT i 98,0
RESIDUE T astmDs VoL. % REPORT - 1.0
LOSS ASTM D26 VOL.% ) REPORT 1.0
AROMATIC CONTENT ASTM D1319 T voL. REPORT 23.4
OLEFIN GONTENT ASTM D1348 voL.s REPORT - 0.7
SATURATE CONTENT ASTM D1319 ~ woL.k REFORT 65,7 -

Lot# 8420700

In sealed uncpened containers

Apbest Jiiitr

Made 08/19/15

this product is good until 07/23/16

Approved By:
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GAGE PRODUCTS CO.
__ 821 WANDA AVENUE
AGE FERNDALE, MI 46220
(248) 541-3824

Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100/ CRC, Inc.

Sales Order #: 64717 Customer PO #:775 Shipped Qty : 150

Page: 1
Date: 08/24/15 at 12:03 PM

Packaged Product: 41789-55F

CRC AVFL-20 Fuel #19
Property Test Method Uom Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REPORT 0.7493
DENSITY AT 18.5 DEG. C ASTM D4052 KG/L REFORT 0.748
RESEARCH OCTANE NUMBER  ASTM D2693 ROR 161.0 - 102.0 01,2
MOTOR OCTANE NUMBER ASTM D2700 MON REPORT 89.2
OCTANE RATING GAGE CALCULATED ReM/2 REFORT 95.2
OCTANE SENSITIVITY GAGE-CALCULATED I 0.6 - 12.0 12.0
ETHANOL CONTENT ASTM D48 15 voL.3 - 29,50 - 30.50 30.34
RVP @ 100 DEG. F ASTM D519% FSI (KEA} REFORT 7.17{£9.40)
DISTILLATION, IBP ASTM D86 DEG F (DEG C REPORT - 110,543, 61
DiSTILiﬂ:f]bN, 5% ASTM D86 LEG F (DEG Cj REFORT 136.5158.1)
DISTILLATION, 10% ASTM D86 DEG F (DEG C) REPORT 145.2(62.9)
DISTILLAYION, 20% ASTM D36 DEG F (DEG C) T REFCRT - 154.7(68.2)
DISTILLATION, 30% ASTM D86 DEG F (DEG C) REPORT 159.6170.9)
DISTILLATION, 40% ASTM D86 DEG F (DEG C) REPORT T e 6012, 80
DISTILLATION, 50% ASTM D86 DEG F [DEG C) REPORT 164.9(73.8)
DISTILLATION, 60% ASTM D86 DEG F (DEG C) REPORT 167.1({75.1)
DISTILLATION, 70% ASTM D86 DEG F {DEG C) REFORT 169.0(76.1)
DISTILLATION, 80% ASTM DE6 DEG F (DEG C) REFORT
DISTILLATION, 30% ASTM D86 DEG F {DEG C) REFORT
DISTILLATION, 95% ASTM D86 DEG F (DEG C) REFORT 342.4172.4)
DISTILLATION, DRY POINT ASTM D86 DEG F (DEG C) REFORT T 360.80182.7
RECOVERY ASTM D86 voL. % REPORT 97.%
RESIDUE ASTM D86 VOL. % REPGRT 1.0
LOSS ASTM D88 VOL. % REPORT 1.4
AROMATIC CONTENT T AstmD1319 VoL.® REFORT T8
OLEFIN CONTENT ASTM D131 VOL.3 o REEORT 2.2
SATURATE CONTENT ASTM D1319 voL.% REFORT 52.5

Lot# 8421000 Made 08/17/15
In sealed unopened containers this product is good until 07/23/16

Fobnd Jiitty

Approved By:

D-46



Southwest Research Institute Analyses of Phase 3 Fuel Blends
ASTM D4809 ASTM D5291 ASTM D5291
Fuel Number Net Heating Value Carbon Content (wt%)* | Hydrogen Content (wt%)*
(kJ/kg)
1 41861 80.91 14.12
6 38491 73.67 14.46
7 42305 80.77 15.34
10 41544 82.78 13.47
14 41581 83.60 13.88
15 38060 75.07 13.67
16 41448 83.32 13.73
19 37944 75.05 14.73

*In cases where the carbon, hydrogen, and oxygen content summed to less than 100%, the oxygen content
(calculated from measured ethanol content) was taken as correct and the carbon and hydrogen results
were scaled up to close the mass balance. In cases where the sum was greater than 100%, the carbon and
hydrogen results were taken as correct and the oxygen results scaled down to close the mass balance.
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