
Effects of Ethanol Blends on 
Light-Duty Vehicle Emissions: 

A Critical Review 

FINAL REPORT 

24 December 2018 

Completed for Urban Air Initiative 

Study Team: 

Nigel Clark, Consultant  
Terry Higgins, Consultant, THiggins Energy Consulting 
David McKain, Consultant 
Tammy Klein, Principal Consultant, Future Fuel Strategies



 
 

Table of Contents 
 
Executive Summary ........................................................................................................................... 4 

I. Introduction ............................................................................................................................ 6 

II. Study Objectives ..................................................................................................................... 8 

A. Preamble to Charge ........................................................................................................ 8 

B. Study Objective ............................................................................................................... 8 

III. Vehicle and Fuels Review .................................................................................................... 10 

A. Automotive Technology Advances .............................................................................. 10 

IV. Refinery Practice: Refining, Gasoline Production & Ethanol Blending .............................. 15 

A. Refining Overview ......................................................................................................... 15 

B. Gasoline Blending Overview ......................................................................................... 18 

C. Ethanol Blending ........................................................................................................... 22 

D. Refinery Gasoline Blend Properties and Historic Trends ........................................... 26 

E. Refinery Response to Ethanol Blending ...................................................................... 28 

F. Limitations of Refinery Gasoline Blending .................................................................. 31 

G. Splash and Match Blending Versus Real World .......................................................... 34 

V. Vehicle Test Cycles Employed in Studies ........................................................................... 37 

A. Study Structures and Analyses .................................................................................... 39 

B. Fuel Descriptors ............................................................................................................ 41 

C. Review of Prior Ethanol Blend Emissions Studies ...................................................... 42 

VI. Differences between Study Conclusions ............................................................................ 54 

A. Low Emissions Levels .................................................................................................. 54 

B. Vehicle Technology....................................................................................................... 57 

C. Engine Control Interaction ............................................................................................ 57 

D. Experimental Conditions Vary ...................................................................................... 59 

E. Statistical Approaches Vary ......................................................................................... 61 

F. Blending Strategies Vary .............................................................................................. 63 

G. Nonlinear Behavior of Blend Levels ............................................................................. 64 

VII. Application of Multivariate Models to Real World Blends .................................................. 64 

VIII. Observations on Real-World Optimizations ....................................................................... 77 

IX. Guiding Principles for Real World Predictive Studies ......................................................... 79 

2



 
 

X. Conclusions .......................................................................................................................... 80 

XI. References ............................................................................................................................ 82 

Appendix I: "Category 2" Studies .................................................................................................... 89 

Appendix II: "Category 3" Studies ................................................................................................... 92 

Acronyms ......................................................................................................................................... 94 

  

3



 
 

Executive Summary  
 
Studies that have examined the effect on passenger and light-truck tailpipe emissions of 
adding ethanol to gasoline at low- and mid-levels were reviewed comparatively and against 
real-world application. Only studies addressing vehicles that are major components of the 
fleet were considered because automotive technology has advanced substantially in the last 
two decades. Gaseous emissions have been reduced steadily, in response to tighter standards. 
In particular, gasoline direct injection (GDI) engines differ from port fuel injected (PFI) engines. 
GDI vehicles emit higher levels of PM, but the PM is being reduced at time of writing. Studies 
have used different test cycles, particularly the FTP and LA92, and these have been reviewed. 
Refinery practices dictate the streams available for blending the real-world blendstock for 
oxygenate blending (BOB) to which the ethanol is added. These streams include FCC Gasoline, 
Reformate, Alkylate, Aromatics, and Butane, and additional smaller streams, such as Light 
Straight Run Naphtha. Most ethanol is blended at the 10% volume level to yield E10 pump fuel. 
Expansion of E15 use is contemplated. 
 
Ethanol, when added to gasoline or a Blendstock for Oxygenate Blending (BOB), raises octane 
rating, alters the distillation curve, and raises the vapor pressure: blending properties are 
generally nonlinear. The effect of ethanol between 0% (E0) and 10% ( E10) differs substantially 
from the effect between E10 and E20: change in major blend properties is far from linear. About 
6% of ethanol involves splash blending with pump gasoline. Most ethanol is blended with a 
BOB to produce gasoline for sale at the pump. Refineries lower the octane of the BOB, with 
reduced aromatic content, to take advantage of the high-octane blend characteristics of 
ethanol. Since the introduction of ethanol blends starting in 2006, aromatics in U.S. pump fuel 
have dropped from about 28% (for E0) to about 21% for E10, while maintaining similar octane 
ratings. Many of the blends used in emissions studies do not reflect typical makeup of in-use 
fuels. 
 
Studies have examined ethanol effects on post-catalyst tailpipe emissions, including carbon 
monoxide (CO), total hydrocarbons (THC), and oxides of nitrogen (NOx). Many have also 
examined PM, and a few have addressed particle number and composition, with increasing 
interest in GDI engine exhaust. Some have addressed air toxics, including benzene and 
aldehydes. 
 
Major studies reviewed include the Coordinating Research Council E-67 and E-94 studies, the 
EPAct study, and studies by the U.S. Department of Energy national laboratories. Numerous 
smaller studies were also reviewed.  They include splash-blended studies, where only the level 
of ethanol addition was varied, and studies where specific properties are targeted for match 
blending. Most match blended studies seek to determine the effect of several variables, using 
a multivariate analysis approach. For example, ethanol, aromatics, the 50% distillation 
temperature (T50), T90 and a Particulate Matter Index (PMI) have all been examined for effect. 
In some of these studies, the fuels have been blended to satisfy a rigid matrix of values for the 
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study variables, leading to test fuel compositions that do not mimic the real world and 
distillation curves. In these cases, it is unknown how properties that are not considered as 
study variables  impact the statistical analysis that is employed. 
 
Results from the studies were compared. It was clear that automotive technology evolution 
caused disagreement in absolute values of emissions reported over the two decades of the 
studies. However, the relative emissions for differing ethanol blends from one study were 
generally not well predicted by the model or results from another study. In many cases blend 
effects were small, on the cusp of statistical significance, and overall blend effects were 
difficult to quantify. The latest studies on GDI engines found little effect on gaseous emissions, 
and an increase in PM mass emissions with the addition of ethanol. 
 
The EPAct study model was formulated in log-linear space, and is used in a relative fashion, 
with a chosen baseline fuel and emissions factor combination. It is frequently used for 
emissions predictions via the EPA MOVES model. The EPAct model did not describe accurately 
ethanol effects from fuel pairs in the earlier E-67 program. The model was also applied to 
proposed real-world fuel properties for E0, E10 and E15. The ethanol coefficient, if used alone, 
raised NOx and PM emissions, but typical E10 and E15 fuels also enjoy a reduction of 
aromatics and a reduced value of T50. When aromatic and T50 coefficients were also used in 
the EPAct model, ethanol addition lowered NOx and PM emissions. Even for splash blending, 
diluted aromatics and reduced T50 temperature showed EPAct model NOx and PM predictions 
that changed little with ethanol content. Typically the EPAct model and most studies agree 
that ethanol is either beneficial or has minimal effect in changing THC and CO emissions.   
 
Differences between study conclusions were attributed to several factors, and these causes 
erode confidence in overall summary conclusions on the effects of ethanol.  Variation in 
vehicle emissions behavior of the vehicles in a study is noteworthy. Variations in anti-knock 
properties of the fuel may influence ignition timing strategies in engine operation demanding 
high torque (as in the US06 cycle), leading to changes in efficiencies and emissions. 
Inadequate conditioning of vehicles may cause the vehicle to adapt to the fuel during a 
recorded emissions test.  
 
Emissions levels of late model year vehicles are low and difficult to measure, and studies have 
used very high difference criteria between two repeat runs to initiate an additional test. This 
implies that a small study with few runs can offer only approximate or niche conclusions. 
Larger studies are limited in accuracy when addressing a specific part of their fleets. For the 
multivariate studies, resource limitations prevent use of full test matrices and multiple repeat 
runs, eroding statistical confidence. 
 
The blending of fuels used in the studies represents a major cause of differences in 
conclusions and draws into question applicability to real world predictions. In match blending, 
it is not possible to add ethanol to a BOB and hold all other properties constant. Blending to 
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match selected properties for multivariate analyses may neglect or embolden other properties 
that have influence on the emissions, but that are not considered in the model. Some 
multivariate studies do not employ a fuel descriptor variable that is known to be influential on 
emissions, so that a major axis is not explored. Blending to match selected properties may not 
represent real world fuel compositions, confounding the expected physics and chemistry in the 
engine.  
 
T50 is used in disparate ways, is not readily translated between studies, and is co-dependent 
on ethanol content.  In some cases, the T50 value in a match blend represents a natural value 
that is lowered by presence of ethanol. In others, the blending is targeted such that T50 is 
forced to be similar for ethanol and non-ethanol blends, distorting the expected distillation 
curve. T50 is a critical component in the drivability index but T50 does not serve that task well 
if it is an ambiguous variable.  
 
Emissions are influenced by both molecular structure and molecular weight, and a variable 
that reports only one of these properties lacks specificity. Use of T50 and aromatic content 
separately fails to tell whether the aromatics are heavy, for example, and does not target PM 
effects. PMI, or a variable that compounds weight and aromaticity, is more informative. Studies 
adopt different parameters for planning, blending and modeling, stressing a lack of agreement 
between researchers on root cause of emissions and definition of fuel behavior. Reselection of 
one parameter may change the attribution of emissions to another parameter, such as ethanol 
level, shedding light on interdependency of chosen variables. 
 
A study cannot predict effects outside of the study space. Study conclusions are reliable in real 
world predictions only if the study employs real world fuels or a multivariate study that varies 
some key parameters within a realistic molecular soup. In the case of in-use ethanol blends, 
whether current or moot, emissions predictions at constant AKI must take into account the 
real-world reductions in aromatics that occur due to refinery practice and the lowering of T50 
due to blending behavior. 
Care must be taken in addressing emissions from mid blends, insofar as the step in properties 
from E0 to E10 is very different than the step from E10 to E15 or to E20. Linear extrapolation is 
not possible. 
 
The advent of model-based and fully adaptive engine controls will emphasize an inseparable 
bond between fuels and engines. GHG concerns will demand mutual optimization of the fuel 
and engine, and attack the norms for fuel effects studies. This will heighten the difficulty of 
predicting total emissions effects on the U.S. legacy fleet, which is gaining in average age. 
 

I. Introduction 
 
This report provides a comparison and critical review of studies that have examined the effect 
on passenger and light truck tailpipe emissions of adding ethanol to gasoline at low- and mid-
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levels. The U.S. Energy Information Administration (EIA) reports that 14.39 billion gallons of 
ethanol was sold in gasoline motor fuel in 2017, corresponding to about one tenth of the fuel 
sold domestically. A Clean Air Act waiver allowed the use of a 10% (by volume) ethanol blend, 
E10 starting in 1978. Ethanol-free gasoline and higher blends (such as E85) are available at 
selected pumps. E10 is offered for all gasoline engine vehicles, with E15 introduced for model 
year 2001 and later vehicles and permitted through two waivers [34, 35]. At time of writing the 
present U-.S administration has announced a plan to expand use of E15. Flex-fuel vehicles are 
designed to operate on any blend up to E85: typically 51% to 83% ethanol is available at high 
blend pumps, and is defined by ASTM D5798. 
 
Ethanol represents both a strategic and renewable energy supply for the U.S. Ethanol blending 
adjusts source to wheels carbon dioxide emissions. Methods of production of both refined 
gasoline and ethanol affect the upstream CO2 emissions, and these greenhouse gas (GHG) 
emissions are addressed in the GREET model from Argonne National Laboratory (2018). The 
GHG topic does not represent the thrust of this study, which concentrates on pollutants that 
affect atmospheric quality. The emissions of interest include oxides of nitrogen (NOx), carbon 
monoxide (CO), particulate matter by mass (PM), total hydrocarbons (HC) and non-methane 
organic gases (NMOG). In addition, some prior studies that are reviewed below quantified 
species termed air toxics that are regulated by the EPA, such as benzene, 1,3-butadiene, 
formaldehyde, and acetaldehyde.  
 
Human health studies have expressed concern over ultrafine particles, and over the number 
count of particles, so that research on PM now seeks to define particle number concentration 
(PN) and examine PM makeup, often separating the carbon and organic fractions. A Health 
Effects Institute report [36] discusses PM effects and research in detail. The report observes 
that in response to regulations PM and PN from diesel vehicles are expected to decrease, but 
“on the other hand, the growing use of gasoline direct injection technology — which raises fuel 
efficiency — is likely to increase UFP [Ultrafine Particle] levels.” As a result, some of the ethanol 
blending studies discussed below addressed PM in greater detail, providing PM composition 
and PN characterization in addition to PM mass.  
 
The present study was confined to emissions effects for passenger cars and light-duty trucks, 
with an emphasis on U.S. transportation, and with the primary mission of identifying causes 
for variability in conclusions between studies and applicability of studies to real world 
emissions predictions.  
 
The studies reviewed here are important because their results are employed in holistic 
predictions of environmental impacts and inform policy related to transportation emissions. 
Consequent implications for the energy economy demand sound science and faithful 
prediction of future pathways. Real-world differences in pollutants from ethanol-free gasoline 
(E0), gasoline containing 10% ethanol by volume (E10), and “mid blends” such as E15 or E20 
are challenging to quantify, and require an understanding of changing automobile technology, 
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advancing standards for tailpipe emissions, the nature of refining and blending and the effects 
of test conditions used in the evaluation. Moreover, the mass emissions changes attributed to 
the fuel blending are often small and at a level that is difficult to measure accurately. These 
topics are addressed below. 
 

II. Study Objectives 
 
A. Preamble to Charge 
 
Numerous studies of tailpipe regulated emissions have been conducted to compare emissions 
from E10 and E0 and there is a growing body of literature addressing blends from E15 and 
higher. Isolating the effect of ethanol in a study is philosophically difficult, because the ethanol 
naturally displaces some hydrocarbons, because the ethanol interacts with the remaining 
gasoline, and because properties of mixing are often nonlinear. Some studies have used 
splash blending, a term employed in this review to describe simply mixing the ethanol with a 
selected gasoline to produce a blend for comparison to the selected fuel without ethanol. 
Others have used match blending, where the objective is to match selected properties of the 
blend to properties of a selected gasoline or satisfy fuel parameters in an experimental plan. 
Recent studies have examined both port fuel injected (PFI) and gasoline direct injected (GDI) 
engines, the latter being both naturally aspirated and turbocharged. Most studies have been 
conducted on whole vehicles, and differing speed-time dynamometer test cycles have been 
used to load the vehicle. 
  
In consequence, the conclusions of the studies are not uniform.  Although some prior reviews 
have addressed inconsistent study results and may explain why some of the inconsistencies 
exist, none of the literature reviews to date has attempted a comprehensive analysis of the 
causes of these inconsistencies across the wide range of studies that have been completed. 
Moreover, no review has presented a compelling justification for preferring one set of results 
over another. This is a critical gap that this project seeks to fill. Further, since scientific 
judgment about ethanol's contribution to pollutant emissions influences state, federal and 
even international policy, the applicability of study results to real world use is of high 
significance, and also is addressed. 
 
B. Study Objective 
  
The overall objective of this study was to examine prior studies on ethanol blending, using a 
data-driven approach, to explain the current differences between study conclusions and to 
provide recommendations for a future process whereby the effects on emissions of varying 
levels of ethanol in a fuel can be determined repeatably, unambiguously and realistically. The 
project was broken into the following tasks: 
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• Identify relevant studies and data in the literature and in the public domain that relate 
emissions to the ethanol content of the fuel.  

• Produce a comprehensive dataset that includes fuel properties and parameters, 
measurement circumstances and emissions. Examine quality control, repeatability, 
precision and accuracy, where possible.  

• Review opinions that are already available related to the cause of variations between 
studies.  

• Gather and review selected existing data, literature and standards that are outside of 
oxygenate effect studies, to provide broader insight into gasoline formulation, impacts 
of gasoline properties and practices in comparative studies. 

• Provide an overview and understanding of how real-world gasoline blending and 
refinery gasoline production relates to actual gasoline parameters. Identify practices in 
gasoline refining which drive key parameters of ethanol-blended fuels. Provide an 
assessment of match versus splash blending and appropriateness of both relative to 
the real-world environment.  

• Review available studies and data critically, determining the blending philosophy, 
blending stream (BOB) used, comparing the fuel properties with standards, and 
examining any fuel composition or speciation that may provide more insight than fuel 
properties alone. Consider whether the fuels used are likely refinery products and 
whether some BOB preparation involved unrealistic blending or component doping to 
achieve properties.  

• Review these studies and data statistically, by examining the emissions and relative 
emissions differences as a function of the fuel properties. This will involve both a 
review of each study, and multi-dimensional regressions and modeling where data 
from more than one study can be combined.  

• Use historic gasoline quality databases and refinery operation/production data to 
demonstrate realistic gasoline quality values for various ethanol blend compositions.  

• Prepare a factual summary of differences in conclusions between studies.  
• Explain, using the critical and statistical conclusions, why studies have reached 

different conclusions. Where study conclusions differ, determine whether treating the 
data in other ways could yield more cohesion.  

• Determine the degree to which existing fuel property descriptors are successful in 
representing emissions, which properties are most appropriate or inappropriate, and 
what additional parameters might be needed.  

• Prepare a critical report, presenting causes for differences between studies, identifying 
studies that are most appropriate for judging emissions differences, the 
appropriateness of variables used for match blending in studies, and any unifying 
models or statistical conclusions that might support better practice in the future.  
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III. Vehicle and Fuels Review 
 
The sections below present background information on advancing vehicle technology, refinery 
practices, and the blending of ethanol into petroleum gasoline. 
 
A. Automotive Technology Advances 
 
Automotive technology has advanced substantially in the last two decades, and it is important 
to consider these changes, which have spanned the same time frame as the vehicle model 
years considered in this review. Vehicles from the beginning of the millennium were port 
injected with sequential injection management. However, during this period EPA emissions 
thresholds for criteria pollutants were reduced, spanning Tier 1 and Tier 2 (with 11 emissions 
level bins, reducing to 8 bins) standards (see Table 1, with Tier 3 phase-in starting in 2017). In 
parallel, California adopted Low Emission Vehicle (LEV) regulations, followed by LEVII phase-in 
(2004 to 2010) and LEVII (2010-2019), with LEVIII phase-in starting in 2015. Further, California 
promulgated standards for Ultra LEV (ULEV) and Super Ultra LEV (SULEV) during this period. 
Compliance with standards was enabled by reductions in fuel sulfur levels (120 ppm average 
in 2004, 30 ppm average in 2006) that improved catalyst performance and durability. In 2017 
the sulfur standard was lowered to 10 ppm. Whereas legacy emissions regulations were 
enforced using the low-power FTP cycle with weighed cold start and hot operation, more 
stringent supplemental cycles were introduced subsequently. The useful life used to define 
emissions equipment durability was also extended. 
 

 
Table 1: Tier 2 emissions standards, reproduced from EPA-420-B-17-028, September 2017 

 
To meet these demands, while satisfying CAFE standards [2] for fuel efficiency, manufacturers 
adopted increasingly sophisticated engine control strategies, improved use of exhaust gas 
recirculation, and implemented variable valve timing and actuation. More advanced port 
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injected engines have been combined with transmissions having an increasing number of 
speeds, improving efficiency through reduction of throttling and reducing the severity of 
transient operation. Improved catalyst technology, supported by lowered sulfur levels, has 
reduced emissions of CO, HC and NOx to near-zero levels during hot engine operation. PM 
emissions from PFI engines have been low due to the homogenous nature of the air-fuel 
mixture that is combusted.  
 
Driven by efficiency and GHG policy, in the last decade there has also been revolutionary 
change with the marketing of high pressure gasoline direct injection (GDI) engines. Zhao et al. 
[39] reported on this innovation in the marketplace at its onset. When turbocharged, GDI 
engines have high power density, and are downsized in displacement relative to port injection 
engines for a specific vehicle application.  The turbocharging and downsizing reduces 
throttling losses, raising efficiency. GDI is also attractive because the quantity of fuel delivered 
to the cylinder is well controlled. In PFI the fuel quantity injected is not necessarily the quantity 
ingested by the cylinder because there is holdup due to puddling in the intake region. This can 
lead to rich and lean excursions, which must be managed by the exhaust catalyst: GDI avoids 
this concern. GDI technology also can exploit the stratified charge concept, initiating 
combustion in richer zones, with subsequent mixing of lean zones. 
 
For GDI, PM emissions are of concern, being substantially higher than for PFI engines [60,61, 
62]. Much of this PM is black carbon. As a result, many of the blending studies discussed later 
in this report have focused on PM as the key pollutant of interest. GDI engines employ injection 
at pressures at least an order of magnitude greater than for PFI, and pressures have been 
increasing to the 2,000 to 3,000 psi range, which was typical for diesel engines several 
decades ago. Higher pressures allow the production of fuel drops of smaller diameter, and also 
promote mixing, leading to reduction in PM formation. GDI may employ either wall guided or 
spray guided injection. Wall guided injection, with an offset injector, causes impingement of 
the fuel spay on a surface (such as the piston crown) and is the commonly used method. 
Spray guided injection, with a centrally mounted injector is less common, but appears to offer 
advantages for PM reduction.   
 
GFI engine PM reduction can be achieved through superior injection design and in-cylinder 
charge motion, but BASF [48] is also promoting a four-way catalyst that reduces PM as well as 
pollutant gases.  GDI engines have experienced continued improvement, as designers address 
injector placement, piston crown sculpting, spray patterns and droplet sizes, stratified charge 
operation, charge movement and control of injection. This is coupled with sophisticated 
control of spark and valve timing and of exhaust gas recirculation (EGR). Similar numbers of 
port injected and GDI vehicles are now being sold in the U.S., although the in-use fleet still 
contains a high count of port injected engines. 
 
Of importance in this review is the production of PM by GDI engines, because the future GDI 
PM footprint will determine the level of interest in ethanol blending effects on GDI PM 
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emissions. In addition, the nature and composition of the PM is of interest, because that may 
affect the PM health effects.  GDI engines have heralded new concern in that they produce PM 
emissions at greater levels and in a different way than do PFI engines. A Health Effects 
Institute report [36] citing Lee at al. [40], observed that “Data concerning the effect of ethanol 
on UFP emissions is limited; however, no substantial variations of the already low UFP 
emissions of gasoline-powered vehicles appear likely.”   
 
HEI also reported that the EPA concluded that only minor changes in PM10 (10 micron or lower 
PM mass) or PM2.5 should be expected from ethanol blending. Nevertheless, most recent fuel 
effects studies have addressed PM emissions in greater detail, and several studies have 
addressed PM alone. Short et al. [46] have provided information on the quantity and nature of 
PM from wall guided GDI, spray guided GDI and PFI technologies. They presented that 
emerging spray guided technology can produce PM mass as low that from PFI vehicles. In this 
case, the U.S. fleet will see a pass-through of GDI vehicles with elevated PM levels, but will 
eventually return to levels at or below the late MY PFI norm. 
 
Short et al. [46] showed that the black carbon from a spray guided GDI vehicle was an order of 
magnitude lower than from a wall guided GDI vehicle driven on the FTP cycle. On the LA-92 
cycle, black carbon was six times lower for spray guided technology versus wall guided 
injection on E-10 fuel, but only about two thirds of the wall guided value for E20. Substantial 
additional detail was presented for the water-soluble, water-isoluble and organic content of 
the PM, both for varying fuel blends and by injection technology. Their results emphasized the 
complexity of the interplay between fuel composition, advancing technology and possible 
health effects of light-duty vehicle PM, and suggest that it is an area that will receive growing 
attention.  
.  
As shown in the studies reviewed below, three-way catalysts for stoichiometric combustion 
highway gasoline engines are very effective at reducing NOx, THC and CO to near-zero values 
during warm and hot vehicle operation. However, for both PFI and GDI technology, cold start 
emissions represent a substantial fraction of the overall in-use emissions. In this way future 
fleet emissions will depend on both the engine-out emissions, dictated by the engine 
technology, and the efficacy of the catalysts in reducing emissions at lower operating 
temperatures.  
 
The evolution of port injection, varying strategies to achieve efficiency and emissions goals, 
the advent of GDI, and the evolution of GDI all mean that studies undertaken even a few years 
apart are using substantially different subject vehicles for comparative evaluation of gasoline-
ethanol blends. Many vehicles now incorporate idling reduction and varying degrees of electric 
hybridization, changing the typical engine operating envelope. Certainly, the emissions levels 
themselves will change, and there is no guarantee that the relative emissions (in linear or log 
space, and by mass and composition) of two fuels will remain the same as engine technology 
changes. GDI engines, with less time to produce a homogenous mixture in the cylinder than 
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PFI engines, release a high count of ultrafine particles. If GDI PM cannot be adequately 
controlled by in-cylinder management, then adoption of gasoline particulate filters (GPF) will 
represent another step change in the technology governing regulated PM mass emissions. 
 
Figure 1 presents the reduction in U.S. overall highway vehicle emissions of NOx, in thousands 
of tons, for the period 2002-2017. This reflects performance of the fleet on the road, which is 
slower to change than the emissions contributions implied by new vehicle sales. These data 
demonstrate that U.S. fleet emissions have changed rapidly over the period covered by this 
report. Figure 2, for production of PM less than 2.5 microns in size, reflects similar reduction. 
Both of these plots include diesel and gasoline vehicle emissions. One may conclude that fuel 
effects studies will require confirmation or reexamination on a regular basis to insure that 
trends and relative data remain valid in the face of changing automotive technology.   
 

 
Figure 1: NOx emissions from the U.S. highway fleet over the period of this study. 
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Figure 2: Emissions from the U.S. highway fleet of PM less than 2.5 microns in size, over the period of 
this study. 
 
Figure 3 confirms the differences in emissions due to subject vehicle model years in four major 
studies discussed later in this paper: the plot shows actual measured emissions from CRC E-
67 [3] (2001-2003 model year vehicles), West et al. / ORNL [4] (2000-2007), EPAct [5,6,7] (all 
2008 PFI), and CRC E-94-2 [8] (2011-2014, all GDI). The data are blurred by the use of two 
different test cycles, but the effect of model years is clear.  
 

  
Figure 3: Data for weighted NOx and CO for each vehicle in four studies, intended to demonstrate effects 
of vehicle model years and standards. E-94-2 (Fuel H, LA 92 cycle) shows both low NOx and CO. EPAct 
(Fuel 13, FTP schedule) includes some higher CO emitting vehicles.  West et al. [4] (Fuel SWRI E0, LA92 
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cycle) includes the highest emitters of both NOx and CO. CRC E-67 (Fuel H, FTP schedule) has mid-level 
NOx emitters. 
 

IV. Refinery Practice: Refining, Gasoline Production & Ethanol Blending 
 
This section of the of the ethanol blending analysis report provides an overview of the basic 
principles of crude oil refining and gasoline blending, as they relate to gasoline quality and 
blending interactions with ethanol. The purpose of the overview is to (1) provide an 
understanding of the relationship between U.S. refining and gasoline parameters, (2) identify 
key determinants of individual gasoline quality parameters, (3) identify the real world technical 
factors that determine gasoline quality and economics, (4) identify real world refining and 
blending constraints that limit modification of gasoline quality parameters, and (5) facilitate 
interpretation of the ethanol blending analysis and understanding of the limitations of splash 
or match blended gasoline test fuels in the emissions reports reviewed. 
 
A. Refining Overview 
 
Crude oil refineries are large, capital-intensive manufacturing complexes that convert raw 
crude oil and other hydrocarbon input streams into a wide variety of petroleum products. 
Refinery products and categories are listed in Table 2 along with product share of each refined 
product category. U.S. refineries are configured to maximize production of transportation fuels 
(78% of total), primarily gasoline (49% of total). 
 
The refining process consists of individual processing operations initiating with crude oil 
distillation followed by subsequent processing steps for intermediate conversion, upgrading 
and treating. The individual processing operations are stand-alone but integrated through 
transfers of feed and process output and the final blending of refined products. 

 

Transportation Fuel Other Fuel Specialty Products By-products 

Gasoline Kerosene Petrochemical Feeds LPG 

Jet fuel Residential heating oil Naphtha and solvents Petroleum coke 

Diesel Fuel Industrial distillates Lubricants and wax Refinery fuel gas 

 
Fuel oil* Asphalt 

 Share of Refinery Product Market 

78% 6% 6% 10% 
Table 2: Refinery Products and Share 

 
Figure 4 provides a flow chart for a representative U.S. complex refinery configuration. The 
diagram identifies the major process operations and illustrates the flow of intermediate 
streams between processing operations. As shown the final intermediates are directed to final 
product or product pools for blending.  
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Gasoline production for the refinery scheme illustrated in Figure 4 involves blending of eight 
intermediates or blendstocks originating from crude distillation and six other downstream 
facilities. As discussed later in this section, the individual blendstocks vary considerably in 
volume and quality parameters. Blendstock quality, and refinery capability to adjust quality, in 
turn will be dependent on the type of processing and the severity of process operations. In 
addition to these refinery blendstocks, refineries may also receive gasoline blend components 
from non-refinery sources: natural gasoline from crude oil/natural gas production, low octane 
naphtha from petrochemical aromatics operations, aromatics (primarily toluene), heavy 
aromatic by-products of petrochemical aromatics operations, MTBE (for gasoline exports), 
miscellaneous imported gasoline components and transmix1 gasoline from pipeline 
operations. 
 
Not shown in Figure 4, but significant in terms of final gasoline quality, is the 
hydrodesulfurization of gasoline streams. Tier 3 gasoline sulfur specifications require 
substantial sulfur removal from certain gasoline components: cracked naphthas from catalytic 
cracking and coking operations. Hydrodesulfurization will result in some reduction of gasoline 
olefin content and octane. Because these cracked gasoline components make up a major 
portion of the total gasoline pool, their quality alteration will have a significant impact on final 
overall refinery gasoline quality and the amount of octane enhancement required by refinery 
processing. 
 
Refineries are configured to produce a targeted refined product mix as driven by market 
demand, prices and economics. Refinery configurations are also dictated by the quality of 
crude oil processed. A light crude oil will yield a greater portion of the light and heavy naphtha 
streams blended directly (light straight run), or further processed for octane improvement 
through isomerization or catalytic reforming. Heavier crudes, on the other hand, must rely 
more on conversion facilities (catalytic cracking, hydrocracking and coking) to reduce 
production of low value/limited market heavy fuel and increase production of gasoline and 
other light products. 

                                                       
1 Transmix is a mixture of refined products generated at the interface of different products when transported 
through pipelines. The mixture is typically a gasoline stream contaminated with distillate or jet fuel. It is close in 
quality to refinery gasoline and only requires separation of the heavier distillate portion and minor re-blending. 
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Figure 4: Complex Refinery Flow Chart 
 
 
A high sulfur crude oil feed will require more sulfur removal processing than low sulfur crude. 
As noted above the sulfur removal will have an impact on gasoline quality (octane and olefin 
content), the impact may be more significant when processing high sulfur crude2. From a 
gasoline quality perspective crude oil sulfur content has a far less impact than light versus 
heavy crude. However, heavier crude oils in general are associated with higher sulfur content. 
 
As discussed below, each of the individual refining operations shown in Figure 4 will generate 
a unique range of gasoline quality parameters which in turn will determine final gasoline 
quality. The quality parameters of some of the individual process gasoline streams can be 
altered through adjustments in the process operating conditions (severity). The extent to 
which quality adjustments can be made and the specific quality parameters which can be 
modified are limited.  

                                                       
2 This is not the case in all refinery configurations. Some refineries use hydrodesulfurization to remove sulfur from 
the conversion process feed, thereby reducing desulfurization requirements for cracked gasoline. 
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The refinery configuration will have greater influence on refinery gasoline quality than other 
factors (such as crude oil quality and product mix) and will also establish the limits to which 
final gasoline quality parameters can be altered. Accordingly, U.S. refinery configurations will 
reflect the extent to which splash or match blended fuels for emission testing reflect ‘real-
world’ gasoline quality. 
 
B. Gasoline Blending Overview 
 
The individual refinery gasoline streams shown in Figure 4 and the additional non-refinery 
gasoline components available for gasoline production vary widely in both volume available 
and quality. Table 3 provides a summary of representative qualities for the individual gasoline 
streams along with an estimate of the components’ share of the final refinery gasoline pool. 
Actual qualities can be varied to some extent and there will be differences between refineries 
and refinery configurations. The values shown reflect an estimated current representative 
average for U.S. refining. 
  

Parameter 
FCC 

Gasoline* 
Reformate Alkylate Isomerate Aromatic Butane Other 

RVP 5 4 5 14 1 60 12 

API 56 44 70 80 32 110 75 

RON 90 95 94 82.5 110 94 79.5 

MON 80 86 91.5 80.5 100 90 75 

Aromatics 27 50 0 0 95 0 7 

Olefin 25 0 0 0 0 1 5 

Distillation 
10% 140 190 145 110 225 

 
112 

30% 175 230 190 120 230 
 

123 

50% 225 265 218 125 250 
 

138 

70% 280 290 240 133 265 
 

165 

90% 360 330 285 152 285 
 

205 

E200 42 19 44 100 5 100 100 

E300 77 70 95 100 100 100 88 

Share 31% 27% 13% 5% 1% 3% 20% 
Table 3: Representative Gasoline Component Properties 

Note: * After desulfurization 
 
Individually the component qualities are significantly different from marketed gasoline. There 
is some, but often limited capability to adjust component qualities to accommodate gasoline 
volume and quality requirements. A description of the individual components and their role in 
gasoline blending is provided below. 
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Light Straight Run Naphtha (LSR) is a high volatility, low octane component produced directly 
from crude oil distillation. The volume and quality are dependent on the characteristics of the 
crude oil processed. LSR may be blended directly into gasoline but because of its low octane, 
the majority of LSR is processed via isomerization for octane improvement. Refiners 
(processing a specific crude mix) have little flexibility to adjust quality or volume if the LSR is 
not processed further. (Light Straight Run is included with “Other” in Table 3.) 
 
Isomerate is a high volatility moderate octane component. The isomerization process 
increases octane of lower octane streams such as LSR by converting straight chain paraffinic 
(low octane) species to branched or iso species (higher octane). The quality is largely 
dependent on the feed and type of isomerization process employed. There is little flexibility to 
adjust isomerate quality. 
 
Reformate is a low volatility, high (but variable) octane component produced via catalytic 
reforming of heavy naphtha from crude distillation. The reforming process takes very low 
octane naphtha and increases its octane level by converting straight paraffin compounds to 
branched and cyclic naphthene compounds and converting these and other feed naphthenes 
into high octane aromatics. The operations are impacted by the characteristics of the heavy 
naphtha feed which is in turn a function of crude oil quality. However, the octane and aromatic 
quality of the reformate is dictated by the refinery through adjustments in operating 
conditions. 
 
The catalytic reformer and reformate provide the primary option for refineries to adjust 
gasoline quality to meet gasoline octane market demand. Reformate octane can be adjusted 
from the low 90s RON to a RON of over 1053 by adjusting operating temperatures and 
catalysts.  The reformer is also the determinant of refinery octane costs. When reformer octane 
is increased, the yield of reformate declines and by-product hydrogen, fuel gas and LPG 
volumes increase. The higher-octane operation translates into a market “opportunity cost” 
reflecting the difference in revenue resulting from the incremental shift in high value reformate 
to lower value fuel and LPG. Differences in refinery octane costs (as reflected in refinery 
premium and regular price differentials) are directly correlated to the marginal reformer octane 
“opportunity cost”. 
 
The increase in octane from reforming results in higher production of aromatics in the process. 
Therefore, as reformate octane increases so will reformate aromatic content. Higher (or lower) 
refinery gasoline octane will be associated with higher (or lower) refinery gasoline aromatics 
levels. This relationship is a major reason for the decline in gasoline market aromatics content 
as ethanol content has increased. The octane added via ethanol blending reduces the octane 
required from reforming and therefore the aromatics produced.  
 

                                                       
3 Not all reformers have the capability of producing or producing economically a 105+ octane but the industry 
overall can generate incremental reformate at these levels if necessary. 
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Changes in reformate octane will also impact density (higher density of aromatics relative to 
gasoline) and will result in some (relatively minor) shift in the reformate (and gasoline) 
distillation. (The higher aromatics production will result in higher distillation ranges.) Impacts 
on other gasoline parameters will be minimal. 
 
The volume of reformate can also be lowered (or increased) by lowering (or increasing) the 
back-end distillation of the heavy naphtha feed and moving the heavier boiling components 
into (or out of) kerosene or other distillates. The adjustments will also have a secondary 
impact on distillation range and aromatic content. In a scenario where refinery produced 
surplus octane, a portion of the low octane reformer feed can also be by-passed around the 
reformer and blended directly to gasoline. Over the past decade refiners responded to the 
ethanol’s octane contribution to gasoline by reducing the octane of refinery gasoline 
production. This has been accomplished largely by reducing reformer octane. The lower 
reformer octane also resulted in lower aromatics content. For this reason match blending for 
aromatics content in emissions testing fails to recognize a critical emissions contributor in 
real world gasoline blending. 
 
Catalytically cracked gasoline (FCC gasoline) is a moderate volatility component with octane 
in the general range of average finished gasoline. It is the main product of the catalytic 
cracking process (FCC) and typically represents the highest share component of the gasoline 
pool. The volume and quality characteristics of FCC gasoline are dependent on feed source 
and quality and operating conditions. While feed and operating conditions may vary 
considerably between facilities and refineries, there is limited flexibility to vary quality 
characteristics from a unit in a specific refinery environment without changing production 
volume. 
 
The FCC converts heavy gas oil and, in some cases, crude oil bottoms (residual) from crude oil 
distillation into gasoline and diesel/distillates. It does so by “cracking” large compounds into 
smaller compounds within the gasoline and distillate distillation range. The FCC also produces 
significant quantities of light fuel gases and LPG, including olefins. The light olefins are highly 
reactive compounds used for petrochemical feed (primarily the propylene) and for further 
processing in the refinery to gasoline via alkylation and polymerization/dimerization. 
 
The FCC is the most important refinery process downstream of the crude distillation both in 
terms of overall capacity and refined product yield and economics. It generally is the largest 
contributor to gasoline volume. It provides the main mechanism for conversion of heavy ends 
to lighter products and shifts between the light product mix, both of which allow balancing of 
refinery production with market demand and economics. Refiners can also use catalyst 
selection and operating conditions to adjust the relative yield of light olefins, gasoline and 
distillates. 
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FCC gasoline has a high concentration of olefins and a typical aromatics content above that of 
final refinery produced gasoline. FCC gasoline accounts for most of the olefin in gasoline. 
Without a major change in operations and/or gasoline volume, FCC gasoline quality will not 
vary significantly. As the case with heavy naphtha feed to the reformer, the volume of FCC 
gasoline can be adjusted by altering the back-end distillation, i.e., the heavy portion can be 
shifted to and from distillate. Because the aromatics in FCC gasoline are concentrated in the 
heavier portion of the stream and olefins in the lighter portion, shifting FCC gasoline into 
distillate will lower the aromatic content of FCC gasoline and increase its olefin content. 
 
The FCC gasoline is relatively high in sulfur content. With the implementation of Tier 3 gasoline 
sulfur content standards, a large portion of the FCC gasoline requires desulfurization prior to 
gasoline blending. The desulfurization process reduces FCC gasoline olefin content and 
octane. Other quality parameters are not impacted. The octane loss will require replacement 
(typically via reformate), adding some aromatics to the gasoline pool. 
 
Alkylate is a moderate volatility component with octane rating typically falling somewhere 
between regular and premium grade market octane. Alkylate is produced by combining light 
olefins from the FCC (butylene and propylene) with isobutane to produce largely C7 to C9 
branched paraffins. With butylene as feed the major product component is iso- octane, a 100 
RON compound. Alkylate is an excellent blend component: essentially free of benzene, 
aromatics and olefin, very low in sulfur and higher in octane than the refinery gasoline pool. 
 
Alkylation is currently a very high margin desirable refinery blend component. Expansion of 
U.S. tight oil and gas production has increased the price difference between alkylation feed 
(LPGs) and alkylate/gasoline. This in turn has increased the incentive to monetize LPG 
streams via alkylation. Refiners have increased alkylation utilization and use but further 
expansion is limited by feed availability (from the FCC) and alkylation capacity. Several 
alkylation capacity projects are under consideration but the high per barrel capital cost will 
limit significant further expansion. Alkylate quality is very consistent within a refinery 
environment; there is minimal opportunity to alter quality.  
 
Butane is an LPG stream with extremely high volatility and high octane. Butane’s alternate 
disposition is as petrochemical feed or LPG and therefore there is significant economic 
incentive to blend butane to higher valued gasoline. Butane use is limited by volatility limits 
(RVP). Butane blending is maximized up to the limit of RVP specifications. 
 
The remainder of the gasoline blend components are made up of aromatics and other 
components, the latter of which is made up of several miscellaneous naphtha streams. The 
aromatics are produced as part of petrochemical operations4. High octane reformate 
undergoes solvent extraction to separate aromatics and other compounds into a light, low 

                                                       
4 Although the aromatics plants are part of petrochemical operations they are often located within the refinery 
complex and integrated with the refining operations. 
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octane raffinate stream and a high aromatic content stream. The aromatic stream is 
fractionated to produce high quality benzene, toluene and xylenes and a by-product c9+ 
aromatic stream. The benzene and a portion of the toluene and xylene serve as valuable 
petrochemical intermediates. Surplus toluene and xylene are returned to the refinery for 
gasoline blending as relatively pure aromatic streams or mixed together or with the c9+ 
aromatics. (The volume is dependent on the petrochemical demand.) The light raffinate and 
C9+ streams are returned to the refinery for gasoline blending (part of the other category in 
Table 3). Some of the low octane raffinate may also be sent to the isomerization process for 
octane enhancement.  
 
The remainder of the other is made up of miscellaneous naphtha streams from the refinery or 
non-refinery sources. The refinery hydrocracking and coking operations produce light 
naphthas which are used in gasoline blending or combined with other streams for further 
processing prior to blending. Also included in the other category in Table 3 is any portion of the 
LSR which is not processed via isomerization. Refineries also receive natural gasoline and 
other light naphthas associated with crude oil and natural gas production. These are typically 
light low octane streams.  
 
Finally, some refineries receive transmix from pipeline operations which is essentially a 
gasoline (without ethanol) contaminated with distillate during distribution. The transmix is 
fractionated and the gasoline portion blended. 
 
The quality of these other streams varies considerably from that of the high octane, low 
volatility aromatics stream shown to a high volatility, low octane stream similar in quality to 
LSR. Refineries cannot vary the quality of these aromatic and other streams but have some 
option to vary purchases or returns from petrochemical operations, thereby potentially varying 
the quality of their gasoline pool.  
While individual refineries have flexibility to vary use of aromatic and other naphtha streams, 
the overall flexibility within the refining industry is limited. The only disposition, or economic 
disposition, for these streams is with the refinery gasoline blending. The petrochemical 
aromatics market will limit the extent to which aromatics will be available to gasoline blending. 
 
C. Ethanol Blending 
 
Essentially all ethanol blending is done outside the refinery at the final gasoline terminals; 
ethanol blended gasoline is not compatible with the gasoline pipeline distribution system. 
Some gasoline is blended at refinery sites, but at the refineries’ terminal facilities so it is 
essentially the same as other terminal ethanol blending.  
 
At the terminal, ethanol can be “splash” blended (simply added to finished gasoline) or blended 
with a special gasoline designed to meet gasoline specifications after addition of a specified 
amount of ethanol. Splash blending alters the quality of the gasoline but apart from its RVP, 
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the final blends with 10% to 15% ethanol will meet refinery target quality or ASTM 
specifications. Regional gasoline specifications have granted ethanol a one-pound waiver that 
allows for the RVP increase typically seen with 10% ethanol blending. The splash blended 10% 
ethanol is thus in compliance with specification requirements. 
 
Splash blending provides limited option to take advantage of the high-octane characteristics. 
Splash blending increases the octane of the final blend above target specifications. 
Consumers may benefit from the benefit of higher octane, but refiners and blenders will not 
capture the additional value of the added octane in gasoline pricing. 
 
For markets where the RVP waiver does not apply, refineries produce a lower RVP gasoline 
which when ethanol is added will meet market RVP standards. Refineries also lower the octane 
of the special refinery gasoline, BOB, to take advantage of the high-octane characteristics of 
ethanol. Refineries reduce their production costs by producing a lower octane BOB and the 
octane is brought up to market specification when the ethanol is added at the terminal. 
 
Octane rating and RVP are for the most part the only gasoline quality parameters adjusted in 
the production of BOB. To account for the subsequent ethanol addition, BOBs are blended to 
meet other regulated specifications such as benzene and sulfur. Considering the quality 
characteristics of ethanol these parameters will not be adversely impacted by downstream 
ethanol blending. Reduction of octane rating typically implies reduction of the aromatic 
content. 
 
Distillation will be significantly impacted when ethanol is blended, but the resulting final 
gasoline-ethanol blend will comply with specifications and refiners will not make BOB blending 
adjustments for distillation. Currently only about 6% of ethanol addition involves splash 
blending. The remainder is blended with refinery produced BOB, nearly all of which is 
formulated for 10% ethanol blends. 
 
Ethanol exhibits unique blending characteristics when blended with refinery gasoline. Unlike 
refinery gasoline components which exhibit fairly linear blend property relationships, ethanol 
blend relationships for many properties are non-linear. For example, for 10% ethanol gasoline 
ethanol blends consistent with a component with an RON of approximately 128. When an 
additional 10% ethanol is added to a gasoline blend, the incremental ethanol octane blend 
value drops to 122 RON.  
 
The unique non-linearity of ethanol blending is most pronounced with volatility and distillation 
parameters. Addition of 10% ethanol increases the base gasoline RVP by approximately 1.2 psi 
on average. When an additional 10% ethanol is added to the blend, the resulting 20% blend is 
only about 1% above the base blend; the RVP of the 20% blend is lower than that of the 10% 
blend. RVP is determined at 100o F: at lower and higher temperatures the vapor pressure 
effects will vary.  
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Ethanol blending distorts the distillation curve, shifting the mid-range of the curve to the right 
(higher evaporation at a given temperature). Beginning at a point corresponding to about 20% 
evaporation, the curve moves significantly to the right, and (for 10% ethanol blends) around the 
50% evaporation point the curve begins to return close to that of the original gasoline. For 
higher ethanol blends, the curve shifts further to the right. 
 
Figures 5 and 6 illustrate the highly non-linear volatility and distillation splash blending 
relationships of ethanol-gasoline blending, holding hydrocarbon composition constant. 
Figures 7 and 8 show blending relationships for octane and for API gravity and density. 
 
 

 
Figure 5: Ethanol Blending Impact on Distillation 
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Figure 6:  Ethanol Blending Impact on RVP 

 
 

 
Figure7: Ethanol Blending Impact on Octane 
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Figure 8: Ethanol Blending Impact on API Gravity and blend density  

 
D. Refinery Gasoline Blend Properties and Historic Trends 
 
Trends in gasoline properties over time have been driven by four factors: ethanol blending, 
gasoline demand, octane demand and regulatory specifications. Actual market parameter 
qualities reflect these factors as well as refinery adjustments to accommodate ethanol 
blending and changes in other factors. Examining trends in gasoline quality over time 
demonstrates refinery blending strategies as well as the relevance of match and splash 
blending to real world ethanol blending scenarios. 
 
Table 4 identifies the impact that each of the above factors has on gasoline properties. The 
table also characterizes the influence of specific properties as large, moderate or 
small/negligible. Ethanol blending is by far most significant in terms of influencing gasoline 
properties. As noted previously, ethanol impacts are most pronounced on RVP and distillation. 
For RVP impacts are limited due to Federal and local controls that limit final market RVP levels 
although some ethanol blends are allow a 1.0 psi RVP waiver.  Over the period 2004 through 
2016 when overall ethanol blending increased from 2% to 10% RVP is estimated to have 
increased by only 0.3 to 0.5 psi.   
 

Parameter 
Ethanol 

Blending 
Gasoline 
Demand 

Octane 
Demand 

Sulfur 
Control 

Benzene 
Control 

RVP Increase1 No Impact No Impact No Impact No Impact 

Distillation 
Shift to 
Right 

Increase 
Heavy 
Boiling 

Increase 
Heavy 
Boiling No Impact 

Increase 
Heavy 
Boiling 

T50 Decrease Increase Increase No Impact Increase 
T90 Decrease Increase Increase No Impact Increase 
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Parameter 
Ethanol 

Blending 
Gasoline 
Demand 

Octane 
Demand 

Sulfur 
Control 

Benzene 
Control 

E200 Increase Decrease Decrease No Impact Decrease 
E300 Increase Decrease Decrease No Impact Decrease 

Octane Increase1 No Impact 
Based on 
Demand Decrease1 Decrease1 

Aromatics Decrease2,3 Increase Increase3 Increase3 Increase3 
Olefin Decrease No Impact No Impact Decrease No Impact 
Red - Large Impact 

    Blue - Moderate Impact 
    Green - Small/negligible Impact 

   1 Refinery octane adjusted to meet final market gasoline specifications 
 2 Dilution effect 

    3 Aromatics increase/decrease with adjustments in refinery octane (1) 
 Table 4: Impact of Market Factors on Gasoline Properties 

 
Refinery produced gasoline distillation is not adjusted to accommodate ethanol blending. 
Ethanol effects are reflected in significant change in marketed gasoline distillation; the 
distillation curve of final market gasoline shifts considerably to the right. As ethanol use 
increased from 2% in 2004 to 10% in 2016 mid-range distillation (at 40% to 50% evaporation) 
temperatures were depressed around 20 degrees F.  
 
Ethanol exhibits very high-octane blending properties and has potential to significantly 
increase the octane of the blend relative to the octane of the original non-ethanol gasoline. 
When splash blended with regular grade gasoline ethanol increases the octane of the final 
blend by approximately 3 AKI octane numbers. However, unlike distillation, refiners adjust the 
octane of refinery produced gasoline (BOB) to take advantage of the octane bonus of ethanol, 
while meeting desired market octane targets. (Octane is match blended.) Reducing refinery 
octane to account for subsequent ethanol blending results in substantial refinery cost 
savings/revenue opportunity associated with refinery octane upgrading. Based on premium-
regular spot price differentials, the marginal cost of increasing refinery produced gasoline by 1 
AKI is approximately 3 to 4 cents per gallon5. Capturing the octane benefit of 10% ethanol by 
lowering refinery octane provides the refinery with potential 9 to 12 cents per gallon gasoline 
revenue improvement. 
 
Ethanol also has a dilution impact on aromatics, olefin and other quality parameters. Ethanol 
has no aromatics or olefins. Post refinery ethanol blending lowers the content of these 
constituents by dilution (i.e., 10% reduction for 10% ethanol blending). Refiners make no 
intentional adjustments for changes in these parameters (Aromatics and olefin are not match 
                                                       
5 The refinery price of premium versus regular gasoline directly tracks the marginal cost of increasing octane from 
that of regular grade (87AKI) to premium grade (93AKI). Recent price differentials have run 20 to 25 cents per gallon. 
This cost to increase octane 6 numbers yields a cost per octane of approximately 3 to 4 cents per gallon. Retail 
differentials are higher, but that does not impact refinery economics. 
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blended.) Aromatics and olefin dilution will be reflected in market gasoline qualities along with 
other factors impacting refinery aromatics and olefin.  
 
Changes in overall gasoline demand (including export demand) will require refinery production 
shifts which can result in changes in heavy end distillation (T90) and aromatics content. 
Unless an increase in demand is offset by a comparable increase in ethanol or other non-
refinery component blending, refinery gasoline production will need to increase. The response 
to higher gasoline production requirements will generally be (1) increased 
refinery/downstream capacity utilization and (2) adjustment of T90 of heavy naphtha feed to 
reformers and of FCC gasoline. The higher utilization option will tend to increase production of 
most refinery components with only small impact on T90 and aromatics. Some major 
components such as alkylate will be limited by capacity so some small net impact on quality 
parameters may occur. 
 
For the second option (T90 adjustment) obviously increasing the T90 of these components 
(reformate and FCC gasoline) will increase gasoline T90. These two components make up a 
majority of gasoline production volume. Reformate is one of the highest aromatic content 
streams and FCC is also relatively high so increases in either will also increase gasoline 
aromatics. For FCC higher T90 will increase the aromatic content of overall FCC gasoline 
production; the heavier portion of FCC gasoline has much higher aromatic content than lighter 
cuts.  
 
Changes in marketed octane and gasoline sulfur control will also influence gasoline aromatics 
(as roughly discussed in context with ethanol impact on octane) but the impact will be small 
relative to ethanol octane impacts. Changes in market octane have historically been minor and 
are primarily related to changes in premium/regular market share. Premium market share 
declined from 2002 to 2008 and then began to increase again post 2011. Historic market 
octane shifts have been small, but higher octane targets are under consideration for 
compliance with fuel economy standards. 
 
Gasoline sulfur control has involved desulfurization of FCC gasoline which also saturates 
olefins and in turn lowers octane. Octane has been replaced with higher reformer throughput 
and octane which resulted in an increase in aromatics content. The aromatic increase from 
sulfur control has been relatively small.  
 
E. Refinery Response to Ethanol Blending 
 
Refiners have responded to the expansion of ethanol blending with adjustments in gasoline 
production and quality. As ethanol volume increased, refinery production was initially reduced 
to balance overall gasoline demand. Refiners also adjusted refinery gasoline quality (match 
blended) for RVP (allowing for the 1psi waiver for E10) and for octane. No adjustments were 
made to distillation, aromatics, olefin or other parameters.  

28



 
 

 
Figure 9 illustrates the impact of ethanol expansion on refinery gasoline production over the 
period 2004 to 2016. Total refinery production declined between 2004 and 2008 as ethanol 
increased market share. Production began to increase in 2009 in response to increasing 
gasoline exports and starting in 2013 production grew at a greater pace as both domestic 
gasoline demand and exports expanded. There was no change in total U.S. gasoline supplied 
(demand plus exports) between 2004 and 2011. Ethanol made up for a 250 thousand b/d 
reduction in imports and other non-refinery supply (primarily MTBE) while reducing the need 
for U.S. refinery production by an additional 350 thousand b/d. The majority of growth in 
demand plus exports since 2011 came from refinery production. 
 

 
Figure 9: Gasoline Production and Supply: 2004-2016 

 
Refinery gasoline production also shifted from finished gasoline to BOB. In 2004 BOB 
production represented only about 26% of total refinery gasoline output. This increased to 91% 
by 2017. Of the 9% refinery gasoline produced in 2016 as finished gasoline, about 70% was 
ultimately splashed blended with ethanol. 
 
Refinery BOB was blended at lower than market gasoline octane and RVP to allow for octane 
and RVP impacts of downstream ethanol blending. The result has been a substantial reduction 
in refinery octane levels as ethanol blending expanded and the portion of refinery gasoline BOB 
increased.  
 
Figure 10 tracks market and required refinery octane trends for production volumes shown in 
Figure 9. The required refinery octane shown represents the octane level required to meet 
market octane targets taking into account the downstream ethanol contribution and BOB 
production. The graph also includes an additional line which reflects additional internal 
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refinery octane required to make up for refinery processing octane losses associated with 
gasoline sulfur and benzene reduction regulations. The dotted line more realistically 
represents refinery octane production required to meet market octane after ethanol addition. 
 

 
Figure 10: Marketed and Refinery Produced Octane 

  
Market octane requirements have remained relatively stable, declining 0.2 AKI through 2011 
followed by a gradual increase back to 2004 levels by 2016. The change in market octane was 
related to changes in market share of premium gasoline which followed a similar trend. 
 
In contrast, refinery octane declined substantially over the period. In the absence of sulfur and 
benzene regulations, ethanol and BOB blending would have allowed refiners to reduce refinery 
produced octane by 1.8 AKI. With the requirement to make up for sulfur and benzene octane 
losses the net reduction in refinery octane was approximately 1.4 AKI. 
 
Refiners responded to the lower refinery octane requirement primarily by reducing catalytic 
reformer octane. Reducing reformer octane also reduces reformate aromatics content and 
thus the overall aromatics level of refinery gasoline. Market gasoline aromatics levels were 
further reduced due to the ethanol dilution effect. Market gasoline aromatics declined by 20% 
over the period 2004 to 2016. Refiners also reduced the RVP of refinery BOB. Ethanol blending 
raised market gasoline to RVP with overall RVP being a little higher than refinery gasoline due 
to the one-pound waiver for some of the volume. 
 
Refinery produced gasoline distillation has not been adjusted by refiners to accommodate 
ethanol blending and ethanol effects are reflected in significant change in marketed gasoline 
distillation. Figure 11 provides an estimate of market gasoline distillation over time as ethanol 
blending increased from 2% in 2004 to 10% in 2016. For additional comparison, the graph also 
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shows a calculated distillation curve assuming the 2004 gasoline was blended up to the 
ethanol level of 2016. The shift in the distillation curve (2016) is consistent with the expected 
influence of ethanol. The 2016 gasoline curve is comparable to the calculated curve and 
indicates that little or no adjustments have been made by refineries to control the distillation 
shift (ethanol blended gasoline in not match blended with non-ethanol gasoline for 
distillation). 
 

 
Figure 11: Change in Market Gasoline Distillation: 2004-2016 

 
Refiners did not make other changes in refinery production to accommodate ethanol addition. 
Changes in other refinery gasoline properties were in response to gasoline sulfur and benzene 
regulations or consisted of minor secondary quality variations related to quality regulations 
and octane reduction. Market qualities changes for other parameters directly reflected the 
impact of downstream ethanol blending, i.e., ethanol dilution impacts and the distillation 
impacts discussed previously. 
 
F. Limitations of Refinery Gasoline Blending 
 
Refinery gasoline is produced by blending refinery components listed in Table 5. Recipes for 
individual grades vary but the overall volume and quality of gasoline produced is limited to the 
aggregate sum of the components listed in the table. Refiners have a wide range of flexibility to 
adjust certain quality parameters such as octane and vapor pressure but the capability to 
adjust other parameters is limited. Table 5 provides an overview of refinery flexibility for 
adjustment of gasoline qualities. RVP and octane are characterized with a high degree of 
flexibility and all other parameters with limited flexibility.  
 
On an individual refinery basis the latter properties also have substantial potential for 
adjustment but that would be accomplished by removing components such as low distillation 
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temperature components or purchasing outside components such as those with higher 
distillation. On an industry or regional basis or in cases of isolated refineries, removal and 
purchase of components in itself is limited. There is little or no alternative disposition for 
components removed other than purchase by another refinery. Purchases of one refineries’ 
components by another refinery alters the selling refinery’s supply/quality; again, aggregate 
industry component supply has limited opportunity for adjustment. Some component supply 
may be available from non-refinery sources (i.e., petrochemical streams) but their supply is in 
aggregate is very limited. Volumes in these outside markets are substantially smaller than 
gasoline markets. 
 

Parameter Flexibility Options for Adjustment Limitations and Impacts 

RVP High Removal of butane 

Minimal impact on initial distillation. Small 
impact on octane. Revenue opportunity loss 
(gasoline value versus petrochemical or fuel 
value). 

Octane High 

Adjustment of reformer octane 
and/or throughput. Removal of light 
low octane components or purchase 
of high octane components 

Little impact from reformer adjustments, 
but revenue impacts (changes in reformate 
yield with changes in octane). Also, possible 
negative impact on refinery hydrogen 
balance. Market options limit removal of 
low octane components or high octane 
purchases. 

Aromatics Limited Same as for octane Aromatics levels dependent on octane 

Olefin Limited 
Removal of light FCC gasoline, 
desulfurization/aromatics saturation 

Market options and volume requirements 
limit removal of FCC gasoline. Aromatics 
saturation results in octane loss and limited 
by capacity. 

Distillation Limited 

Removal/addition of high or low 
boiling components. Adjustment in 
T90 of FCC gasoline and reformate 
feed. 

Market options and volume requirements 
limit removal or addition of gasoline 
components. Gasoline volume requirements 
limit adjustments in T90. 

Table 5: Overview of Refinery Gasoline Quality Adjustment Flexibility 
 
Adjustment of RVP is straight forward involving removal of final refinery butane addition. Every 
1% butane removed results in roughly an RVP reduction of 0.5 psi. The major implication of 
RVP reduction for the refinery is loss of revenue as butane is moved to alternate lower value 
petrochemical or fuel markets. There will also be some octane loss as butane is removed but 
this is easily accommodated with reformer adjustments. 
 
Refiners have a high degree of flexibility to adjust octane through changes in reformer severity 
(octane) or throughput. Reformers can operate over a wide range of octane levels with 
relatively minor operational adjustments. Refiners can also remove a portion of reformer feed 
and blend the low octane naphtha directly. The primary impacts of reformer octane 
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adjustments are economic. Higher octane results in lower yield of gasoline reformate with a 
comparable shift to lower value LPG production. Reformer severity or throughput adjustments 
will also impact production of hydrogen needed for refinery desulfurization operations. In some 
cases, loss of refinery hydrogen will have negative impact on ability to produce other products. 
 
Aromatics content can be adjusted but changes in aromatics will have implications for other 
quality parameters. Refiners typically do not control aromatics but rather aromatics variations 
are the result of other refinery processing or blending operating strategies. Aromatics content 
of reformate is directly related to its octane. Higher reformate octane will result in higher 
aromatic content. Producing refinery BOB gasoline at lower octane is generally accomplished 
with lower reformer octane which in turn lowers its aromatic content. 
 
The refinery component characterization in Table 5 shows that apart from alkylate, higher 
octane components are associated with high aromatics content. Therefore match blending of 
aromatics in test fuels is not consistent with real world octane blending practice or limitations. 
Likewise, match blending of octane without appropriate adjustment of aromatics is not 
consistent with real world blending. 
Nearly all gasoline olefins originate from FCC gasoline. Olefin can be adjusted by altering FCC 
gasoline production but that has implications for overall gasoline production capability and is 
therefore a limited option. There are also operational and catalyst changes that allow 
adjustment of gasoline olefin content, but these will be limited for some refineries and have 
implications for other aspects of operating strategies (i.e., petrochemical feed supply). 
Regardless of flexibility, refinery gasoline olefins are well within target specification range and 
are not subject to control by refineries. Changes in gasoline olefin associated with ethanol 
blending result from dilution effects. 
 
Refinery gasoline distillation is dictated by the composite average of available refinery 
components. Refiners can shift distillation a small amount by adjusting the back-end 
distillation of FCC gasoline and/or reformer feed. This will reduce (lower back end distillation) 
or increase (higher back end distillation) gasoline production and will be limited by the extent 
to which changes in gasoline production can be balanced in the market. As above, on an 
individual refinery basis, components can be removed from the gasoline pool or outside 
components can be purchased. For the industry as a whole these options are limited by the 
ability to balance the gasoline or other product markets. 
  
Refiners often enhance gasoline blending flexibility by splitting FCC gasoline into light and 
heavy components or by segregating light and heavy reformate streams. This can provide 
options for flexibility in blending distillation or other properties between gasoline grades or 
individual refineries. However, the flexibility to shift distillation on the entire pool of gasoline or 
on industry as a whole is limited by industry’s ability to balance demand. 
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Gasoline sulfur and benzene quality can be adjusted by refineries but are limited to maximum 
regulated levels. Refineries have installed capacity or implemented operational adjustments to 
meet maximum standards and operate accordingly. Meeting the maximum regulatory limits 
involves increased operating costs so refineries target maximum permissible levels. 
 
G. Splash and Match Blending Versus Real World  

 
Splash blending is straight forward, simply adding ethanol to finished blends. Some splash 
blending still occurs in the market and from that perspective splash blending represents real 
world conditions. Splash blending increases RVP and thus is not suitable (or real world) for 
blending environments without a 1 psi - “one-pound” - waiver.  
 
Splash blending increases octane resulting in a final E10 gasoline blend that exceeds 
minimum target octane specifications by 2.5 to 3.0 AKI. The octane “giveaway” represents an 
opportunity loss for refiners, equivalent to 9 to 12 cents per gallon of gasoline. The industry 
has thus developed the infrastructure and procedures to provide the lower octane refinery BOB 
and thereby capture the cost savings and pricing opportunity associated with gasoline octane. 
The growth of refinery BOB production shown in Figure 12 illustrates the rapid response of 
refiners to convert to BOB production as ethanol blending increased. Today only about 6% of 
ethanol is splashed blended. Splash blending is not representative of real world blending in 
most cases.  
 

 
Figure 12: Growth of Refinery BOB Production 

 
Splash blending eliminates the opportunity for refinery aromatics reduction consistent with 
reduction in refinery produced octane. The result is higher emissions characteristics for the E0 
than there would under real-world blending Emission testing employing splash blending for 
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test fuels will ignore any engine impacts of higher octane related to the splash blend and will 
not capture the lower aromatic content that E10 fuels exhibit when BOB octane is adjusted 
downward. 
 
The impact of splash blending versus real world blending is illustrated in the following 
emission comparison.  Figure 13 shows the emissions of splash blended CRC 94-3 E10 [14] 
fuels compared to the E10 fuel adjusted to account for lower refinery octane and aromatics 
and lower refinery RVP, using the EPA complex model to calculate the emissions. 
 
The NOx emissions for the real-world blend in Figure 13 are 3.8% below the splash blend fuel 
and exhaust toxics are 2.0 to 2.5% below splash blend. The results confirm the potential 
negative impact of splash blended test fuels versus using adjusted real-world blended test 
fuels. 
 

 
Figure 13: CRC 94-3 Splash vs. Real-World Blending Impact on Emissions 

 
For match blending the situation becomes far more complex. First of all, as discussed in more 
detail below, the various studies cited differ from one another in the parameters that are 
matched. Properties not matched will be influenced by those being matched and the results 
ignore any potential impact of the unmatched parameters. With variations in matched 
parameters these influences will also vary relative to their impact on study results. 
 
There are also relationships between parameters which exist in the real world that may be 
ignored by employing match blending. For example, most gasoline octane and nearly all 
incremental octane (exclusive on non-refinery ethanol blending) is generated from the 
reforming process. Octane, and in particular changes in octane, are directly related to 
aromatics content. As gasoline octane increases so does octane and vice versa. In real-world 
blending, matching on one of these parameters sets the other. Blends can be developed which 
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go counter to this but these would not reflect real world situations and/or would not represent 
blending which could be accomplished on a refinery or the industry as a whole. 
 
Octane properties shown in Table 6 illustrate that for the most part higher octane is associated 
with higher aromatics. Trends in market gasoline aromatics also reflect the fact as refinery 
octane declined (in response to expansion of ethanol blending) so did refinery gasoline 
aromatics content.  
 
One exception to the octane-aromatics relationship is alkylate which has no aromatics yet 
relatively high octane. Alkylate could be removed from a blend lowering octane without 
reducing aromatics. However, the alkylate removed would need to be blended in other refinery 
gasoline so the overall result would not impact the octane-aromatics relationship. 
Alternatively, alkylate production could be reduced, but this is counter to gasoline blending 
economics. Alkylate blending economics are primarily driven by LPG-gasoline price 
differentials (alkylation provides an option to upgrade LPG to gasoline value) and not octane. 
Alkylation margins under current pricing are one of the highest value added operations in the 
refinery. Reduction of alkylate use would be counter to refinery economics. 
 
CRC E-94-2 [8], discussed in more detail below, employed match blending which was designed 
to match T50 while holding AKI constant and aromatics relatively similar (aromatics increased 
despite octane addition with ethanol). To accomplish the E-94-2 blending strategy, an E0 
blend would need to be created which was not consistent with real world blendstock 
availability. Table 6 compares the original E0 for two of the 94-2 blends with a calculated E0 
consistent with the matched E10.  
 

Parameter 
Original E0 

Fuel A 
Calculated 
E0 Fuel A 

Original E0 
Fuel E 

Calculated 
E0 Fuel E 

AKI 87.9 84.2 93.8 91.2 
Aromatics 26.1 32.4 27.3 33.4 

Table 6: E0 and Revised E0 for CRC 94.2 Fuels 
 
Comparing the lower octane Fuel A with component properties provided in Table 6, the revised 
E0 blend is not at all consistent with typical refinery components. A comparable refinery blend 
could be produced but would not be consistent with typical blending practice or blending 
economics. The octane-aromatics relationship for the higher octane Fuel E can be matched 
with available refinery components, but other properties would diverge significantly from the 
original E0. For example, the revised E0 could be primarily FCC gasoline, but the resulting E0 
would have much higher olefin than the original E0. 
 
The 94-2 match blending approach also adds aromatics to the final E10 blend. The additional 
aromatics add to the emission potential of the fuel. The added aromatics (not real-world) will 
have a major impact on test emissions. This is true for as well for CRC-67 where T50 was 
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matched and aromatics and AKI held relatively constant, and the EPAct study where aromatics 
were held constant, but octane did increase. 
 
Figure 14 illustrates the impact of additional aromatics on emissions, using the EPA complex 
model to quantify emission changes. The data pairs compare the original E0 blends with a 
calculated E0 consistent with the matched E10. In other words the calculated E0 represents an 
E0 with adjusted aromatic content that would result in the aromatic content of the E10 fuel 
reported in the studies. The plot shows the percent reduction in emissions resulting from the 
E0 aromatics adjustment. 
 
Overall the blending resulted in a small increase for NOx and an average 4.7% increase in 
exhaust toxics. There is no basis for adding aromatics to the E0 in order to arrive at a matched 
E10 fuel. Matching the test fuels requires addition of higher emission components to the base 
fuel and masks the impact of ethanol blending alone. 
 

 
Figure 14: Match v. Real-World Blending Impact on Emissions 

 

V. Vehicle Test Cycles Employed in Studies 
 
Vehicle emissions characterization typically employs a chassis dynamometer to load the 
vehicle for appropriate aerodynamic and tire rolling losses, without grade considered. A human 
driver follows a command trace of speed against elapsed time. Most U.S. fuel effects studies 
have employed transient tests, either the Federal Test Procedure (FTP, FTP-75) or the LA92. 
Cycle information is supplied by the EPA [11]. The FTP (Figure 15) consists of 505 seconds of 
transient operation following a cold start, and captures emissions associated with the period 
before the catalyst is active. These “Bag 1” emissions are usually captured separately from a 
running or stabilized phase (Bag 2) of 866 seconds, followed by a hot soak, and Bag 3, which is 
a hot repeat of the 505 second section. The vehicle speed does not exceed 57mph, and only 11 
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miles is covered during this time. Power demand does not challenge most modern vehicles. 
The LA4 cycle is substantially the same, with BAG 3 omitted. 
 

 
Figure 15: FTP-75 cycle, with cold start phase. (www.epa.gov/emission-standards-reference-guide)  
 
The LA92 (Figure 16), also known as the California Unified Cycle (UC), is more demanding than 
the FTP-75, with an average speed of 24.8 mph. It has a first phase of 300 seconds, usually run 
as a cold start, followed by a second phase of 1135 seconds. As with the FTP-75, a hot phase 
3 repeats the phase 1 target speeds. Phase 3 is run after a 10 minute soak following the 
completion of phase 2.  A few studies have employed the US06 (Figure 17), a more aggressive 
cycle than either the FTP-75 or the LA92. The US06 has more than twice the average speed of 
the FTP and a peak speed of 80.3 mph. The US06 is more likely than the other commonly used 
cycles to demand engine power that may elicit adaptive behavior from the engine control 
strategy, such as retarding timing to avoid knock if fuels with a low AKI are used.  
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Figure 16: LA-92 cycle.  (www.epa.gov/emission-standards-reference-guide) The first 300 seconds may 

be used as a cold start, in a similar fashion to the FTP-75 cold start phase. 
 

 
Figure 17: US06 cycle. (www.epa.gov/emission-standards-reference-guide) 

 
A. Study Structures and Analyses 
 
This section describes briefly the science used in most fuel studies, and provides commentary 
on difficulties encountered.  Most studies have sought to measure several different emissions 
species. Some measured only gaseous species, while others included PM. Some added 
measurement of air toxics. Some emphasized PM, adding measurements of particle number or 
characterization of the PM as additional outcomes. Although some prior studies have centered 
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on a simple comparison of two or more different fuels to examine the effect of ethanol content 
(as a single independent or input variable), major studies have been structured to employ 
multivariate analysis. The objective of these studies was to determine the effects of multiple 
independent variables (properties or parameters describing the fuels), seeking to satisfy 
several statistical findings simultaneously. Some of these studies elected to use match 
blending of fuels, seeking to hold some properties constant, while varying other properties that 
were considered as statistical variables of interest. Some of these studies used splash 
blending, in which case the fuel differences were directly defined. 
 
Experimental designs for multivariate analyses often include specific planning to determine the 
number of values of each variable that are desirable. Anticipated nonlinear influences or 
heightened importance of these variables might dictate a higher value count. These variables 
then define a hyperspace that yields the total number of combinations of variables. Resource 
limitations typically limit the number of tests that can be performed, so that all combinations 
are not explored. Methods exist to reduce the count of tests while maintaining the best 
possible reliability of the outcomes. 
 
Repeat tests are typical at each combination of variables to be measured, and are essential for 
some of the very low emissions values encountered. Criteria are developed to determine when 
additional tests are needed, and how to deal with outlying points.   
 
Emissions, as the dependent variables in the studies, are related to the fuel parameters 
(independent variables) either through graphical representation or by the construction of a 
model to predict the emissions from the fuel properties. As a prelude to the model, the most 
appropriate variables for the model are selected. These may or may not be the independent 
study variables. Models may be constructed to be most accurate, with a high count of inputs, 
or reduced, with acceptable accuracy and possibly greater generality. Computations for the 
statistical models are usually conducted in log-linear space.  
 
As discussed later in this report, many factors affect the veracity of models and findings. One 
is the inherent error in each measurement, due to instrument accuracy and precision, driver 
variability, variability in behavior of different vehicles, and numerous other factors. These 
define standard deviations in the data set. Another difficulty encountered is the co-
dependence of some of the input variables, where either variable may describe an output effect 
or two inputs may conflict in determining the outcome. In some cases this arises because one 
parameter chosen is a measured fuel property, while another parameter denotes composition 
or content of the fuel. Further, there may be interactions between variables where one input 
variable shows statistically significant influence only when another variable is low or high in 
value. Of concern is the assumption that the input variables (fuel properties) chosen fully 
define the fuel. Several fuels with different behavior may exist, but still have an identical set of 
three or four properties, as described in the following section. In such a case, properties that 
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differ but were not considered in the analysis may influence the output data, and causes may 
be misattributed in the analysis.  
 
B. Fuel Descriptors 
 
All major studies discussed in this review present parameters or properties to describe fuels. 
In the case where ethanol is splash blended with a fuel, or where two fuels are splash blended, 
the relationships between the fuels in the study are well defined. Where match blending is 
used, two separate concerns must be raised. First, most studies provide analysis and 
information on properties of the fuel used. Unless this information is exhaustive, and at the 
component level, the fuel is not fully defined. Second, for analysis of results, the researchers 
are likely to use a small set of fuel properties to which to ascribe the cause of emissions 
changes. This set may be reduced further in size if the effect of some properties appears to be 
weak. These descriptors are certainly ambiguous, because the properties usually can be met 
with a variety of different hydrocarbon mixes. Real world constraints are dictated by the 
composition of refinery streams and the proportioning of those streams, as discussed above, 
but these constraints are relaxed in most match blending efforts. 
 
Consider circumstances where aromatic content or saturate content is used as a primary fuel 
descriptor, to which changes in emissions from an AKI-sensitive engine would be ascribed. 
Relating fuel antiknock properties to major hydrocarbon groups is complex. Generally, 
aromatics are assumed to raise octane numbers and saturates are assumed to lower the 
number. Straight chain paraffins have lower antiknock properties than branched chain 
paraffins, so that the separate classification of n- and iso-paraffin content is needed for better 
description. However, within the iso-paraffins there is substantial variability in performance: 
methyl hexane as a pure C7 isoparaffin has a RON of under 50, whereas trimethyl butane 
(another C7 isoparaffin) exceeds 110 [68]. For aromatics, n-propyl benzene has a RON of 102, 
but trimethyl benzene has a RON of more than 120. Where fuels are tailor made, two fuels with 
the same aromatic or saturate content may differ substantially in RON and MON. While these 
variabilities of hydrocarbon properties grant license to the preparation of match blends, they 
also restrict the general applicability of conclusions reached using those blends. 
 
Furthermore, there is functional interaction of each specific hydrocarbon with other 
hydrocarbons in a fuel. A mixture of two hydrocarbons is likely to exhibit a RON that does not 
represent a linearly proportional combination of their individual values. The resulting value for 
the mixture could be higher than, or lower than, the linear combination. Morgan et al. [12-14] 
addressed the complexity of predicting RON and MON for toluene reference fuel ternary 
mixtures. These interactions lead to the concept of a blending octane number, based on the 
differential change in octane number when a specific compound is added to a mix of other 
hydrocarbons. The composition of that mix will also affect the blending value for that species. 
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For real world fuels, the effect of adding or deleting a small quantity of a species may be 
affected only modestly by the nature of the typical overall fuel composition. Generally a linear 
assumption for octane number blending works well within a hydrocarbon structural type [70]. 
Ghosh et al. [68] adopted interaction parameters to account for beneficial and detrimental 
nonlinearities when different structural types are mixed, and adopted the concept of practical 
hydrocarbon “lumps” to simplify prediction of AKI. There is a danger that blends produced 
without mimicking refinery streams (and a reasonable balance of refinery streams) might have 
unexpected properties.  
 
Foong et al. [69] and Anderson et al. [71] have both examined the changes in RON and MON 
when ethanol is added to gasoline. In both studies the ethanol addition produced the well-
documented beneficial increase in RON and MON, substantially greater than would be 
predicted from a linear combination. However, exact results differed between the studies due 
to the different gasoline compositions used. Da Silva et al [63] showed that the effective 
blending RON of ethanol was higher when aromatic content was lower, emphasizing the fact 
that the species in a blend cannot be considered additively in estimating fuel properties. Foong 
et al. [69] conducted detailed research on blending ethanol with primary reference fuel and 
toluene reference fuels, showing strong interaction between the ethanol and fuel type in 
defining AKI. 
 
Numerous studies of this kind show that it is difficult to ascribe behavioral changes in a fuel to 
one descriptor (including fraction of a component of the fuel) when the interactions between 
descriptors are significant. The discussion above concentrated on dependence of AKI on 
composition of the fuel. Conversely, if AKI is a target parameter, it is possible to blend to that 
AKI in many different ways, by changing the proportion of aromatics and saturates, or by 
keeping their ratio the same, but varying components within the aromatic and saturate groups. 
AKI is not alone: many fuel properties, including selected distillation temperatures, RVP, and 
PMI, can be created or matched using very different blends of hydrocarbon components, 
particularly when refinery constraints are not considered. Two ostensibly identical BOB 
streams, as defined by a parameter set, may exhibit different behavior with ethanol as a result 
of their differing detailed composition. If the intent is to examine real-world fuel effects, then 
employing real-world refinery streams for blending is a step in the right direction, but the 
proportioning of these blends is also important, noting the refinery constraints and economic 
objectives discussed above. 

C. Review of Prior Ethanol Blend Emissions Studies 
 
Following an extensive search of the literature, studies that were identified as relevant to 
ethanol blending were divided into three categories. Category 1 studies were those that 
represented large data sources and employed vehicles of sufficiently recent model years to be 
present in today’s fleet.  The fleet has been ageing, as shown in Figure 18, so that technology 
for vehicles fifteen to twenty years old still plays a role in the inventory and should be 
considered in fuels effects modeling. In this study, little attention was paid to major studies of 
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technology that did not represent post-MY2000 port fuel injection engine emissions controls. 
Category 1 also included some publications that added to the major studies.  Category 2 
studies were those with smaller vehicle sets, or studies that were dedicated to addressing a 
specific issue rather than broad effects of fuel composition on regulated emissions. Category 3 
studies were either not considered due to lack of definition of fuels or protocols, or addressed 
issues tangential to the current review.  
 

 
Figure 18: Average age of the U.S. light-duty vehicle fleet has been increasing over the last two decades.  

Source: U.S. Department of Energy, Office of Vehicle Technologies. 
 
The following were selected as Category 1 studies that received major attention in the review 
and are listed in ascending order by date: 
 

• “Impacts of Splash-Blending on Particulate Emissions for SIDI Engines,” CRC Report E-
94-3, completed in 2018. [18] 

 
• "Growth Energy Aromatics and Ethanol Testing Program," completed in 2018. [50] 

 
• Evaluation and Investigation of Fuel Effects on Gaseous and Particulate Emissions on 

SIDI In-use Vehicles,” CRC Report E-94-2, 2017 [8] 
 

• "A Pilot Study of Fuel Impacts on PM Emissions from Light-Duty Gasoline Vehicles," 
completed in 2016 [17] 

 
• "Analysis of EPAct Emission Data Using T70 as an Additional Predictor of PM 

Emissions from Tier 2 Gasoline Vehicles", completed in 2016. [55] 
 

• "A Pilot Study of Fuel Impacts on PM Emissions from Light-Duty Gasoline Vehicles" 
completed in 2015 and part of the EPAct study collection [17] 
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• "Influence of Fuel PM Index and Ethanol Content on Particulate Emissions from Light-

Duty Gasoline Vehicles," completed in 2015 [18] 
 

• "Effect of Gasoline Properties on Exhaust Emissions from Tier 2 Light-Duty Vehicles—
Final Report: Phase 3" completed in 2015 and part of the EPAct study collection [7] 

 
• "Evaluation and Investigation of Fuel Effects on Gaseous and Particulate Emissions on 

SIDI In-use Vehicles,” CRC Report E-94-1, completed in 2014. [12] 
 

• "Evaluation and Investigation of Fuel Effects on Gaseous and Particulate Emissions on 
SIDI In-use Vehicles,” CRC Report E-94-1a, completed in 2014. [13] 

 
• "Intermediate Ethanol Blends Catalyst Durability Program," completed in 2012 [4]. 

 
• "Exhaust and Evaporative Emissions Testing of Flexible-Fuel Vehicles (CRC E-80)," 

completed in 2011. [20] 
 

• "EPAct/V2/E-89: Assessing the Effect of Five Gasoline Properties on Exhaust Emissions 
from Light-Duty Vehicles Certified to Tier 2 Standards Final Report on Program Design 
and Data Collection," completed in 2009 and part of the EPAct study collection. [5] 

 
• "Effects of Vapor Pressure, Oxygen Content, and Temperature on CO Exhaust 

Emissions," CRC Report 74-b, completed in 2009 [51] 
 

• "Effects of Mid-Level Ethanol Blends on Conventional Vehicle Emissions," completed in 
2009 [49] 

 
• Effects of Ethanol and Volatility Parameters on Exhaust Emissions,” CRC Report E-67, 

completed in 2006. [3] 
 

• "Examination of Temperature and RVP Effects on CO Emissions in EPA’s Certification 
Database", CRC Report 74-a, completed in 2005. [54] 

Data from the EPAct study collection, CRC E-94, CRC E-67 and the Oak Ridge National 
Laboratory (ORNL) study [4] were used for comparative analysis. Each Category 1 study, and 
selected Category 2 studies, are reviewed below. 
 
CRC E-67: Effects of Ethanol and Volatility Parameters on Exhaust Emissions [3] 

The E-67 study [3], completed by the University of California, Riverside, in 2006, employed PFI 
automobiles and light trucks (2001-2003 California-certified LEV to SULEV) atypical of current 
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model year technology, but still present in the national fleet. Engine sizes ranged from 2.0 to 
5.6 liters. The study sought to control and quantify the emissions effects of T50 (195°F, 215°F, 
and 235°F), and T90 (295°F, 330°F, and 355°F) and ethanol volume (0%, 5.7%, and 10), using a 
12 fuel matrix.  The 12 fuels were designed with independently varying levels of ethanol 
concentration (0 volume %, 5.7 volume %, and 10 volume %). The study measured NMHC, CO, 
NOx, and fuel consumption, while NMOG speciation was performed for a set of four fuels. From 
the perspective of evaluating the effects of ethanol content, the fuels were match blended, with 
T50 and T90 as the match parameters. Aromatic volume, olefin and saturate fractions each 
were held at approximately the same values in the gasoline fraction (BOB) for all of the fuels, 
although the spectra of molecular weights of the aromatics, olefins and saturates would have 
varied between fuels to deal with the T50 and T90 targets. The antiknock properties of the 
fuels varied, with RON having a range of 91.5 to 94.5, and sensitivity varying from 7.4 to 9.7. 
MTBE was present at up to 0.16%, but this is too low a level to influence results [15]. 
 
There were four 10% ethanol blends in the program. Three showed very high T40 to T50 
temperature differences relative to the E0 gasoline, and one showed a very high T30 to T40 
difference, suggesting that blending selectively addressed ethanol impacts on T50, but not 
T40. Anderson et al. [10] have addressed distillation curves for match blends. They argued that 
because ethanol suppresses T50, matching the blend value for T50 to an E0 T50 value would 
require a lower volatility blendstock. In consequence, there was no assurance that T60 to T80 
would be matched. They observed that this could confound emissions effects.      
 
If T50 and T90 are used to define the fuels, then there are three fuel (E0, E10) pairs in the study. 
Fuels D and E both have low T50 and high T90, with identical values for E200 of 50.6, Fuels F 
and G are both mid T50 and low T90, with a substantial spread in E200 (40.0 and 47.4), and 
fuels K and L have high T50 and high T90, with E200 values of 37.6 and 39.4). 
 
The ethanol fuels may  have tailored BOB characteristics that impact energy content as well.  
The report states: “However, it should be remembered that this experiment relied on a fuel set 
designed to provide independent variation in the ethanol content, T50 and T90 while 
maintaining other fuel parameters at constant values.”  Whereas an E10 blend might be 
expected to have over 3% less energy per gallon, two of the fuel pairs had 2.2 and 2.3% less 
energy, suggesting partial compensation in blending. The third pair, F and G, was 2.8% lower in 
volumetric energy content. 
 
Testing was randomized and conducted in two “blocks” to avoid the mixing of test sequence 
and fuel effects. Vehicles were conditioned on each fuel with transient operation on pavement 
and dynamometer LA4 run prior to cold soak for the FTP test the next day. Some vehicles were 
tested a third time if the results from the two blocks differed too greatly: in most cases this 
was due to NOx difference exceeding the criterion of 29%. 
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The E-67 program concluded that T50 played a role in the effect of ethanol on composite cycle 
NOx emissions, with a significant ethanol effect for the lowest T50, but no effect at the highest 
T50. For Bag 1 of the cycle alone, there was a slight increase in NOx in response to ethanol. At 
the mid value of T50, the 5.7% and 10% ethanol blends exhibited differently. NMHC emissions 
were found to correlate to some degree with the driveability index, which has a strong 
dependence on T50. However, it is difficult to tease out the BOB versus ethanol contributions 
to the emissions when T50 is controlled to high values in ethanol blends. For real world fuels, 
elevated ethanol content would imply reduced aromatic content for octane number matching, 
but in E-67 the aromatic content and octane number remained similar for all E0, E6 and E10 
blends. It is therefore likely that the exact nature of the aromatic content changed between 
blends. 

Assessing the Effect of Five Gasoline Properties from Light-Duty Vehicles Certified to 
Tier 2 Standards: Final Report on Program Design and Data Collection ("EPAct 
Studies") [5-7] 

The EPAct study [5,6,7] examined 27 fuels in 15 vehicles, all of 2008 model year and meeting 
Tier 2 emissions standards in the major part of the study, termed Phase 3. All vehicles were 
port injected. Study results are important in that they support the fuel effects predictions 
within the EPA MOVES model [16] that is used to evaluate emissions scenarios for a wide 
variety of applications. EPAct was supported by the EPA, CRC and U.S. Department of Energy, 
and executed by Southwest Research Institute (SwRI). The program focused on effects of 
ethanol (4), aromatics (2), RVP (2), T50 (5) and T90 (3), where the numbers in parentheses 
designate the number of steps chosen for each variable when formulating the fuels. Intent was 
to use the results to feed statistical model development. The test plan did not include a full 
matrix of fuel parameter combinations. Fuels were blended from refinery blendstocks. 
Although properties were chosen to match in-use fuels, aromatics were included at only two 
levels, set at 15% and 35%, widely bracketing average typical pump fuel. The fuels were match 
blended, and intentionally selected from the full possible matrix. As the investigators observed, 
“due to relationships among fuel parameters, many fuels in the full factorial design either do 
not exist or are not feasible to blend.” Variables not selected for the study, such as distillation 
parameters other than T50 and T90, and anti-knock properties, were not controlled. 
 
The study used the LA92 to produce phase-level emissions of CO2, CO, THC, methane (CH4), 
non-methane hydrocarbons (NMHC), NOx, PM by mass and NMOG. Subsequent analysis led to 
the exclusion of data from certain vehicles. Models were developed in log space for each of 
these pollutants but phase: study variables were employed in the model only if they offered 
improved prediction. For example, to predict LA92 Phase 2 NOx, only the ethanol and aromatic 
levels were employed in a reduced model, along with an intercept. Butler et al. [18] re-
examined the EPAct Phase 3 data using PMI the as a parameter, and produced a new model, 
with different coefficients for PMI, Ethanol content, T50 and (PMI*Ethanol). 
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Phases 4 and 5 of the EPAct study were reported by Whitney and Shoffner [64] Three fuels 
from Phase 3 were used in phases 4 and 5 at room temperature and at 95°F. Additional testing 
was performed at 20°F using three different Phase 3 fuels that had RVP increased with 
addition of butane (Fuel 6: E10, Fuel 7: E0, Fuel 20: E20). The LA92 was used for two repeat 
dynamometer test runs: generous emissions differences (NOx ratio 2.7, NMHC ratio 2.0) 
triggered an additional run. NOx, CO. THC, NMHC, NMOG, NOx, NO2, CO and PM, were 
measured, and some speciation was performed. Data from the study are available, but no 
report on results is available. Sobotowski et al. [17] followed the EPAct study with emissions 
measurements on four vehicles, three PFI and one GDI. The fuels used covered low and high 
Particulate Mass Index (PMI) [19], light and heavy aromatics, and E0 and E15. Both the LA92 
and US06 were used. The GDI vehicle produced higher PM than the PFI technology, particularly 
on low PMI fuels. 
 
EPAct Phase 6, reported by Whitney and Shoffner [64], dealt only with engine oil consumption. 
As with most other studies, it is important to note that the use of aromatic fraction as a 
modeling and blending variable is ambiguous with respect to the precise aromatic 
composition, whereas the ethanol fraction is definitive. Aromatic properties - in terms of knock 
resistance, density, combustion characteristics, boiling point and propensity to for PM – vary 
by group and molecular weight. Varying aromatic composition can affect emissions directly, 
and by interacting with the engine controls, and is likely to affect each emissions species 
differently.  In statistical analysis, effects due to the varying aromatic composition between 
fuels will be assigned either to data scatter or to another study variable.     
 
CRC E-94: Evaluation and Investigation of Gaseous and Particulate Emissions On SIDI 
In-Use Vehicles with Higher Ethanol Blend Fuels [12-14] 

E-94 consisted of a preliminary stage that included established vehicle conditioning, E-94-1 
[12] and E-94-1a [13], a major phase E-94-2 [8] that employed match blending, and a follow-on 
component (E-94-3) [14] to the study employing splash blends and emphasizing particulate 
emissions. E-94 departed from prior studies in addressing only new GDI technology. E-94-2 
employed twelve 2011-2014 MY vehicles with DI engines, both naturally aspirated and 
turbocharged.  All met Tier 2 Bin 4 & 5 standards.  Eight fuels were used, with high and low 
values of   AKI, PMI and Ethanol (up to 10%).  
 
The LA92 drive cycle was used, with all three phases and a cold start.   Each vehicle and fuel 
combination had two runs, unless THC differed by 30% or more between the runs, or NOx or CO 
exceeded 50%. The study aimed to address several questions, including whether variables 
other than AKI, PMI and Ethanol affected emissions, and whether different engine technologies 
affected conclusions. CRC provided target specs. RVP was 6.5-7 psi for all of the fuels. 
Although T50 was held constant for the match blends, T40 varied widely. AKI was at 87 or 93, 
which would constrain blending due to the fixed aromatic levels. The investigators pointed out 
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that the E-94-2 fuels met specifications and could be sold as commercial fuels, although this 
does not imply that they represent commercial refinery products.  
 
Although the fuel blending targeted four premium AKI and four regular AKI, and four E0 and 
four E10, all had the target of 25% aromatic content. In this way the fuels did not reflect real 
world pump fuels, and the blend properties of ethanol with a real world BOB. Ethanol effects 
are sensitive to the BOB composition. This match blending strategy also implies that the 
hydrocarbon spectra within groups (such as aromatics) varied between blends, but were not 
considered as causes of emissions variability. A clear contributor to the high and low PMI was 
the elevated T90 target (320 to 350 degrees F) and FBP target for four fuels. The actual fuel 
analyses show that the C10+ aromatics rose by a factor of almost three for the high PMI fuels 
with high T90. 
 
Results from E-94-2 show that PM increased from 26% to 221% when PMI was raised from the 
low value (about 1.3) to the high value (about 2.5), with ethanol and AKI held constant. With 
similar analysis, AKI had mixed effects, while ethanol (E10 vs. E0) reduced PM for one vehicle, 
and increased it between 18 and 44% for the remainder. The statistical analysis and model for 
the study projected no CO, THC or NOx effects for ethanol level. Real world E10 fuels typically 
have lower aromatic content than E0 fuels, to hold AKI constant. For the E-94-2 blends, 
aromatic level was held constant. Although PMI was set to high and low levels, the PMI in each 
case was achieved with the same aromatic level for E0 and E10. The blends  relied partly on 
aromatic weight to achieve the PMI goals. Noting the sensitivity of ethanol blend properties to 
aromatic content and makeup, it is likely that the variables in the study will identify correlation 
rather than cause, and that it will be difficult to assign results to real world fuel performance.     
 
Figure 19 showing figures a-f present emissions from the E-94-2 and E-94-3 fuels, averaged 
for all vehicles, but separated for Phase 1 (cold start) and Phase 2 (stabilized running) of the 
LA-92. Figure 15 showing figures CRC 1b, 1d and 1f show similar data, but separated by fuel. 
Both PM and CO show far higher distance-specific emissions on Phase 1 than on Phase 2 of 
the LA-92. Distance-specific NOx levels are more similar between Phases 1 and 2. Variability 
of emissions levels was far higher between vehicles than between fuels. 
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Figures 19a to f Study average emissions by fuel (left) and vehicle (right) from the CRC E94-2 and E94-3 
studies.   Since E94-3 employed four fuels (differing from E94-2 fuels) and four vehicles (of the twelve in 

E94-2), all columns do not represent the same count of tests.   
 
The E-94-3 program, executed by SwRI, splash blended four E0 fuels from the E-94-2 program 
to produce four E10 fuels, with low and high AKI (91 and 96) and low and high PMI (1.2 and 
2.4). Four GDI vehicles, two naturally aspirated and two turbocharged, were selected from the 
E-94-2 fleet and a cold start LA92 schedule was employed. The splash blending elevated the 
AKI by two to four points relative to the E0 fuels. Emissions data confirmed that the 
overwhelming mass of gaseous and particulate emissions arose during the cold phase of the 
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LA92. One of the four vehicles was noted to have anomalous emissions behavior. Results were 
complex, being by fuel and LA92 phase, with both three- (one excluded) and four-vehicle 
groups. Overall, both PM mass and PM number rose with the addition of ethanol by splash 
blending, whether for Phase 1 or the whole weighted LA92, and whether for three or four 
vehicles. Further statistical analysis compared match blending results with splash blending, 
concluding that particle mass and number were higher for match blending than for splash 
blending across the board. The ethanol effect was far lower than the PMI effect. The splash 
blending yielded lower PM mass than the previous match-blended data, but statistical analysis 
suggested that this was not a defensible general conclusion. 
 
Of note in all of these studies was the variability of repeat runs, despite preconditioning 
operation. This can be ascribed in part to the very low emissions levels being measured, and to 
small driving differences and control variable differences that could impact both engine-out 
emissions and catalyst performance.  Two runs were used in CRC94-3, and the vehicle was run 
a third time only if THC difference exceeded 30% or CO or NOx exceeded 50%.  
 
Intermediate Ethanol Blends Catalyst Durability Program ORNL [4] 

West et al. [4], of Oak Ridge National Laboratory, reported vehicle ageing and emissions 
measurement work on an extensive fleet: 82 vehicles, in matched sets, were aged over more 
than six million miles on petroleum gasoline and ethanol blends. Emissions were measured at 
three facilities using E0, E15 and E20 splash blended fuel, and one location used E10 as well. 
Splash blending to E15 yielded a T50 that was 49 to 58 degrees lower than the E0 T50 for the 
certification fuels at the three sites. Detailed data are available for the emissions of each 
vehicle and ethanol level: in summary the researchers report that when 10 to 20% ethanol was 
blended with the E0, median  CO  emissions  decreased  by  0.03  to  0.14  g/mile relative to E0 
emissions, non-methane  hydrocarbon  emissions  decreased  by  0.002  to  0.008  g/mile and  
NOx emissions  increased  by  0.001  to  0.004  g/mile. The NOx increase was substantially 
higher on E10 than on E15 and E20, although it must be considered that the E10 
measurements were on a smaller subset of the vehicles: this should not be considered a 
generally applicable conclusion. 
 
Growth Energy Aromatics and Ethanol Testing Program [51] 

Growth Energy sponsored a study with Air Improvement Resources [50] to examine ethanol 
blend effects on emissions. Five 2016 and 2017 GDI vehicles (four with wall-guided injection, 
one with spray-guided injection) were used with eight fuels, six match blended and two splash 
blended. The matrix used E0, E10 and E15, along with low (19 to 22%) and high (29%) 
aromatics for the match blends. The splash blends were E15 and E20. Octane was at regular 
grade for the match fuels, and was elevated for splash blends. T50 was reduced for the blends 
for both match and splash. The LA92 was used. 
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Data were presented as best fits to data plots of emissions against the variable of interest. For 
Ethanol, this was E0 to E20 content. Although these trends can be influenced by other variables 
not addressed on the plot, the aromatic effects were equally weighted for the E0 and E10, for 
which there were no splash blends. Ethanol effects were very weak except for the lowering of 
CO and a small positive trend to raise PM. Aromatics raised CO, THC and PM, and NOx very 
slightly. 
 
A statistical analysis used ethanol, aromatics, and olefin content of the fuel, and confirmed 
that aromatics and ethanol both raised PM mass for Phases 1 and 2 of the LA92, but that the 
aromatic effect was stronger. A plot of PM versus PMI had a positive slope for all five vehicles. 
PM emissions rose with increasing ethanol content for one vehicle, rose very slightly for 
another, and were reduced slightly for the other three, suggesting that the ethanol effect on PM 
was influenced by a single vehicle.  These results are in reasonable sympathy with the results 
from CRC E-94-2 and E-94-3. 
 
CRC E-80: Exhaust and Evaporative Emissions Testing of Flexible-Fuel Vehicles [20] 

The CRC E-80 program [20] operated seven 2006 and 2007 flex fuel vehicles on a California E6, 
E85, and splash blends of the E6 and E85 that yielded E39 and E59. CO and NOx showed no 
trend on either the LA92 or the FTP.  NMHC was reduced as ethanol content rose for the FTP, 
and showed no trend on the LA92. 
 
Effects of Mid-Level Ethanol Blends on Conventional Vehicle Emissions [49] 

Knoll et al. [72] reported on a 2008 U.S. Department of Energy study using 16 vehicles with 
model years ranging from 1999 to 2007. They used the LA-92 cycle and splash blends of 
certification fuel with up to 20% ethanol (E0, E10, E15 and E20). Overall NMHC were reduced as 
ethanol content increased. NOx and NMOG showed no statistical change. 
 
CRC E-74: Examination of Temperature and RVP Effects on CO Emissions in EPA’s 
Certification Database [51] 

The CRC E-74a program [51] investigated temperature and RVP Effects on CO Emissions. The 
final report recommended the inclusion of fuel oxygen content as a parameter in a future 
study. The follow-on CRC E-74b study acquired test data that included an E0, E10 and E20 fuel, 
blended to specifications. Fifteen vehicles (MY 1994 to 2004) were used and operated through 
the FTP-75. Vapor pressure was at three levels for E0 and for E10. Aromatics and olefins varied 
little across the fuels, so that they were atypical of pump fuels. A lone E20 was set at mid vapor 
pressure. T50 was lower for the E10 with highest vapor pressure, and for the E20. CO and THC 
decreased with increasing ethanol addition, while NOx increased. A statistical model was 
developed. 
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Comparative Emissions Testing of Vehicles Aged on E0, E15, and E20 Fuels [21] 

Vertin et al. [21], at the National Renewable Energy Laboratory, reported a study where 12 2009 
MY vehicles of four types and six 2000 MY vehicles of two types were aged on E0, E15 and E20 
road fuels and emissions tested at intervals on E0, E15 and E20 splash-blended certification 
fuel and ethanol. Splash blending from E0 raises AKI and lowers distillation temperatures in a 
way that would not represent pump fuel properties. NOx emissions were not statistically 
different for the ethanol blend fuels, while NMHC and CO either remained the same or were 
lowered. 

The Impact of Ethanol Fuel Blends on PM Emissions from a Light-Duty GDI Vehicle [22] 

Maricq et al. [22] examined emissions from a light duty truck on the FTP cycle, with four 
different engine calibrations. Fuels used included a certification E0, two E10 fuels, and splash 
blended E17, E32 and E45. NOx and PM levels were similar or lower for E10 in comparison to 
E0, and were lower still for E32, E45 and in some cases for E17. 

Emissions from Light-Duty Gasoline Vehicles Operating on Low Blend Ethanol 
Gasoline and E85 [24] 

The study [24] examined four vehicles, of MY 1998, 2000, 2001 and 2003 (A Japanese LEV), 
using the FTP and US06 cycles. An ethanol free gasoline, 10% and 20% ethanol “tailor blends” 
and an E10 splash blend (based on the E0) were used to produce summer gasolines. The 
authors stated that the tailor blends were designed to match fuel sulfur level, RVP and octane. 
A similar group of winter gasolines was also blended. Supplemental material shows that the 
winter E20 did not match in octane ratio, being about seven ON higher than the winter E0 and 
E10. Both summer and winter E50 values were higher than for E10, but E20 values were far 
lower. Aromatics and benzene, as reported, did not show expected decreases for summer E10 
splash blending, and aromatics were low across the board, and did not show consistent trends 
between the summer and winter blends. There were clear differences in blending philosophy 
between the creation of the summer E20 and winter E20. These fuel variances should be 
considered before ascribing emissions effects to ethanol. Summer grade testing was at 20 
degrees C, and winter at -10 degrees C. 

The 2003 vehicle, which was flex fuel, exhibited no response from the ethanol sensor, which 
may have affected emissions. A visual survey of the data revealed differences in emissions 
values and trends between vehicles, cycles, and temperatures, as well as between ethanol 
levels. For example, on the FTP and US06, the splash E10 NOx was higher than the match E10 
NOx in some cases, lower in others. The study regression analyses showed a preponderance 
of comparisons of CO, NOx, NMHC and NMOG that were not significantly different for ethanol 
fuels. Some vehicle-temperature combinations showed a reduction of CO and a rise in NOx, 
but this was not uniform across the FTP and US06 cycles.  
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Ethanol Blend Effects on Direct-Injection Spark-Ignition Gasoline Vehicle Particulate 
Matter Emissions [65] 

Storey et al. [65] of Oak Ridge National Laboratory examined a single 2007 DI vehicle on the 
FTP and US06. They used the same E0 fuel and splash blended E10 and E20 as Knoll et al. [72]. 
NOx emissions were lowered appreciably by ethanol addition, with the E20 value at half of the 
E10 value. NMHC were lower for E10 but higher for E20. CO emissions varied little. On both the 
FTP and the US06, the PM emissions were lowered by E10, and further lowered by E20. For the 
PM, Elemental carbon was reduced by the ethanol addition, and most organic carbon in the PM 
was eliminated by the catalyst. 

Ethanol and Air Quality: Influence of Fuel Ethanol content on Emissions and Fuel 
Economy of Flexible Fuel Vehicles [27] 

Hubbard et al [27] measured emissions from a 2007 flex fuel PFI vehicle using E0, E10, E20, 
E30, E40, E55, and E80 fuels, prepared by splash blending certification gasoline and ethanol. 
The FTP was used after the vehicle powertrain control module was confirmed to have 
identified the fuel ethanol level. NOx emissions fell over the range of fuels from E0 to E40. THC, 
NMHC and NMOG dropped from E0 to E30, and varied little from E30 to E40. CO varied slightly 
over the range. 

Gasoline Volatility and Vehicle Performance [66] 

A European study [66] examined the emissions from six vehicles, two of which used DI 
engines. The study examined the effect of relaxing volatility limits for E10, and did not compare 
E0 and E10 fuels. The impacts were found to be small relative to vehicle-to-vehicle effects. CO 
emissions were higher on the more volatile fuel, but remained below the standard. 

The Impact of Fuel Ethanol Content on Particulate Emissions from Light-Duty Vehicles 
Featuring Spark Ignition Engines [56]  

Researchers from the Bosmal Automotive R & D Institute conducted particle mass and number 
emissions studies on Euro 5 compliant light-duty vehicles with various blends of ethanol and 
gasoline, from E5 to E85. Results for low and mid blends at 25 degrees C showed that both PM 
and PM dropped substantially for E25 in comparison to E5 for a vehicle on two different cycles. 
For two other vehicles there was a general trend that PM and PN rose from E0 to E10, but fell 
from E10 to E25. 

Karavalakis et al. Studies [57-59] 

Researchers at the University of California, Riverside, examined emissions from two wall-
guided DI powered vehicles using the FTP, and E10, E15 and E20 [57]. Fuels were match 
blended to control a low RVP, RON and MON were similar for the fuels, but the aromatic 
fraction was not reduced in response to the ethanol addition. T50 was 40 to 50 degrees lower 
for the E20 than the E10 and E15. NOx emissions showed no difference for the three fuels. PM 
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mass emissions also did not vary except that the E20 PM was lower than the E10 and E15 PM 
for one of the two vehicles. THC, NMCHC, methane and CO emissions rose with ethanol in a 
few cases, but were otherwise within one standard deviation as the ethanol level changed. 

In a second study, Karavalakis et al. [58] used the same fuels for two 2007 and one 2012 PFI 
vehicles, using the FTP and the LA92. Overall, the CO, THC, NMHC and methane emissions did 
not vary significantly. For NOx, one vehicle showed a rising trend and one a falling trend, while 
the third produced lower NOx for E15 than for E10 or E20, on both cycles, so that no conclusion 
can be drawn for NOx. One vehicle showed declining particle number with respect to ethanol 
content, while the other two vehicles showed no conclusive trend. 

In a third paper from UC Riverside [59] using these fuels, additional data were presented for PFI 
and DI vehicles. Overall, there was a trend for CO and PM mass to decrease with alcohol 
content, while other species, including NOx, on average did not show appreciable change.  

VI. Differences between Study Conclusions 
 
Conclusions have differed between studies on the magnitude of emissions from ethanol blend 
fuels and the relative emissions between differing blend levels. The causes for this variability 
are numerous, and are discussed below. This variability in itself suggests that many studies 
should not be used to predict real world emissions effects, and the causes of the variability 
between studies are also likely to cause differences in emissions effects between most study 
conclusions and the real world application.  
 
A. Low Emissions Levels 
 
Both gaseous and PM emissions levels from recent MY vehicles are sufficiently low that there 
is difficulty in measuring them accurately. A solution is to employ multiple repeat runs, but 
resources limit the study plans. In E-67 “A third test was performed if the difference in the 
composite FTP emissions exceeded the following: HC 33%, NOx 29%, CO 70% (provided the 
absolute difference in the measurements was greater than 5 mg/mi).” Even with these 
generous margins at emissions levels higher than those for current model year vehicles, about 
15% of the E-67 runs were repeats for this reason. For EPAct, two runs were used, but an extra 
test was performed if the ratio of two NOx values exceeded 2.7 or if the ratio of two THC values 
exceeded 2. For the E-94-2 test fleet, standard deviation for repeat test runs on the LA92 was 
estimated at 31.1% for NOx, 17.1% for THC, 18.5% for CO and 13.7% for PM. Since a high 
proportion of emissions arise in the cold start phase, emissions from hot stabilized operation 
are more difficult to quantify repeatably. Figure 20 shows the first and second run 
measurements for Bag 2 NOx across the EPAct test fleet for a single fuel. 
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Figure 20: LA92 Bag 2 (stabilized operation) NOx measurement repeatability for the EPAct fleet on Fuel 

13. 
 

 
Figure 21: Comparison of PM mass from the first two runs on the LA-92 of each PFI vehicle with each 

fuel in the EPAct study. 
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Figure 22: Comparison of PM mass from the first two runs on the LA-92 of each GDI vehicle with each 

fuel in the CRC E-94 study. 
 
Figure 21 shows the differences in PM mass measured between Run 1 and Run 2 for the EPAct 
study. The subject vehicles had PFI engines with very low PM levels. Variability would be due 
both to measurement variability, and actual PM mass differences due to the driver and vehicle 
behavior during the test cycles. Figure 22, for the CRC E-94 study, shows that the variability is 
reduced substantially for GDI vehicles, most likely because they have higher distance-specific 
PM mass. In consequence, it is difficult to employ the data sets in too granular a fashion or 
use the data from small studies except in conjunction with a larger data set. Larger studies 
enjoy protection from the large overall count of tests, where a study parameter is examined 
repeatedly, even if across a range of vehicles or with other parameters varying. Nonetheless, 
the accurate characterization of the interactions of parameters may be marred by this 
variability, which can also lead to differences in conclusions between studies. 
 
Further, where the experimental plan uses a reduced test matrix rather than a full test matrix, 
some variables or regions in the multidimensional variable space will be explored less 
thoroughly than others. There is a higher likelihood of misrepresentation of property effects in 
these less represented regions. 
 
Variability may also be introduced through the measured input parameters. The E-94 program 
provided analyses of study fuels by four laboratories. For Fuel B two laboratories disagreed on 
aromatic content by 8.2%, a level which could have a profound effect on PM and NOx for PFI 
vehicles or PM for GDI vehicles. This measurement variability may also affect match blends 
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used to conduct testing, as well as misinforming the model.  Data presented by Agilent [67] 
present measurement repeatability as standard deviations (expressed as a percentage) shown 
for one gasoline measurement as follows: MON 0.89%, RON 0.91%, Density 0.33%, Benzene 
2.98%, Toluene 0.94%, Aromatics 2.90%, Olefins 7.30%.       
 
B. Vehicle Technology 
 
Over the last two decades vehicle technology has advanced and emissions standards have 
tightened, as discussed above. E-67 weighted NOx levels are far higher than for the EPAct 
study, even though both employed port fuel injection. The increasing use of GDI led to very low 
NOx and CO in the E-94 study relative to the earlier studies. In this way models developed by 
the studies are applicable to a limited technology range. Further, there is no reason to assume 
that the relative emissions found using one era of vehicle technology can be extended to 
another, increasing the difficulty of projecting inventory changes for a fleet with distributed 
model years to fuel composition changes and hindering the use of linear adjustment factors. 
 
The Growth Energy study and E-94 examined match and splash blends. Both used GDI 
vehicles. Overall, gaseous emissions effects were weak for ethanol, but PM increased with 
ethanol content. Aromatic and PMI parameters were stronger PM indicators than ethanol 
content. The lack of effect of ethanol on NOx was in contrast to earlier studies with PFI 
vehicles. Butler and Sobotowski [41]) compared Tier 2 test fuel (E0, PMI = 1.86) to Tier 3 test 
fuel (E10, PMI = 1.52) with eight late model GDI vehicles and two late model PFI vehicles. 
Although these fuels cannot be compared directly, since they had many differences in 
properties, the two PFI vehicles were noted to behave differently in PM production in a relative 
sense to the GDI vehicles. 
 
Studies cannot be used to predict absolute emissions for vehicles of a different technology 
era. Relative emissions conclusions (as a geometric ratio or percentage) for varying ethanol 
levels, gained using vehicles of a specific technology, should not be applied to predict real-
world emissions from different technology vehicles. 
 
For different vehicle technologies, the engine-out emissions and emissions reduction by the 
catalyst are not directly coupled. For PM emissions, black carbon and the organic fraction will 
differ pre-and post-catalyst.  In these ways the relative performance for cold start and 
stabilized hot operation may not track one another, either in an absolute or relative sense.    
 
C. Engine Control Interaction 
 
Spark-ignited engines react to changing fuel properties. First, there are adjustments to fuel 
trim in response to the stoichiometry reported by the oxygen sensors. This facilitates future 
air/fuel management when the oxygen sensor signal is not used directly. The engine adapts 
when it is refueled with gasoline having a different stoichiometry, as with E0 vs. E10. West et 
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al. [4] in a major study of ethanol blend effects on catalyst ageing, described that some 
vehicles employ long term fuel trim at wide open throttle, while others do not, leading to 
differences in stoichiometry (reduced enrichment) and exhaust temperature. However, this did 
not affect their driving cycle emissions measurements, presumably because the FTP schedule 
used by West and his colleagues did not elicit this type of open loop behavior.  
 
Second, the engine adopts an ignition timing strategy based on knock incidents reported by 
the knock sensor. This strategy may be complex, particularly for GDI engines at high load, 
where the optimum between knock avoidance and high efficiency is sought. Several studies 
employed fuels with different anti-knock properties in subject vehicles. E-94, following 
concerns over initial test runs, specifically addressed pre-conditioning of the vehicles to 
account for control adaptation. It is unclear whether the randomizing of fuels and 
preconditioning strategies of all studies reviewed insured that the engines had reached 
stability. 
 
In another sense, even if fully stabilized, the engine may assume a different control posture 
with two different fuels. For example, a higher octane fuel is likely to elicit more advanced 
timing, which would increase engine efficiency but also raise engine-out NOx and possibly 
decrease exhaust temperature. Stein et al. [33] provide insight into engine controls. The vehicle 
in major fuel effect studies is treated as a “black box,” and there is no attempt in the major fuel 
studies reviewed above to manage the engine timing or EGR externally, so that emissions 
changes attributable to engine controls will be attributed to the fuel or a “fuel*vehicle” higher 
order parameter. Furthermore, the engines are likely to see fuels in these studies that deviate 
from the fuel on which they were calibrated, which may lead to control responses that are not 
fully optimized. Lower volumetric energy content of the fuel will also alter injection duration, 
which may affect physical fuel evaporation in GDI engines. It is possible that engines 
optimized for “unseen” fuels would adopt superior strategies if designed and calibrated by the 
OEM with those fuels in mind. 
 
Although these issues related to stoichiometry and knock may seem trivial, they should be 
considered in the light of the small changes in emissions associated with many of the fuel 
property changes.  Two examples are presented below of possible vehicle control reactions to 
fuel. 
 
Schulz and Clark [23] conducted a study of butanol and ethanol blends, and their fleet included 
two MY 2007 Chevrolet Suburbans, certified to meet Tier 2 Bin 4 emissions and with catalysts 
and oxygen sensors aged to full useful life. One was conventional and one had flex fuel 
designation, and each was operated on the FTP at least twice. Statistical analysis showed that 
the conventional Suburban had CO, NMOG and NOx emissions that were no different for Tier 2 
baseline, E10 and E20 fuels. The flex fuel vehicle showed lower E10 NOx, and lower E20 CO.  
Butler et al. [18], in a re-examination of EPAct data using PMI as a statistical parameter, found 
that five vehicles had PM mass that was not sensitive to PMI or ethanol as a variable, while ten 
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showed effects. However, it is difficult to assign these differences to controls, measurement 
challenges or vehicle variations, even though they represent use of a range of fuels. Butler et 
al. observed that “the variation in vehicle response may help illustrate why studies using one or 
a few vehicles can produce conflicting fuel effects results.” 
 
Knoll et al. [49] published results from a study of splash-blends that showed conflicting trends 
for NMHC, NMOG and NOx from a test fleet. Vehicles showed either an increase or a decrease 
in the emissions for E20 dependent on whether they applied long term fuel trim to their power 
enrichment or not. The effect was shown to depend on power to weight ratio. Behavior of this 
kind would be uncommon on a low power cycle such as the FTP-75, calling into question the 
real-world representation by test cycles employed in studies.  
 
Insofar as engine control parameters may take time to adapt to a new fuel, the sequence of 
testing may influence measurements if pre-test conditioning protocols are not adequate. 
Traditionally, even long term trim might be stabilized fairly rapidly, but there are strong 
indicators that emerging GDI technology will incorporate adaptive learning to optimize 
efficiency or constrain knock or emissions. For example, Ranga et al. [42] have addressed fuel 
delivery control from engines with dual fuel delivery (PFI and GDI) and have validated a 
strategy for a turbocharged 3.5 liter engine. Feng et al. [43] have published work on the 
adaptive algorithms that may be used for advanced air/fuel ratio control. U.S. patent 9599062 
(2014) from Ford Global Technologies [53] addresses adaptive management of diesel pilot 
injection, but specifically teaches towards use of the technology for gasoline and ethanol. 
These developments herald an era where emissions controls will become a “moving target,” 
constantly adapting and never stable. In particular, management of transient operation, where 
strategies and responses with differing time constants (spark timing, EGR flow, thermal drift) 
will be combined to maximize some objective function. This may imply that the vehicle cannot 
avoid developing strategy while on the dynamometer. 
 
D. Experimental Conditions Vary 
 
Clearly cold start emissions will not be applicable to hot start operation, and some studies 
have specifically addressed cold or hot climate operation. However, the test cycle that is used 
will determine in part the emissions in units of g/mile, both due to the energy demand per mile 
implied by the cycle, and the nature of transient behavior in the cycle. Moreover, there will be a 
vehicle and cycle interaction, attributable largely to power-to weight ratio of the vehicle, but 
also to the transmission configuration and designated shift points of the vehicle. Generally 
cycles with slower average speed tend to be more transient, as implied by the CARB EMFAC 
model [48] speed correction factors. However, some cycles may elicit behavior such as 
retarding of ignition timing or use of enrichment that is simply not elicited by less challenging 
cycles, so that translation is not obvious or possible. 
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Karavalakis et al. [31], in a recent review, have discussed the interactions of driving cycles with 
other variables in determining PM and particle number. Chan et al. [52] found that the NOx and 
CO emissions of E10 fuels (Certification, low PMI and High PMI gasolines) on the US06 were 
far higher than on the FTP, even though the two cycles elicited similar fuel economy. 
Numerous conclusions on particulate matter characterization proved to be cycle dependent. 
The CRC E-80 program [20] examined flex fuel vehicles: the FTP, LA92 (=UC) and US06 were 
used. For the comparison of E32 to E6 there was strong cycle inconsistency for NOx  (FTP up, 
US06 same, UC down), CO (FTP up, US06 down, UC up) and THC (FTP up, US06 down, UC 
same).  Stein et al. [22], in a review of mid-level ethanol blends, provided insight into the 
interaction of fuels properties (such as AKI) and in-cylinder mean effective pressure, 
suggesting that cycles with differing power demand will influence emissions in a complex 
fashion through engine control strategies.  
 
ORNL Tier 2 vehicles and 2008 EPAct vehicles may be expected to have similar emissions. 
However the cycles differed between the two studies. A good faith effort was made to model 
the ORNL emissions by predicting bag 1 and bag 2, taking the average bag 3 from EPAct, and 
apply the weighting function to obtain a composite value in distance specific units. Figures 23 
and 24 show that the NOx emissions are higher than predicted by EPAct for the ORNL study, 
and CO data are scattered, though closer on average. Certainly there are additional factors at 
play that can cause the difference in an absolute sense, but the measured differences are also 
not captured. 
 

 
Figure 23: Comparison of ORNL study Tier 2 vehicle NOx emissions with a good faith EPAct model 

prediction. 
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Figure 24: Comparison of ORNL study Tier 2 vehicle CO emissions with a good faith EPAct model 

prediction. 
 
 
E. Statistical Approaches Vary 
 
Most major studies have sought to determine simultaneously the effects of several gasoline 
properties on emissions through multivariate analysis.  Typically the vehicles used to test the 
fuels operate in a normal mode, but all are tested through the same cycle and protocol, and are 
determined to be in appropriate operating condition. The studies adopt a spectrum of fuel 
blends, holding some properties constant, varying others intentionally via the blending 
process, and allowing some properties to vary unchecked. The study approach may be to 
determine the most significant parameters from the bank of data that are generated, or the 
investigators may have identified important parameters beforehand, using those to influence 
the blend specifications used in the study. 
 
Studies cannot extrapolate beyond the parameters available from the data bank. The study 
may identify post hoc a parameter that varies and that influences emissions, but was not 
specifically used as a blending target in the matrix. However, a study cannot model the effect 
of any parameter that was held constant, by intention or design, across the fuels. In the same 
vein, a parameter that varies little cannot be used to model emissions effect without bounds, 
noting the nonlinearity of many hydrocarbon and oxygenate blend effects. Certainly E0 to E10 
emissions difference data cannot be extrapolated to E15 or E20 in a linear fashion. Statistical 
analysis must account for relationships between parameters and for the influence of 
combinations of parameters, with an ever-present need to assign emissions effects to the 
appropriate variable. 
 
A gasoline blend is not fully defined by a limited number of parameters. As an example, many 
different blends exist that present the same values for T10, T90, T50, RVP, aromatic content 
and ethanol content. However, these blends might differ in RON, MON, and PMI, and are likely 
also to differ with respect to the total distillation profile (particularly T30/40 and T70/80) and 
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the distribution of aromatics, olefins and paraffins by molecular weight or structural group. If 
these additional parameters influence the emissions, through chemistry, physics, blending 
behavior or interactions with the vehicle controls, two fuels that are named to be the same by 
study design will behave differently. No study has the resources to examine all influential 
parameters, but it is important to consider the overall gasoline composition if model results 
are to be applied to real world prediction. Therefore, the more the subject fuels represent real 
world fuels, and the less the fuels consist of cocktails outside of typical refinery streams, the 
more the parameters of interest can be explored reliably and in a contest of reality.  
 
Certainly there is variability in fuels between E0 and E10 blends, even though their study 
parameters are the same. This has been discussed by Anderson et al. [11] and Darlington et al. 
[50]. In E-67 Fuel D (E0) and Fuel E (E10) match well on aromatic content, vapor pressure, olefin 
content, AKI, T10, T50 and T90, but T40 values differ by -28.5 degrees F, T70 values differ by  
+21.3, and T80 values differ by +25.4. As in many match blends, the fuels were forced to match 
at T50, so that there is no T50 effect in a model, but the differences in emissions associated 
with the hydrocarbon makeup will be attributed to ethanol. T50, as a lone parameter, cannot 
address variability in the neighboring parts of the distillation curve.  
 
EPAct, E-67 and E-94 all differ from one another in the parameters used. E-94-2 used ethanol, 
PMI and AKI as study variables, with aromatic level held steady. T50 varied little between the 
E-94-2 fuels, but T90 varied substantially, as a useful tool for varying PMI. T40 varied with 
ethanol content, although T50 was fixed. The E-67 study specifically varied the levels (low, 
medium high) of T10, T50, T90 and ethanol, and used the last three variables for modeling 
purposes. Aromatics, olefins, saturates and benzene varied only slightly across the fuel matrix, 
but the molecular weight distributions and precise structures of those generic groups most 
likely would vary through blending. AKI varied by 2.9, allowing some potential influence. The 
study model, therefore, cannot provide information on the influence of aromatic content, and 
would neglect any influence of RON and MON. Further, a survey of the distillation curve shows 
that temperatures other than the target parameters were not controlled: as one example T40 
varied substantially, both due to the blending practice and the presence or absence of ethanol. 
T40 could take on the mantle of two original study variables, T50 and ethanol content, leading 
to a prediction using a variable that is merely correlational and not causal.  
 
If E-67 were applied to predict ethanol influence on real-world blends, it would neglect the 
aromatic content that varies in response to the ethanol content to maintain constant AKI.  In 
contrast, the EPAct study employed aromatics as a key parameter, along with T50, T90, 
ethanol content and vapor pressure (DVPE). Aromatics were controlled in the fuels to be at two 
levels, 15% or 35%, bracketing most real world values. AKI varied widely but was not used in 
modeling, and saturates varied because they were displaced by ethanol and aromatics to 
differing degrees across the blends. Olefins varied little, so that their effect would be unknown. 
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Darlington et al. [50] published a critique of EPAct analysis, advocating for use of T70 as a 
statistical variable, and showed that E15 PM emissions were substantially more favorable to 
ethanol when T70 was employed. Heavy aromatics in gasoline are known to encourage PM 
formation. EPAct was able to identify aromatics and the heavy component content (through 
values of T50 and T90) separately, but not identify the heavy aromatic content specifically in 
the model. Both of these variables can be ambiguous in predicting emissions: it is not clear 
from the variable choice whether the aromatic content is light or heavy. Similarly, T90 is an 
indicator of the highest boiling points in the fuel, but these could be paraffins or aromatics. The 
two variables are largely orthogonal, but can combine to deliver emissions effects. Butler et al. 
[18], in revisiting the EPAct data, used PMI (at that time a novel variable) as a study variable to 
predict PM, with good success. These examples show that choice of study variables is critical 
and can influence modeling conclusions. 
 
At a higher level, the emissions are dictated by the physics and chemistry present in the engine 
and catalyst. Presumably PM for GDI is governed in part by the heating and evaporation of 
droplets, diffusion within droplets, and development of the air-fuel mixture in the vicinity of the 
droplets. A distillation curve is a poor surrogate for describing this process.  In a similar way, 
RON and MON, determined using vintage methodology and protocols, may not describe 
precisely the knock behavior in highly boosted high speed engines using fuels with and without 
high heat of evaporation. Study predictions will be blurred to the extent to which chosen 
parameters fail to describe the true processes governing the emissions formation and 
transformation. It remains unclear as to whether engine emissions depend primarily on the 
assembly of individual species constituting the fuel, the measured properties of the fuel 
mixture, or both. Real world refinery stream compositions serve to blur the question by 
providing a level of consistency between properties and constituents.     
 
F. Blending Strategies Vary 
 
Blending strategies for the fuels examined in studies have varied widely. Splash blending 
studies involve simply adding ethanol to an existing gasoline, and the resulting blends are 
strictly defined. Splash blends generally are not representative of real-world blends where the 
ON is held constant for the E0 to E10 step, because aromatics are usually reduced to keep ON 
constant and support refinery economics. However, splash blending could produce a higher 
ON E10 product, using the allowance for elevated RVP implied by the “one pound waiver.” 
Although ethanol addition represents the only change in the fuel, all other components are 
diluted, and their independent emissions effects are consequently either diminished or altered 
by the ethanol interaction. Results, expressed as an emissions ratio for two different splash 
blends will differ from results for match blends, where fuels have been prepared to meet some 
parameter goals. Moreover, match blends may differ substantially from one another, because 
the target parameters differ from study to study, as discussed above. Some studies may seek 
to match only T50, or T50 and T90, between differing blends, while another study may seek to 
match the whole distillation curve as closely as possible or allow the curve to change naturally 
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with ethanol addition. T50 takes on very different meaning between these two approaches. 
Fuel properties that are not controlled will vary as a consequence of targeting selected 
parameters in the blending process. Anderson et al. [11], as discussed above, has expressed 
concern that matching T50, at the expense of raising T60 to T80 values, will introduce 
emissions that are then assigned to other parameters. 
 
In real world pump gasoline, an ethanol blend typically will have lower aromatic content than a 
comparative E0, to satisfy AKI requirements. Of particular concern is the use in studies of 
ethanol blends that have aromatics higher than, or equal to, the aromatic levels in the 
reference E0 fuel or fuels. A multivariate analysis approach may seek to view the ethanol and 
aromatic content as two orthogonal variables. However, the blending interaction of ethanol 
and aromatics, and the variability of the aromatic composition between blends, both challenge 
appropriate assignment of cause to emissions changes.        
 
G. Nonlinear Behavior of Blend Levels 
 
Apparent disagreement between studies may arise as a result of the ethanol levels being 
addressed. The step from E0 to E10, often studied, represents substantially different changes 
to parameters than the step from E10 to E15 or from E10 to E20. The properties of mixing are 
not linear.  Figures presented above have shown that increasing ethanol content changes the 
distillation curve at progressively higher percentages, and the nonlinear effect of ethanol level 
on octane rating. Other properties are discussed in detail in an American Petroleum Institute 
report (API, 2010). These properties of mixing caution against extrapolation from studies of 
low ethanol blends, or interpolation between studies with blends that are too wide apart. 
 

VII. Application of Multivariate Models to Real World Blends 
 
There is a substantial difference between comparing fuels where the ethanol content differs by 
10%, but other influential parameters are held constant, and comparing an E0 and an E10 that 
might be produced by a refinery for on-road use. 
 
Gasoline sold at the pump varies due to purpose, differing in composition between summer 
and winter and in octane rating. ASTM standards exist for classes of gasoline, and substantial 
variation is allowed within a class. There are regional differences, and the use of conventional 
gasoline versus reformulated gasoline (RFG) for air quality control [9]. Gasoline also varies due 
to the refinery streams available for the blending and the optimization of the value of refinery 
products that dictates, in part, the choice of those blendsock streams. Nevertheless, average 
blends can be considered for purposes of discussing the application of ethanol blending 
studies in predicting emissions. Between 2006 and 2010, E10 was adopted widely across the 
U.S. Figure 25 shows that for real world blends, the blending of ethanol allowed an octane 
rating to be attained with the use of fewer aromatics and olefins in pump fuel.  There is, 
therefore, a negative correlation between petroleum-based high octane blendstock present in 
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the BOB and the quantity of ethanol that is blended with the BOB. The blended ethanol reduces 
the amount of aromatics required to produce the required high octane blend components and 
thereby reduces overall BOB aromatic content. In essence, Figure 25 implies that the saturate 
content of the finished fuel has remained constant during the change to E10 blends.  
 

 
Figure 25: Data from the Fuel Trends Report [34] show that aromatic and olefin content of fuels was 

lowered once ethanol was blended, thereby maintaining constant octane rating. 
 
A study that employed average real-world (or projected real world) E0 and ethanol blends 
directly would by its very nature answer questions on emissions. Wider configuration of such a 
study would be needed to accommodate the real world gasoline and blend variability, and this 
might be configured as a multivariate study that is tightly bounded. Current multivariate 
models assign changes in emissions to several parameters and interactions, and it is essential 
to consider each and every study variable in using the model for prediction. For real world 
predictions one may not look simply at the coefficient of a single parameter of interest, such as 
ethanol volume. Several parameters are likely to vary as a result of ethanol blending and 
emissions effects may be more or less reliably assigned to the model parameters by the 
statistical analysis, noting the causes for study variability discussed above. 
 
The E-67 study varied and controlled T50, T90 and ethanol content in its matched blends, but 
held the aromatic content near-constant. There is no model term for aromatic content. 
Therefore the E-67 model, if employed to predict E0 and E10 emissions differences, would 
recognize the ethanol change but not be able to compensate for real world changes in olefins 
and aromatics.  
 
The EPAct study model allows the prediction of gaseous emissions and PM for Bag 1 and Bag 
2 emissions as ethanol content varies, using all or some of the variables aromatic content, 
T50, and T90. The model was built on emissions data where aromatic content was controlled 
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at either 15% or 35%. This inherently avoids extrapolation for real world fuels, but relies on 
linear emissions response for interpolation. Olefin content, which varies inversely with ethanol 
content is not considered, and would be neglected. 
 
To illustrate the EPAct model terms, summer E0 and summer E10 regular fuel (see Table 7) 
Bag 1 NOx emissions are compared in Figure 26. In this example the E10 fuel represents a 
pump of marketed gasoline with the octane shown on the table. The E15 fuel represents a 
pump fuel of comparable octane AKI but blended with 15% ethanol. Finally the E0 fuel is a 
calculated E0 fuel meeting the same AKI but with no ethanol. 
 
Each term in the EPAct model is relative to the average fuel, and so both fuels deviate from this 
baseline. Since the average fuel is close to E10, the summer E10 fuel shows little emissions 
correction for ethanol, but the E0 has lower NOx due to the omission of ethanol. However, the 
E0 has higher NOx due to its aromatic content, higher T50, and higher ethanol*aromatics 
interaction term. Overall, the E0 has emissions about 10% higher than the E10 when all terms 
are taken into account. Emissions neutrality between E0 and E10 would be achieved with 
substantially less reduction of aromatics for E10 than the 10.2% difference in Table 7.   
 

 
Figure 26: Application the EPAct model to two regular summer fuels showing individual model term 

contributions. The fuel properties are given in Table 7. 
 
 

 
 

-9.2% 

8.2% 

4.6% 

1.9% 

5.5% 

-0.3% 

-5.3% 

0.2% 

-0.1% 

-5.4% 

-12% 

-10% 

-8% 

-6% 

-4% 

-2% 

0% 

2% 

4% 

6% 

8% 

10% 

Ethanol Aromatics T50 Ethanol*Aromatics Total 

Summer E0 Summer E10 

66



 
 

 
 

Table 7: Parameters for 12 fuels used for real-world modeling. 
 
The EPAct model was applied to several cases to illustrate the effect of parameters on 
predicting ethanol effects, as shown in Figure 22 for the prediction of Bag 1 NOx emissions. In 
Figure 27, the E0 value for NOx emissions is taken as a MOVES baseline value. The EPAct 
model was applied to predict emissions for the following scenarios: 

● A match curve, in the spirit of E-67, where ethanol varies, but the aromatic content and 
T50 are held constant, and therefore are not considered in the prediction. 

● A splash curve, where the ethanol effect was modeled, but NOx reduction due to 
dilution of the aromatic content was considered. The T50 effect was not considered. 
Ethanol reduces aromatic content by a factor of 0.833 for E10. 

● A splash T50 curve, where ethanol, aromatic dilution and a T50 effect all were 
considered.  

● A constant octane curve, where the aromatic content was reduced by the same 
percentage that ethanol was added and T50 reduction was considered. 

 
The T50 effect was implemented by assigning the following temperature (degree F) values to 
the ethanol blends: E0 = 218, E5 = 208, E10 = 198, E15 = 165. The constant octane curve is the 
closest reflection of a real world blended BOB and ethanol approach, and differs substantially 
from the other curves. Olefins are not considered in the EPAct model, and were not considered 
here, but they could be lumped in a weighted fashion with aromatics, since they have similar 
influences on the blend. The splash curve that includes T50 compensation in Figure 27 shows 
little change in NOx, explaining why some studies show no change while others show only 
modest change. Figure 28 presents similar predictions for PM mass emissions. 
 

Premium Summer Regular Summer Premium Winter Regular Winter
 E10 E15 E0 E10 E15 E0 E10 E15 E0 E10 E15 E0

Pump Pump Pump Pump Pump Pump Pump Pump Pump Pump Pump Pump
PROPERTY

API 59.35514 57.9 58.2 58.73931 57.4 57.1 62.78807 60.7 61.8 62.70807 60.6 61.7
Vap Press psi (EPA) 8.1 8.1 8.1 8.2 8.2 8.2 13.1 13.1 13.1 13.1 13.1 13.1
Distillation, Deg. F
        10 % evap. 133 133 139.59 129 129 135.63 114 114 121.39 111 111 118.405
        20 % evap. 144 144 167.4894 138 138 161.3617 130 130 153.9894 124 124 147.8298
        30 % evap. 152 152 197.625 146 148 191.2841 145 148 191.25 137 140 182.75
        40 % evap. 166 164 217.7045 156 156 207.1364 159 159 211.4375 149 154 200.8125
        50 % evap. 212 179 239.5652 192 162 218.913 182 160 209.6848 162 162 188.9239
        60 % evap. 230 213 240.4792 224 208 234.4167 223 207 234.6094 204 198 215.3125
        70 % evap. 246 244 248.49 249 247 251.46 241 239 244.77 237 235 240.79
        80 % evap. 268 268 271.635 279 279 282.58 264 264 269 268 268 273
        90 % evap. 310 310 315 320 320 325 306 306 311 312 312 317

        E200 47.8 35.7 47.8 52.5 58.3 52.5 54.4 58.3 54.4 59 60.5 59
        E300 87.6 87.6 87.6 85.1 85.1 85.1 88.6 88.6 88.6 87.3 87.3 87.3

Aromatics, V % 20.5 17 29.2 21.8 17.425 32 22 18.36 30.8 22.5 18.105 32.7
Olefins, V % 5.7 5.355 5.7 8.1 7.65 9 4.6 4.335 4.6 6.5 6.12 6.5
Saturates, V % 63.8 62.6 65.1 60.1 59.9 59 63.4 62.305 64.6 61 60.775 60.8
     Ethanol 10 15 0 10 15 0 10 15 0 10 15 0

RON 97.5 98.035 97.4 92.2 92.425 92.1 97.7 97.865 97.6 92.5 92.935 92.5
MON 87.2 86.7 87.3 83.3 83.085 83.4 87.4 87.25 87.5 83.6 83.17 83.6
AKI 92.35 92.3675 92.35 87.75 87.755 87.75 92.55 92.5575 92.55 88.05 88.0525 88.05
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Figure 27: Predictions of Bag 1 NOx emissions from a MOVES baseline E0 using the EPAct model. The 

curve labeled “octane” represents a reduction of aromatics and T50 that would be associated with most 
ethanol blending. Note expanded scales in Figures 29 through 32. 

 

 
Figure 28: Predictions of PM mass emissions from a MOVES baseline E0 using the EPAct model. 

 
The Bag 1 emissions include a cold start, and represent the larger part of the weighted 
emissions from dynamometer testing. Bag 2 emissions are for hot, stabilized operation. 
Figures 29 and 30 show the modeled Bag 2 NOx and PM emissions for the same cases 
presented in Figures 27 and 28. 
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Figure 29: EPAct modeling of NOx for ethanol blends. Note the expanded scale of the plot. The Bag 2 
EPAct PM model does not contain a T50 parameter, thereby excluding a separate “splash T50” curve. 

Bag 2 NOx is about one fifth of the Bag 1 emissions level, so that the Octane curve for Bag1+Bag2 would 
still have a trend of reducing emissions. 

 

 
Figure 30: EPAct modeling of PM for ethanol blends. The Bag 2 EPAct PM model does not contain a T50 
parameter, thereby excluding a separate “splash T50” curve. Bag 2 PM is about one sixth of the Bag 1 

emissions level. 
 
To examine further the predictions of the EPAct model for real-world fuels, the expected 
properties of twelve fuels were employed. These covered summer and winter gasoline, both 
premium and regular, at E0, E10 and E15 blend levels, and are shown in Table 3. The EPAct 
model was applied to these fuels to simulate estimates of the effect of ethanol blending on 
NOx and PM emissions, as shown in Figure 31 and Figure 32. The reductions in emissions due 
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to a lower aromatics content and reduced T50 value exceeded the positive contribution of the 
ethanol term, leading to NOx emissions reductions of about 12% for E15. In this way, although 
EPAct and E-67 find a positive coefficient for ethanol alone, the real-world fuels generally 
exhibit reduced NOx and PM emissions when all model parameters are considered. Figures 33 
and 34 present the Bag 2 predictions.  
 

 
 

Figure 31: Fuel parameters presented in Table 7 were used with the EPAct model to determine the Bag 1 
NOx emissions effects of blending ethanol at the 10 and 15% levels. 

 

 
Figure 32: Fuel parameters presented in Table 7 were used with the EPAct model to determine the Bag 1 

PM emissions effects of blending ethanol at the 10 and 15% levels. 
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Figure 33: Fuel parameters presented in Table 7 were used with the EPAct model to determine the Bag 2 

NOx emissions effects of blending ethanol at the 10 and 15% levels. Note the expanded scale for the 
emissions axis. 

 

 
Figure 34: Fuel parameters presented in Table 7 were used with the EPAct model to determine the Bag 2 

PM emissions effects of blending ethanol at the 10 and 15% levels. Note the expanded scale for the 
emissions  axis. 

 
Figures 35 through 38 present the EPAct modeling of the CO and THC emissions from the fuels 
shown in Table 7. The trends change both by fuel and by bag (phase). There is little change for 
CO for Bag 1 as the ethanol level is varied: E10 has slightly higher emissions than E0 or E15, 
although most studies find that CO is lowered or does not change significantly with ethanol 
addition. All four fuels show similar CO reductions for E10 and E15 for Bag 2. For THC the 
trends are opposite: emissions drop slightly as ethanol increases for Bag 1, but for Bag 2 there 
is very little change. For THC on Bag 1, the relative emissions change with ethanol differs 
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between summer premium, summer regular and the winter gasolines. Winter regular and 
premium behave in a similar fashion. Precise modeling of nonlinear behavior is difficult amidst 
small changes in emissions and high variability of overall data. 
 

 
Figure 35: CO emissions from Bag 1 for the fuels in Table 7 predicted by the EPAct model. 

 

 
Figure 36: CO emissions from Bag 2 for the fuels in Table 7 predicted by the EPAct model. 
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Figure 37: THC emissions from Bag 1 for the fuels in Table 7 predicted by the EPAct model. 

 

 
Figure 38: THC emissions from Bag 2 for the fuels in Table 7 predicted by the EPAct model. 

 
The fuels in Table 7 provide fairly deep aromatic reductions for the ethanol blends, yielding 
reduced NOx and PM by the EPAct model, but advantage is still seen for lesser reductions of 
aromatics in the BOB. Figure 40 presents the variation of predicted E10 Bag 1 NOx for the 
summer premium and summer regular fuels shown in Table 7, but allows the percentage of 
aromatics in the E10 to vary over a range. The NOx from the E10 is reduced in the model, 
relative to NOx for E0, by the reduced T50 value (shown in Table 7), and raised by the ethanol 
(10%), with the contribution of aromatic content varying.  The two points in Figure 40 show the 
NOx emissions for the corresponding E0 blends. For the summer fuels, the ethanol effect is 
offset substantially by the reduced T50 value for the E10: an aromatics level of about 27% in 
the E10 yields the same NOx as produced by the E0, according to the EPACT model. For 
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summer regular fuel, so that aromatics content may be similar to that for the E0. For the 
summer regular fuel, there is a “breakeven” in the NOx emissions when the aromatics are 
reduced from the E0 level to 30%.  
 
 

 
 
Figure 40: Aromatic levels for E10 higher than those shown in Table 7 still yield a NOx advantage using 

the EPACT model: the aromatic percentage for equivalent E0 NOx can be determined as shown 
graphically in this figure. 

 
For Bag 1 PM the reduced values of T50 and T90 in the EPAct model show higher emissions 
for the E0 than the E10, even with no change in aromatics. This is shown in Figure 41, and is 
also inferred in Figure 32. For Bag 2, the EPAct model does not have a term for T50 effect on 
NOx, so that E10 NOx is higher than E0 NOx for all but very low aromatic content according to 
model predictions (Figure 42). For Bag 2 PM (Figure 43), emissions are at a breakeven between 
E10 and E0 for aromatic levels of about 25% (summer) and 22% (winter).  
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Figure 41: Reduction in distillation temperatures (see Table 7) offsets the ethanol effect, producing lower 
PM values for E10 than E0. In this way aromatic reduction is not essential for PM reduction from E10 for 

Bag 1 as predicted by the EPAct model. 
 

 
Figure 42: The EPAct model for hot stabilized NOx does not include a T50 term, and therefore shows that 

low aromatic content would be needed to cause E10 emissions to match E0 emissions. 
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Figure 43: For hot stabilized PM emissions, the EPAct study model predicts that equal emissions for E0 

and E10 are enabled at aromatic levels common for E10 pump fuels. 
 
The EPAct model was also used to predict the NOx emissions difference ratio between two 
clear fuel pairs that exist in the E-67 program. Clearly the model, based on later model vehicles, 
could not predict the older vehicle emissions in an absolute sense, as shown in Table 8. Fuels 
D (E0) and E (E10) differed by ethanol content but the aromatics and T50 were very similar. The 
model predicted that the E10 would have 11.4% higher Bag 1 NOx and 9.1% for Bag 2: the E-67 
measured differences were 7.9% and -1.4%.  For fuels K and L predictions were 9.2% and 9.0%, 
while measured values were 3.1% and 0%.  Although the EPAct model overestimates the 
measured NOx effect of the ethanol, some deviation is expected noting the differences in 
technology, fuel blends and emissions levels between the two studies. 
 

 Parameter E67 D D67 E E67 K E67 L 
Ethanol (% vol.) 0 10.26 0 10.49 
Aromatics (% vol.) 25.1 26.7 26 26.4 
T50 (F) 199.5 197.7 236.0 232.7 
T90 (F) 355.0 351.7 355.5 349.1 
EPAct Bag 1 NOx 
(pred) g/mile 

0.0765 0.0852 0.0826 0.0902 

Bag 1 NOx (meas) 
g/mile 

0.278 0.300 0.284 0.293 

EPAct Bag 2 NOx 
(pred) g/mile 

0.0132 0.0144 0.0133 0.0145 

Bag 2 NOx (meas) 
g/mile 

0.0363 0.0358 0.0284 0.0284 

Table 8: EPAct model applied to two fuel pairs from the E-67 program 
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E-94-2 results for GDI vehicles cannot be interpreted in the ethanol-aromatic plane, because 
aromatic content was held constant for the study. However, PMI was found to have a more 
profound influence on PM mass than ethanol content, so that effects of ethanol blending in the 
real world would depend on a PMI versus Ethanol tradeoff, which would be influenced by the 
removal of heavy aromatics in the BOB for ethanol blending. E-94-2 statistical modeling 
yielded no substantial relationship between ethanol and gaseous NOx, THC and CO emissions. 
Since, as an example, the EPAct study would predict a rise in NOx for addition of ethanol with 
aromatic level held constant, there is implication that PFI models may not extend readily to GDI 
emissions.  
 

VIII. Observations on Real-World Optimizations  
 
Publications exist to describe and compare emissions from spark ignition fuels in research 
engines, where the engine controls are in the hands of the researcher. However, greatest 
attention has been paid to studies of ethanol effects or multivariate fuel effects studies in a 
vehicle test fleet.  In these cases effort is placed into selecting or formulating the fuels, and in 
interpretation of the data from a fuels perspective, but the vehicles are treated as “black 
boxes.” The researchers generally seek to insure that the vehicles are in appropriate working 
order, have some desired accumulated mileage, and are conditioned following fuel changes. 
 
Some of the real world objectives for the vehicle manufacturer are to insure that the vehicle 
meets the imperative emissions regulations, supports attaining NHTSA CAFE (and EPA GHG) 
requirements, yields attractive window-sticker fuel economy, provides in-use fuel efficiency 
that pleases the customers, and has laudable drivability under a wide range of operating 
conditions. The emissions calibration is to meet a threshold, rather than to achieve a global 
minimization. There is no suggestion that the manufacturer seeks to minimize criteria 
pollutants in real use or to minimize fuel usage in all circumstances. In fact, there are likely to 
be efficiency-emissions tradeoffs in the engine control strategy, such as where advanced 
spark timing reduces fuel use but raises NOx. There will also be occasions where emissions 
and efficiency both bow to engine protection, such as during enrichment events. In the real 
world many of these strategies will be influenced by the fuel being combusted, and the 
controls will react to properties such as stoichiometry and AKI. In contrast, the emissions 
certification assumes the use of a specific fuel. Deviations in emissions of real-world fuels are 
not of great concern, because they are likely to be modest differences. 
 
Real-world emissions also arise from a far wider operating envelope than the certification 
tests explore. There is a design effort by the manufacturer to optimize efficiency and protect 
the engine during anticipated operation on the road with expected pump fuels, and this will 
play into the engine control strategy and its adaptive algorithms. The vehicle controls also 
should be tolerant of fuels that are previously unseen, or at the fringes of real world fuels, but 
the engine will not be configured to adapt to these optimally. 
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Adopting a certification test fuel that is reflective of real-world fuels is likely to enhance 
emissions performance and fuel economy on the road by aligning regulatory requirements with 
the vehicle’s mission. The move from legacy E0 indolene test fuel to an E10 certification fuel 
for Tier 3 emissions levels in an era when most gasoline contained 10% ethanol (see 40 CFR 
1065.710) speaks to this point [44]. 
 
In many of the studies discussed in this report, the E0 fuels have properties that are reasonably 
representative of fuels that manufacturers would have anticipated while developing control 
strategies and calibrating engines. However, ethanol blends have been employed which are not 
characteristic of pump fuels or that deviate in properties to the extent that they may exhibit 
evaporation and combustion behaviors that are unsuited to the engine’s fixed calibration or 
adaptive strategy. The consequences may impact emissions levels to a small degree, but 
these are impacts that would not be found with real world blend fuels. The impacts of the fuel 
blending itself are usually small, and easily masked by effects elicited from the vehicle rather 
than by the inherent physics and chemistry associated with the fuel.  
 
One specific concern relates to comparison of blends with a higher AKI than the E0 
comparison fuel. On higher performance cycles, such as the US06, the engine is likely to take 
advantage of the AKI by advancing timing. This would improve efficiency, but it would raise 
engine-out NOx and possibly catalyst-out NOx in consequence. The additional NOx, 
associated with beneficial fuel economy and GHG reduction, would be attributed to the fuel. 
Conversely, onset of knock will cause the engine controller to take action, usually by retarding 
the timing. This would lower efficiency and raise exhaust temperature, with an unknown 
catalyst response. One may argue that the vehicle adaptive controls are a part of the real 
world, but if the study blends were the norm in the real world, manufacturers would address 
those study fuels in design and calibration, taking better advantage of the AKI or anticipating 
different droplet formation from injectors. 
 
Fuel AKI differences are unlikely to cause engine control differences with low power cycles 
such as the FTP, unless the vehicle has a low power to weight ratio or is programmed to 
operate with high gearing at high imep.     
 
In summary, conducting studies with fuels that deviate substantially from those expected by 
the engine calibrators may elicit emissions increases that are attributed to the fuel, but would 
not occur in real life with pump fuels. This potential concern is also related to a potential 
benefit if blends are used to produce high octane fuels that could enable higher compression 
ratios or more advanced timing without knock in GDI engines. Advances of this kind are a 
major focus of the current Co-Optimization of Fuels & Engines program of the U.S. Department 
of Energy.   
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IX. Guiding Principles for Real World Predictive Studies 
 
This review has highlighted difficulties in accurate prediction of ethanol blend effects on real-
world emissions, and calls for a proposal of an equitable and defensible method for predicting 
the effect of differences in blend levels in available or anticipated pump fuels. Since EPA now 
uses an E10 certification fuel and uses an E10 fuel as the MOVES model basis, and since the 
bulk of present day pump fuel is E10, it is reasonable that studies of other blend levels should 
use E10 as the baseline fuel so long as this usage persists. 
 
Since there are interactions between ethanol and hydrocarbons that are not readily predicted, 
any study of an ethanol blend or an E0 should employ fuel composition that would reflect a 
refinery product that would be available at the pump with that blend level, taking into account 
the desire of a blender to employ least valuable available streams to produce an acceptable 
product meeting specifications. It is important that any fuel properties that are not 
intentionally managed should represent pump fuel properties, so that fuels do not have hidden 
effects that are attributed incorrectly to study parameters. 
 
Two suggested study approaches are presented below.  
 
A reliable one-dimensional study to determine the differences in emissions due to changing 
ethanol levels in blends should identify an E10 blend that is defensibly representative of E10 
sold nationally or regionally as a baseline fuel. Blends at other ethanol levels should be 
prepared on the following basis. If it is the intent to evaluate the effect of splash blending 
additional ethanol with the E10, that approach should be used to produce a mid blend with 
proportionally lower hydrocarbon components across the board. Change in some properties 
due to the ethanol presence would be inevitable, as determined by the blend. However, the 
resulting data should be used solely to estimate the real-world emissions effects of splash 
blends, and not used for other blends at the same ethanol level that may be commercially 
available. 
 
In the event that the splash blended mid blend used for testing failed to meet specifications, a 
different E10 would need to be used as a baseline. Such a study might be extended to embrace 
several different E10 fuels, that each represent real world pump fuels, along with splash blends 
of those E10 fuels. The average of the E10 ensemble should represent the average regional or 
national fuel to which the results will be applied. Results could be used to compute an average 
overall emissions effect, or support a multivariate analysis to determine the effects of other 
E10 parameters, that vary in commercially available pump fuel, on the emissions effect at that 
ethanol blend level. 
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A multivariate study, with ethanol level as one study parameter, using E10 fuels that offer the 
desired diversity of composition, but are representative of real-world fuels and blended in a 
real-world fashion from refinery streams. These would be tested along with ethanol blend fuels 
at different blend levels, prepared using the same or sufficiently similar refinery streams. 
Statistical analysis should be employed to determine parameters that best describe 
differences between fuels and to model subsequently using ethanol level and those 
statistically chosen parameters as input variables. However, the model should not be applied 
by varying ethanol alone with intent to predict real world differences between different ethanol 
blend levels, but rather by varying all the parametric changes in the model that are associated 
with the change in ethanol level. 
 

X. Conclusions 
 
Measured and modeled effects of ethanol blending on gaseous and particulate emissions have 
varied widely between studies, to the point that it is difficult to reach any summary conclusions 
on ethanol effect. The emissions levels themselves reported in the studies have changed over 
time due to evolving automotive technology, reflecting changing emissions standards, and the 
relative effects of ethanol have usually been small. 
 
Increased adoption of GDI to replace PFI represents a substantial step, and PM mass, 
speciation and sizing has gained more study attention in the GDI era. However, GDI advances 
and changes in injection architecture herald a return to ultra-low PM levels, causing another 
discontinuity in study conclusions. 
 
Refinery streams available for blending gasoline include FCC Gasoline, Reformate, Alkylate, 
Aromatics, and Butane, and additional smaller streams, such as Light Straight Run Naphtha. 
Each contributes differently to RON, MON, RVP, API gravity and distillation profile in the final 
blend. The refiner seeks to employ streams in a way that maximizes the value of all blended 
products from the refinery. Small adjustments can be made to the composition of some of the 
streams and change their ratios in the blend, but the overall flexibility within the refining 
industry is limited. The petrochemical aromatics market limits the extent to which aromatics 
are available for gasoline blending.  
 
About 6% of ethanol involves splash blending with pump gasoline. Most ethanol is blended 
with a BOB to produce gasoline for sale at the pump. Refineries lower the octane of the BOB, 
with reduced aromatic content, to take advantage of the high-octane characteristics of 
ethanol. The middle of the distillation curve of a blend has lower temperature values than the 
BOB, and the ethanol raises the blend RVP. Since the introduction of ethanol blends starting in 
2006, aromatics in U.S. pump fuel have dropped from about 28% (for E0) to about 21% for E10, 
while maintaining similar octane ratings. Many of the blends used in emissions studies do not 
reflect typical makeup of in-use fuels. 
  

80



 
 

Vehicle-to-vehicle variation is noteworthy. Vehicles may interact with specific fuels and test 
cycles in different ways, leading to inconsistency. Variations in AKI may influence ignition 
timing strategies, leading to changes in efficiencies and emissions. Inadequate conditioning of 
vehicles may cause the vehicle to adapt to the fuel during a recorded emissions test. 
 
There is difficulty in measuring low levels of emissions accurately: studies have used 
differences as high at 50% between tests to warrant an additional test. This implies that a 
small cumulative count of runs can offer at best approximate conclusions or exploratory 
insight. In a major study where the runs are distributed across a fleet of vehicles, data from 
one vehicle or a small subset of vehicles must be used with caution. Resource limitations 
prevent use of full test matrices and multiple repeat runs, eroding statistical confidence.  
 
The blending of fuels used in the studies represents a major cause of differences in 
conclusions and draws into question applicability to real world predictions. In match blending, 
it is not possible to add ethanol to a BOB and hold all other properties constant. Blending to 
match selected properties for multivariate analyses may neglect or embolden other properties 
that have influence on the emissions, but are not inputs to the model. Further, blending to 
match selected properties may not represent real world fuel compositions, confounding the 
expected physics and chemistry in the engine. 
  
T50 is an important variable in representing the middle of the blend and as a threshold that 
defines the heavy fraction of the fuel. However, it is used in disparate ways, is not readily 
translated between studies, and is co-dependent on ethanol content.  In some cases, the T50 
value in a match blend represents a natural value that is lowered by presence of ethanol. In 
others, the blending is targeted such that T50 is forced to be similar for ethanol and non-
ethanol blends, distorting the expected distillation curve. T50 is a critical component in the 
drivability index [28], but T50 does not serve that task well if it is a narrow measure. Ethanol 
corrections, offered for the drivability index, stress these assertions. RVP values and emphasis 
of RVP as an important variable have also differed between studies.  
 
While aromatic content is reported and used as a property for modeling, the weight of the 
aromatics may vary, exhibited in the blend density or T70 value. PM depends strongly on the 
aromatic weight. PMI, or a variable that compounds weight and aromaticity, is more 
informative. Studies adopt different parameters for planning, blending and modeling, stressing 
a lack of agreement on root cause of emissions and importance of variables. Variation in 
emissions is assigned to parameters, but those assignments vary between studies. 
Reselection of one parameter may change the attribution of emissions to another parameter, 
such as ethanol level. 
  
Study conclusions are suited to real world predictions only if the study addresses the fuels of 
interest holistically:  all appropriate parameters in a model derived from the study must be 
employed. In the case of in-use ethanol blends, whether current or moot, emissions 
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predictions at constant AKI must take into account the real reductions in aromatics and 
lowering of T50 that occur due to refinery practice and near-azeotropic behavior respectively. 
 
Care must be taken in addressing emissions from mid blends, insofar as the step in properties 
from E0 to E10 is very different than the step from E10 to E15 or E20. Linear extrapolation is 
not possible. 
 
Future studies seeking to clarify real world ethanol level effects on emissions, whether 
multivariate analyses or direct comparisons, should seek to use fuels at different blend levels 
that are derived from real refinery streams or thoroughly represent real world fuels, without 
imposing limiting parameters in the blending. 
 
The advent of model-based and fully adaptive engine controls will emphasize an inseparable 
bond between fuels and engines. GHG concerns will demand mutual optimization of the fuel 
and engine, and attack the norms for fuel effects studies. This will heighten the difficulty of 
predicting total emissions effects on the U.S. legacy fleet, which is gaining in average age.     
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Appendix I: "Category 2" Studies 
 
Category 2 studies were those with smaller vehicle sets, or studies that were dedicated to 
addressing a specific issue rather than broad effects of fuel composition on regulated 
emissions.  

Study Title Author(s) Year Citation 

An Overview of the Effects of Ethanol-
Gasoline Blends on SI Engine 
Performance, Fuel Efficiency, and 
Emissions 

Stein, et al. 2013 SAE 2013-01-1635 

Issues with T5O and T90 as Match 
Criteria for Ethanol-Gasoline Blends Anderson, et al. 2014 SAE 2014-01-9080 

Effects of Intermediate Ethanol Blends 
on Legacy Vehicles and Small Non-
Road Engines, Report 1 – Updated 

Knoll, et al. 2009 

ORNL Report: ORNL/TM-
2008/117 
NREL Report: NREL/TP-540-
43543 

A Complete Assessment of the 
Emissions Performance of Ethanol 
Blends and Iso-Butanol Blends from a 
Fleet of Nine PFI and GDI Vehicles 

Karavalakis, et 
al. 2015 SAE 2015-01-0957 

Impact of Ethanol Fuels on Regulated 
Tailpipe Emissions Yassine, et al. 2012 SAE 2012-01-0872 

Study of Regulated and Non-Regulated 
Emissions from Combustion of 
Gasoline, Alcohol Fuels and their 
Blends in a DI-SI Engine 

Wallner and 
Frazee 2010 SAE 2010-01-1571 

Effects of Blending Gasoline With 
Ethanol and Butanol on Engine 
Efficiency and Emissions Using a 
Direct-Injection, Spark-Ignition Engine 

Cooney, et al. 2006 ASME ICES2009-76155 

Comparative Emissions Testing of 
Vehicles Aged on E0, E15 and E20 Fuels Vertin, et al. 2012 NREL Subcontract Report 

NREL/SR-5400-55778 
The Impact of Ethanol Fuel Blends on 
PM Emissions from a Light-Duty GDI 
Vehicle 

Maricq, et al. 2011 Aerosol Science & Technology, 
Vol. 46, pp. 576-583 

Emissions from light duty gasoline 
vehicles operating on low blend ethanol 
gasoline and E85 

Graham, et al. 2008 Atmospheric Environment, Vol. 
42, pp. 4498-4516, 2008 

Carbonaceous Aerosols Emitted from 
Light-Duty Vehicles Operating on 
Gasoline and Ethanol Fuel Blends 

Hays, et al. 2013 Environ. Sci. Technol. Vol. 47, 
pp. 14502−14509 

Ethanol and Air Quality: Influence of 
Fuel Ethanol Content on Emissions and 
Fuel Economy of Flexible Fuel Vehicles 

Hubbard, et al. 2014 Environmental Science & 
Technology, Vol. 48, pp.861-867, 

Distillation Curves for Alcohol-Gasoline 
Blends Andersen, et al. 2010 Energy & Fuels, Vol. 24, pp. 

2683–2691 
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Study Title Author(s) Year Citation 

Impacts of ethanol fuel level on 
emissions of regulated and unregulated 
pollutants from a fleet of gasoline light-
duty vehicles 

Karavalakis, et 
al. 2011 Fuel, Vol. 93, pp. 549–558 

Gasoline Volatility and Performance Concawe 2012 

Concawe (Brussels, Belgium) 
Report No. 2/12. Prepared for 
the CONCAWE Fuels and 
Emissions Management Group 
by its Special Task Force 
FE/STF-20 

The Impact of Ethanol Fuel Blends on 
PM Emissions from a Light-Duty GDI 
Vehicle 

Maricq, et al. 2012 Aerosol Science & Technology, 
Vol. 46, pp. 576-583 

CRC Report No. 669, 2015 CRC Vehicle 
Emissions Program on Effects of 85 
and 87 Anti-knock Index (AKI) Gasoline 
Ethanol Blends on U.S. Light-Duty 
Vehicle Emissions, Fuel Economy, and 
Performance at Two Elevations (1,000 
ft. and 5,000 ft.), Final Report on CRC 
Project No. E-108 

CRC Emissions 
Committee 2015 

Available at crcao.com 
https://crcao.org/reports/recent
studies2015/CRC%20669/CRC%
20No.%20669%20[E-
108]%20Report%20Final.pdf 

Impact of ethanol containing gasoline 
blends on emissions from a flex-fuel 
vehicle tested over the Worldwide 
Harmonized Light duty Test Cycle 
(WLTC) 

Suarez-Bertoa, 
et al. 2015 Fuel, Vol. 143, pp. 173-182 

Particle Emissions from a 2009 
Gasoline Direct Injection Engine Using 
Different Commercially Available Fuels 

Khalek, et al. 2010 SAE 2010-01-2017 

The Impact of Fuel Ethanol Content on 
Particulate Emissions from Light-Duty 
Vehicles Featuring Spark Ignition 
Engines 

Bielaczyc, et al. 2014 SAE 2014-01-1463 

Effects of E15 Ethanol Blends on HC, 
CO, and NOx Regulated Emissions from 
On-Road 2001 and Later Model Year 
Motor Vehicles 

Air Improvement 
Resources 2011 

Report for the Renewable Fuels 
Association 
Available at:  
https://ethanolrfa.org/wp-
content/uploads/2015/09/Effect
s-of-E15-Ethanol-Blends-on-
Regulated-Emission-in-
Approved-Vehicles.pdf 

Influence of Fuel PM Index and Ethanol 
Content on Particulate Emissions from 
Light-Duty Gasoline Vehicles, SAE 
2015-01-1072 

Butler, et al. 2015 SAE 2015-01-1072 

Effect of Ethanol-Gasoline Blends on 
Combustion and Emissions of a 
Passenger Car Engine at Part Load 
Operations 

Ramadhas, et al. 2016 SAE 2016-28-0152 
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Study Title Author(s) Year Citation 

Summary of Research on the Use of 
Intermediate Ethanol Blends in 
On-Road Vehicles 

Hochahauser 
and Schleyer 2014 Energy & Fuels, Vol. 28, 

pp.3236−3247 

Tier 3 Certification Fuel Impacts 
Test Program EPA 2017 Technical Report EPA-420-R-

17-011 
Vehicle Emissions and Fuel Economy 
Effects of 16% Butanol and Various 
Ethanol Blended Fuels (E10, E20, and 
E85) 

Schulz and 
Clark 2011 Journal of ASTM International, 

Vol. 8, No. 2, Paper ID JAI103068 

Combustion efficiency and engine out 
emissions of a S.I. engine fueled with 
alcohol/gasoline blends 

Costagliola, et 
al. 2013 Applied Energy, Vol. 111, 

pp.1162-1171 

Criteria Emissions, Particle Number 
Emissions, Size Distributions, and 
Black Carbon Measurements from PFI 
Gasoline Vehicles Fuelled with Different 
Ethanol and Butanol Blends 

Karavalakis, et 
al. 2013 SAE 2013-01-1147 

The Influence of Ethanol Blends on 
Particulate Matter Emissions from 
Gasoline Direct Injection Engines 

Chen, et al. 2010 SAE 2010-01-2129 

Ethanol Blend Effects On Direct 
Injection Spark- Ignition Gasoline 
Vehicle Particulate Matter 

Storey, et al. 2010 SAE 2010-01-2129 

Regulated Emissions, Air Toxics, and 
Particle Emissions from SI-DI Light-
Duty Vehicles Operating on Different 
Iso-Butanol and Ethanol Blends 

Karavalakis, et 
al. 2014 SAE 2014-01-1451 
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Appendix II: "Category 3" Studies 
 
Category 3 studies were not selected to provide data for review because they discussed and 
presented issues that were either tangential to the analysis in this study or the fuels, vehicles 
or methods were not defined fully. 

Study Title Author(s) Year Citation 
Secondary organic aerosol formation 
exceeds primary particulate matter 
emissions for light-duty gasoline 
vehicles 

Gordon, et al. 2013 
Atmos. Chem. Phys. Discuss., 
Vol. 13, pp. 23173–23216 
 

Optimization of the octane response 
of gasoline/ethanol blends Badra, et al. 2017 Applied Energy Vol. 203, pp. 778–

793 
A review of urban secondary organic 
aerosol formation from gasoline and 
diesel motor vehicle emissions 

Gentner, et al. 2016 
Environmental Science & 
Technology, Vol. 51, pp.1074-
1093 

The Effect of using an Ethanol 
blended fuel on Emissions in an SI 
Engine 

Argakiotis, et al. 2014 

International Conference on 
Renewable Energies and Power 
Quality (ICREPQ’14) 
Cordoba (Spain): RE&PQ Journal, 
Vol.1, No.12, pp. 611-616 

Effect of gasoline hydrocarbon 
composition on the properties of the 
blend gasoline/bioethanol 

Stratiev 2011 Oxidation Communications Vol. 
34, No 1, pp. 183–192 

Impact of intermediate ethanol 
blends on particulate matter 
emission 
from a spark ignition direct injection 
(SIDI) engine 

Cho, et al. 2015 Applied Energy Vol. 160, pp. 592–
602 

How ethanol and gasoline formula 
changes evaporative emissions of 
the vehicles 

Man, et al. 2018 Applied Energy Vol. 222, pp. 584–
594 

Octane Numbers of Ethanol-Gasoline 
Blends: Measurements and Novel 
Estimation Method from Molar 
Composition 

Anderson, et al. 2012 SAE 2012-01-1274 

Fuel Effects on PM Emissions from 
Different Vehicle/ Engine 
Configurations: A Literature Review 

Karavalakis, et 
al. 2018 SAE 2018-01-0349 

Evaluation of Ethanol Fuel Blends in 
EPA MOVES2014 Mode Wayson, et al. 2016 

Report submitted to Geoff 
Cooper, Senior Vice President, 
Renewable Fuels Association, 
Ellisville, MO 
Available online at: 
https://ethanolrfa.org/wp-
content/uploads/2016/01/RFA-
MOVES-Report.pdf 

Assessment of the Fuel Composition 
Impact on Black Carbon Mass, 
Particle Number Size Distributions, 
Solid Particle Number, Organic 
Materials, and Regulated Gaseous 

Chan et al. 2017 Energy & Fuels, Vol. 31, pp 
10452–10466 

92



 
 

Study Title Author(s) Year Citation 
Emissions from a Light-Duty 
Gasoline Direct Injection Truck and 
Passenger Car 
Effects of Cold Temperature and 
Ethanol Content on VOC Emissions 
from Light-Duty Gasoline Vehicles 

George, et al. 2015 Environ. Sci. Technol. Vol. 49, pp. 
13067−13074 

The Role of High Octane Fuels in 
Future Mobility - A Technical Review Janssen, et al. 2016 

25th Aachen Colloquium 
Automobile and Engine 
Technology 2016 

Determination of the Potential 
Property Ranges of Mid-Level 
Ethanol Blends 

American 
Petroleum 
Institute 

2010 

Available at: 
https://www.api.org/~/media/Fil
es/Policy/Fuels-and-
Renewables/2016-Oct-RFS/The-
Truth-About-E15/E10-Blending-
Study-Final-Report.pdf 

Pollutant Emissions from Gasoline 
Combustion. 1. Dependence on Fuel 
Structural Functionalities 

Zhang, et al. 2008 Environ. Sci. Technol. Vol.  42, pp. 
5615–5621 

Investigation on Combustion, 
Performance and Emissions of 
Automotive Engine Fueled with 
Ethanol Blended Gasoline 

Singh, et al. 2016 SAE 2016-01-0886 

Effect of Heat of Vaporization, 
Chemical Octane, and Sensitivity on 
Knock Limit for Ethanol - Gasoline 
Blends 

Stein, et al. 2012 SAE 2012-01-1277 

Octane Response of Premium-
Recommended Vehicles Prakash, et al. 2013 SAE 2013-01-0883 

Effects of Gasoline and Ethanol Fuel 
Corrosion Inhibitors on Powertrain 
Intake Valve Deposits 

Chapman, et al. 2013 SAE 2013-01-0893 

In-Cylinder Particulate Matter and 
Spray Imaging of Ethanol/ 
Gasoline Blends in a Direct Injection 
Spark Ignition Engine 

Fatouraie, et al. 2013 SAE 2013-01-0259 

Characterization of Ethanol Blends 
Combustion Processes and Soot 
Formation in a GDI Optical Engine 

Catapano, et al. 2013 SAE 2013-01-1316 

GDI Engine Operation with 
Ethanol/Gasoline Blends and 
Aqueous Ethanol 

Stone, et al. 2012 Jour. Automotive Safety and 
Energy, Vol. 3 No. 3, pp257-264 
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Acronyms 
 
AKI  Anti-knock Index (Typically [RON+MON]/2) 

ANL  Argonne National Laboratory 

API  American Petroleum Institute 

API   Referring to API Gravity, a measure of density 

ASTM  American Society for Testing and Materials 

BASF  A manufacturer, Badische Anilin- und Sodafabrik 

BOB  Blendstock for Oxygenate Blending 

CAFE  Corporate Average Fuel Economy 

CARB  California Air Resources Board 

CO  Carbon Monoxide 

C3,CX  Hydrocarbon with 3 or X carbon atoms 

CRC  Coordinating Research Council 

DI  Direct Injection 

DVPE  Dry Vapor Pressure Equivalent 

EMFAC  Emissions Factor model of CARB 

EGR  Exhaust Gas Recirculation 

E0  Gasoline containing no Ethanol 

E10,EX  Gasoline containing 10%, X% Ethanol by volume 

EPA  U.S. Environmental Protection Agency 

EPAct  Energy Policy Act 

FCC  Fluid Bed Catalytic Cracker 

FTP  Federal Test Procedure dynamometer cycle, also FTP-75 

GREET ANL  Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation 
Model 

GHG   Greenhouse Gas 
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GDI  Gasoline Direct Injection 

GPF  Gasoline Particulate Filter 

HC  Hydrocarbons 

HCHO  Formaldehyde 

LA4  A specific light duty dynamometer cycle 

LA-92  A specific light duty dynamometer cycle 

LEV  Low Emission Vehicle 

LPG  Liquefied Petroleum Gas 

LSR  Light Straight Run Naphtha 

MON  Motor Octane Number 

MOVES Motor Vehicle Emission Simulator of the EPA 

MTBE  Methyl Tert-butyl Ether 

NHTSA  National Highway Traffic Safety Administration 

NMHC  Non-methane Hydrocarbon 

NMOG  Non-methane Organic Gases 

NO2  Nitrogen Dioxide 

NOx  Oxides of Nitrogen 

OEM  Original Equipment Manufacturer 

ON  Octane Number 

ORNL  Oak Ridge National Laboratory 

PFI  Port Fuel Injection 

PM  Particulate Matter (generic or referring to mass) 

PM10  PM below 10 micrometers in size 

PM2.5  PM below 2.5 micrometers in size 

PN  Particle Number (referring to PM) 

PMI  Particulate Matter Index 
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PSI  Pounds per Square Inch 

RON  Research Octane Number 

RVP  Reid Vapor Pressure 

SAE  Society of Automotive Engineers 

SIDI  Spark Ignition Direct Injection 

SR  Straight Run 

SULEV  Super Ultra LEV 

T50  Temperature at which 50% has distilled 

THC  Total Hydrocarbons 

UC  Unified Cycle, alternate name for LA-92 

UFP  Ultrafine Particle 

ULEV  Ultra LEV 

US06  A specific light duty dynamometer cycle 
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