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Abstract: Refi nery GHG emissions were predicted for 10% and 30% ethanol blends at refi nery blend-
stock octanes between 77 and 89 AKI at any gasoline pool energy content between parity and con-
stant gasoline pool volume. Linear programming analyzed how separate E30 blending scenarios of 
2017 PADD 2-based refi neries affect greenhouse gas (GHG) emissions relative to status quo gasoline 
(i.e., E10, 87 AKI and 93 AKI premium). The compliance synergy of higher ethanol blends illustrated 
here is pertinent to national policy goals and multiple environmental objectives. Study results have 
implications for CAFE Standards, US EPA Tier 3 fuel standards, and Clean Air Act regulations of sta-
tionary source CO2 emissions from refi nery operations. Results varied by amounts and types of crude 
oil processed, refi nery operations, refi nery gasoline blendstock produced (and fuel ethanol blended), 
and produced refi nery product composition and properties. Signifi cant differences exist in total refi nery 
GHG emissions (including emissions from purchased electricity and hydrogen) with the largest differ-
ences from coke burn in the fl uidized catalytic cracker and refi nery fuel gas combustion principally 
related to reformer operations. The concept of refi nery GHG emissions intensity was introduced to 
differentiate between differences in refi nery throughput (an extensive factor) and severity of refi nery 
operations (intensive factors). Refi nery GHG emissions decline 12% to 27% from a 2017 base case 
for the various 30% ethanol cases, highlighting a signifi cant gap in current life cycle analysis (LCA) 
and  supporting incorporation of this improved approach into LCA related to higher ethanol blends. 
This methodology can be adapted to other PADDs and/or for the USA. © 2015 The Authors. Biofuels, 
Bioproducts, Biorefi ning published by Society of Chemical Industry and John Wiley & Sons, Ltd.
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effi  ciencies, a higher minimum octane fuel (well above 
88 AKI) is required. For these vehicles to be accepted by 
consumers, that higher octane number fuel needs to be 
widely-available and cost-eff ective which will mean high-
CR vehicles will perform adequately.

Ethanol has a higher octane rating than conventional 
gasoline. Consequently, higher blend levels could signifi -
cantly increase a fi nished gasoline’s octane rating. In addi-
tion, engine researchers have determined ethanol’s high 
heat of vaporization provides a cylinder ‘charge cooling’ 
eff ect. Due to these two desirable properties, fuels with 
higher levels of ethanol could allow for design and use of 
direct-injection, spark-ignition engines with higher CRs 
and greater thermal effi  ciency.7

Recent studies examined increased ethanol content in 
gasoline and its impacts on engine performance with 
favorable results. Jung et al.8 tested splash-blended E10, 
E20, and E30 fuels in a Ford 3.5L EcoBoost direct injec-
tion turbocharged engine at CRs of 10.0:1 and 11.9:1. 
Results showed E30 (101 RON) at a 11.9:1 CR reduced 
CO2 emissions by 5% and 7.5% on the EPA M/H (Metro 
Highway) cycle and US06 Highway cycles, respectively, 
while volumetric fuel economy was 3% lower on the M/H 
cycle and approximately equal on the US06 Highway 
cycle, compared to E10 fuel at a 10:1 CR. Taking advan-
tage of ethanol’s higher octane rating and charge cooling 
eff ect, engine designs can be optimized to off set ethanol’s 
reduced energy content, thereby reducing vehicle fuel 
consumption and tailpipe CO2 emissions relative to cur-
rent engine designs. Splitter and Szybist6 concluded CO2 
reductions could be achieved without a decrease in miles 
per gallon with an intermediate ethanol blend provid-
ing reduced knock and tolerating a higher CR. Anderson 
et al.7 estimated a possible RON increase of four to seven 
points with 20‒30% ethanol blends into current supplies 
resulting in a possible E30 RON of 98.6. Increasing the 
minimum RON requirement for E10 to 92 would mean 
an E30 RON of over 100. Th ese studies indicate higher 
ethanol blends could have positive results on light duty 
vehicle fuel economies and reduce tailpipe greenhouse gas 
emissions. 

Other national environmental policy objectives could 
be furthered with higher ethanol blends in conjunction 
with higher fi nished gasoline octane rating requirements. 
Th e US Environmental Protection Agency (US EPA) has 
recently set a 10 ppm sulfur ceiling for gasoline in 2017 
due to concern over air quality-related public health con-
cerns (Tier 3).9 Tier 3 also allows for updating specifi ca-
tions of the emission test fuel to demonstrate compliance 
with this new standard that incorporates current and 

Introduction

E
thanol use is expected to increase worldwide over the 
next decade due to favorable gasoline blending eco-
nomics and governmental policies aimed at reduc-

ing greenhouse gas (GHG) emissions, improving vehicle 
effi  ciency, and/or reducing petroleum imports. US ethanol 
use is projected to increase from 55.2 billion liters in the 
2013/2014 corn-marketing year (MY) to almost 70 billion 
liters in MY 2022/2023.1,2 

In the USA, the principal policy supporting this pro-
jected use is the Renewable Fuel Standard (RFS), which 
mandates 136.2 billion liters of qualifying renewable 
transportation fuel use by 2022.3 Renewable fuels qualify 
within the RFS by providing GHG emissions reductions 
over their entire life-cycle relative to statutorily defi ned 
petroleum-based standards. Corn starch-based ethanol 
life-cycle GHG emissions must be at least 20% less ver-
sus 2005 gasoline and depending on a number of factors 
such as land use change, provides reductions of between 
19% and 48% when compared to gasoline (on a per unit 
of energy basis) while ethanol derived from other sources 
such as corn stover and select herbaceous energy crops can 
have even greater life-cycle emissions reductions.4

In addition to regulatory drivers, ethanol has certain 
performance attributes that can result in increased use, 
principal among them higher octane versus conventional 
87 AKI gasoline. In the USA, gasoline octane postings 
reference the fuel’s Anti-Knock Index (AKI), an average 
of Research Octane Number (RON) and Motor Octane 
Number (MON). Th e majority (85%) of US gasoline sold 
is regular grade, which has an AKI of between 85 and 
88 depending on geography.5 Premium gasoline has an 
AKI greater than 90 with mid-grades between 88 and 90, 
inclusive. 

Higher levels of renewable fuel with current engine tech-
nologies could reduce GHG emissions. However, another 
more intriguing approach, deemed publicly by major US 
automakers to be a promising pathway for compliance 
with both increasing renewable fuel volume requirements 
under the RFS and progressively more stringent corporate 
average fuel economy (CAFE) requirements, is a transi-
tion to advanced engine technologies with greater use of 
ethanol to reduce GHG emissions.6 Th is approach involves 
using higher engine compression ratios (CR), direct injec-
tion, and potentially turbocharging in order to improve 
thermal effi  ciency and reduce engine weight without 
power loss, which translates into lower tailpipe GHG emis-
sions and less fuel consumption per mile. Importantly, for 
these vehicles to perform acceptably and achieve higher 
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refi ning sector to assess the additional cost per gallon of 
increasing octane ratings as higher ethanol blends are 
incorporated into the U.S. gasoline supply. Th ey found 
gasolines with 10 and 30%v ethanol (95 to 100 RON, 
respectively) could be produced at a cost between one and 
fi ve cents per gallon higher than corresponding blends at 
status quo octane ratings. Th ey further found increases 
in ethanol content decreased refi nery CO2 emissions at 
constant RON while increases in RON at constant ethanol 
content result in increased refi nery CO2 emissions. Speth 
et al.15 performed a well-to-wheels economic and environ-
mental analysis and found using high-RON gasoline in 
the US light-duty fl eet would reduce CO2 emissions and 
decrease gasoline consumption by 3.0‒4.4% between 2012 
and 2040. Th ey used an LP-based refi nery model with a 
typical US Gulf Coast refi nery and current US petroleum 
product slate. 

A major outcome of this study is that it will provide 
renewable fuel life-cycle modelers looking at other 
GHG emissions aspects of higher ethanol level blends 
a reference point enabling incorporation one of the 
consequential eff ects of changes to BOB specifi cations 
caused by increased ethanol levels, specifi cally, reduced 
(or increased) levels of petroleum refi nery emissions. 
Additionally, as the US EPA begins to regulate CO2 emis-
sions from stationary sources (i.e. the Tailoring Rule),16 the 
broader understanding of petroleum refi nery CO2 emis-
sions provided by this study would defi nitely be applicable.

Materials and methods

Petroleum Administration Defense 
Districts
Petroleum Administration Defense Districts (PADDs) are 
fi ve separate multi-state areas in the USA used to analyze 
patterns of petroleum and fi nished product movement.17 
Th e focus of this paper was on PADD 2 (Midwest) which 
had 27 operating refi neries in 2013, producing 34% of 
the nation’s fi nished gasoline and including 170 ethanol 
plants with nearly 46 billion liters per year of operating 
production.18

Model development and calibration

For this study, a representative LP model (i.e., calibration 
case) was developed for PADD 2 using GRTMPS19 com-
posed of high conversion refi neries processing light and 
heavy crude oils and based on PADD 2 crude inputs and 
refi nery products data for 2010 from the US Department 
of Energy’s Energy Information Administration (EIA).20,21 

expected ethanol contents in the US gasoline pool and 
is also affi  liated with the EPA’s GHG standards for light-
duty vehicles which begins in 2017. While not the express 
subject of this study, given that sulfur and aromatics levels 
in ethanol are near zero and increased levels of ethanol 
beyond 10% by volume could allow for reduced levels of 
high octane aromatics-rich fossil gasoline blendstocks in 
fi nished gasoline, blending higher levels of ethanol would 
likely make compliance with Tier 3 gasoline requirements 
easier. Also, the US EPA recognizes manufacturers may 
wish to design vehicles to utilize higher octane ratings 
(e.g. 30%v ethanol, increased CR) as a means of improving 
overall vehicle effi  ciency and will allow them to test fuels 
with a minimum octane rating of 91 AKI which provides a 
signifi cant market incentive for advancing beyond current 
E10 levels.9

Clearly, higher ethanol blends could simultaneously 
address multiple environmental policy objectives: reduc-
ing total life-cycle GHG emissions (RFS), increasing light 
duty vehicle effi  ciencies (CAFE), and improving air qual-
ity (Tier 3). It is rare to fi nd such a compelling synergy, 
particularly for an approach that is deployable today 
without the need for an all too oft en elusive technology 
advancement. Given this possibility, it is important to 
develop a more complete body of knowledge around the 
impacts of blending increased volumes of ethanol with 
reduced levels of refi nery blendstock (BOB), including 
consideration of the GHG emissions associated with the 
refi ning process, so policy-makers have the data to inform 
their decision-making. Anderson et al.7 specifi cally men-
tion this point. 

Th is study builds that body of knowledge focused specif-
ically on changes in GHG emissions of a petroleum refi n-
ery to select ethanol blend levels and octane rating changes 
in fi nished gasoline streams. Th is study did not consider 
GHG emissions associated with crude oil exploration/
production, inbound crude oil logistics, outbound product 
logistics, vehicle use, or ethanol production. Although 
ethanol referred to in this study was not designated from 
any particular source/feedstock, this study is particularly 
relevant to renewable fuels given that the ethanol would 
most likely be derived from biomass sources such as corn, 
sugarcane, or lignocellulosic crops, all renewable sources 
of fuel ethanol based on earlier LCA analyses.4

Linear programming (LP) has been demonstrated to 
optimize petroleum refi nery operations involving crude 
oil input scheduling, output product qualities (e.g. octane 
number and aromatic content), energy utilization, and fi n-
ished product blending.10-13 Hirschfeld et al.14 performed 
an LP analysis of the national (aggregate) US PADD-based 
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how developed from historical data. Pricing, however, 
had little eff ect on the resulting refi nery operating plan, 
including refi nery GHG emissions; therefore refi nery 
profi tability was not included in the scope of this study. 
Absolute operating and capital costs have been studied by 
others14 and were also not in scope. 

For the PADD 2 model to converge with a feasible solu-
tion conforming to 2017 EIA volume projections, assump-
tions reasonable to the authors were made on crude, 
hydrocracking, and hydrotreating capacity investment 
from 2010 to 2017. Evolution of the refi nery confi guration 
from 2010 to 2017 was based on incremental investment 
incentive values generated by the LP, coupled with author 
experience. Aft er evolving the refi nery confi guration to 
converge for E10 in 2017, the refi nery confi guration was 
not changed.

Th e major objective of this project was to analyze four 
separate E30 (i.e. 30% ethanol by volume) ethanol blend-
ing scenarios with several gasoline octane grades and sup-
ply volumes in the ‘aggregate’ Midwest-based petroleum 
refi nery versus a common base case representative of sta-
tus quo gasoline in 2017 to determine how GHG emissions 
from the refi ning process would change for 2017. Each E30 
case varied by octane rating and gasoline pool volume. In 
all cases, the fi nished gasoline AKI was calculated as the 
volumetric weighted average AKI of the BOB and ethanol, 
assuming an AKI of 115.8 for ethanol and, as this study 
was initiated prior to Tier 3 sulfur specifi cations being 
announced, the older 30 ppm maximum sulfur specifi ca-
tion in gasoline was used. All other constraints such as 
distillate production and fuel specifi cations were held con-
stant across all 2017 cases. For each 2017 case, the refi nery 
crude slate and operating conditions were determined 
by solving for the refi nery economic optimum using the 
LP-model representation of the 2017 aggregate refi nery. 
Th e methodology applied in this study is also applicable to 
the other PADD’s within the USA or could be potentially 
extrapolated to the USA as a whole. 

Secondary objectives included showing how vari-
ous refi nery process unit operations would change with 
increased ethanol volumes, GHG emissions from those 
process units, resulting compositional changes in BOB, 
and determining if refi nery operations would even be 
feasible and reasonable for the imposed gasoline specifi ca-
tions chosen.

Th e six cases analyzed were:

• Calibration – Th is E10 case uses actual 2010 data from 
petroleum refi neries in Petroleum Administration 
Defense District 2 (PADD 2).

GRTMPS is a well-known optimization soft ware system 
used extensively in the petroleum refi nery sector and other 
industries to provide estimates of operational planning, 
scheduling, and economic forecasting.

Refi nery capacity data and those of individual process-
ing units (e.g. alkylation, hydrocracking) were taken from 
Oil & Gas Journal data.22 Capacities for all process units, 
which are maximum throughput constraints in the LP 
model, were summed for all PADD 2 refi neries to obtain 
an aggregate representation of PADD 2 refi ning capabil-
ity, including aggregate individual process unit capacities. 
No minimum throughput constraints were imposed since 
reduced aggregate throughput could in reality be achieved 
by shutting down entire units at individual refi neries. 

Upon confi guration, appropriate 2010 mixes of light, 
medium and heavy crude oils and other feedstock inputs 
were evaluated and refi nery product volumes calculated. 
Comparison of model predictions with the EIA’s 2010 
production data allowed for calibration including crude 
types processed in the region. Th e model was run using six 
separate crude assays averaging 33.1 API and 1.3% sulfur. 
LP constraints were a plus or minus 3% (relative) on C5+ 
liquid products compared to actual PADD 2 operations. 
Additional screening was performed on the fl uid cata-
lytic cracker (FCC), hydrocracker, and coker. Aft er minor 
model parameter adjustments, model predictions matched 
historical data within LP tolerances. 

Modeling PADD 2 in 2017

To represent 2017, the 2011 EIA Annual Energy Outlook 
was utilized for the refi ning volume forecast.23 EIA 
PADD data were not segregated, so PADD 2 volumes were 
assumed to grow from 2010 similarly to US projections 
overall. Th e specifi ed diff erentiation between reformulated 
gasoline (RFG) for air quality non-attainment areas and 
conventional gasoline was retained and all gasoline in 
2017 was assumed E10 with 87 AKI regular and 93 AKI 
premium (resulting in a gasoline pool average AKI of 88). 
For conventional gasoline, it was assumed the current RVP 
waiver was eliminated. (Hirschfeld et al.14 report results 
with both elimination and retention of the RVP waiver.) 
LPG and butane volumes were constrained based on his-
torical relationships to crude throughput and gasoline 
production.

In addition to product volumes, crude and product 
prices used in the LP were fi xed at EIA forecast levels 
adjusted to a lower refi ning margin more realistic of past 
experience. Price inputs not provided in the EIA forecast 
were set using proprietary price relationships and know 
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Th e Calibration case was constrained to match 2010 sup-
ply/demand data with the 2010 refi nery confi guration 
and other cases were based on EIA projected 2017 sup-
ply/demand data, which did not include the signifi cant 
increases in crude availability from the Bakken that has 
since materialized. All 2017 cases utilized the common 
‘evolved’ refi nery confi guration. Higher fi nished product 
demands in 2017 require higher crude runs and product 
volumes for the Base case versus the Calibration case. 
In particular, distillate production is disproportionately 
higher (20%) than BOB (4%), causing the fi nished gaso-
line-to-distillate (G:D) ratio to decrease from 1.82 to 1.58. 
Despite the large change in both product volume and mix, 
the relative amounts of various crude types are virtually 
unchanged between the two cases.

E30 ethanol cases result in lower crude runs, by 9% to 
15% between the four cases, on reduced BOB production 
with equivalent production of other ‘White Products’ 
(gasoline-range byproducts, jet fuel, and diesel and heat-
ing oil). Virtually no diff erences exist in relative amounts 
of the various crudes processed. Among the four ethanol 
cases, crude throughput is higher for the BE cases than BV 
cases; because of ethanol’s lower heating value, more gaso-
line is required for the BE cases to maintain gasoline pool 
energy equivalence to the Base case. For the 97 AKI cases 
relative to their respective 88 AKI case, crude through-
put is higher due to the greater level of gasoline “volume 
shrink” in refi nery operations needed to produce blend-
stock required to meet a 97 AKI fi nished gasoline specifi -
cation. Table 1 shows the total crude oil processed and the 
primary product slate.

Unit operations and gasoline blending

Tables 2 and 3 show total refi nery crude and unit through-
puts for key White-Product-related unit operations, major 
energy-related purchased utility inputs, and fi nished gaso-
line composition and properties resulting from diff ering 
unit operations. Th e 28% increase in distillate-producing 
hydrocracker throughput seen for the Base case versus 
the Calibration case is much higher than the 7% to 8% 
increase in throughput for the gasoline-related unit opera-
tions (e.g. the fl uid catalytic cracker, reformer, and alkyla-
tion unit) due to the lower G:D ratio in 2017 versus 2010.

In each ethanol case, however, the volume and octane 
rating impacts of displacing BOB aff ect reformer opera-
tions and reformate blending. Th e primary function 
of reformers is to make high octane number aromatic 
hydrocarbons in order to increase gasoline octane ratings, 
which they do at high operating cost and at the expense of 

• Base (B) – Th is E10 case establishes a refi nery con-
fi guration, crude slate, and operating conditions for 
the US Department of Energy – Energy Information 
Administration (EIA) projected fi nished product 
volumes for 2017 assuming all gasoline is E10 and 
the elimination of the 6.895 kPa (1 psi) Reid Vapor 
Pressure (RVP) waiver for conventional gasoline. 
Regular at 87 AKI and premium at 93 AKI are diff eren-
tiated for both conventional and reformulated gasoline, 
resulting in a gasoline pool octane of 88 AKI. 

• 88BV – Similar to the Base case, also with diff erenti-
ated gasoline grades having a pool octane of 88 AKI 
and with the various grades fi xed at the same respec-
tive volume (V) levels, but at a 30% ethanol level (an 
E30 case). 

• 88BE – An E30 case similar to 88BV, but with the addi-
tional gasoline production required to maintain the 
gasoline pool energy (E) content, rather than its vol-
ume, equivalent to the Base case.

• 97BV – An E30 case also similar to 88BV, but with 
a single grade of conventional gasoline and a single 
grade of RFG, each having a practical maximum AKI 
of 97. 

• 97BE – An E30 case similar to 97BV, but with the addi-
tional gasoline production required to maintain the 
gasoline pool energy (E) content equivalent to the Base 
case.

In this model, all refi neries in PADD 2 are represented as 
a single aggregated refi nery having a capacity equal to that 
of the entire PADD, providing insight into the region as 
a whole and how specifi c refi neries might respond under 
similar conditions. It can be seen as representative of a 
model average refi nery in PADD 2. 

Results and discussion

In response to varying ethanol blending, fi nished gaso-
line octane rating, and fi nished gasoline pool volume 
constraints for the six scenarios, model results varied in 
amounts and types of crude oil processed, refi nery opera-
tions required to process various crude oils, amounts of 
refi nery gasoline blendstock produced (and fuel ethanol 
blended), the composition and properties of refi nery prod-
ucts produced, and refi nery GHG emissions.

Refi nery crude run and product slate

Refi nery crude throughput was a combination of domestic 
and Canadian light, medium, and heavy sweet crudes. 
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Table 1. Total crude oil processed and primary product slate (000 m3 per day).

Scenario Cases

Calibration Base 88BV 88BE 97BV 97BE

Total Crude Oil Throughput 511.8 574.5 493.0 510.2 519.1 525.9

White Products produced and Ethanol Blended

 Blend Stock for Oxygenated Blends 297.0 308.0 239.0 256.0 239.0 255.0

 Reformate & Naphtha Sales 5.9 6.3 6.3 6.3 6.3 6.3

 Jet Fuel 32.3  36.6 36.6 36.6 36.6 36.6

 Diesel & Heating Oil 149.0 180.0 180.0 180.0 180.0 178.0

  Subtotal - Fossil White Products 484.2 530.9 461.9 478.9 461.9 475.9

 Fuel Ethanol (blended at Gasoline Racks) 33.5  34.8 105.0 112.0 105.0 112.0

 Total Blended White Products 517.7 565.7 566.9 590.9 566.9 587.9

Fossil Gasoline-to-Distillate Volume Ratio 1.64 1.42 1.10 1.18 1.10 1.18

Table 2. Refinery throughout and key refinery unit operations and utilities.

Scenario Cases 

Calibration Base 88BV 88BE 97BV 97BE

Refi nery Throughput

Crude Oil (000 m3 per day) 511.8 574.5 493.0 510.2 519.1 525.9

Refi nery Unit

 Isomerization Unit (000 m3) 25.9 32.4 31.3 32.1 32.4 32.4

 Alkylation Unit (000 m3) 33.5 31.5 17.1 18.3 20.7 27.3

 Fluidized Catalytic Cracker (000 m3) 149.0 160.0 101.0 108.0 112.0 117.0

 Hydrocracker (000 m3) 36.3 46.5 46.5 46.5 46.5 46.5

 Delayed Coker (000 m3) 49.9 58.0 40.7 42.7 43.1 44.7

 Reformer (000 m3) 100.0 108.0 19.7 19.2 119.0 125.0

  Severity (AKI) 92.5 90.0 90.0 90.0 100.0 100.0

Utilities

 Purchased Natural Gas (GJ) 1,160 1,250 1,090 1,110 1,040 1,070

 Purchased Hydrogen (thousand m3) 2,070 10,600 18,900 19,800 1,640 1,990

 Purchased Electricity (GW-hr) 17.1 18.9 14.5 14.8 17.1 17.8

gasoline volume. For the 88BV and 88BE cases, reformer 
throughputs decrease 82% and reformate blending into 
fi nished gasoline falls from 27% to less than 4% due to the 
large addition of incremental high octane ethanol reduc-
ing the need for octane number in the BOB to make an 
average 88 AKI fi nished gasoline. A side eff ect of reduced 
reformer throughput, which also reduces by-product 
hydrogen production, is higher purchased hydrogen 
volumes.

When the fi nished gasoline pool minimum octane 
specifi cation increases from 88 to 97 AKI, the impact on 
reformer operations and reformate blending is reversed. 

Th e need for an 89.2 AKI BOB blendstock versus only 
76.7 AKI for the 88BV and 88BE cases requires reformate 
blending at roughly the same 27% level as the Base case 
and reformer throughputs are increased by 10% to 16%. 
Th e need is for both higher reformate volume and higher 
reformate octane number, as reformer severities (a meas-
ure of conversion to high octane aromatic compounds, 
typically measured in octane number units) of 100 AKI 
were also required versus only 90 AKI for all other cases. 
Understandably, the 97BV and 97BE cases also showed the 
lowest purchased hydrogen volumes (83% and 90% lower 
versus Base case and 88 AKI cases, respectively).
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but incremental ethanol takes the place of FCC gasoline, 
alkylate, and naphtha, all of which decline as a percent-
age of the blend. BOB blendstock octane ratings for the 97 
AKI cases actually increase versus the Base case by over 4 
AKI to where refi neries needed to operate prior to the days 
of 10% ethanol blending.

Aromatic, olefi nic, and sulfur contents of fi nished gaso-
line decline by over 50%, 30%, and 50%, respectively, for 
the 88BV and 88BE cases versus the Base case. For the 
97BV and 97BE cases, aromatic content (principally from 
reformate) increases 5% to 6%, olefi nic content (principally 
from FCC gasoline) declines about 27%, and sulfur con-
tent declines by 8% to 21%. 

With respect to diff erences in refi nery unit operations 
and gasoline blending between the two constant volume 
cases and their respective constant gasoline pool energy 
cases, throughputs increase modestly, but only small dif-
ferences in gasoline blending occur.

Refi nery greenhouse gas emissions

Model results in Fig. 1 show signifi cant diff erences in 
total greenhouse gas emissions from refi nery operations 
including emissions from purchased upstream electricity 
(assuming 201 g CO2/MJ) and upstream purchased hydro-
gen (assuming 5.5 kg CO2/kg H2). In all cases and for all 

Other gasoline blendstocks and their producing units 
are aff ected diff erently among cases. Th e throughput of the 
FCC unit, a large gasoline producing unit, but not as sig-
nifi cant a contributor to gasoline pool octane rating as the 
reformer, shows responses similar to the reformer for the 
88BV and 88BE cases, but without the reversal in response 
for the 97BV and 97BE cases. FCC throughput drops 27% 
to 37% depending on specifi c gasoline volume and octane 
rating requirements of the four cases. Th e alkylation unit, 
which produces both gasoline and octane number but is 
close-coupled to the FCC for feedstock, has a throughput 
reduction of roughly 44% for the 88BV and 88BE cases, 
but only 13% to 34% for the 97BV and 97BE cases respec-
tively. Alkylate blending percentages are 18% to 46% lower 
than the Base case.

Table 3 shows eff ects of higher-level ethanol blends 
and higher gasoline octane number specifi cations. When 
ethanol levels are increased at constant fi nished gasoline 
octane rating requirements, reformate is removed from the 
gasoline pool, as are FCC gasoline and alkylate to a lesser 
degree, and naphtha, a low octane number blendstock, 
substitutes. BOB blendstock octane ratings drop by almost 
8 AKI. When increased ethanol blend levels are accom-
panied by an increase in fi nished gasoline octane rating 
(97BV and 97BE cases), reformate levels don’t decrease, 

Table 3. Gasoline composition and properties.

Scenario Cases

Component Blendstocks (vol%) Calibration Base 88BV 88BE 97BV 97BE

Ethanol 10.0 10.0 30.0 30.0 30.0 30.0

FCC Gasoline 25.1 26.1 17.2 17.1 18.8 18.4

Reformate 25.6 26.9 3.9 3.6 26.7 26.3

Naphtha 13.8 12.4 28.7 29.5 4.1 3.9

Alkylate 10.3 9.2 5.0 5.0 6.1 7.5

Isomerate 7.7 9.3 9.0 8.6 9.3 8.7

Butanes 7.5 6.1 6.2 6.1 5.1 5.3

Key Properties of Finished Gasoline

Octane Number AKI 87.7 87.7 88.4 88.4 97.2 97.2

Aromatic Content Volume % 21.6 20.4 10.0 10.0 21.7 21.4

Olefi nic Content Volume% 7.7 7.8 5.1 5.1 5.7 5.6

Sulfur Content ppm 23 24 10 12 22 19

Key Properties of BOB

Octane Number AKI 84.6 84.6 76.7 76.7 89.2 89.2

RVP (annual average) kPa 74.1 70.6 75.3 75.1 75.5 75.8

Density kg/m3 729 727 720 720 741 740

High Heating Value GJ/m3 33.8 33.9 33.6 33.7 33.8 33.8
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will produce more emissions than corresponding lower 
octane rating gasoline cases (88BV and 88BE).

Also clear from these results is the eff ect of reducing 
BOB production volumes on refi nery GHG emissions is 
not accurately estimated by simply reducing life-cycle 
GHG emissions from BOB by a fi xed standard amount 
per unit volume of BOB displaced by ethanol. Hirschfeld 
et al.14 and Speth et al.15 found similar results. Th e implicit 
assumption of that convention is life-cycle emissions 
from BOB are independent of ethanol blend percentage, 
fi nished gasoline octane ratings, and other gasoline blend-
ing properties. From results and discussion above, this 
clearly is not the case. Changes in refi nery GHG emissions 
result from changes in the more extensive factor of refi n-
ery throughput and the more intensive factor of refi nery 
operating conditions. By decoupling these two factors, it 
is easier to see the benefi cial impact on emissions associ-
ated with ethanol’s gasoline blending properties (a more 
intensive eff ect) as well as its volume (a more extensive 
eff ect). Th is decoupling can be done in a variety of useful 
ways, presented in Table 4, by dividing total refi nery GHG 
emissions for each case by various normalization factors 
such as crude throughput, produced product volumes, or 
the energy contained in produced products. We defi ne 
these normalized, intensive measures of the GHG emis-
sions associated with refi nery operations as ‘Refi nery GHG 
Emissions Intensities’.

Th e Base and Calibration cases on any GHG emissions 
intensity basis are essentially the same. Changes that do 
exist are due to changes in the G:D ratio, which appears 

results presented, carbon dioxide was the only GHG mod-
eled and no emissions of any kind from the production 
of ethanol are included. Higher product demands for the 
Base case increase refi nery GHG emissions by 8% over the 
Calibration case. For the various 30% ethanol cases, etha-
nol displacement of BOB decreases refi nery GHG emis-
sions by 12% to 27% compared to the Base case.

Figure 1 also shows GHG emissions from refi nery 
sources separated into coke burning in the FCC unit, 
combustion of refi nery fuel gas (for process heat or other 
uses), combustion of purchased natural gas (for process 
heat, hydrogen production, or other uses), and purchased 
electricity and hydrogen. Th e largest diff erences occur in 
emissions from the FCC coke burn with reductions from 
21% (97BE) to 42% (88BV). 

Refi nery fuel gas emissions also vary signifi cantly. 
Considering changes in combined emissions from both 
refi nery fuel gas and purchased natural gas, as they are 
interchangeable on an energy basis, GHG emissions reduc-
tions versus the Base case range from 9% (97BE) to 25% 
(88BV). Emissions from purchased electricity and hydro-
gen, combined on a relative basis are smaller (by 10% to 
15%).

Relative diff erences among the various high ethanol 
cases and emissions sources within the refi nery are under-
standable as refi ning more crude oil (88BE and 97BE) will 
produce more emissions versus a constant gasoline vol-
ume case with lower crude throughput (88BV and 97BV). 
Similarly, running the energy-intensive refi nery unit oper-
ations needed to make octane number (97BV and 97BE) 

Figure 1. Refi nery greenhouse gas emissions for PADD 2.
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discussed in this paper along with other factors, such as 
carbon in the BOB blendstock, life-cycle emissions of 
the blended ethanol, and the effi  ciency of engines burn-
ing the fuel, life-cycle modelers will be able to perform a 
more complete analysis of some of the exciting fuel-engine 
options available to make meaningful reductions in trans-
portation fuel GHG emissions in the near-term. 

Conclusions

Several national environmental policy objectives could 
potentially be furthered with higher ethanol blends in 
conjunction with higher fi nished gasoline octane rating 
requirements. Specifi cally, the results of this study are 
directly related to furthering three national air quality 
policy objectives by off ering a means of increasing vehicle 
effi  ciency (CAFE), reducing sulfur content and emissions 
in gasoline (Tier 3) and reduction of CO2 emissions (RFS).

An LP model was developed for an aggregate PADD 2 
petroleum refi nery and utilized to illuminate and dimen-
sion changes in GHG emissions of higher-level (30%) 
ethanol blends in gasoline for 2017 as compared to a 2017 
Base case of E10 with no RVP waivers for conventional 
gasoline. Th e changes are signifi cant on both extensive 
and intensive bases among the four ethanol blending cases 
and, in particular, depend on the specifi ed octane rating 
requirements in fi nished gasoline. Using results of this 
study, refi nery GHG emissions can be estimated for etha-
nol blends between 10% and 30% at BOB octane ratings 
between 77 AKI and 89 AKI at any gasoline pool energy 
content between parity and the lower level associated with 
a constant gasoline pool volume. 

Results varied by amounts of crude oil processed, refi n-
ery operations required to process the various crude oils, 
amounts of refi nery gasoline blendstock produced (and 
fuel ethanol blended), and fi nished gasoline composition 
and properties. Model results show signifi cant diff erences 

more prominently in motor gasoline-based intensities 
since all incremental emissions from additional distillate 
production are assigned to smaller incremental production 
of motor gasoline. 

However, large diff erences exist between the Base and 
ethanol cases. For the 88BV and 88BE cases, GHG intensi-
ties are roughly 15% lower than the Base case on a crude 
oil throughput, White Products produced, or White 
Products contained energy basis. Th is signifi cant decrease 
highlights advantages of ethanol’s gasoline blending prop-
erties as refi nery operations are decreased from units that 
generate a disproportionately high level of GHG emissions 
(e.g. the reformers and FCC unit).

Th e 97BV and 97BE cases also have roughly equal GHG 
emissions intensities (2% to 4% lower than the Base case). 
Th is is reasonable as high GHG-producing operations at 
the refi nery are operated at higher rates versus the 88BV 
and 88BE cases. Th us, while the 97BV and 97BE cases do 
have lower total refi nery GHG emissions shown in Fig. 1, 
most of that reduction is due to the extensive factor of 
running less crude oil, in contrast to the 88BV and 88BE 
cases that also have a large intensive factor improvement.

Th e results shown in Table 4 and Fig. 1 demonstrate the 
importance of accounting for refi nery GHG emissions 
intensities in life-cycle analysis of higher-level ethanol 
fuels. While a complete, thorough life-cycle analysis of 
higher-level blends was beyond the scope of this paper, 
if only the extensive factor of a reduction in crude oil 
throughput were considered and changes in the crude oil-
based GHG emissions intensity were omitted, a modeler 
would estimate refi nery GHG emissions benefi ts of 30% 
ethanol blends at 88 AKI and constant gasoline pool vol-
ume to be a reduction of 17 700 metric tons per day for 
PADD 2. However, with the improved GHG emissions 
intensity associated with this case, the reduction would 
actually be nearly twice that value (33 700 metric tons per 
day). By including both extensive and intensive  factors 

Table 4. Refinery greenhouse gas emissions intensities.

Output Parameter Calibration Base 88BV 88BE 97BV 97BE

COTP (kg CO2eq/m3) 219 214 181 182 203 206

FWPP (kg CO2eq/m3) 231 231 193 194 228 228

FMGP (kg CO2eq/m3) 377 399 374 364 441 426

FWPE (g CO2eq/MJ) 6.51 6.47 5.39 5.42 6.33 6.34

FMGE (g CO2eq/MJ) 11.2 11.8 11.1 10.8 13.0 12.6

Legend: COTP - Crude Oil Throughput Basis; FWPP - Fossil White Products
Produced Basis; FMGP - Fossil Motor Gasoline Produced Basis; FWPE - Fossil White Products Contained Energy Basis; FMGE - Fossil 
Motor Gasoline Contained Energy Basis
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in total refi nery GHG emissions with the largest emissions 
diff erences occurring from the fl uidized catalytic cracker 
coke burn and refi nery fuel gas combustion related pri-
marily to changes in reformer operations. In total, refi n-
ery GHG emissions decline by 12% to 27% from the 2017 
Base case for the various 30% ethanol cases due to both 
the extensive eff ect of lower crude oil throughput and the 
generally-overlooked intensive eff ects of diff erences in the 
severity of refi ning operations.

Research conducted in this study as well as that by 
Hirschfeld et al.14 and Speth et al.15 highlight signifi cant 
gaps in current life-cycle analyses and provide research-
ers, policymakers, and others investigating other GHG 
emissions aspects of higher ethanol level blends a reference 
point enabling incorporation of the consequential eff ects 
of reduced (or increased) levels of petroleum refi nery 
emissions resulting from changes to BOB specifi cations 
caused by increased ethanol levels. 
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