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Executive Summgy

This study examinethetailpipe and greenhouse gamissions savings from the use of ten and twenty
percent ethanol blends in five mega cities around the world including Beijing, Delhi, Seoul, Tokyo,

and Mexico City. The unique feature of the studtha it explores the comprehensive environmental
linkages from fuel production through health impact. It takes into account: a) the regionally specific
fuel blending requirements to meet local fuel specification, b) the calculated tailpipe emissions
redudions in the local vehicle fleet and the local vehicle technology, c) the concentration reductions in
the local atmosphere from the reduced tailpipe emissions, d) the localized health impact and treatment
cost.

The model results indicate that ethanadedito gasoline will alter the gasoline formulation towards
lower aromatic fuels and lower tailpipe emissions resulting in health benefits such as reduced cancer
rates and health care costs. The benefits of such policies can be explored in conjuncttrewith

clean transportation policies such as
stricter fuel economy standards or Gasoline Vehicle Projections
electrification deployed separately or if *™*

combination.

g
g

:é
g

The results of the study are baseth
spreadsheet based model termed the
International Biofuel&€missions
Analysis Moa! (iBEAM). This model e re o

was developed in der to facilibtethe AT
exploration of many likely blending,
emissions, andlectric vehicle EV) . ot
adoption scenarios in an open and o - oo o0 s e
transparenivay while incorporaing

data from the latest etharghsoline T e | teiedy oo Ged T

blend vehtle emissions studies

MNumber of Vehicles

g B § &
g &8 g &
“w,

§
:

Tailpipe Emissions

The iIBEAM model consists of a vehicle characterization module which is combined with an emission
factor assessment for both gasoline and ethanol to derive total emissions adjustments from ethanol
blended gasolindn the model the projectqzhssenger car populatitetkes into accourd) the

projectal electric vehicle share and b) #ienual new car additiomdreplacement of retired

vehicles.

The emissions factors for both gasoline atithnolare assessed in twdifferent ways:

Vi
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1 Emissions Factors for Gasoline from Complex Model. In this case we ran the US EPA
Complex Model with country
specific gasoline samples to deriv. 1« Exhatst HCFNOX
emissions factors fagasoline 16 ‘

— — = New Delhi

1 Emissions Factors for Ethanol
from Complex Model. A base
gasdine was established for each
city that met the properties of the
gasoline samples followed by a
modeled adjustment of the .
gasolineblend stockgrom ethanol ’ SEEEERFESC -

blendlng O1990 1995 2000 2005 2010 2015 202;}{:| 2525 2030

==
o =

Mexico City
\ Beijing

-+=-=Seoul

Tokyo
______ Euro 4
\ O  Tier2

o LEVI

Exhaust NOx + HC (g/km)
o o
o o e

o
1]
1
1
{
'

1 Emissions Factors for Gasoline
from past and future emissions
standards. The past, cunteand future emissions standards governing each city was surveyed
for each city. The standards specify the emissions limits set for gasoline passenger vehicles for
the applicable test protocols.

1 Emissions Factors for Ethanol from published vehicle eomssstudies. We surveyed the
literature for substantially all major gasoliethanol vehicle emissions studies (for E10 and
E20) and summarized the expected impact from ethanol on combustion emissions.

1 For hydrocarbon emissiorisom gasoline and ethantile effects of altitude and reid vapor
pressure on evaporative emissions were added as well as an explicit representation of refueling
losses, permeation, spillage, and onboard refueling vapor recovery (ORVR) technologies.

On atotal tonnage and percentagesls through the year 20#7e results showydrocarbon (THC,
VOC) reductions across all citiéiom E10 and E20 blendshich should result in reduced risk for
ozone formation in these cities. Furthermore, the study figd#isant polycyclics andwveighted
toxinsreductions (often correlated with cancer) aaduced CCemissionswhichreduces heart disease
and other health effect$he study also shows tHdOx emissions remain unaffected by ethanol
blends.

The results are also particularly relevanligit of the current debate on electric vehicle deployment.
Since IBEAM enables selectionof different EV adoption scenarios we can compare the emissions
savings from ethanol blends to the emissions savings expected with EVs. Note that these are tailpipe
emissions only and do not include any upstream emissions from electricity production which, in many
of the studiedtountries may come from coal fired power plants. Tdoenparisorbetween ethanol and

EV (dashed red linan graphbelow) shows that EV vehlesthrough2027 will justbarelysave the

same amount of THC/VOC emissions as a fleet change to E10 and E20 would produce and that EV
vehicles will provide significantly less savings farbon monoxideand weighted toxingrough

2027.

Vil
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iBEAM Emissions Results by City and Ethanol Blend
(7% EV,50% GDI Share by 2027)

00% g~ g 3 a5 g R & a1
5.0% N
o RPN B\ SR SRRRANS:| SR NN PN 9= PP = | N
- . 0

15.0%
-20.0%
25.0%
30.0%
35.0%

!’;.E LB

\
N

Wl

Percent

-40.0%
E10 E20 E10 E20 E10 E20 E10 E20 E10 E20
Beijing Mexico City New Delhi Seoul Tokyo
co -3.1% -20.6% -3.1% -20.6% -3.1% -20.6% -3.1% -20.6% -3.1% -20.6%
mm THC -11.5% -0.8% -10.2% -8.5% -8.7% -7.4% -5.5% -4.6% -1.2% -6.5%
L R -0.7% -4.0% -0.7% -4.0% -1.2% -1.1% -0.6% -3.4% -0.8% -4.6%
Nox 0.0% 0.0% 0 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
=== Polycyclics -2.7% -8.6% -4.1% -9.8% -b.6% -9.4% -7.0% -13.7% -6.5% -14.4%
E=TS Weighted Toxins -12.0% -29.2% -8.4% -24.0% -21.2% -36.6% -19.8% -36.3% -14.7% -32.1%
s e eee Electr Veh Savings -7% 1% 7% 1% 7% -71% 7% 1% 7% -7%
Beijing Mexico City New Delhi Seoul Tokyo
E10 E20 E10 E20 E10 E20 E10 E20 E10 E20
CcO -69,613| -462,832| -94,806 | -630,332| -21,844| -145,236| -15,004| -99,754 | -21,480| -142,811
THC -29,238| -24,866| -25,953| -21,593| -9,842 -8,353| -3,562| -2,968| -5,137 -4,581
PM -10 -58 -11 -69 -6 -35 -1 -8 -4 -23

Greenhouse Gas Emissions

The GHGmodulein iBEAM calculates the GHG emissions based on data from two life cycle models:

1) The GREET model developed by Argonne National Laboratory which is the gold standard for
U.S. based lifeycle analysis and contains the most up to date information on corn ethanol
production. A California version of the GREET model is used for the Low Carbon Fuel
Standard. An earlier version was used by the US Environmental Protection Agency for the
Renewabld-uel Standard modeling.

2) The Biograce Model is a European life cycle model that evaluates European fuel pathways
under the Renewable Energy Directive (REOYrrent Japanese modeling efforts are also
closely aligned with the EU RED methodology.

viii
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On a toal tonnage and
percentage basis the study
shows sizable greenhouse g:

GHG Savings: Ethanol Blend to Gasoline
(GREET Allocation Method)

reductions for altitiesand Mexico Mexico| New | New

ethanOI blendi:ities Wlth Beijing | Beijing | City City | Delhi | Delhi @ Seoul @ Seoul  Tokyo Tokyo
h|gh fue| demand and curren E10 E20 E10 E20 E10 E20 E10 E20 E10 E20
MTBE use can realize Iarge -4.1% | -7.6% | -5.1% | -9.1% | -3.5% | -7.0% | -4.2% | -7.7% | -1.8% | -5.4%
GHG savings due to the high 23;

GHG intensity of the MTBE -2.0%

production pathwg Beijing o I | I | I | I

and Mexico City, for 2 5.0%

example, can save 10 and 1¢ -6.0%

million metric tonnes of C® o

emissions, respectively, from -9.0%

E10 blends through 2027. 00%

Refinery Profitability

We assessed the financial impact on refiners serving our studied cities from acetimgndO and
E20 in theirblend stocksWhen oxygenates (like ethanol in E10 or E20) are added in gasoline
blending, there is less need for octane from the catalytic reformingyitinith a refineryand more
hydrotreated naphtha feed to

the catalytic refaming unit Additional Net Revenue ($/Barrel Base Gasoline)

can be bypassed and blendec 300

directly to gasolineThe result
is more gasoline production
However, as a result of 20,0
operating at lower severity ani

. g 15.0
processing less feed, thereis &
less hydrogen produced from 10.0
this unitfor use in other plant I I

processs. Based orour o
assessment@achc ount r 00
refineryprofile we determined

the ncremental hydrogen and
incremental gasolinproduction and net revenue impact resulting from accommodating E10 and E20
in theblends The net revenue was calculated onlihsis ofdollar perbarrels ofbase casgasolinefor

each city.The results show that athanol blended fuels return equal or increased revenue for refiners.

25.0

E10 E20 E10

Beijing Mexico City New Delhi Seoul Tokyo

Health Impact

The introduction of ethanol fuels was estimated to yield a net reduction roixapptely 206300

cancers per city, associated with several of the key pollutants in vehicle exhaust relative to continued
use in gasoline, and varying among cities and between ethanol fuel blends. Avoiding these cancers
will save several thousand yeafspotential life lost in each city and an additional tens of millions of
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dollars of direct healthcare Reduction in Gasoline Related Cancer Cases by Cancer Causing Pollutant
costs for cancer treatment. £10 £20

i Beijing Delhi Mexico City Seoul Tokyo Beijing Delhi Mexico City Seoul Tokyo
’

0%

however, is much greater u | u | | I I I
than these metrics, as cance o«
adversely impacts the N

-20%

quality of life, can leadio

loss of income, and .
devastates families. For
example, in the US, a o
personyear of life lost has
been valued at $150,000
which leads our assessment
to show several hundred
million dollars of savings
from ethanol blends

Percent

mBenzene M Benzo[a]pyrene 1,3-Butadiene Formaldehyde

In summary dding E10 or E20a thefuel supply ineach ofstudiedcity significantly reducescey
pollutants andespeciallyair toxins andoolycyclic hydrocarbonsvith quantifiable positive health
impacts Linear Refinery Programminghowed that thesethanolblendsgiveneachco u n srefigedy
structure can beroduced withadditional profits to therefining sector.
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1 Introduction

The pupose of thistudycoauthoredy theUniversity of Illinois at Chicago (UICEnergy Resources
Centeris to assess the cumulative futtiadlpipe andgreenhouse gas emissidrenefits from adopting
higher ethanol blendsr the light dutyvehiclemarketin light of current and predicted fuel deménd
five majorglobal cities.The study also assesses refinery profitability considerations associdted wit
producing these fuel§hefive cities of interest arBeijing, Mexico City, New Delhi, Seouhnd

Tokyo, all of which face major air quality challenges.

In the United States the blending of ethanol at 10% and(E3% and E15)n conventionalehicles

and at higher blends (in flex fuel vehicles) has been accompanied by a dramatic reduction in air
emissionsacross altitudes and throughailitdriving seasonfl]. Together with Brazil and Europe a
large amounbf experience iad data has been accumulated to document the benefits of introducing
ethanol into the fuel supply.

The scenarios the present studpclude the quantification of emissions differences betveeerent

gasoline use without ethanmdmpare to higher ethaol blends including E18ndEZ20. It is expected
thatthe growing use dfiybrid electricvehiclesand fullyelectric vehiclegEVs) will eventuallyimpact
thedemand for gasoline and ethanol, and therefore this trend will also be fordearetidough 2@7.

Models that assess the contributions of vehailpipe emissions from different ethanol gasoline

blends would ideally incorporatamissions factors for differemegional driving and traffic conditions,
differentvehicle vintagesind market sharealtitude and climate effects, afttie respectivbasline

fuel compositionsOne such model , the US EnMQtor\thidee nt al Pr
Emission Simulator (MOVES) isnemission modeling system that estimates emissions for mobile
sources at theational, county, and project level for pollutartowever, MOVES is not set up to

assess emissions from ethanol blends greater than E15 and its handling of ethanol blends E10 and E15
has receivedriticism[2] [3] [4] [5].

While MOVES has powerful databases tadculatonof t he data in a Abl ack |
interpretation of the results often difficult. Moreover, while a recent effast made to adjust MOVES

for Mexico the countrnspecific adjustment resorts often to basic recalibration factors which adds

another level of uncertainty to the results.

In order to faciliitethe exploration of many likely blending, emissions, and E\ptido scenarios in
an open antransparentvay we have developed a spreadsheet based model termed the International
BiofuelsEmissionsAnalysis Model (iBEAM).

For tailpipe emissions assessments thodel allows us to incorporate data from the latest
ethanolgasoline blend vehicle emissions studigkile still taking key emissions aspects such
as vehicle retirement and emissions control deterioration effects over time into account.
Compared to MOVES we note that IBEAM is limited in its analysis to pgeserars and light
trucks. Furthermore, we employ simplified vehicle activity data and rely on compligtice
vehicle emissions standards.
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For greenhouse gas emissions assessments, we rely on data from the GREET model developed by
Argonne National Labotary which is the gold standard for U.S. based life cycle analysis and
contains the most up to date information on corn ethanol production. We also utilize the Biograce
Model which is a European life cycle model that evaluates European fuel pathwaythender
Renewable Energy Directive (RED). Current Japanese modeling efforts are closely aligned with

the EU RED methodology.
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2 Structure of the IBEAM Emissions Model

This section provides an overview of the iBEAM structure. Each module will be further explaine
the following sections.

The iIBEAM model consists of a vehicle characterization module which is combined with an emission
factor assessment for both gasoline and ethtamiérive total emissions adjustments from ethanol
blended gasoliné&eparatelythe impact from the production of E10 and E20 fuels on refinery revenue
is being assessed.

The vehicle characterizationcludes a projection of annual gasoline passenger car population
multiplied by the distance travelled annually by each car to deratettd driven passenger distance

(total kilometers) in each city. The passenger car population is a) also corrected for projected electric
vehicle share and b) broken out by annual new car additions including replacement of retired vehicles.

The emissionactors br both gasoline anethanolare assessed in two different ways:

1 Emissions Factaifor Gasoline from Complex Modeln this case we ran the US EPA
Complex Model with country specific gasoline samples to derive emissions factors for
gasoline

1 Emissions Factafor Ethanol from Complex Model. Base gasoline was established for each
city that met the properties of the gasoline samiolé®wved by a modeled adjustment of the
gasolineblend stock$rom ethanol blending.

1 Emissions Factaifor Gasolingfrom past and future emissions standailds past, current, and
future emissions standards governing each city was surveyed for each city. The standards
specify the emissions limits set for gasoline passenger vehicles for the applicable test protocols.

1 Emissions Factafor Ethanol from published vehicle emissions studige surveyed the
literature for substantially all major gasole#hanol vehicle emissions studies (for E10 and
E20) and summarized the expected impact from ethanol on combustion emission

Since emissions factors for gasoline and ethanol are only representative fatetiginm vehicle fleet
and control technology a correction of emissions factors by vehicle age was intrdéina#g, for
hydrocarboremissionghe effecs of altitudeand reid vapor pressure on evaporative emissions were
added as well as an explicit representation of refueling losses, permeation, spillage, and onboard
refueling vapor recovery (ORVR) technologies.

In most scenarios the blending of E10, E20 will enalfiegges to produce more gasoline volume

which will overall increase revenue. That revenue addition is compared against the need to add
hydrogen production capacity to offset reduced production from the reforming unit within the refinery.
The figure belowprovides a representation of the model structppendix B provides a Quickstart

to the iIBEAM Excel spreadsheet.
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Figure 1: iBEAM Flow Diagram
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