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ABSTRACT

The objective of this project is to determine the advantages of the modern
alternative fueled vehicles over traditional vehicles on a well to wheel bdtemative
fueled vehicles are often lauded for their advantages during vehicle operation. This
project evaluates vehicles according to their relative values on a broalder sc

This project compares traditional, alternative fuel, and hybrid vehicleséoinu
the U.S. from the complete fuel cycle standpoint using points of comparison that include
energy consumption, greenhouse gas emissions, and the emission of five principal
pollutants. GREET software used in this study was developed at Argonne National
Laboratory specifically for modeling these types of points. Financialdenagions and
social benefits outside the purview of GREET are also incorporated. The camparis
account for the attributes of each vehicle-fuel combination consideringadstock, fuel
production, and vehicle operation stages in order to provide a complete view of the fuel
cycle. By comparing vehicles in this way, this project highlights the adyes\tzf each
combination and provides insight into the overall effect of operating these vehicle

technologies.
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CHAPTER 1

INTRODUCTION

Everyday, people across the U.S. use their vehicles to commute to and from work
and a variety of other destinations. Most of these people rarely think about the effec
daily commuting has on the world around them. If they do think about the effect of their
daily commute, it is most probably in a general reference to basiciensissd basic
energy consumption caused by the vehicle operation itself. This thinking neghects ke
stages such as the feedstock and fuel production stages which are uttedyhe
operation of any vehicle. When it comes to purchase decisions between traditidnal
alternative fuel vehicles, most people do not have the information necessecyriaiay
judge the effectiveness of one vehicle-fuel combination versus another. This lack of
understanding can affect progression toward cleaner, more efficgeaptartation.

Greenhouse gases, Regulated Emissions, and Energy use in Transportation
(GREET) offers a broader perspective of many different vehicle-fuebic@tions
through simulations that takes into account energy consumption and emission of
greenhouse gases and six air pollutants from the well to the wheels. Thatesunts
for the broader picture of the fuel cycle in an easy to analyze format frantosfiaish.

With the information resulting from realistic and accurate simulationscleeh
technology and fuel combinations can be analyzed to offer a better understantang of t

impact of our daily driving habits, and ultimately offer reasons for ali#meourses of

1



action with respect to the vehicles people choose to drive and the fuels thatlpeseer
vehicles.

The purpose of this manuscript is twofold. First, this manuscript provides a
thorough tutorial of GREET in order to facilitate undergraduate use of the softwihe
learning process in a new biofuels lab. Second, this manuscript provides several
meaningful case studies which reflect vehicle-fuel comparisons betweeiotraidit
alternative, and hybrid vehicles. These comparisons are important agdnsran
occurrence for people buying cars in the U.S. to want to compare these types ekvehicl
The comparisons rely heavily on GREET simulations, but also incorporate othésaspec
outside the purview of GREET to build a comprehensive comparison of the vehicle-fuel
combinations. This includes other factors such as direct and indirect economitspenef
health benefits, welfare benefits, and environmental benefits. The comparisbeseof
vehicle-fuel combinations ultimately result in conclusions based on simulated
performance which will help educate people and hopefully be a driving factoatmgre

demand which will sustain cleaner and more effective transportation.



CHAPTER 2

GREETGUI USER GUIDE AND WALKTHROUGH

System Requirements

The following section pertains to the system requirements for Greenhousg Gas
Regulated Emissions, and Energy Use in Transportation (GREET) sotiwdrapplies
to supplemental programs as well. The GREET Read Me document discloses the
requirements for GREET 1.8c.0. It requires an IBM compatible PC running Mitsosof
Windows 95, Windows 98, Windows 2000, Windows Millennium Edition (ME),
Windows NT, or Windows XP with Microsoft Excel 2000 or higher versions to be
installed on the user machine before running GREET Graphical User Interface
(GREETGUI). Microsoft Excel 97 and earlier versions are not compatibtetiet
GREETGUI program. Microsoft Word is necessary to view the user guideThes
minimum hardware requirements include a processor at 166 MHz, 128 MB RAM, and 30
MB of free space on the hard drive. | personally recommend a hardware profden
line with a computer capable of running Windows XP or better to decrease loading and
computation times. Additionally, a pdf reader such as Adobe Reader will beargdess

view additional information files located on the Argonne National Laboratebsite.



GREET Installation

The following section pertains to download and installation of the GREET 1.8c.0
Fuel-Cycle Model which became available in March 2009 and other requiredrgoftwa
Several software component installations are required prior to the inetabdtGREET.
Additional help with installations may be found at the Argonne National Laboratory

website http://www.transportation.anl.gov/modeling simulation/GREET/indexatml

Be aware that the content of the website is subject to updates and change. feletase re
the download page instructions for changes to the installation instructions for future
versions of GREET.

Before the installation of GREET 1.8c.0, Microsoft Office XP Web Component
10 must be installed on your computer. Go to the Windows website at

http://www.microsoft.com/downloads/details.aspx?FamilylD=982b0359-0a86-4fb2-

a’ee-5f3a499515dd&displaylang=endownload the file “owc10.exe.” When the

download is complete, double-click on the file icon and follow the on-screen installati
instructions.

Before the installation of GREET 1.8c¢.0, Microsoft Data Access Component
version 2.5 or higher must be installed on your computer. In Windows,3artpFind,
Filesor Folders, and search for “mdac_typ.exe.” If the file is found, right click on it and
view its properties by clicking the Version tab. If the version found is edénber 2.5 or
if the file is not found, go to the Argonne National Laboratory website at

http://www.transportation.anl.gov/modeling simulation/GREET/downloads/m@do.zi

download and save the “mdac.zip” file to your hard drive. When the download is



complete, double click the file icon to unzip the installation file. Then, double click on
the installation file icon and follow the on-screen installation instructions.

To download GREET 1.8c.0 (Fuel-Cycle Model) proceed to the Argonne
National Laboratory website at

http://www.transportation.anl.gov/modeling simulation/GREET/index.htmbter

GREET Downloads, click the download link for GREET 1.8c.0 (Fuel-Cycle Model). Fill
out the requested information and submit the form in order to access the download area
for GREET model version 1.8c.0. Double click on the “Download GREET 1.8¢.0” link at
the top of the page to proceed to step-by-step instructions for preparing, dongploadi
and installing the software. Available documentation for GREET will be |dgast
below the download link with a program description.

After confirming that the necessary programs are successfuliji@uson your

computer, click and save the flGREET1-8c-0.zipto your hard drive. After

completing the download, unzip the file from the folder where you saved it. Then, double
click on the executable file “setup.exe” and follow the on-screen instructiomssio the
installation.

As a mild warning, the software is not perfect and can be compromised in a
variety of ways which will render the software unusable or corrupted. These include but
are not limited to breaking Excel model formulae in the GREET Excel mode&nineg
parameters from being saved in GREETGUI, and the inclusion of unsolicitedigyat
results in the GREET output files. If trouble is experienced which indicatesnadinor

operation of GREET, simply uninstall and reinstall GREET 1.8c.0.



To uninstall GREET 1.8c.0, open the control panel feature in windows by going
to Sart, Settings, Control Panel. Double clickAdd/Remove Programs and select
GREET1.8 from the list of programs. Cli&lemove and follow the on screen
instructions. After GREET is removed, simply reinstall GREET 1.8c¢.0 using tine set

file from GREET1-8c-0.zip.

Introduction to GREETGUI

The following section is an introduction to GREET 1.8¢.0 and includes its
purpose and a broad overview of its function. GREETGUI enables access to the
underlying Excel model referred to as GREET through a straightforward gahpker
interface, or GUI, that streamlines analysis by allowing users to tapimulation
based on their inputs for assumptions and parameters. That is, only pertinent menus wil
appear subsequent to specific inputs made by the user and non-pertinent menus will be
excluded from view. GREETGUI is coupled with a stochastic simulation todl)(®&t
may be configured for a stochastic simulation which takes into account prgbabilit
distributions of key input parameters and produces results in the form of statistica
distributions. Throughout this discussion, specific references will be made topaithe
of the software using GREET in reference to the hidden Excel model, GREEAGUI
reference to the GUI, and SST in reference to the stochastic simulation tool.

The purpose of GREETGUI is to enable the analysis of vehicle-fuel cycles for
various vehicle-fuel systems and conduct simulation studies in the underlying Excel
model. These studies simulate energy use and emissions associated with theproduct

and distribution activities of different transportation fuels (referred to estéd/Pump, or
6



WTP, activities), and analyze the energy use and emissions associatechwith ve
operation for advanced vehicle technologies (referred to as Pump to Wheel, or PTW
activities). These two analyses are collectively referred to astévdlheel (WTW)
analysis and can provide insight into different aspects of future vebele-f
combinations.

For a given transportation fuel and vehicle technology combination, GREETGUI
will calculate the fuel-cycle energy consumption, greenhouse gas (GH&iensi, and
the emissions of five criteria pollutants: carbon monoxide (CO), nitrogen aiid®s),
sulfur oxides (SOx), particulate matter with an aerodynamic diamelé) wiicrometers
or less (PM10), and particulate matter with an aerodynamic diametermi@d@neters
or less (PM2.5) as well as volatile organic compounds (VOC). GREETGUIIsall a
calculate energy and emissions changes for a given vehicle-fuel simuidative to a
gasoline vehicle fueled by conventional gasoline (CG). Included in theagiaruls an
estimation of the emissions released in an urban environment. Additionally, GREET
accounts for different situational models with a series of key parametuimpssns
covering fuel production, transportation and distribution, and vehicle operation.

Developed with Microsoft Visual Basic 6.0, the GREETGUI program accepts
user inputs through option buttons, check boxes, and text fields. The GREETGUI
communicates these inputs into GREET, the separate underlying Excelstigeta
When inputs are completed and the simulation started through the GREETGUI, the
model runs in the background and displays results in the form of an Excel spreadsheet
generated by the program as an output file. GREETGUI also generatemd Egcel

file as a record of all inputs made for a particular GREETGUI session.
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Using the GREETGUI prevents users from accidentally altering theEbasé
formulas within GREET which could cause catastrophic failures during theagiomd
and skew the results reported to the user. Figure 2.3.1 shows a typical GREETGU
session with interactive phases. These interactive phases strehmlggssions and

guide the user through relevant matter while hiding extraneous material.

| Start up |
!

| Copyright and information windows |

1
Load GREET model
(in the background)

1
User selects simulation year(s), fuel type
vehicle types, and other options

l
User selects/specifies feedstock sources,
production, and fuel market shares

1
User selects/specifies fuel pathways
and vehicle technologies

1

User reviews/modifies key assumptions fpr

fuel production, fuel transportation and
distribution, and vehicle operation

!
Run GREET model
(in the background)

l
Generate output file for energy use and
emission rates and input log for a record
of session inputs

w

Figure 2.3.1 Interactive phases of a typical in a GREETGUI sei$sion.



GREET has been utilized as an analytical tool for the simulation of the well to
wheel activities associated with different vehicle fuel combinations in arardge of
publications. Sometimes, the research provided in these publications is eventually
incorporated into the structure of GREET to offer a more complete tool. Fopkxam
“Land Use Changes and Consequent CO2 Emissions due to US Corn Ethanol
Production: A Comprehensive Analysis’ contains studies on land use changes associated
with US corn ethanol production. The estimated land use changes from study wlere use
to calculate greenhouse gas emissions associated with the corn ethanolgrodbeti
results of this research were eventually adapted into to the GREET [fddeanother
example, Well-to-Wheels Energy Use and Greenhouse Gas Emissions Analysis of Plug-
in Hybrid Electric Vehicles’ examines the WTW energy use and greenhouse gas
emissions of plug-in hybrid electric vehicles (PHEVs). The WTW resdtade
separately calculated results for the blended charge depleting (CPhange sustaining
(CS) modes of PHEV operation. These results were then combined by usirghangei
factor that represented the CD vehicle miles traveled (VMT) sh&EEG 1.8¢.0
incorporates these changes for the simulation of PHEVi®1ese two publications
exemplify the continual endeavor to keep GREET accurate and up-to-date wateste
advances and research for modeling vehicle-fuel combinations. Additional pohkcat

may be found under the publications link on Arconne’s GREET website.

Using GREETGUI

Please note that the last formal operating manual for GREET was conapiled f

version 1.7. Although there are summaries of expansions and revisions for each version
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update, they are not as thorough as the previous operating manual. The following guide is
based off of my use of GREET1.8c.0 with some references to material | found to be
current and helpful for explaining how to properly use the GUI. For more information on

the development of this program please check the official GREET website afj@NL

Starting GREET

GREETGUI is accessible by executing the GREET1.8c.exe file or dolitkeng
the program shortcut usually located on the desktop. If no shortcut is availakile, clic
Sart, All Programs, GREET1.8, GREET1.8c.exe to start the program. The About GREET
window shown in Figure 2.4.1 will display upon startup. This window contains the
version identification, development information, and release information of the GREE
software. The About GREET window prompts the user to select ‘Ok’ to continue with
the program or ‘Aboutto view more information on GREET 1.8c.0 and the user’'s

system.

About GREET X

GREET Version 1.8c.0
Developed by

Systems Assessment Section

Center For Transportation Research
Argonne National Laboratory

March 2009

]S About

Figure 2.4.1 About GREET window displays version and other system infornidtion.
10



After selecting ‘Ok’ on the About GREET window, the GREET1.8 warning
window opens. Shown in Figure 2.4.2, it prompts the user to close any Excel fies bef
continuing. If the user does not close any open Excel files before sel€uting
continue, the files will be closed without saving. The user may select ‘Can@xit

GREETGUI at this time.

GREET1.8

(o] Cancel

Figure 2.4.2 GREETL1.8 window warns the user to close open Excelffiles.

After selecting ‘Ok’ on the GREET1.8 warning window, the Copyright window
opens. Shown in Figure 2.4.3, it contains the copyright notification for the GREET 1
series software. It is recommended that the user read this informatiorograotinuing.

The copyright window prompts the user to ‘Continue’ or ‘Ettie program.
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Copyright

COPYRIGHT MOTIFICATION

Software; GREET 1., Vergion 1.8
Copyright & 1933 UChicago drgonne, LLC

Open Source Software Licenze
Redistribution and usge in gource and binary forme, with ar without modification, are permitted provided that the following conditions are met;
1. Redisgtributions of source code must retain the above coppright notice, thiz list of conditions and the following disclaimer.

2. Redigtributions in binary form must reproduce the above copright notice, thiz list of conditions and the follmying disclaimer in the
dacumentation and/ar other materials provided with the distribution.

3. The end-uzer documentation inchuded with the redistribution, i any, ozt include the fallawing acknowledgrment:

"Thiz product includes software developed by the UChicago Argonne, LLC &z Operator of Argonne Mational Laboratary
under Contract Mo, DE-AC02-06CHT1 357 with the D epartrient of Energy [DOE]

Alternately, thiz acknowledgment may appear in the software itzelf, if and whenaver such third-party acknowledgments normally appear,

4. wWaRRANTY DISCLAIMER. THE SOFTWARE 1S SUPPLIED "AS 5" WITHOUT WARRANTY OF ANY KIMD.

THE COPYRIGHT HOLDER. THE UMITED STATES, THE UMITED STATES DEPARTMEMNT OF EMNERGY, AND THEIR EMPLOYEES:
(1] DISCLAIM ANY WARRAMTIES, EXPRESS OR IMPLIED, INCLUDING BUT MOT LIMITED TO AMY IMPLIED WARRAMTIES OF
MERCHAMNTARBILITY, FITMESS FOR A PARTICULAR PURFPOSE. TITLE OR MOW-NFRINGEMEMT,

E xit

Figure 2.4.3 The [%opyright window contains the legal notification to alvacdt
users.

After selecting ‘Continue’ on the Copyright window, the GREET1.8 main menu
opens. Shown in Figure 2.4.4, the main menu prompts the user to start a new session,

open an existing session, or exit GREETGUI.
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EYGREET 1.8

GREET 1.8

New Session

Open Existing Session

Exit

Argonne

HATION AL LADORATORY

Figure 2.4.4 The GREET 1.8 main menu window allows the user to start a session or
exit the progrant?

From the GREET1.8 main menu, selecting ‘New Session’ opens a directory
window. Shown in Figure 2.4.5, the directory window prompts the user to specify a
session name. GREETGUI uses the specified name to create three séparate f
GREETGUI appends “In” and “Out” to this name to designate input and output Excel
files associated with the simulation. The Excel input and output files contain adtg of
inputs during the session and outputs generated as a result of the simulations,
respectively. The third file contains the session’s GREET Assumption gl (hich is
a log of all assumptions made for the session. After entering a unique Féde nam
selecting ‘Savebegins the new session and opens the Scenario and Fuel Pathway

Selections window. Selecting ‘Cancel’ returns the user to the GREETmegnu.
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Savein: | ) GREET1.8 M &k E2-

: 3 B0In
@- 3 ]E00ut

My Recent 3] CoalPowerGCvCGIn

Diersinesiss @ CoalPowerGCyCGOUE
PT 3] FirstTestIn
34 FirstTestout
Desktop @ Infoln
. @ InfoCut
.-"/' @ SecondTestIn
@ SecondTeskout

@ WTP interpretations
@ WTP interpretations 2

Ay Metwoark File name:
Places

S eszion ﬂ
Save astype: | Ewcel Files [*.4ls) | Cancel

Figure 2.4.5 This directory window allows a GREETGUI session to be desigirate
saved™

From the GREET1.8 main menu, selecting ‘Open EXxisting Session’ opens a
directory window. Shown in Figure 2.4.6, it prompts the user to specify an existing
GREET Assumption file. After specifying a file name and selectopen,” another
directory window shown in Figure 2.4.5 prompts the user to specify a session nhame.
Once the file name is specified, GREETGUI opens the previously saved assisnaptl
begins the session. Selecting ‘Cancel’ at either window returns thteouke GREET

main menu.
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Open GREET Assumption File

Look in: | (= GREET1. =] cF B

. % BD
‘_3' O CoalPoweraivCa

My Recent o FirstTest

Documents A Info
'_'F 3 SecondTest
Dezktop

2

by Diocuments

My Computer
My Metwark.  File name: | ﬂ \&I

Flaces
Files of type: |GHEET Azzumption File [*.GAF) ﬂ %

G

Figure 2.4.6  This directory window allows a previously saved GREET assumifgion f
to be loaded into GREETGUY!

From the GREET1.8 main menu, selecting ‘Exit’ closes the program.

Scenario and Fuel Pathway Selections
Shown in Figure 2.4.7, the Scenario and Fuel Pathway Selections window opens
after successfully starting a new session or opening an existing sessiarthis
window, the user selects the years to be simulated, vehicle type, and fuelysathwa
addition, the user may choose to run a stochastic simulation using the stochastic

simulation tool (SST). This option only applies to single year simulat®eiecting

15



‘Continue>>’ saves the selections and continues the session with the Markest Share

Options window.

Scenario and Fuel Pathway Selections

List of Years to be Simulated Fuel Pathway Groups

[ Petroleum

990 1995 2000 2005 AEA015 2020

Matural Gaz.!
991 1996 2001 2006 2011 2016 I Biomazz/Coal
992 1997 2002 2007 2012 27 i
993 1995 2003 2008 2013 2018 [ Bio-Ethanal
994 1999 2004 2009 2014 20149
[ Hydrogen
Vehicle Type
[ Biodiesel
{* Paszenger Cars
" Light Duky Trucks 1 [ Electricity
£ Light Duty Trucks 2 [ Select / Deselect Al [bems

Stochastic Simulation Options (Single Year Simulation Only)

+ Mo, | do not want to run Stochastic Simulations

" Yes, ['want to run Stochastic Simulations

LContinue »>

Figure 2.4.7 The scenario and fuglr@]athway selections window contains the smost ba
options of the simulatior:

The list of simulation years spans from 1990 to 2020. The user has the option to
select a single year or multiple years for the simulation. For &syegr, select the year
to be simulated by left clicking the desired year. For multiple yeassries, left click the
first desired year in the series, hold, and drag the cursor to the last gesiréa the
series. Alternatively, select the first year of the series and thect et last year of the
series while holding Shift. For multiple years not in series, left cligheatinent years

while holding Ctrl. The selected year(s) are shown with a highlight. Tleé=sgtiens
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designate the appropriate time series data for GREET to use during thetisimdlhe
time series (TS) data includes market share information, parameterssanmgasns
that are pertinent to the unique simulation. Later in the session, some ofuim@asss
will be available for inspection and modification, if necessary.

The user has the option to select a vehicle type corresponding to Passesger Ca
(PC), Light Duty Trucks 1 (LDT1), or Light Duty Trucks 2 (LDTZ2). There aecsal
subclasses for each vehicle class (i.e. the passenger car clagesrstib-compact car,
compact car, midsize car, large car, etc.) so the fuel economy data may Vaey
vehicle subclass. The default vehicle subclasses in GREETGUI refletdritirant
vehicle types in the current U.S. market. That is, a midsize passengedefauis for the
PC option, a light duty truck or midsize SUV with a gross vehicle weight (GVW) less
than 6000 Ibs is default for the LDT1 option, and a large, light duty truck with a GVW
between 6000 and 8500 Ibs is default for L3I 2Examples of midsize passenger cars
include an Acura TL, a Ford Fusion, a Toyota Camry, a Volkswagen Passat, ancaa Hond
Accord. Examples of light duty trucks or midsize SUVs with a GVW less than 6000 Ibs
include a Chevrolet Colorado, a Ford Ranger, a Ford Escape, and a Jeep Grand Cherokee.
Examples of large, light duty trucks with a GVW between 6000 and 8500 Ibs include a
Dodge Ram, a Ford F-150, a GMC Sierra, and a Toyota Tundra.

The user may select fuels from six different fuel pathway grotp®dtroleum,
(2) Natural Gas/Biomass/Coal, (3) Bio-Ethanol, (4) HydrogenB{&jiesel, and (6)
Electricity. The first four fuel pathway groups contain multiple fuel typkgh are
accessible in a separate window by selecting the main fuel pathwayagroligking the

‘>>’ puttonnext to a selected group’s name.
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The Petroleum Based Fuel Types window prompts the user to select tied desir
petroleum based fuel types. Selecting ‘Continue’ saves the selectionswand tiee user
to the Scenario and Fuel Pathway Selections window. Shown in Figure 2.4.8, the
Petroleum Based Fuel Types window includes Gasoline, Diesel, CaliforraenRidted
Gasoline (CARFG), Liguefied Petroleum Gas (LPG), and Crude Naptha options.
Subtypes are reflected in market share assumptions. Gasoline fuel typds incl
Conventional Gasoline (CG) and Reformulated Gasoline (RFG) subtypes. Dadsel f
types include Conventional Diesel (CD) and Low-Sulfur Diesel (LSD) subty#eG
shares reflect a feedstock dependency, and in this case, LPG is a croldepetr

derivative.

Petroleum Based Fuel Types- Year: 2010 El
Petroleum Fuel Types
[ Gazoline [ Diezel
[ CARFG [ LPG [ Crude Naptha
[ Select all ltems
_ Lortinue :

Figure 2.4.8 The petroleum based fuel types window offers the selectiasabihe,
diesel, CARFG, LPG, and crude naptfia.
The Natural Gas (NG) Based Fuel Types window prompts the user to select
desired NG based fuel types. Selecting ‘Continue’ saves the selectioretland the

user to the Scenario and Fuel Pathway Selections window. Shown in Figure 2.4.9, the
18



NG Based Fuel Types window includes fuel types derived from Natural Gasag&pm
and Coal. These fuel types include Compressed Natural Gas (CNG), Liqueifiedl Na
Gas (LNG), Methanol (MeOH), Dimethyl Ether (DME), Fischer-TropsabsBi (FTD),
Naptha, and LPG. LPG shares reflect a feedstock dependency, and in this Gaisea LP

NG derivative.

MG Based Fuel Types EJ

NG Fuel Types

[ CHG [ FTD

[ LMNG [ Maphtha
[ Methanal [~ LPG

[ DME

[ Select All ltems

Figure 2.4.9 The NG based fuel types window offers the selection of CNG, LNG,
methanol, DME, FTD, naptha, and LP.

The Ethanol Blend Level window prompts the user to select desired ethanol levels
for Bio-Ethanol fuel types. Selecting ‘Continue’ saves the selections ands d¢eruser
to the Scenario and Fuel Pathway Selections window. Shown in Figure 2.4.10, the
Ethanol Blend Level window includes a Low-Level Blend, a High-Leveh@&|and
100% Ethanol. A Low-Level Blend consists of 5-15% ethanol by volume blended with
either gasoline or diesel fuel. A High-Level Blend consists of 50-90% @tbgrvolume
with gasoline. A 100% Ethanol fuel is strictly for use in Fuel Cell Vehi¢t€a/). A

variety of market share dependent feedstocks are available for ethanol ijpraduct
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X]

Ethanol Blend Level

Ethanol Blend Level

[ Low-Level Blend [5-15% by waolume with gagzoline or dieszel]
[ High-Level Blend [50-90% by Yalume with gazoline]

[ 100% Ethanal [for Fuel Cell Wehicles)

[ Select Al ltems

...................................

Figure 2.4.10 The ethanol blend level window offers the selection of low-level blend,
high level blend, and pure etharfdl.

The Hydrogen (b)) Based Fuel Types window prompts the user to select desired
Hydrogen fuel types. Selecting ‘Continue’ saves the selections and réttemnser to the
Scenario and Fuel Pathway Selections window. Shown in Figure 24.11, The Hydrogen
Based Fuel Types window includes Gaseous Hydrogen and Liquid Hydrogen fuel types.
Production of both types occurs at a central facility or directly at anfustation from a

variety of market share dependent sources.
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Hydrogen Fuel Types E|
HZ Fuel Types

| Gazeouz Hydrogen

[ Liguid Hydrogen

[ Select All ltems

Figure 2.4.11 The hydrogen fuel types window offers the selection of gasebliguad
hydrogen!*!

The user may also opt to use the stochastic simulation tool (SST) for siagle ye
simulations in GREET. The SST has been built in the GREET model to address the
uncertainties. It takes into account the probability distributions of key inpuhptees
such as energy efficiencies and emission factors associated with thedkedsovery
and fuel production processes, and produces the results in the form of statistical
distributions. For more information about using GREETGUI to configure the GREET

model for stochastic simulations, re@gerating Manual for GREET: Version 1.7.1

Market Shares Options
Shown in Figure 2.4.12, the Market Shares Options window prompts the user to
select one of the market shares options for each feedstock and fuel tgpedsatethe
Scenario and Fuel Pathway Selections window (See Fig. 2.4.7). Selectingnt@onti

saves the selections and continues the session with relevant market shares windows.
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Selecting ‘<< Back’ opens a drop down menu listing Scenario and Fuel Pathway
Selections. Clicking the listed item returns the user to that menu.

GREET is currently designed to simulate different fuel production pathways
scenarios based on estimates in time series (TS) lookup tables. The infonaragies
from 1990 to 2020 in five year intervals. Estimates for simulation years that are not
divisible by five are calculated from simple interpolation between timates
immediately surrounding them in the tables. All simulation years beyond 2020 which is
the last available year in the GREET lookup tables are automaticsilignad to have the
same estimates as those for 2020. By default, GREET Default Market Sheatected.
This option automatically uses market shares for selected markets aatisimyears
stored within the GREET model and allows the user to view them before proceeding. The
Linear Interpolation between the Start Year and End Year Shares optios diwser
to specify market shares for the first and last selected simulatios @ performs a
linear interpolation of this market share information for all years betviefir$t and
last year specified. The Linear Interpolation is only available evtieee or more
simulation years are selected. The User to Specify All Market Sbpties allows the
user to adjust default Market share values in the subsequent market shares wondows f
all selected years. In cases involving market shares data of histeferance (pre-
2010), it is common practice to never adjust the share options and other data pertaining to

historic record.
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Market Shares Options

GREET Market Shares Options
Linear Interpolation
GREET Default between Start Year User Specify All
Market Shares and End Year Shares Market Shares
) ; (User Specified)
Fieformulated/Conventional Gazoline Market Shares = - =
Law-Sulfur/Canventional Diesel Market Shares = ~ =
Gaz HZ Praduction: Central/Fefueling Station Shares = ~ =
5as HZ Station Production Feedstock Shares = ~ ~
Liquid HZ Production: Central/Refueling Station Shares " - =
Liquid H2 Station Production Feedstock Shares = ~ -
LEG Praduction: MG /Crude Feedstock Shares " = -
Ethanol Production: Com/Biomaszs Feedstock Shares = ~ =
[~ Default Al I [~ User Specify All
¢¢ Back I i Continue »» |

Figure 2.4.12 The market shares options window allows the method for determining
market shares to be specified for individual markgts.

Continuing from the Market Shares Options window, relevant share windows for
fuel type, feedstock, and production will open. As previously stated, these markst sha
may be reviewed and altered depending upon the user’s selections in the Mam®t Shar
Options window. For the Linear Interpolation and User Specify All options, the @ger m
select any of the yellow text fields to alter the shares of eachdypedcceptable
percent. The white cells associated with that year will automatadjust to make sure

that there is always 100% usage within the market.
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Shown in Figure 2.4.13, the Gasoline and Diesel Fuel Types and Shares window
provides tables displaying the market share values of relevant fuel typesuigtion
year. After reviewing selections on this window, the user may select ‘«&Baeturn
to the Market Shares Options window or ‘Continteeproceed. The gasoline fuel types
and shares usually consist of RFG and CG. The diesel fuel types and sharestonsist

LSD and CD.

Gasoline and Diesel Fuel Types and Shares

—Gasoline Fuel Types and Shares ———— —Diesel Fuel Types and Shares
GREET Default GREET Default
Y ear RF G % | CG % Year L=D % CD %%
2010 500 500 2010 100.0 0.o

<< Back |

Figure 2.4.13 The gasoline and diesel fuel types and shares window lists theiatgpropr
shares by yeal]

Shown in Figure 2.4.14, the Hydrogen Production Shares window provides tables

displaying the market share values of relevant production pathways by smuyizer.
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After reviewing selections on this window, the user may select ‘<<Backtton to the
Market Shares Options window or ‘Continde proceed. Central production refers to a
model where production of the fuel occurs at a central center and the fuel is late
transported to the refueling stations. Station production refers to a model where the

production of the fuel occurs at the refueling stations.

Hydrogen Production Shares

—Gaseous Hydrogen Production Shares

— Ligquid Hydrogen Production Shares

GREET Default GREET Default
Year |Central Productione | Station Production: Year |Central Productione | Station Production e
2010 oo 100.0 2010 0o 100.0

<¢ Back |

Figure 2.4.14 The hydrogen production shares window contains the yearly stanest
information for central and station productiéh.

Shown in Figure 2.4.15, the GKlGaseous Hydrogen) Central Feedstock Shares
window provides a table displaying the market share values of relevanbigedgt

simulation year. After reviewing selections on this window, the user megtsekBack’
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to return to the Market Shares Options window or ‘Continue’ to proceed. Feedstock
shares for Ghlcentral production include NG, solar photovoltaics (PV), nuclear thermo-

chemical water cracking (TCWC), nuclear high-temperature gasecosdetor (HTGR),

coal, biomass, and coke oven gas (COG).

GH2 Central Feedstock Shares

—GH2 Central Feedstock Shares

Lzer Specified

Year MG % | Solar PY % | Muclear TOWC % | Kuclear HTGR % | Coal % (Biomass % | 000G %
2010 400 100 100 10.0 100 100 100

<< Back |

Figure 2.4.15 The Gitentral feedstock shares window contains shares of feedstock
from which gaseous hydrogen may be produced at a central production
facility. 1

Shown in Figure 2.4.16, the GI$tation Feedstock Shares window provides a
table displaying the market share values of relevant feedstock by somylaar. After

reviewing selections on this window, the user may select ‘<<Back’ toreguhe
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Market Shares Options window or ‘Continde proceed. Feedstock shares for,GH

station production include NG, electrolysis, ethanol, and methanol.

GH2 Station Feedstock Shares

—GH2 Station Feedstock Shares

GREET Defautt
Year MG % Electralysiz % | Ethanal %% | Methanal %
2010 100.0 0.0 oo oo

<< Back |

Figure 2.4.16 The Gjbtation feedstock shares window contains shares of feedstock
from which gaseous hydrogen may be produced at a fueling stdtion.

Shown in Figure 2.4.17, the LHLiquid Hydrogen) Central Feedstock Shares
window provides a table displaying the market share values of relevant féealgtoc
simulation year. After reviewing selections on this window, the user magt sekBack’
to return to the Market Shares Options window or ‘Continog@roceed. Feedstock
shares for LH central production include NG, solar PV, nuclear TCWC, nuclear HTGR,

coal, biomass, and COG.
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LH2Z Central Feedstock Shares

—LH2 Central Feedstock Shares

Uzer Specified

“ear MG % Salar PY 3% | Muclear TOWC 35 | Muclear HTGR % | Coal %5 |Biomass % | CO5 %
2010 400 10,0 10,0 100 1000 100 10.0

<< Back |

Figure 2.4.17 The Lkcentral feedstock shares window contains shares of feedstock
from which liquid hydrogen may be produced at a central production
facility. 1

Shown in Figure 2.4.18, the LIbtation Feedstock Shares window provides a
table displaying the market share values of relevant feedstock by simylaar. After
reviewing selections on this window, the user may select ‘<<Back’ toreguhe
Market Shares Options window or ‘Continde proceed. Feedstock shares forbLH

station production include NG, electrolysis, ethanol, and methanol.
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ILH2 Station Feedstock Shares

—LH2 Station Feedstock Shares

GREET Defautt

Year MG % Electrolyziz % | Ethanal % |Methanal %
2010 1000 oo oo nn

<< Back |

Figure 2.4.18 The L}istation feedstock shares window contains shares of feedstock
from which liquid hydrogen may be produced at a refueling station.

Shown in Figure 2.4.19, the LPG Feedstock Shares window provides a table
displaying the market share values of relevant feedstock by simulatiorAfiea
reviewing selections on this window, the user may select ‘<<Back’ tmraiuhe
Market Shares Options window or ‘Continde proceed. LPG feedstock shares include

NG-based and crude-based production.
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LPG Feedstock Shares
—LPG Feedstock Shares
ZREET Default
Year MG Crude %
2010 G0.0 400

< Back |

Figure 2.4.19 The LPG feedstock shares window displays shares of NG-based and
crude-based feedstock.

Shown in Figure 2.4.20, the Ethanol Feedstock Shares window provides a table
displaying the market share values of relevant feedstock by simulatiorAyes
reviewing selections on this window, the user may select ‘<<Back’ toreguhe
Market Shares Options window or ‘Continide proceed. Ethanol feedstock shares
include corn, woody biomass, herbaceous biomass, corn stover, forest residue, and sugar

cane.
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Ethanol Feedstock Shares
—Ethanol Feedstock Shares

GREET Default
Year Carn % | WWoody Biomass % |Herbaceous Biomass 2| Carn Stover % | Forest Residue %% | Sugar Cane %
2010 100.0 0.0 0.0 0.0 oo 0.0

<< Back |

Figure 2.4.20 The ethanol feedstock shares window displays shares of feedstock from
which ethanol may be producéd.

Fuel Pathways Options

After reviewing all relevant Market Share information, the user isteeio
relevant fuel pathway options windows where fuel subtype and vehicle technology
options are located. The user may select ‘<< Back’ to return to a previaistytenu
or ‘Continue>>’ to proceed. Before being allowed to proceed, the user must reeigw ev
fuel type and subtype tab on the fuel pathways option window. Individual tabs may be
viewed by clicking the labeled tab inside the window. Note GREETGUI wetséhe
closest year to 2010 as the base year for the simulation. The base ydeplall in the

title of each window.
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The Petroleum and NG Pathways Options window prompts the user to review and
select pertinent options for any relevant fuel-vehicle technology combinatidresdtta
be included in the simulation. The main fuel types are divided into tabs and include
petroleum, NG/biomass/coal, naptha, and LPG. Subtypes are available in an additional
series of tabs underneath each main fuel tab. Petroleum subtypes include RFG, CG
CARFG, CD, and LSD. NG/biomass/coal subtypes include CNG, LNG, methanol, FTD,
and DME.

Shown in Figure 2.4.21, the petroleum pathway options for RFG inclyde O
content by weight, oxygenate type, sulfur level, EtOH feedstock, and veluicteotegy.
The user may input changes to the default values in the yellow text bettlange @
content, sulfur level, and EtOH feedstock. The user may select to add metagy terti
butyl ether (MTBE), EtOH, ethyl tertiary butyl ether (ETBE), oritegt amyl methyl
ether (TAME) as an oxygenate or select no oxygenate additive. Notehén@ptions
(MTBE, ETBE, and TAME) in GREETGUI are included for historical reference.
Currently, ether usage has been discontinued due to health and environmental concerns.
GREET will automatically blend enough oxygenate into the gasoline to meet the O
content by weight. However, if the “no oxygenate” option is selected, zlcerdent is
automatically set to zero. The EtOH feedstock shares consist of corn, woo@gssjom
and herbaceous biomass. Note, the calculation pathway for ethanol produced for RFG is
separate from the calculation pathway for ethanol-gasoline blends sincelonaypases
content by weight and the other uses content by volume. Vehicle technologiablavai

for RFG include spark-ignition (SI) engine, spark-ignition directetgs (SIDI) engine,
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grid-independent (Gl) hybrid electric vehicle (HEV) Sl engine, ptubyibrid electric

vehicle (PHEV) Sl engine, and fuel cell vehicle (FCV).

Petroleum and MG Pathways Options -Base Year for Simulation (Closest to 2010): 2010 E|
Petroleum ‘ Matural Gas/ BiomassiCosl | Maphtha | LPG
‘ Low-Sulfur Digszel ‘

Reformulated G asoline ‘ Conventional Gasoline Califormia Reformulated Gazoline

02 Content

Weight): | 2.3 % sl i

(by ght) Level: | 285 PPM Vehicle Technology
Oxygenate [v 5| engine
i MTBE EtOH Feedstock [~ SIDI engine
f« EtOH [~ GIHEY 5| engine

Carr
 ETBE S AN b [ PHEY 5l engine
~ TAME “Woody Biomags: 0.0 % — oy
Herbaceous Biomass: o
" Mo Oxpgenate ™ Gelact Al |
<¢ Back Continue =

Figure 2.4.21 The petroleum and NG pathways options window for RFG contains
options for the fuel and vehicle technoloy.
Shown in Figure 2.4.22, the petroleum pathway options for CG include only
sulfur levels. Vehicle technologies available for CG include Sl engine,esi@he, Gl
HEV Sl engine, and PHEV Sl engine. The vehicle technologies paired witdr€€G

automatically selected to be the same as the corresponding technolsgtesider
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RFG. If no market shares exist for RFG, the vehicles technologies may ttegele

normally for CG.

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010 E|
Petroleum | Matural Gasr BiomassiCoal | Maphtha LPG
‘ Low-Sulfur Diezel ‘
Feformulated Gazoline ‘ Conventional Gazoline California Reformulated Gazoline
f“"“lf 25.5 ppm
ENE zame az vehicle
technologies of RFG
i
-
-
-
-
<¢ Back LContinue »»

Figure 2.4.22 The petroleum and NG pathways options window for CG contains options
for the fuel and vehicle technolog‘i/
Shown in Figure 2.4.23, the petroleum pathway options for CARFG inclgde O
content by weight, oxygenate type, sulfur level, EtOH feedstock, and velticieotegy.
If an oxygenate is required, the user may select to add MTBE, EtOH, ETBE, or TAME
with the same caveats presented for RFG. The EtOH feedstock sharesafausist

woody biomass, and herbaceous biomass. Note, the calculation pathway for ethanol
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produced for CARFG is separate from the calculation pathway for etgasoline

blends since one pathway uses content by weight and the other uses content by volume.

Vehicle technologies available for CARFG include spark-ignition (Sl)rengpark-

ignition direct-injection (SIDI) engine, grid-independent (Gl) hybrid electehicle

(HEV) Sl engine, plug-in hybrid electric vehicle (PHEV) Sl engimel fuel cell vehicle

(FCV).

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010

x
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Figure 2.4.23 The petroleum and NG pathways options window for CARFG contains
options for the fuel and vehicle technoloy.
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Shown in Figure 2.4.24, the petroleum pathway options for LSD include sulfur
level, location for use, and vehicle technology. The default location for use istitlee e
U.S. If California is selected, the transportation mode and distance betweepitrude
fields and California refineries are used in the simulation for diesel fuels/ehinde

technologies available for LSD include compression-ignition direetiign (CIDI)

engine, Gl HEV CIDI engine, PHEV CIDI engine, and FCV.

Petroleum and MG Pathways Options -Base Year for Simulation (Closest to 2010): 2010 E|
Petroleum | Matural Gaz! BiomazsCoal | Maphtha | LPG
‘ Reformulated G azoline ‘ Conventional Gazoline California Reformulated Gasoline
Low-Sulfur Diesel

Vehicle Technology
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Level: e (R ¥ CIDI engine
[~ GIHEWY CIDI engine
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Location for Use [ FC¥

f* L.5.
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<< Back LContinue >

Figure 2.4.24 The petroleum and NG pathways options window for LSD contains
options for the fuel, location of use, and vehicle technofdlgy.
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Shown in Figure 2.4.25, the petroleum pathway options for CD include sulfur
level, location for use, and vehicle technology. The location of use remains thasame
LSD. The vehicle technologies available for CD will remain the sartieeas
corresponding technologies selected for LSD. If no LSD market shasgstle@n the

vehicle technologies for CD may be selected normally.

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010
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Figure 2.4.25 The petroleum and NG pathways options window for CD contains options
for the fuel, location of use, and vehicle technol&ty.

Shown in Figure 2.4.26, the NG/biomass/coal pathway options for CNG include

feedstock source and vehicle technology. Feedstock sources include Northameric
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(NA) NG, non-North America (NNA) NG, and NNA flared gas (FG). The Jehic
technologies available for CNG include bi-fuel SI engine, dedicatedgBieerGl HEV

Sl engine, PHEV Sl engine, and FCV.

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010

Petraleum ‘ Hatural Gas/Biomass/Coal Maphtha ‘ LPG
I FTD | DME ]
CNG 1 LNG | Methanol ]
Feedstock Source Vehicle Technology
o MAMNG [ Bi-Fuel Sl engine
" MMA NG [v Ded. 51 engine
~ MMA FG [~ GIHEY 51 engine
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[ Selectal
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Figure 2.4.26 The petroleum and NG pathways options window for CNG contains
options for the feedstock source and vehicle technofgy.

Shown in Figure 2.4.27, the NG/biomass/coal pathway options for LNG include

feedstock source and vehicle technology. Feedstock sources include NA NG, NNA NG,
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and NNA FG. The vehicle technologies available for LNG include dedicatedgsie,

GI HEV Sl engine, PHEV Sl engine, and FCV.

Petroleum and NG Pathways Options -Base Year for, Simulation (Closest to, 2010): 2010 §|
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Figure 2.4.27 The petroleum and NG pathways options window for LNG contains
options for the feedstock source and vehicle technofgy.

Shown in Figure 2.4.28, the NG/biomass/coal pathway options for methanol

include feedstock source, plant design type, and vehicle technology. Feedstock source

include NA NG, NNA NG, NNA FG, landfill, coal, and biomass. £&&questration may

be specified in coal based central plants for methanol production. Plant design types

include options for without export, with steam export, and with electricity expantthe
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second and third options, the energy and emission credits from the co-genesaateor ste

electricity are automatically estimated in GREET. Note, there@pdant design types

that allow export of steam and electricity from a landfill. Also note, ther@@iplant

design types with steam export for coal and biomass options. The vehicle technologies

available for methanol include flexible-fuel vehicle (FFV), Sl engine,céed Si

engine, SIDI engine, GI HEV Sl engine, PHEV Sl engine, and FCV.

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010 E|
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Figure 2.4.28 The petroleum and NG pathways options window for methanol contains
options for the feedstock source, plant design, and vehicle technidlogy.
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Shown in Figure 2.4.29, the NG/biomass/coal pathway options for FTD include
feedstock source, plant design type, and vehicle technology. Feedstock sources include
NA NG, NNA NG, NNA FG, coal, and biomass. g€equestration may be specified in
coal based central plants for FTD production. Plant design types include options for
without export, with steam export, and with electricity export. Again, the energy and
emission credits from the co-generated steam or electricity are dig@liyigestimated in
GREET. Note, there are no plant design types with steam export for coal andsbiomas
options. The vehicle technologies available for FTD include CIDI enginelE¥1 CIDI

engine, and PHEV CIDI engine.
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Figure 2.4.29 The petroleum and NG pathways options window for FTD contains
options for the feedstock source, plant design, and vehicle techri@logy.
Shown in Figure 2.4.30, the NG/biomass/coal pathway options for DME include
feedstock source, plant design type, and vehicle technology. Feedstock sources include
NA NG, NNA NG, NNA FG, coal, and biomass. g8equestration may be specified in
coal-based central plants for DME production. Plant design types include options for
without export, with steam export, and with electricity export. Again, the energy and

emission credits from the co-generated steam or electricity are dig@liyigestimated in
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GREET. Note, there are no plant design types with steam export for coal andsbiomas
options. The vehicle technologies available for DME include CIDI engine EM EIDI

engine, and PHEV CIDI engine.

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010 g|
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Figure 2.4.30 The petroleum and NG pathways options window for DME contains
options for the feedstock source, plant design, and vehicle techrilogy.
Shown in Figure 2.4.31, the naphtha pathway options include shares for FT and
crude naphtha, and vehicle technology. If shares of crude naphtha are seleciedabhddit
options include location for use and sulfur levels. Locations for use options include U.S.
and California. If shares of FT naphtha are selected, additional options inaddeofik
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source and plant design type. Feedstock sources for FT naphtha include North dmerica
(NA) natural gas (NG), Non-North American (NNA) NG, and NNA fthgas (FG).

Plant design types for FT naphtha include options for without export, with steam export,
and with electricity export. Again, the energy and emission credits from thernsyated

steam or electricity are automatically estimated in GREET onhevehicle technology

available for naphtha is a FCV.

Petroleum and NG Pathways Options -Base Year for Simulation (Closest to 2010): 2010 E|
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Figure 2.4.31 The petroleum and NG pathways options window for Naptha contains
options for the feedstock market shares and vehicle technology with other
market share relevant options for location of use, sulfur level feedstock
source, and plant desidfl.
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Shown in Figure 2.4.32, the LPG options include NG-based feedstock source and

vehicle technology. There are no crude based options for LPG production in the

GREETGUI 1.8c.0. Feedstock sources for NG based LPG include NA NG and NNA NG

The vehicle technologies available for LPG include dedicated Sl ergi¢EV S

engine,

PHEV Sl engine, and FCV.

LPG
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Figure 2.4.32 The petroleum and NG pathways options window for LPG contains
options for NG based production and vehicle technofdlgy.

The Biofuels and KHPathways Options window prompts the user to review and

select pertinent options for any relevant fuel-vehicle technology combingtianare to

be included in the simulation. Selecting ‘<<Bawkll allow the user to return to the
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scenario and fuel pathways selection window. After viewing all the pathwaytathe
biofuels and H Pathways options window, selecting ‘Continue>>’ will allow the user to
continue with the simulation options. The main fuel types included in this window are
ethanol, electricity, biodiesel, centrally produced gaseoqusdiitrally produced liquid

H,, station produced gaseous, ldnd station produced liquic,H

The biofuels and KHpathways options for ethanol include corn ethanol options,
biomass ethanol options, and vehicle technology. Vehicle technologies are available
100% ethanol blend, high-level blends with gasoline, low-level blends with gasoline, and
low-level blends with diesel. For 100% ethanol, the vehicle technology is limitedvo FC
For high-level blends with gasoline, vehicle technologies include FFV Siengi
dedicated Sl engine, SIDI engine, Gl HEV Sl engine, and PHEV Sl engin@v-level
blends with gasoline, vehicle technologies include Sl engine, SIDI ergjit¢EV Sl
engine, and PHEV Sl engine. For low-level blends with diesel, vehicle techrsologie
include CIDI engine, GI HEV CIDI engine, and PHEV CIDI engine.

Shown in Figure 2.4.33, corn based ethanol options include shares of ethanol
plant types, shares of process fuels, and co-products credit calculatiatsadthe user
may specify shares for dry milling plants (DMP) and wet milling plaspP).

Depending on the plant shares, the user may also specify shares of process DR for
and WMP. Wet milling plants produce ethanol from cornstarch along with other co-
products such as high-fructose corn syrup, glucose, gluten feed, and gluten meal. The
smaller dry milling plants are designed primarily for ethanol production é@mstarch
while other constituents of the corn kernel end up in distillers’ dried grains and soluble

(DDGS). Process fuels for both plant types typically include NG and[2aoa to the
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variety of co-products generated during ethanol production, GREET allocassscarsi

and energy use charge between ethanol and its co-products by using eitisleica pr

displacement method or a market value-based method.
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Figure 2.4.33 The biofuels and pathways options window for ethanol contains corn
based ethanol options and vehicle technol8by.

Shown in Figure 2.4.34, biomass based ethanol options include plant types for
farmed trees, corn stover, herbaceous biomass, and forest residue. The usseacifyst s

either fermentation or gasification for each market share’s plant type, thete are no
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options for sugar cane based EtOH production in GREETGUI 1.8c¢.0. Also, note that

GREETGUI defaults ethanol production from corn only in this version.
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Figure 2.4.34 The biofuels and pathways options window for ethanol contains
biomass based ethanol options and vehicle techndfbgy.

The biofuels and KHpathways options for electricity are necessary not only for
vehicles utilizing electricity for power but for WTP activities rethte non-electric fuels,
too. The GREET model calculates emissions associated with eleajecigyation at the

plant site as well as emissions associated with the production and deliveryusishés
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such, this tab will always be present regardless of selected fuel type GREET does
not include estimation of emissions associated with construction of faciBtesvn in
Figure 2.4.35, electricity options include generation mixes, elegtdgplacements,
advanced power plant technology shares, and vehicle technology.

The marginal generation mix for transportation use option is used for electri
vehicles (EV), grid-connected HEVs and FCVs withgroduction via electrolysis at
refueling stations. The average generation mix for stationary use optionl i @dle
WTP activities. The user must specify a mix option in both cases. These optiads inc
U.S. mix, Northeast (NE) U.S. mix, California (CA) mix, and a user defined mix. The
change default generation mix button located next to the option group allowgthe us
modify the currently selected option’s defaults through a secondary window. This
window provides text fields to change the percentage of electricity producedduyatesi
oil, natural gas, coal, nuclear power, biomass, and other sources. Note, electricity
generated from hydropower, solar, wind, and geothermal sources are &gatyo-
emission plants in GREET and are included together under the “Others” gat&gor
default, the marginal mixes are assumed to be the same as the aveeagtogemixes.

GREET includes options for power plant technologies using NG, coal, biomass,
and nuclear materials. For advanced power plant technology shares, the usexaifyay sp
shares for NG turbine combined-cycle technology, NG turbine simple-egtiadlogy,
advanced coal technology, and advanced biomass technology. For biomass power plant
feedstock shares, the user may specify shares of woody and herbaceous biomass. The
default feedstock share is 100% woody biomass. LWR and HTGR reactors are both

included for nuclear electricity generation. The user may speciytdogy shares of
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uranium enrichment for each reactor type. Uranium enrichment technolodieteigas
diffusion and centrifuge enrichment.

As mentioned earlier, the energy and emission credits from the co-generate
electricity are automatically estimated in GREET for seledictrecity export from
production plants with the design option of electricity export. GREETGUI provides
various types of electricity and electricity mixes which could be disglay the co-
generated electricity. For electricity co-generated in NG-baségroduction plants, the
electricity type for displacement can be the average U.S. mix, natur@bigdmned cycle
(NGCC) electricity, coal integrated gasification combined c{C) electricity, or
biomass IGCC electricity. For electricity co-generated in coaddasel production
plants, the electricity type for displacement can be the average U.NGGC
electricity, or IGCC electricity. For electricity co-gen@ain biomass-based fuel
production plants, the electricity type for displacement can be the averagaii.S
NGCC electricity, or biomass IGCC electricity. The only vehiclénetogy available on

the electricity tab is an EV.
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Figure 2.4.35 The biofuels and pathways options window for electricity contains
options for electricity generation for use in all aspects of the WTW and
associated vehicle technolody.

Shown in Figure 2.4.36, the biofuels anggathways options fdriodiesel
include only vehicle technologies in GREET 1.8c.0. Biodiesel is blended with petrole

diesel for vehicle applications. The vehicle technologies available for bibolielsmle

CIDI engine, Gl HEV CIDI engine, and PHEV CIDI engine.
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Figure 2.4.36 The biofuels and pathways options window for biodiesel contains
vehicle technology”

Shown in Figure 2.4.37, the biofuels anglgathways options for the central
production of gaseous,Honsist of feedstock based options and vehicle technology
options. Feedstock options are available for NG, coal, biomass, COG, and nusselar ba
feedstock. Vehicle technologies available for the, Géhtral pathway include Sl engine,

GI HEV Sl engine, PHEV Sl engine, FCV, and PHEV FC.
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For NG based options, feedstock sources include NA NG, NNA NG, and NNA
FG, and plant designs include options with steam export, with electricity egport
without export. For coal based options, plant designs include electricity ergarba
export. For biomass based options, market shares include woody and herbaceous
biomass, and plant designs are either with or without electricity export. Forde6 and
biomass based production, the user may also specify whether or not to sequgster CO
emissions. Note, for the amount of £€missions, all carbon contained in each of the
carbon based feedstock sources ends up asE&Dause C@emissions from some
processes in NG, coal, and biomass-basepldhts cannot be sequestered, it is not
realistic to specify 100% C{sequestration for these pathways in GREET. 1 CO
sequestration is selected, a defaulb G@&questration rate of 85% is applied and is not
allowed to change through GREETGUI. Additionally, an energy penalty anddrelate
emissions are accounted for by GREET. For COG based options, the user mfyst speci
whether the COG is treated as a co-product, treated as a byproduct, or is supplement
with NG for energy in B For the nuclear based options, the user must specify
technology shares between gas diffusion and centrifuge enrichment for uranium

production.
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Biofuels and HZ Pathways Options -Base Year for Simulation (Closest to 2010): 2010 g]
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Coal Based Options

Flant Design
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Figure 2.4.37 The biofuels and pathways options window for central production of
gaseous hydrogen contains feedstock based production and vehicle

technology options?

Shown in Figure 2.4.38, the biofuels anggathways options for the central

production of liquid H include feedstock based options, energy for liquefaction, and

vehicle technology options. Feedstock options are available for NG, coal, bj@QaSs

and nuclear based feedstock. The energy for liquefaction may be selectatebefi

each feedstock. Vehicle technology available for the ¢ghtral pathway includes Sl

engine, GI HEV Sl engine, PHEV Sl engine, FCV, and PHEV FC.
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For NG-based options, feedstock sources include NA NG, NNA NG, and NNA
FG. Plant designs are included with steam export, with electricity exportthmutvi
export. For coal based options, plant designs are included with or without electricity
export. For biomass based options, market shares include woody and herbaceous
biomass, and plant designs are included either with or without electricity expemsér
may also specify whether or not to sequestes &@issions for NG, coal, and biomass
based production. For COG based options, the user must specify whether the COG is
treated as a co-product, treated as a byproduct, or is supplemented with NGgpirene
H,. For the nuclear based options, the technology shares for uranium enrichmeawill s
the same as Gitentral production if available. Otherwise, the user may specify shares
between gas diffusion and centrifuge enrichment.

Note, the liquefaction of Frequires a large amount of electricity. The user may
specify for each feedstock share what energy to use for liquefaction. G-aredstock,
the user may specify either the defaulted NGCC electricity or thegever&. mix. For
solar PV feedstock, the user may specify either the defaulted solaicgieot the
average U.S. mix. For nuclear (TCWC) feedstock, the user may specifyteeher
defaulted nuclear (HTGR) electricity or the average U.S. mix. For caidtfeek, the
user may specify either the defaulted coal based electricity or thegavierS. mix. For
biomass feedstock, the user may specify either the defaulted biomassleetswmitye or
the average U.S. mix. For COG feedstock, the user may specify either sedl ba

electricity or the defaulted average U.S. mix.
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Figure 2.4.38 The biofuels and pathways options window for the central production
of liquid hydrogen contains feedstock based production, liquefaction
energy, and vehicle technology optiofis.

Shown in Figure 2.4.39, the biofuels anggathways options for the production

of gaseous Kat refueling stations include feedstock based options and vehicle

technology options. For NG based feedstock, the user may specify the feedstoek sour

as NA NG, NNA NG, or NNA FG. For electrolysis, the user may specify orfeeof t

electricity generation options for Gikvhich include oil power plant, NG power plant,

coal power plant, nuclear power plant, hydro power plant, U.S. mix, and NGCC turbine
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power plant. For nuclear power plants, nuclear technology may also be specifiedrbetw
LWR and HTGR. The U.S. marginal generation mix is consistent with thgimaa
electricity generation mix for transportation use selected earlibe electricity tab (See
Figure 2.4.35). Vehicle technologies available for the &tdtion pathway are the same
as those chosen for the @eentral pathway. If there are no market shares for the GH

central pathway, the vehicle technologies may be selected normally.

Biofuels and HZ Pathways Options -Base Year for Simulation (Closest to 2010): 2010 E|

Ethanal Electricity Biodiesel G H2: Central L.H2Z Cerntral G.H2: Station L H2: Station
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Figure 2.4.39 The biofuels and pathways options window for gaseous hydrogen
production at refueling stations contains feedstock based production and
vehicle technology option¥!
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Shown in Figure 2.4.40, the biofuels anggathways options for the production
of liquid H, at refueling stations include feedstock based options and vehicle technology
options. For NG based feedstock, the user may specify the feedstock source as NA NG
NNA NG, or NNA FG. For electrolysis, the user may specify one of thérieiec
generation options for GHvhich include oil power plant, NG power plant, coal power
plant, nuclear power plant, hydro power plant, U.S. mix, and NGCC turbine power plant.
For nuclear power plants, nuclear technology may also be specified betwéeandVv
HTGR. The U.S. marginal generation mix is consistent with the marginali@tgct
generation mix for transportation use selected earlier in the elgctailo (see Figure
2.4.35). Vehicle technologies available for the,lsthtion pathway are the same as those
chosen for the Lklcentral pathway. If there are no market shares for theceHtral

pathway, the vehicle technologies may be selected normally.
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Figure 2.4.40 The biofuels and pathways options window for liquid hydrogen
production at refueling stations contains feedstock based production and
vehicle technology optioné!

Shown in Figure 2.4.41, the simulation options for alternative fuel blends window
displays shares of alternative fuels for blending and shares of gasoline ahdodies
blending with alternative fuels. For alternative fuel blends, the user peaj\sthe
volumetric shares of alternative fuels for blending with specified shagessofine or
diesel. For blending with alternative fuels, the user may specify shiagasoline and

diesel.

59



There are two levels of ethanol-gasoline blends. The low-level ethanol blend
option is designed to have a specification of 5-15% by volume and is defaulted to 10%,
the value associated with E10. The high-level ethanol blend option is designed to have a
specification of 15-90% by volume and is defaulted to 85%. It is important to note that if
a blend level is far from the default value, then the vehicle fuel economy arsioemis
factors in GREET should revised to reflect the new blend level.

When blending an alternative fuel with gasoline, the user must specify the
specific market shares of CG, RFG, or a combination of these two fuelehalirgy with
methanol and ethanol. GREET assumes that ethanol is blended with CG for low-level
blends which is similar to wintertime oxygenated fuel. For high-level blendBEGR
assumes a blend with a market share-weighted combination of CG and RFG. Note, for
ethanol used as a RFG oxygenate, the calculations are made sepadsetheiRFG
options tab (see Fig. 2.4.21) and are not included in the ethanol blend simulation options.
GREET assumes that methanol is blended with market share-weighted camnbhati
CG and RFG.

When blending an alternative fuel with diesel, the user must specify thécspeci
market shares of LSD, CD, or a combination of these two fuels for blending wittoktha
FTD, and BD. GREET assumes that ethanol, FTD, and biodiesel are blended with the

market share-weighted combination of CD and LSD.
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Simulation Options for Alternative Fuel Blends -Base Year for Simulati... E|
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Figure 2.4.41 The simulation options for alternative fuel blends window contaies shar
of alternative fuels, gasoline, and diesel for blendthg.

Key Assumptions
Continuing from the fuel pathways options, the user will be prompted to proceed
to key assumptions as shown in Figure 2.4.42. Selecting “Yes Continue’ will bring up the
simulation options at the Parametric Assumptions Options window. Selecting ‘No,

Review selected scenario options’ will return the user to the firspatblvays and
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simulations option window for review. Selecting ‘Ngtart a new session without saving’
will return the user to the user to the beginning of the program and the curreom sessi

will be erased.

Proceed to Key Assumptions -year: 2010 E|

- zelection of scenario options has been completed

- Input of parametric assumptions for the selected scenario options will be next.

Proceed to options of parametric assumptions?

es | Continue

No Feview saelected scenario options

Mo otart a new session without saving

Figure 2.4.42 The proceed to key assumptions window allows the user to navigate
between the fuel pathways options and key assumpftbns.
Shown in Figure 2.4.43, the Parametric Assumptions Options window allows the
user to specify the parametric assumptions that will be used for the simulatectirts
“Use GREET default assumptions estimates” option tells GREETGUI ttheskefault
tabulated parametric assumptions. Selecting “Revise base yeamdissis which adjust
the assumptions of all years” will allow the user to adjust paramettmasi®ns for all
years in the subsequent windows. Selecting “Revise base year assumptamadjist

the assumptions of future years” will allow the user to adjust paramettimasions for
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all future years in the subsequent assumption windows while preserving hisecaral.
Additionally, specific years may be specified for view by selectifigw parametric
assumptions for specific years” option and then selecting the appropriegdrgeathe
list. Clicking ‘Proceed>>" will continue the session with the paramessumptions

windows.

Parametric Assumptions Options for Base Year: 2010

Simulation Options using 2010 as Base Year for Parametric Assumptions

e |lze GREET default assumptions estimates
" Hevize Base Year assumptions which adjust the assumptions of all years

" Revise Base Year assumptions which adjust the assumptions of future years

Yiew parametnc azsumptions for
zpecific vears [zelect from lizt)

MOTE: Pressing SHIFT and clicking the
mouse extends the selection from the
presviously selected ikem to the current
item. Pressing CTRL and clicking the
maouse selecks or deselects an ikem in
the lisk

Figure 2.4.43 The parametric assumptions options window contains options for dealing
with assumption estimatd$.

The parametric assumptions considered in GREET fall under three categories:

fuel production assumptions, transportation and distribution assumptions, and vehicle
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operation assumptions. The fuel production assumptions in GREETGUI cover most of
the variable aspects pertaining to the different production pathways and includgsproce
efficiencies and other factors associated with fuel production. The trarispoead
distribution assumptions dictate the transportation pathways, shares of transport
modes, size of transportation, and other similar options from the point of origin to the
destination. The vehicle operation assumptions form the backbone of the PTW operation
and provide fuel economy and emission rates for baseline, alternative fueled, and
advanced vehicles. Since these parameters may change over time, tismieablEsewere
developed in GREET for the energy efficiencies of production-related gexces

Shown in Figure 2.4.44, fuel production assumptions are subdivided into tabs for
petroleum, NG/biomass, ethanol, electricity, gaseous hydrogen, and liquid hydrbgen. T
petroleum assumptions tab includes energy efficiencies of crude oil reamktiye
refining processes associated with the production of petroleum-based fuelsturbke na
gas/biomass assumptions tab includes energy efficiencies associated@wehd\Very
and processing, NG-based fuels production, and steam and electricity creditshélote, t
energy efficiency of steam boilers for the steam co-generation in mahgrobduction
facilities is used to calculate the steam export credit for fuel productiots pleth steam
export. The natural gas/biomass assumptions tab also includes energycediscand
electricity credit associated with the production of biomass-based fuelsthEmole
assumptions tab includes energy use in corn and biomass farming, ethanol production,
and CQ emissions due to land use changes by corn and biomass farming. The electricity
assumptions tab includes efficiency of electric power generationiausdypes of

power plant, electricity transmission and distribution loss, and parameters feamucl

64



based electricity generation processes. The gaseous hydrogen assumipiiociades
energy efficiencies for Hproduction from various feedstock sources, steam and
electricity credits, energy use for @8equestration, and,;ldompression efficiencies.
The liquid hydrogen assumptions tab includes energy efficiencies fopidduction
from various feedstock sources, steam and electricity credits, energy @ for

sequestration, and,Hiquefaction efficiencies.

Fuel Production Assumptions -BaseYear: 2010

Petroleum I Matural Gass Biomass I E‘lhanoll Electricity I Gaseous Hydrogen | Liguid Hydragen

lterns Assumptions
Crude Recovery Efficiency 93.0%
CG Refining Efficiency g7.7 %
RFG Refining Efficiency B7.2%
CARFG Refining Efficiency g7.2%
CD Refining Efficiency 90.3%
L3D Refining Efficiency §99.3%
LPG Refining Efficiency 94.3%

Figure 2.4.44 The fuel production assumptions window tabulates relevant assumptions
for petroleum, natural gas/biomass, ethanol, electricity, gaseous bydrog
and liquid hydrogen?

In GREETGUI, transportation and distribution related activities are gikyer

presented using flow charts mapping market shares of feedstock or fuelsrigonto

destination, transportation mode, transportation mode share, and transportation distance
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as shown in Figure 2.4.45. The flow charts are sorted by fuel and feedstock gathway
There may be multiple sources that provide a feedstock or fuel to a partictilaatcbes
There may be multiple transportation modes by which the feedstock or fuekemay b
delivered. In some cases, an intermediate destination may be used to define the
transportation pathways allowing easy access to changes in transportasincedi$he

user may specify market shares that travel each route, the transportadiesimares, and
transportation distance. Note, the T&D_Flowcharts spreadsheet will appear in
GREET1.8c.0 unless one of the revision options in the parametric assumptions options
window (See Fig. 2.4.43) was selected. To proceed from the spreadsheet, clickdke “Cli
here to continue” button located directly below the flow chart example illigstraf the

“Use GREET default assumptions estimates” option was selected (fiee Fi4.43),
GREETGUI will skip the T&D flowcharts and instead go directly to the \ehic

operation assumptions.

ILLUSTRATION:

Transportation

Port or
Mode Transportation Made Share

Source or

Origin

Destination

Transportation Distance (miles)

Figure 2.4.45 The transportation and distribution flowcharts follow this general mode
when moving fuel or feedstock from a source to destindfion.
The vehicle operation assumptions window contains the fuel economy and

emission rates for the modeled vehicles. These assumptions are divided in&etime ba
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vehicles, and the alternative-fueled and advanced vehicles. The vehicle eardel y
appears on the tabs of each group.

Shown in Figure 2.4.46, the baseline vehicles include a Sl vehicle fueled by the
selected market shares of CG and RFG, and a CIDI vehicle fueled by thedsalacket
shares of CD and LSD. Listed under each vehicle are the parameter valihes f
corresponding fuel economy and emission rate items. The fuel economydisiiste
gasoline equivalent MPG. The emissions rates of principal air pollutants,(€0O,

NOyx, PMyo, and PM ) and greenhouse gases (CGihd NO) are listed below the fuel
economy and are measured in g/mile. The user may not specify a fuel econonfgrvalue

the baseline CIDI vehicle because it is calculated directly from tledihas$I vehicle.

Vehicle Operation Assumptions -Base Year: 2010

Bazeling Vehicles (Model Year 2009] | Altemative-Fusled and Advanced Yehicles (Maodel ¥ear 2005) I

Fuel Economy (MPG) and Emission Rates (g/mile) of Baseline Vehicles: Passenger Cars

lterms Sl Wehicle: CG and RFG | CIDI Yehicle: CD and LSD
Gaszoline Equivalent MPG 23.40 28.08
Exhuast YO 0.122 0.088
Evaporative WOC 0.058 0.000
co 3.745 0.539
MO 0.141 0.141
Exhuast PM10 0.0081 0.009
Brake and Tire Wear PW10 0.0203 0.0205
Exhuast PM2.5 0.0075 0.0084
Brake and Tire Wear PWZ2.5 0.0073 0.0073
CH4 0.0146 0.0026
N20 0.012 0.012

<< Back

Figure 2.4.46 The vehicle operation assumptions window for baseline vehiclésdists
parameters for fuel economy and emission réfes.
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Shown in Figure 2.4.47, the alternative-fueled and advance vehicles include all
the selected vehicle-fuel combinations. Each vehicle-fuel combinatiorstasnt
parameters for fuel economy and emission rates. Unlike the baseline siehosiever,
these vehicle operation parameters are specified as a percentagefidraripe

corresponding item for baseline S| gasoline vehicle.

Vehicle Operation Assumptions -Base Yearn: 2010
Bazeline Wehicles (Model Year 2005]  Altemative-Fueled and Advanced Vehicle: [Model vear 2005)
MPG and Emission Ratios for Alternative-Fueled and Advanced Vehicles RELATIVE TO Baseline Vehicles: Passenger Cars
CIDI Sl ehicle: | Sl Wehicle: | SIVehicle: | SIWehicle: | SI%ehicle: | S Wehicle:
lterms Yehicle: CD CARFG Bi-fuel Dedicated | Dedicated | Dedicated | MeOH FFY
and LSD CNGY CHGY LNGY LPGY
Gazaoline Equivalent MPG 120.0% 100.0% 91.0% 95.0% 95.0% 100.0% 100.0%
Exhuast wOC 100.0% 90.0% 90.0% 90.0% 90.0% 100.0%
Evaparative YOG 100.0% 50.0% 20.0% 50.0% 80.0% 35.0%
co 100.0% 90.0% 100.0% 100.0% 100.0% 100.0%
([ 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Exhuast P10 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Brake and Tire Wear PM10 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Exhuast P25 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Brake and Tire Wear P25 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
CH4 100.0% 1,000.0% 1,000.0% 1,000.0% 100.0% 100.0%
MN20 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
] | 2]

Figure 2.4.47 The vehicle operation assumptions window for alternative-fueled and
advanced vehicles lists the parameters for fuel economy and emission
rates as a percentage change from the baseline SI gasoline {&hicle.
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CHAPTER 3
VEHICLE-FUELS COMPARISON: TRADITIONAL VS.
ALTERNATIVE FUEL SYSTEMS
Introduction
In this study, the energy consumption and emissions of several prominent vehicle-
fuel combinations are analyzed using results from the GREET 1.8c.0 simulations f
passenger car (PC) vehicle types. The purpose is to compare different ¢mmsitta
investigate the energy consumption and emissions in each category and td asyass
the combinations perform better than the others in all considered categories for PC
vehicle types. In this case study, the general assumptions and parameterseddwe
ANL for the U.S. vehicle-fuel combinations considered utilized. Vehicle-fuel
combinations include spark ignition (SI) vehicles fueled by a conventional ma$Gii5)
and reformulated gasoline (RFG) market share blend and a low-leveblgfhiaittOH)
blend with CG, spark ignition direct injection (SIDI) vehicles fueled by a GGRFG
market share blend and a LL-EtOH blend with CG, and compression ignition direct
injection (CIDI) vehicles fueled by low sulfur diesel (LSD) and 20% biodiesel blend
(BD20) with LSD. The potentials of each vehicle-fuel combination will be iggted in
terms of Well-to-Pump (WTP) performance, Well-to-Wheel (WTW) pertorce, and
changes relative to the baseline model. Overall performance will be detgmusing

WTW results.
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Driving a vehicle is an everyday occurrence for many people in the U.S., but the
effects of the daily routine of driving a personal vehicle is often overlooked. These
effects are not limited just to energy consumption and emissions from vehiclamperat
but include primary and secondary sources of energy consumption and emissions during
the feedstock and fuel stages as well. GREET simulations offer a uniquecpeespe
the effect of daily driving by modeling the vehicle-fuel combinations under ayafie
different parameters given a unique set of assumptions. This perspectivénsitgrsto
undergraduate students learning about traditional and alternative fuels and care enha
their understanding of the processes that occur during WTW activities.

This case study is structured as follows. After the introduction is the procedure f
replicating the simulation in GREETGUI. Then, the simulation results goresh
overview of the itemizations as well as the results obtained in the simulatian tie
significant simulation results are discussed using comparisons in termsFof WT
comparisons for fuels and WTW comparisons by fuel-vehicle combination. A short

summary of the discussion will precede a concluding statement for thstadge

Procedure

The following section summarizes the procedure used to simulate sevect-vehi
fuel combinations using GREET 1.8c.0. The GREETGUI is preferred for this siomulat
due to its ease of use and streamlined modeling. GREETGUI also offers tacfiest
tier assumptions and parameters which can be tweaked to simulate sligbtiyndiff
scenarios for vehicle-fuel combinations. Simulated passenger cavé€RICle types

include Sl vehicles fueled by CG and RFG market share blend and a LL-Et@H ble
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with CG, SIDI vehicles fueled by CG and RFG market share blend and a LL-E&D#i bl
with CG, and CIDI vehicles fueled by LSD and a BD20 blend with LSD. The eehicl
parameters used in the simulation correspond to 2005 vehicles while the feedstock and
fuel production parameters used in the simulation correspond to 2010 values for the U.S.
The exact procedure for reproducing the modeled scenario for this partasdastudy,

including references to figures of GREETGUI, is located in Appendix A.1.

Results

The following results are derived from the output file created by GREIET tht
simulation. They include energy consumption and emissions reports for the gimulati
year 2010 WTP activities, WTW activities, and WTW changes relative to thertmseli
vehicle. Included with the results this section is a short explanation of the outputs
generated by GREET.

The WTP information is limited to the feedstock and fuel stages of fuel
production and distribution. Shown in Table 3.3.1, the WTP results for the simulation
year 2010 include the energy consumption, energy efficiency, and emissions produced on
a basis of a mmBTU of fuel available at fuel station pumps. Thus, the WTP results ar
independent of the vehicle type (i.e. PC, LDT1, and LDT2) and vehicle operation

parameters.

71



Table 3.3.1

emissions, respectively.)

Well to Pump Energy Consumption, Energy Efficiencies, and Emissions
for Passenger Car Vehicle Types (The data is in units of BTU or grams
mmBtu of fuel available at fuel station pumps for energy consumption and
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Total Energy 250,743 305,742 193,7].8 496,698
WTP Efficiency 80.0% 76.6%0 83.8p0 66.9%
Fossil Fuels 228,700 246,231 190,215 211,52
Coal 40,433 46,60 32,1 32,086
Natural Gas 92,979 107,143 76,0p2 97,978
Petroleum 95,297 92,5 81,966 81,488
CO, (w/CinVOC & CO)| 16,812 14,79 15,48 1,242
CH, 108.738 106.5 104.5p7 93.(59
N,O 1.14( 2.91 0.2 2.215
GHGs 19,871 18,32 18,115 4,259
VOC: Total 27.34% 28.606 7.7Y4 26.431
CO: Total 14.229 15.332 12.6B0 15.035
NO,: Total 47.524 50.35) 42.748 46.174
PM, Total 10.99( 12.96f 8.646 8.8p2
PM, < Total 4.27( 4.878 3.470 3.7%3
SQ;: Total 23.734 26.07pb 20.615 23.574
VOC: Urban 15.52y 15.431 2.9p0 2.984
CO: Urban 3.80b 3.643 3.412 2.934
NO,: Urban 10.4171 10.03p 9.233 8.0p4
PM, Urban 1.836 1.73% 1.6 1.386
PM, s Urban 1.071 1.01} 0.9 0.779
SQ: Urban 7.222 7.04p 6.5 5.789
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Energy consumption items such as total energy, fossil fuels, coal, natural gas, and
petroleum describe the energy source being consumed and are measured in
BTU/mmBTU of fuel available at fuel station pumps. The total energyiibetades all
fossil fuel sources of energy consumption as well as other sources of energyEios
(i.e. nuclear, hydro, wind, solar, etc.). The total energy consumed is also usemh&beesti
the WTP efficiency of producing and distributing a mmBTU of fuel to fuel pumips. T
WTP efficiency is a measure of how effective it is to deliver a mmBtuebftéua fuel
station pump and is calculated using the equation

I
P+C’

(3.1)

whereE is the WTP efficiency (%R is the energy delivered to the pump (i.e. a mmBtu
of fuel), andC is the energy consumed to produce a mmBtu of fuel. For example, the
total energy consumed for the baseline CG and RFG in Table 3.3.3.1 is 250,743 Btu per
mmBtu available at fuel station pumps. This value corresponds to the v&iable
Equation 1. The energy delivered to the puRdrom Equation 3.1 is always 1,000,000
Btu per mmBtu available at fuel station pumps for all WTP calculations irE3RE
Inputting the appropriate values into Equation 3.1, the resulting WTP efficiency is
approximately 80.0% as shown in Table 3.3.1 for baseline vehicles fueled by CG and
RFG. The fossil fuels item consists of a summation of the coal, naturahdas, a
petroleum energy consumed. The coal, natural gas, and petroleum items are the
respective breakdowns of fossil fuel energy consumed by source.

Emissions items such as GHGs and principal pollutants describe theoesnissi

produced and are measured in grams/mmBtu of fuel available at fuel station pheps
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CO,, CH,, and NO items are all GHGs. The GQw/ C in VOC & CO) item is an
estimate of the direct G@missions and indirect G@missions due to chemical
reactions of direct VOC and CO emissions based on carbon ratios. The GHGsaitem is
measure of the global warming potential equivalent te. C@at is in essence an adjusted
summation of the C® CH,, and NO items based on their G@quivalent global
warming potentials. The potentials used in the simulation are based on th€lirG&
Change 200%! The principal pollutants (VOC, CO, NCBQ,, PMy, and PM s items)
are listed by both total emissions and urban emissions. The total amount emistedl is li
with respect to each pollutant followed by the amount that is estimated to have been
emitted in urban areas.

The WTW relative change results, shown in Table 3.3.2, indicate the percent
changes in WTW items for a particular vehicle-fuel combination relatieetbaseline
vehicle. The relative change of each item is calculated using the gormul

_AT-OT
oT '

RC (3.2)

for every item and vehicle technology compared to the baseline technologyRé@hisre
the relative change (%A\T is the alternative technology item, a0d is the baseline
technology item. In this case, the baseline vehicle is modeled by a GV witgngisé
fueled with CG and RFG which means that the corresponding item from this vehicle
represents the OT value. The AT value is represented by the value of #spooding
item for another vehicle. For example, the total energy consumptions for thiadase
vehicle with CG and RFQGJ(T) and the gasoline vehicle with LL-EtOH blerAll§ are

6,139 Btu/mile (see Table A.5) and 6,409 Btu/mile (see Table 3.3.3), respectively.
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Subtracting th®T value, 6,139 Btu/mile, from th&T value, 6,409 Btu/mile, and then
dividing the quantity by th@T value, 6,409 Btu/mile, results in a relative change of

4.4% as shown in Table 3.3.2 under the gasoline vehicle fueled by a LL-EtOH blend for
total energy consumption. The WTW relative change results for this cayeofferda

way to quickly compare one vehicle-fuel combination to another by comparing the
relative changes to the baseline vehicle. The listed items are thasahnose covered in

the WTP results.
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Table 3.3.2  Well to Wheel Relative Change Results for Passenger RlaleViypes
©
w o O 8 <€ c (@)
2010 sal © [Z2F o], S @
(%, relative to GVs fueled| @ L,_-D % % T % % g %
with CG and RFG) 5| § |523|5% =
Jo| 2 >_ 0223 >
< 5| oPlczgld5g| @
Qm noelnd21000 O |
Total Energy 4.494 -13.0% -9.2% -20.5% -0.3po
Fossil Fuels -2.2% -13.0p6 -14.9% -17.p% -29(4%
Coal 15.39%4 -13.0% 0.299 -33.79%4 -33.9%
Natural Gas 15.29% -13.0% 0.29% -31.894 -12.2%
Petroleum -4.3% -13.06 -16.8% -16.1% -30{7%
CO, (w/ Cin VOC & CO) -2.29%4 -13.0% -15.0% -15.8p6 -28.3%
CH, -1.994 -12.7% -14.4% -21.6po -30.1%
N,O 49.694 -4.199 39.0% -26.09 19.7%
GHGs -1.7% -12.9%  -14.4% -16.1% -27.8%
VOC: Total 2.09% -5.6% -3.9% -61.9% -37.6P6
CO: Total 0.19 -0.2% -0.19 -84.5:f -84.3Mo
NO,: Total 3.7% -8.1% -4.9% -15.6% -11.9%%
PM,, Total 11.89%4 -8.5% 1.799 -21.3% -20.3%
PM, s Total 8.3% -7.6% -0.5% -16.4% -13.2M%
SQ;: Total 9.09% -13.0% -5.2% -29.4% -19.9p6
VOC: Urban -0.3% -5.3% 550 -64.4% -65.8%
CO: Urban 0.0% -0.1% -0.1p6 -85.1% -85.R%
NO,: Urban -1.49%4  -4.89 -6.0% -9.6%0 -13.1%
PM,o Urban -1.9994  -4.49 -6.0% -7.1% -11.2%
PM, 5. Urban -2.004 -4.79 -6.5% -6.19%0 -10.4P%
SQ: Urban -3.09% -13.0% -15.6% -27.9p6 -37.4%
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The WTW results offer a more detailed perspective of vehicle fuel contnsati
due to vehicle use. The results for the baseline vehicle shown in Table 3.3.3 encompass
the feedstock, fuel, and vehicle operation stages of the operation of a GV fueléd by C
and RFG and provide an overview of all energy consumed and emissions produced on a
per mile basis. The energy items are measured in Btu/mile and théoesigsms are
measured in grams/mile. The feedstock stage includes all energy commsuamati
emissions from the gathering, transporting, and distributing of feedstock ahakee
fuel stage includes all energy consumption and emissions from the production and
transportation of the fuel. The vehicle operation stage includes all energy gdiosum
and emissions from the operation of the vehicle. The WTW results for the SIDlevehicl
fueled by CG and RFG, the Sl and SIDI vehicles fueled by a low-level EtQid high
CG, the CIDI vehicle fueled by LSD, and the CIDI vehicle fueled by BD20caated in

Appendix A.3.
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Table 3.3.3  Well to Wheel Results for a Passenger Car Vehicle TyyodirigaVehicle
with SI Engine Fueled by CG and RFG

Btu/mile or grams/mile
Vehicle

Item Feedstock Fuel Operation Total
Total Energy 263 968 4,908 6,139
Fossil Fuels 255 868 4,806 5,928
Coal 38 160 0 19
Natural Gas 158 298 0 456
Petroleum 58 409 4,806 5,274
CO, (w/ CinVOC & CO) 17 66 377 45
CH, 0.456 0.077 0.015 0.548
N,O 0.000 0.005 0.012 0.018
GHGs 28 69 381 418
VOC: Total 0.017 0.117 0.180 0.3114
CO: Total 0.032 0.037 3.745 3.815
NO,: Total 0.121 0.112 0.141 0.374
PM;,: Total 0.010 0.044 0.029 0.083
PM, s Total 0.005 0.016 0.015 0.086
SQ.: Total 0.041 0.076 0.006 0.123
VOC: Urban 0.003 0.073 0.112 0.188
CO: Urban 0.001 0.017 2.329 2.348
NO,: Urban 0.005 0.046 0.088 0.189
PM,,: Urban 0.000 0.009 0.018 0.027
PM, = Urban 0.000 0.005 0.009 0.014
SQ,: Urban 0.003 0.032 0.004 0.089
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Discussion

Well to Pump Results

The WTP results offer a basis for comparison of different types of fuel in the
listed categories. While this has no bearing on vehicle operation, it does offea @ ide
how different fuels compare to each other with a given basis of a mmBtu of fuebkevaila
at the fueling pump. In this section, a general overview of each process will besdi$c
to make clear the effects of different processes on the WTP results. Adlijtithe
relevant energy consumption and emissions will be discussed for the WTP pfdwess
pairs of related fuels. An overall assessment of the fuels as it reldbés model will
also be provided.

For CG/RFG and LL-EtOH, the general WTP processes described aé¢he ar
same. In this simulation, CG and RFG each share half of the market, and RFG is CG
containing EtOH as an additive. This results in two major fuel processes buauigtsid
in conjunction resulting in the WTP results for this baseline fuel. LL-EtOH bleorsst
of CG mixed with EtOH. This results in two major fuel processes being used in
conjunction resulting in the WTP results for this alternative fuel. Each majqoriueess
consists of many different individual processes. These individual processgegred
into the feedstock and fuel stages which combine to form the WTP results for dach fue

In terms of feedstock, CG and RFG rely mainly on crude oil while EtOH is
produced entirely from corn. For gasoline, crude feedstock includes conventional crude
oil, and oil sands products from surface mining and in situ production. The crude oil

process includes estimations for recovery, transportation to U.S. refirmeriestorage.
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Shown in Figure 3.4.1, conventional crude oil used in U.S. refineries is transported from
multiple sources including the U.S., Canada, Mexico, and other offshore countries and
distributed using several different transportation modes. The transportatiorshzods
and distances are all considered in process estimations. The surface miningtand in s
production of the oil sands recovery process both include estimations for bitumen
extraction, bitumen upgrading, transportation to U.S. refineries, and storagéhdral e
the corn farming process includes estimations for corn farming, fertilsegrpesticide
use, and corn transportation. Shown in Figure 3.4.2, corn is harvested and transported to a
central destination before being transported to ethanol plants. Fertilizer éicatlpes
transportation and distribution (T&D) are also included in the WTP estimations.

In terms of fuel, CG and EtOH production are the main production processes.
RFG is a combination of CG and EtOH blend stocks. The CG fuel stage includes
estimates of CG refining, CG transportation and distribution, and CG storageFTthe
fuel stage consists of RFG gasoline blend stock and corn based EtOH processes. The
RFG gasoline blend stock process includes estimates of RFG gasoline bébnd st
refining, RFG transportation and distribution, and RFG storage. The corn badéd EtO
process includes estimates of both dry and wet milling production with co-product
credits. T&D activities shown in Figure 3.4.3 are consistent with both CG and RFG fo

the delivery of fuels from refineries to refueling stations.
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For LSD and BD20, the general LSD WTP process described here applies to
BD20 as well. In this simulation, LSD holds all market shares. This results majoe
fuel process being simulated for the WTP results of LSD. BD20 consists ofmib&ol
with BD. This results in two major fuel processes being used in conjunction. Each major
fuel process consists of many different individual processes. These individuedgesc
are grouped into the feedstock and fuel stages which combine to form the WT# resul
for each fuel.

In terms of feedstock, LSD relies mainly on crude oil while BD is produced
entirely from soybeans. For LSD, crude feedstock includes conventionalashuaied
oil sands products from surface mining and in situ production. These processes are the
same as those described for the crude feedstock for CG and RFG above. For BD, the
soybean farming process includes estimations for soybean farmingdetse,
herbicide use, pesticide use, and soybean transportation. Shown in Figure 3.4.4, soybeans
are harvested and transported to a central destination before being transpoiddoksel
plants. Fertilizer, herbicide, and pesticide T&D are also included in the Wikfagehs.

In terms of fuel, LSD and BD production are the main processes. BD20 is a
combination of LSD and BD blend stocks. The LSD fuel stage includes estioidt8D
refining, LSD transportation and distribution, and LSD storage. T&D activitiess in
Figure 3.4.5 illustrate part of the LSD fuel stage process. The BD &gal sicludes
estimates of soy oil extraction, soy oil transesterfication, BD trarstmortand
distribution, and BD storage. BD20 consists of LSD blend stock and soybean based BD
processes. T&D activities shown in Figure 3.4.6 illustrate part of the BD26thgd

process.
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For this case study, the WTP efficiency shown in Figure 3.4.7 indicates that it is
much more energy efficient to produce LSD and baseline CG and RFG than it is to
produce their corresponding alternatives. The WTP efficiency is based on tgg ener
available at the fuel pump and the total energy consumed getting the fuel through the
feedstock and fuel stages to the pump. Thus, it is dependent on total energy consumed
rather than any one of the individual parts such as fossil fuels. Only looking at the
efficiency may give a skewed impression about the fuels, but a higher Wgitrefii is

typically desired in a fuel.

Well to Pump Total Energy Efficiency

100%

90%

80% -

70% - m Baseline CG and RFG

60% - . .
° m Gasoline Vehicle: Low-Level

EtOH Blend with Gasoline
O Baseline LSD

50% -

Efficiency

40% -
O CIDI Vehicle: BD20

30% -

20% -

10% -

0% -

Fuel

Figure 3.4.7 WTP energy efficiency for making a mmBtu of fuel availatleel
station pumps
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A closer inspection of the energy consumption results shows that the amount of
total energy consumption is somewhat deceptive for the alternative fuelsatiger
BD20. According to the simulation results shown in Figure 3.4.8, BD20 consumes more
than double the total energy than its chief competitor, LSD. The LL-EtOH blend
consumes about 22% more total energy than its chief competitor, CG and RFG. In terms
of fossil fuel consumption, the alternative fuels are much closer to their ctongeti
BD20 consumes about 11% more fossil fuels energy than LSD to deliver the same
amount of energy to the pump. The LL-EtOH blend consumes about 8% more fossil fuels
energy than the baseline CG and RFG. Interestingly, BD20 consumes skghttohl
and petroleum energy than its counterpart and the LL-EtOH blend consumes about 3%
less petroleum energy than the baseline CG and RFG. These increases inrtptal ene
(more so for BD20) negatively impact the WTP efficiency despite sonteaétuctions

in specific fossil fuels, namely petroleum.
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Figure 3.4.8 WTP energy consumption of for competing fuels

The difference between LL-EtOH blends with CG and the baseline CG and RFG
in this case study is effectively the amount of ethanol in the fuel. CG as aibbdeds
not contain ethanol. But the RFG simulated here contains ethanol as an oxygenate to
boost the @content to 2.3% by weight which means that the RFG contains
approximately 6.3% EtOH by volume. Since the baseline fuel is considered to be a 50/50
market share of CG and RFG, the amount of ethanol relative to CG is reduced even more
in the simulation of this fuel. On the other hand, the LL-EtOH blend has 10% ethanol by

volume blended with CG. This energy consumption information shows that the increased
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ethanol requirements of a LL-EtOH blend drastically increases the tetgyen

consumption necessary to have a mmBtu of fuel available at the pump. The effects of this
difference are also apparent in the individual energy consumption categoriaifl ire

energy consumptions is the direct result of changes in the WTP process whicteincreas
production of ethanol and decrease the production of CG. Also, note that ethanol is less
energetic per volume than CG and RFG which means that larger volumes of the LL-
EtOH blend will need to be transported and distributed to make a mmBtu of fuel

available at fuel station pumps. The increased volume could effect T&D energy
consumption during the fuel stage.

The difference between LSD and BD20 is that BD in this case study replaces
portion of LSD with a 20% mix by volume of soy derived biodiesel. Thus, the differences
in energy consumption over the categories above are directly linked to the use of
biodiesel instead of LSD. A comparison of total energy consumption suggests the WTP
process for producing BD is massively more energy intensive than the WTRBpfaice
producing LSD. However, the large increase in total energy consumption issedt ba
entirely on fossil fuel consumption which means that the energy consumption can be
attributed to other sources. In fact, the estimated difference in foskldnergy
consumption for BD20 and LSD can be primarily attributed to the increased consumption
of natural gas energy during the WTP process. The shift in energy consumptions |
direct result of differences in the WTP process between the two fuels whistiarthe
production of BD and a decrease in the production of LSD.

Relative GHG emissions produced during the WTP process offer another

interesting view of the effects of the making these fuels available at rting. [Hior
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comparison purposes, Figure 3.4.9 includes the adjusted levels, @n@HO relative
to CO, using the global warming potentials from IPCC Climate Change 200re
actual estimated emissions of £&hd NO are 25 times less and 298 times less,

respectively, than what is shown.

Well to Pump Greenhouse Gas Emissions Equivalentto CO,
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Figure 3.4.9 WTP GHG emissions relative to their respective global ngrmi
potentials for competing fuels
The impact of making BD20 available at the pumps rather than LSD on
equivalent GHG emissions is very substantial. The simulation suggests tiat fthe
process for BD20 produces about 77% less equivalent GHG emissions than the WTP
process for LSD. The primary difference between the two fuels is in ther@i€sions
where BD20 has a distinct advantage by producing 92% leser@iSsions than the LSD

process. This large reduction of g€nissions is most likely due to carbon offsets during
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the growth of soybean plants as the feedstock for biodiesel. The BD20 WTP process
produces about 11% less ¢émissions and about 9 times as mugh Ids the LSD
WTP process.

Making LL-EtOH blends available at the pumps rather than CG and RFG also
effects the equivalent GHG emissions. The simulation suggests that the WeéEsgdayc
the LL-EtOH blend produces about 8% less equivalent GHG emissions than the WTP
process for CG and RFG. The primary difference between the two fuels isG@the
emissions where the LL-EtOH blend has an advantage by producing 12% less CO
emissions than the CG and RFG process. This reduction g#r@i8sions is most likely
due to increased carbon offsets due to additional corn growth for the extra ethanol
production required by LL-EtOH blends coupled with decreased production of CG and
RFG. The LL-EtOH blend WTP process produces about 2% legeldsions and
about 2.5 times as much® as the CG and RFG WTP process.

Principal pollutants produced during the WTP process are a major concern,
especially in urban areas where the effects are compounded by increaskduse and
increased population density. For this reason, the total emissions and the urbamsmissi
must both be discussed. The principal pollutants considered by GREET are VOC, CO,
NOy, SOx, PMg, and PMs.

For WTP activities, the total VOC and urban VOC emissions estimated by
GREET contradict each other in terms of conventional and alternative fuabpais
shown in Figure 3.4.10. For gasoline blends, the availability of the LL-EtOH blehd at
pump is expected to cause a 5% increase in VOC emissions compared to the baseline CG

and RFG. This is approximately a 1.26 gram increase per mmBtu available. Haveve
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same availability of LL-EtOH blend is expected to cause a 1% decread®im

emissions of VOC compared to the baseline CG and RFG. This decrease is
approximately 0.097 grams per mmBtu of fuel available. For diesel blends, the
availability of the BD20 at the pump is expected to cause a 340% increase in VOC
emissions compared to the baseline LSD. This is approximately an 18.7 graasencre

per mmBtu available. However, the same availability of BD20 blend is exiectause

a 14% decrease in urban emissions of VOC compared to the baseline LSD. Thisedecrea
is approximately 0.406 grams per mmBtu of fuel available. While both alternaéige f

are expected to produce higher total VOC emissions, the estimated emissidreni

areas are expected to be less than their conventional counterparts.

Well to Pump VOC Emissions

@ Baseline CG and RFG

W Gasoline Vehicle: Low -Level| |
EtOH Blend w ith Gasoline

0O Baseline LSD

O CIDI Vehicle: BD20

Emissions
(grams/mmBtu of Fuel at Fuel Station Pumps)

VOC: Total VOC: Urban

Figure 3.4.10 WTP VOC emissions for competing fuels
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For WTP activities, the total CO and urban CO emissions estimated by GREET
contradict each other in terms of conventional and alternative fuel pairisgswas in
Figure 3.4.11. For gasoline blends, the availability of the LL-EtOH blend autne is
expected to cause an 8% increase in CO emissions compared to the baseline CG and
RFG. This is approximately a 1.10 gram increase per mmBtu available vEigires
same availability of LL-EtOH blend is expected to cause a 4% decread®im
emissions of CO compared to the baseline CG and RFG. This decrease is apdsoximate
0.162 grams per mmBtu of fuel available. For diesel blends, the availability BD&e
at the pump is expected to cause a 19% increase in CO emissions compared to the
baseline LSD. This is approximately a 2.40 gram increase per mmBtuodaila
However, the same availability of BD20 blend is expected to cause a 14%sddorea
urban emissions of CO compared to the baseline LSD. This decrease is applpximate
0.479 grams per mmBtu of fuel available. While both alternative fuels aretedec
produce higher total CO emissions, the estimated emissions in urban aregeeatedex

to be less than their conventional counterparts.
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Figure 3.4.11 WTP CO emissions for competing fuels

For WTP activities, the total NGnd urban NQemissions estimated by GREET
contradict each other in terms of conventional and alternative fuel pairisgswas in
Figure 3.4.12. For gasoline blends, the availability of the LL-EtOH bleriteaiump is
expected to cause a 6% increase in HAissions compared to the baseline CG and
RFG. This is approximately a 2.83 gram increase per mmBtu available vEigiee
same availability of LL-EtOH blend is expected to cause a 4% decread®im
emissions of NQcompared to the baseline CG and RFG. This decrease is approximately
0.382 grams per mmBtu of fuel available. For diesel blends, the availability BD&e

at the pump is expected to cause an 8% increase jrei{3sions compared to the
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baseline LSD. This is approximately a 3.41 gram increase per mmBtuodaila

However, the same availability of BD20 blend is expected to cause a 13%seddarea
urban emissions of N(xompared to the baseline LSD. This decrease is approximately
1.17 grams per mmBtu of fuel available. While both alternative fuels areteggec

produce higher total NOemissions, the estimated emissions in urban areas are expected

to be less than their conventional counterparts.
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Figure 3.4.12 WTP NQemissions for competing fuels

For WTP activities, the total S@nd urban SQemissions estimated by GREET
contradict each other in terms of conventional and alternative fuel paigrsi®an in

Figure 3.4.13. For gasoline blends, the availability of the LL-EtOH blend autne is
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expected to cause a 10% increase ip &@issions compared to the baseline CG and
RFG. This is approximately a 2.34 gram increase per mmBtu available vEiQiee

same availability of LL-EtOH blend is expected to cause a 2% decread®im

emissions of SPcompared to the baseline CG and RFG. This decrease is approximately
0.180 grams per mmBtu of fuel available. For diesel blends, the availability BDd@

at the pump is expected to cause a 14% increase,iri8iGsions compared to the

baseline LSD. This is approximately a 2.96 gram increase per mmBtuoévaila

However, the same availability of BD20 blend is expected to cause a 13%seddaorea
urban emissions of S@ompared to the baseline LSD. This decrease is approximately
0.850 grams per mmBtu of fuel available. While both alternative fuels aretedpec
produce higher total S@&missions, the estimated emissions in urban areas are expected

to be less than their conventional counterparts.
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Figure 3.4.13WTP SQ emissions for competing fuels

For WTP activities, the total Pjgdland urban PN emissions estimated by
GREET contradict each other in terms of conventional and alternative fuabpais
shown in Figure 3.4.14. For gasoline blends, the availability of the LL-EtOH blehd at
pump is expected to cause an 18% increase ity BMissions compared to the baseline
CG and RFG. This is approximately a 1.98 gram increase per mmBtu available.
However, the same availability of LL-EtOH blend is expected to cause a@#ade in
urban emissions of P)dcompared to the baseline CG and RFG. This decrease is
approximately 0.103 grams per mmBtu of fuel available. For diesel blends, the

availability of the BD20 at the pump is expected to cause a 2% increasedn PM
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emissions compared to the baseline LSD. This is approximately a 0.186 graasencre
per mmBtu available. However, the same availability of BD20 blend is exiectause

a 17% decrease in urban emissions offdmpared to the baseline LSD. This decrease
is approximately 0.267 grams per mmBtu of fuel available. While both alternagige f
are expected to produce higher total;g®missions, the estimated emissions in urban

areas are expected to be less than their conventional counterparts.

Well to Pump PM;, Emissions

14

@ Baseline CG and RFG

12

B Gasoline Vehicle: Low -Level| |
EtOH Blend w ith Gasoline

0O Baseline LSD

10

O CIDI Vehicle: BD20

Emissions
(grams/mmBtu of Fuel at Fuel Station Pumps)

N

PM10: Total PM10: Urban

Figure 3.4.14 WTP PM emissions for competing fuels

For WTP activities, the total PM and urban Pls emissions estimated by
GREET contradict each other in terms of conventional and alternative fuabpais

shown in Figure 3.4.15. For gasoline blends, the availability of the LL-EtOH blehd at
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pump is expected to cause a 14% increase insflhissions compared to the baseline
CG and RFG. This is approximately a 0.602 gram increase per mmBtu available.
However, the same availability of LL-EtOH blend is expected to cause a@G#ade in
urban emissions of PM compared to the baseline CG and RFG. This decrease is
approximately 0.059 grams per mmBtu of fuel available. For diesel blends, the
availability of the BD20 at the pump is expected to cause an 8% increase sn PM
emissions compared to the baseline LSD. This is approximately a 0.282 graasencre
per mmBtu available. However, the same availability of BD20 blend is exiectause
a 16% decrease in urban emissions of Pbmpared to the baseline LSD. This decrease
is approximately 0.153 grams per mmBtu of fuel available. While both alternaéige f
are expected to produce higher total RMmissions, the estimated emissions in urban

areas are expected to be less than their conventional counterparts.
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Figure 3.4.15 WTP PMs emissions for competing fuels

In its own right, the WTP results offer a way to compare fuels over thetdekds
and fuel stages on a standardized basis of a mmBtu of fuel being availhigi@atp. In
terms of CG/RFG and LL-EtOH blends, the process differences are smthby
amounts of each fuel component being produced as both fuels contain CG and EtOH. In
terms of LSD and BD20, the process differences are a bit larger as acoesspis
included for BD production while production of LSD is decreased. For all fuels, tbe T&
differ and affect the results separately. Based on this informatiorfaistid judge a
vehicle-fuel combination? Most definitely not, considering the results do natimthe

vehicle operation stage, but it certainly suggests favoring a particular fuel
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Well to Wheel Results with Relative Changes

The WTW energy consumption and emissions for the operation of a vehicle-fuel
combination take into account the WTP fuel results as well as vehicle operation
parameters to provide results on a per mile basis for the feedstock, fuel, and vehicle
operation stages. The total of all stages is used to calculate theerelainges of an item
for a vehicle-fuel combination versus the baseline vehicle-fuel combinatiomaEleéne
vehicle-fuel combination in this study is the GV with Sl engine fueled by @23R&G.

In this section, the energy consumption and emissions relative changes and detailed
results will be compared and discussed for the simulated vehicle-fuel coménati
relative to their fuel pairings and technologies.

In terms of WTW energy consumption, the WTW relative changes and results
vary between vehicle-fuel combinations and categories. Using the relativgesh#he
tradeoffs for different fuels and vehicle technologies can be compared. Aptm-de
analysis of the energy consumption by stage can then be performed with the additional
detailed information provided in the WTW results based on significant relatingeha
The following discussion includes significant comparisons by vehicle techndicy
technology, and vehicle-fuel combinations.

Compared to the Sl vehicle technology, the SIDI vehicle technology always out-
performs it with the same fuel in all energy consumption categories as sihow
Table 3.4.1. This is due to the increased efficiency of the SIDI technology whichesperat
with a 20% higher fuel economy than the Sl technology. A higher fuel economy results

less fuel consumed (i.e. less energy consumed) per mile for vehicle operation, the
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energy consumption for the feedstock and fuel stages drops accordingly a$ the fue
requirements (i.e. fuel energy required to move the vehicle 1 mile) for vehicktiope
drop. The result is lower energy consumption in all categories for the WTW opeoéti
the SIDI vehicle as seen in Figure 3.4.16. This is a very good example of some of the
benefits of SIDI engines versus Sl engines in vehicles utilizing CG/&fe LL-EtOH
blends.

A comparison of fuels in Table 3.4.1 with respect to SIDI vehicle technology
shows that LL-EtOH blend usage has the tradeoffs of increased coal and NG energy
consumption for lower petroleum energy consumption when compared to CG/RFG. The
increases in coal and NG energy consumption, shown in Figure 3.4.16, are due to
increased consumption during the feedstock and fuel stages. The decrease in petroleum
energy consumption between the two fuels is primarily attributed to lower petrole
energy consumption in the vehicle operation stage. The benefit of lower petroleum
energy consumption outweighs the disadvantages of increased coal and NG energy
consumption resulting in LL-EtOH blend usage having lower fossil fuel energy
consumption when compared to CG/RFG in SIDI vehicles. However, LL-EtOH blend
usage also has higher total energy consumption. Both vehicles use the same amount of
total energy per mile for the vehicle operation stage. The difference shdvgure
3.4.16 for total energy consumption is due to the increases during the feedstock and fuel
stages related to the WTP activities for increased EtOH use and @elct¥asise. This
is a very good example of some of the tradeoffs that result in the use oOH {#¢nds

versus CG/RFG.
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A comparison of fuels in Table 3.4.1 with respect to CIDI vehicle technology
shows similar trade offs between LSD and BD20 usage. The tradeoff for theRB32mf
is effectively higher natural gas energy consumption and lower petroleuny energ
consumption. The decrease in petroleum energy consumption primarily occurs in the
vehicle operation stage as a result of the reduction in LSD use. The incre&e in N
energy consumption occurs primarily in the fuel stage as a result of the BD pyoduct
process. The difference in coal energy consumption between the two fuels is Méry sma
and incorporates a near offsetting small increase in the feedstock stageaind sm
decrease in the fuel stage for BD20. As shown in Figure 3.4.16, the decrease inmpetrole
energy consumption outweighs the increase in natural gas consumption resulting in much
lower fossil fuel consumption for CIDI vehicles using BD20 rather than LSD. Howeve
the total energy consumption for BD20 is much higher than it is for LSD. This can be
attributed to increased consumption during the fuel and feedstock stages assottiated wi
the addition of BD WTP processes and the reduction in LSD production. This is a good

example of some of the tradeoffs that result in the use of BD20 versus LSD.
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Table 3.4.1 WTW Energy Consumption Relative Change Results Relative to Gasoline
Vehicle Fueled with Shares of Conventional Gasoline and Reformulated
Gasoline
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Total Energy 4.49% -13.0% -9.2% -20.5% -0.3
Fossil Fuels -2.2% -13.0po -14.9% -17.p% -29
Coal 15.3% -13.0% 0.2% -33.7% -33.99
Natural Gas 15.29% -13.0% 0.2% -31.8% -12.29
Petroleum -4.3% -13.090 -16.9% -16.1% -30
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Figure 3.4.16 WTW energy consumptions for competing vehicle-fuel combinations
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In terms of WTW GHG emissions, the WTW relative changes and results vary
between vehicle-fuel combinations and categories. Using the relativeesh#mg
tradeoffs for different fuels and vehicle technologies can be identifiedcempaced. An
in depth analysis of the GHG emissions by stage can then be performed with the
additional detailed information provided in the WTW results based on significainveela
changes. It is important to note that GREET weights the actugl@, and NO
emissions in its summation for GHGs in order to take into account the global armin
potentials of each individual item. The following discussion includes significant
comparisons by vehicle technology, fuel technology, and vehicle-fuel combinations.

Compared to the Sl technology, the SIDI vehicle technology always out performs
it for the same fuel in all GHG emission categories as shown in Table 3.4.2 tiAd of
GHG reductions in the feedstock and fuel stage are due to the higher fuel economy and
thus lower fuel requirement for the SIDI vehicles to travel a mile. While tlsero
change between the technologies for,@Hd NO emissions during the vehicle operation
stage, the amount of G@roduced during vehicle operation is significantly reduced in
SIDI vehicles.

A comparison of fuels in Table 3.4.2 with respect to SIDI vehicle technology
shows that the use of LL-EtOH blend has the tradeoffs of higf@relhissions for lower
CO, and CH emissions when compared to CG/RFG. The increase in weigh@d N
emissions, shown in Figure 3.4.17, is primarily due to increased emissions during the
feedstock stage although it is slightly offset by a decrease inienssturing the fuel
stage. Both SIDI vehicle-fuel combinations produce the same amoup®aduNing

vehicle operation. The decrease inL&issions is primarily attributed to GOredits
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for additional corn growth in the feedstock stage as well as a slight reduction in CO
emissions produced during the vehicle operation stage. There is also an imc&@se
emissions during the fuel stage for the LL-EtOH blend which effectsG@a¢missions.
The decrease in Glg¢missions between the two fuels is primarily attributed tq CH
emission reductions due to lower crude oil requirements and increases adsoithat
corn farming in the feedstock stage, and reductions due to lower CG production with a
small contribution from EtOH production during the fuel stage. Both SIDI vehiele-
combinations produce the same amount of Giting vehicle operation. Overall, the
SIDI venhicle fueled by LL-EtOH blend produces less of GHGs weighted bygllobal
warming potentials than the SIDI vehicle fueled by CG/RFG.

A comparison of fuels in Table 3.4.2 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of high@ravnissions for lower C{and
CH,4 emissions when compared to LSD. The increase in weightecehMissions, shown
in Figure 3.4.17, is due to increased emissions primarily in the feedstock stagep but als
in the fuel stage. Both CIDI vehicle-fuel combinations produce about the same amount of
N>O during vehicle operation. The decrease i €Qissions is primarily attributed to
CO, credits for soybean growth in the feedstock stage which more than coverathe sm
increases in C@emissions during the fuel and vehicle operation stages due to BD
production and lower LSD production. The decrease inégdkissions is primarily
attributed to lower crude oil requirements and increases associated yligasdarming
in the feedstock stage, but there are increases due to BD production and lower LSD
production during the fuel stage. Both CIDI vehicle-fuel combinations produce about the

same amount of CHluring vehicle operation. Overall, the CIDI vehicle fueled by BD20
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produces less of GHGs weighted by their global warming potentials thahDhe C

vehicle fueled by LSD.

Table 3.4.2 WTW GHG Emission Relative Change Results Relative to Gasoline
Vehicle Fueled with Shares of Conventional Gasoline and Reformulated

Gasoline
Sl 2

Q£ © =T o) S

2010 2 © - % ° - o

(%, relative to GVs fueled § o 2 2T £ 2 3

with CG and RFG) = i= £0 3 = =

52| = | 25§l g g
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O m nel ods ®) O
CO, (w/ Cin VOC & CO) -2.29 -13.0% -15.0% -15.8p0 -28.3%
CH, -1.9% -12.7% -14.4% -21.6p6 -30.1%

N,O 49.6% -4.1% 39.0% -26.0% 19.7%
GHGs -1.7% -12.9% -14.4% -16.1% -27.8%
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Figure 3.4.17 WTW GHG relative to G@r competing vehicle-fuel combinations

In terms of WTW principal pollutants, the WTW relative changes and results vary
between vehicle-fuel combinations and categories. Using the relativeesh#meg
tradeoffs for different fuels and vehicle technologies can be identifiedcamplaced with
respect to individual pollutants and the area of emission. An in depth analysis of each
principal pollutant by stage and area of emission can then be performed with the
additional detailed information provided in the WTW results based on significamieelat
changes. It is important to note that GREET assumes an urban share for ihdividua
processes in each stage in order to estimate urban emissions of principahsollita

following discussion includes noteworthy comparisons by vehicle technology, fuel
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technology, and vehicle-fuel combinations as they relate to individual principal
pollutants.

A comparison of VOC emissions of SIDI technologies and Sl technologies with
the same fuels in Table 3.4.3 demonstrates that the SIDI technology is ebtonate
produce fewer total and urban VOC emissions than the Sl technology with the same fue
For both the conventional CG/RFG fuel and alternative LL-EtOH fuel, the\&ihitle
is estimated to produce about 0.018 grams/mile less total VOC emissions for WTW
operation than the Sl vehicle. For the associated urban shares, the SIDligehicle
estimated to produce about 0.010 grams/mile less urban VOC emissions than the Sl
vehicle with the same fuels listed above. This reduction in VOC emissions is due to
reductions in the feedstock and fuel stages of WTW operations which indicate that the
increase in fuel economy in SIDI vehicles and subsequent lower fuel requiresnibiets
cause of lower VOC emissions. It is important to note that there is no appreciable
difference in the VOC emissions during the vehicle operation stages betwdean8I5)
vehicles for either of the selected fuels.

A comparison of fuels in Table 3.4.3 with respect to SIDI vehicle technology
shows that the use of LL-EtOH blend has the tradeoffs of higher total VOC @msi$sr
lower urban VOC emissions when compared to CG/RFG. The SIDI with LL-EtQid ble
is estimated to produce 0.005 grams/mile more total VOC emissions than theitBIDI w
CG/RFG. With respect to the urban shares, the SIDI with CG/RFG does not produce
appreciably more urban VOC emissions than the SIDI with LL-EtOH cegypat
differences shown in the relative changes. This is due to significant roundirgah E

which means the computed difference is less than 0.0005 grams/mile. Considerable
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differences between these fuels appear in the feedstock and fuelstagenunt to the
differences in the WTP processes outlined previously.

A comparison of fuels in Table 3.4.3 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of higher total VOC emissions for lower
urban VOC emissions when compared to LSD. The CIDI with BD20 is estimated to
produce 0.076 grams/mile more total VOC than the CIDI with LSD. With respédut to t
urban shares, the CIDI with BD20 is estimated to produce 0.002 grams/mile lass urba
VOC emissions than the CIDI with LSD. There are no differences in theagstinotal
and urban VOC emissions in the vehicle operation stage for either fuel. Considerable
differences between these fuels appear in the feedstock and fuelstage®unt to the
differences in the WTP processes outlined previously. The increase in total VOC
emissions for BD20 fueled vehicles occurs primarily in the fuel stage due to tigg ene
intensive process used to convert soy oil into BD. However, this process primarily
contributes to non-urban VOC emission which is why BD20 fueled vehicles produce less

urban VOC emissions.
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Table 3.4.3 WTW VOC Emission Relative Change Results Relative to Gasoline
Vehicle Fueled with Shares of Conventional Gasoline and Reformulated

Gasoline
TR, =
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VOC: Total 2.0% -5.69 -3.99 -61.9% -37.6P0
VOC: Urban -0.3% -5.3% -5.5 -64.4% -65.8%

A comparison of CO emissions of SIDI technologies and Sl technologies with the
same fuels in Table 3.4.4 demonstrates that the SIDI technology is estimateditcepr
fewer total and urban CO emissions than the Sl technology with the same fuel. For the
conventional CG/RFG fuel, the SIDI vehicle is estimated to produce about 0.009
grams/mile less total CO emissions for WTW operation than the S| vehiclthd=
alternative LL-EtOH blend, the SIDI vehicle is estimated to produce about 0.009
grams/mile less total CO emissions for WTW operation than the S| vehiclthd=
associated urban shares, the SIDI vehicle is estimated to produce about 0.002igrams/m
less urban CO emissions than the Sl vehicle with the same fuels listed above. This
reduction in CO emissions is due to reductions in the feedstock and fuel stages of WTW
operations which indicate that the increase in fuel economy in SIDI vehicles and
subsequent lower fuel requirements is the cause of lower CO emissiomspbitant to
note that there is no appreciable difference in the CO emissions during the vehicle

operation stages between SIDI and Sl vehicles for either of the seled&ed fue
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A comparison of fuels in Table 3.4.4 with respect to SIDI vehicle technology
suggests that the use of LL-EtOH blend offers no benefits for CO emisdiens w
compared to CG/RFG. Using the WTW results, the SIDI with LL-EtOH blend is
estimated to produce 0.005 grams/mile more total CO emissions than the SIDI with

CG/RFG. With respect to the urban shares, the results show that the SIDI vEtIOH.-

blend is estimated to produce about 0.001 grams/mile less urban CO emissions than the

SIDI with CG/RFG. There are no differences in the estimated total and urban CO
emissions in the vehicle operation stage for either fuel. Significant diffesebetween
these fuels appear in the feedstock and fuel stages due to the differences ifPthe WT
processes outlined previously.

A comparison of fuels in Table 3.4.4 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of higher total CO emissions for lower
urban CO emissions when compared to LSD. The CIDI with BD20 is estimated to
produce 0.010 grams/mile more total CO emissions than the CIDI with LSD. With
respect to the urban shares, the CIDI with BD20 is estimated to produce 0.002
grams/mile less urban CO emissions than the CIDI with LSD. There aréeremntes in
the estimated total and urban CO emissions in the vehicle operation stage fdueither

Significant differences between these fuels appear in the feedstockeasthfies on

account to the differences in the WTP processes outlined previously. The increasle in t

CO emissions for BD20 fueled vehicles occurs primarily in the feedstock stage due
soybean farming. Since the soybean farming process primarily coagitauhon-urban

CO emission and the BD production process produces less urban CO than the LSD
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refining process, BD20 fueled vehicles produce slightly less urban CO emigsans

LSD fueled vehicles.

Table 3.4.4 WTW CO Emission Relative Change Results Relative to GasohiaeVe
Fueled with Shares of Conventional Gasoline and Reformulated Gasoline
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CO: Total 0.1% -0.2% -0.19 -84.5% -84.31%6
CO: Urban 0.0% -0.1% -0.1po -85.1% -85.p%

A comparison of NQemissions for SIDI technologies and Sl technologies with
the same fuels in Table 3.4.5 demonstrates that the SIDI technology is ebtonate
produce fewer total and urban N@&missions than the Sl technology with the same fuel.
For the conventional CG/RFG fuel, the SIDI vehicle is estimated to produce about 0.030
grams/mile less total NG@missions than the Sl vehicle for WTW operation. For the
alternative LL-EtOH blend, the SIDI vehicle is estimated to produce about 0.032
grams/mile less total NGmissions than the Sl vehicle for WTW operation. For the
associated urban shares, the SIDI vehicle is estimated to produce about 0.007igrams/m
and 0.006 grams/mile less urban Nghnissions than the Sl vehicle with CG/RFG and
LL-EtOH blend, respectively. This reduction in N@€missions is due to reductions in the
feedstock and fuel stages of WTW operations which indicate that the increase in fuel

economy in SIDI vehicles and subsequent lower fuel requirements is the cause of lower
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NO, emissions. It is important to note that there is no difference in theeM@sions
during the vehicle operation stages between SIDI and Sl vehicles fordadither
selected fuels.

A comparison of fuels in Table 3.4.5 with respect to SIDI vehicle technology
shows that the use of LL-EtOH blend has the tradeoffs of higher totaéi@@sions for
lower urban N@ emissions when compared to CG/RFG. The SIDI with LL-EtOH blend
is estimated to produce 0.012 grams/mile more totgl &lssions than the SIDI with
CG/RFG. With respect to the urban shares, the SIDI with LL-EtOH blend isagstino
produce 0.002 grams/mile less urban@issions than the SIDI with CG/RFG. There
are no differences in the estimated total and urbapew@ssions in the vehicle operation
stage for either fuel. Significant differences between these fuelarapgée feedstock
and fuel stages due to the differences in the WTP processes outlined previously.

A comparison of fuels in Table 3.4.5 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of higher totaeN®sions for lower
urban NQ emissions when compared to LSD. The CIDI with BD20 is estimated to
produce 0.014 grams/mile more total Nédnissions than the CIDI with LSD. With
respect to the urban shares, the CIDI with BD20 is estimated to produce 0.005
grams/mile less urban N@missions than the CIDI with LSD. There are no differences
in the estimated total and urban Némissions in the vehicle operation stage for either
fuel. Significant differences between these fuels appear in the feedstbtikehstages
on account to the differences in the WTP processes outlined previously. The increase in
total NQ, emissions for BD20 fueled vehicles occurs primarily in the feedstock stage due

to soybean farming. Since the soybean farming process primarilyocaes to non-
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urban NQ emission and the BD production process produces less urbath&Cthe
LSD refining process, BD20 fueled vehicles produce slightly less urbarei3sions
than LSD fueled vehicles.

Table 3.4.5 WTW NQEmission Relative Change Results Relative to Gasoline
Vehicle Fueled with Shares of Conventional Gasoline and Reformulated Gasoline
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NO,: Total 379  -8.19 -4.99 -15.6%  -11.9P6
NO,: Urban -1.4% -4.89 -6.0% 9.6  -13.1%

A comparison of SQemissions between SIDI technologies and Sl technologies
with the same fuels in Table 3.4.6 demonstrates that the SIDI technology stedtim
produce fewer total and urban ;5€missions than the Sl technology with the same fuel.
For the conventional CG/RFG fuel, the SIDI vehicle is estimated to produce about 0.016
grams/mile less total S@missions and 0.005 grams/mile less urbapedssions than
the Sl vehicle for WTW operation. For the alternative LL-EtOH blend, the \&ibicle
is estimated to produce about 0.018 grams/mile less totati@{3sions and 0.005
grams/mile less urban S@®missions than the Sl vehicle for WTW operation. This
reduction in S@Qemissions is due to increased fuel efficiency of SIDI vehicles which

leads to SQemission reductions in all stages of WTW operations.
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A comparison of fuels in Table 3.4.6 with respect to SIDI vehicle technology
shows that the use of LL-EtOH blend has the tradeoffs of higher tojai8iSsions for
lower urban SQemissions when compared to CG/RFG. The SIDI with LL-EtOH blend
is estimated to produce 0.009 grams/mile more totaleéd@ssions than the SIDI with
CG/RFG. With respect to the urban shares, the SIDI with LL-EtOH blend msagstl to
produce 0.001 grams/mile less urban, 8@issions than the SIDI with CG/RFG. There
are no appreciable differences in the estimated total and uraen8s3ions in the
vehicle operation stage for either fuel. Significant differences beatthese fuels appear
in the feedstock and fuel stages due to the differences in the WTP processed outl
previously.

A comparison of fuels in Table 3.4.6 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of higher totaé®3sions for lower
urban SQ emissions when compared to LSD. The CIDI with BD20 is estimated to
produce 0.011 grams/mile more total,&mnissions than the CIDI with LSD. With
respect to the urban shares, the CIDI with BD20 is estimated to produce 0.003
grams/mile less urban S@missions than the CIDI with LSD. There are no appreciable
differences in the estimated total and urbarR &fissions in the vehicle operation stage
for either fuel. Significant differences between these fuels appear fieettistock and
fuel stages on account to the differences in the WTP processes outlined previogisly. T
increase in total SGemissions for BD20 fueled vehicles occurs primarily in the
feedstock stage due to soybean farming (primarily fertilizer usaje $ihe soybean

farming process primarily contributes to non-urban 8@ission and the BD production
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process produces less urban,&t@n the LSD refining process, BD20 fueled vehicles

produce slightly less urban $@missions than LSD fueled vehicles.

Table 3.4.6 WTW SQEmission Relative Change Results Relative to Gasoline
Vehicle Fueled with Shares of Conventional Gasoline and Reformulated

Gasoline
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A comparison of Py emissions between SIDI technologies and Sl technologies
with the same fuels in Table 3.4.7 demonstrates that the SIDI technologyniatedtio
produce fewer total and urban PJMmissions than the Sl technology with the same fuel.
For the conventional CG/RFG fuel, the SIDI vehicle is estimated to produce about 0.007
grams/mile less total PMemissions and 0.001 grams/mile less urbangfdhissions
than the Sl vehicle for WTW operation. For the alternative LL-EtOH blend,IBle S
vehicle is estimated to produce about 0.008 grams/mile less totakeRissions and
0.001 grams/mile less urban PMmissions than the Sl vehicle for WTW operation.

This reduction in Py emissions is due to increased fuel efficiency of SIDI vehicles

which leads to Plyp emission reductions in the feedstock and fuel stages of WTW
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operations. Interestingly, there is no difference during the vehicle operatiokl fer P
emissions since each of the vehicles is expected to emit the same amourg of PM
emissions from exhaust and tire and brake wear.

A comparison of fuels in Table 3.4.7 with respect to SIDI vehicle technology
shows that the use of LL-EtOH blend has the tradeoffs of higher totaldPhMssions for
lower urban PMp emissions when compared to CG/RFG. The SIDI with LL-EtOH blend
is estimated to produce 0.008 grams/mile more totabRmMissions than the SIDI with
CG/RFG. With respect to the urban shares, the SIDI with LL-EtOH blend isagstino
produce 0.001 grams/mile less urban;pP&missions than the SIDI with CG/RFG. There
is no difference during the vehicle operation for e Bmissions since each of the
vehicles is expected to emit the same amount olhMissions from exhaust and tire
and brake wear. Significant differences between these fuels appearaedb®tk and
fuel stages due to the differences in the WTP processes outlined previously.

A comparison of fuels in Table 3.4.7 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of higher totg) &ssions for lower
urban PMo emissions when compared to LSD. The CIDI with BD20 is estimated to
produce 0.001 grams/mile more total BMmissions than the CIDI with LSD. With
respect to the urban shares, the CIDI with BD20 is estimated to produce 0.001
grams/mile less urban Rlyemissions than the CIDI with LSD. There is no difference
during the vehicle operation for Ryemissions since each of the vehicles is expected to
emit the same amount of Rpemissions from exhaust and tire and brake wear.
Significant differences between these fuels appear in the feedstockeasthfies due

differences in the WTP processes outlined previously. The increase in tqtal PM
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emissions for BD20 fueled vehicles occurs primarily in the feedstock stage due to
soybean farming. Since the soybean farming process primarily coasritaubon-urban
PM;o emission and the BD production process produces less urbgrttaii the LSD
refining process, BD20 fueled vehicles produce slightly less urbap éssions than
LSD fueled vehicles.

Table 3.4.7 WTW PN Emission Relative Change Results Relative to Gasoline
Vehicle Fueled with Shares of Conventional Gasoline and Reformulated

Gasoline
T o

s 0 = T a

2010 ol O == - “

(%, relative to GVs fueled § O 2 ST < 2 3

with CG and RFG) : g i= £0 3 = =

Ll @) @)

Ss| zol 238 ozl 2

S5l DOR| 0zE a a

O m nel o ds ®) O
PM,q Total 11.8% -8.5% 1.7% -21.3% -20.3%
PM;o: Urban -1.9% -4.49 -6.0% 71%  -11.2%

A comparison of PMls emissions between SIDI technologies and Sl technologies
with the same fuels in Table 3.4.8 demonstrates that the SIDI technology stedtim
produce fewer total and urban RPyemissions than the Sl technology with the same fuel.
For the conventional CG/RFG fuel, the SIDI vehicle is estimated to produce about 0.003
grams/mile less total PM emissions than the Sl vehicle for WTW operation. Despite the
relative change, there are no appreciable changes in urbaneissions due to
rounding as reported by GREET. The difference between SIDI and S| vehitidbe
same fuel for urban PM emissions is less than 0.0007, but both are reported as 0.014

for each fuel. For the alternative LL-EtOH blend, the SIDI vehicle immagtd to
119



produce about 0.003 grams/mile less totahfPdmissions than the Sl vehicle for WTW
operation. There is no significant difference in the urban £hissions between the

two fuels. The reduction in PM emissions is due to increased fuel efficiency of SIDI
vehicles which leads to P\ emission reductions in the feedstock and fuel stages of
WTW operations. Interestingly, there is no difference during the vehicletmpefar

PM. s emissions since each of the vehicles is expected to emit the same amoupt of PM
emissions from exhaust and tire and brake wear.

A comparison of fuels in Table 3.4.8 with respect to SIDI vehicle technology
shows that the use of LL-EtOH blend has the tradeoffs of higher total &#issions for
lower urban PMs emissions when compared to CG/RFG. The SIDI with LL-EtOH blend
is estimated to produce 0.003 grams/mile more total Favhissions than the SIDI with
CG/RFG. With respect to the urban shares, there is no significant differenezbé¢he
two fuels for urban Pl emissions. There is no difference during the vehicle operation
for PM, 5 emissions since each of the vehicles is expected to emit the same amount of
PM. s emissions from exhaust and tire and brake wear. Significant differencegbetwe
these fuels appear in the feedstock and fuel stages due to the differences ifPthe WT
processes outlined previously.

A comparison of fuels in Table 3.4.8 with respect to CIDI vehicle technology
shows that the use of BD20 has the tradeoffs of higher totat BiMissions for lower
urban PM s emissions when compared to LSD. The CIDI with BD20 is estimated to
produce 0.001 grams/mile more total Pi\@missions than the CIDI with LSD. With
respect to the urban shares, the CIDI with BD20 is estimated to produce 0.001

grams/mile less urban PMemissions than the CIDI with LSD. There is no difference
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during the vehicle operation for Bllemissions since each of the vehicles is expected to
emit the same amount of BMemissions from exhaust and tire and brake wear.
Significant differences between these fuels appear in the feedstockeanthfies due
differences in the WTP processes outlined previously. The increase in total PM
emissions for BD20 fueled vehicles occurs primarily in the feedstock stage due to
soybean farming. Since the soybean farming process primarily coagritaubion-urban
PM, s emission and the BD production process produces less urbagtiravi the LSD
refining process, BD20 fueled vehicles produce slightly less urban Bidissions than
LSD fueled vehicles.

Table 3.4.8 WTW PMs Emission Relative Change Results Relative to

Gasoline Vehicle Fueled with Shares of Conventional Gasoline
and Reformulated Gasoline

m[eg 2 o

Q £ © 2T ) N

w o ) o GC) ) @]

2010 [ 2 © == — m

(%, relative to GVs fueled o O 2 ST £ 2 3

with CG and RFG) : g i= £0 3 = =

[ [ [

S3| zol 238 ozl 2

Sg| DO D3t a s

O m nel ods @) O]
PM, s Total 8.3% -7.6%9 -0.59 -16.4% -13.2po
PM, s Urban -2.09% -4.79 -6.5% -6.1% -10.40%

Chapter Summary and Conclusions

The following section summarizes comparisons made in this study and the
conclusions drawn from them. First, the SI-SIDI vehicle comparison is sumuharite

a vehicle specific conclusion. The fuel comparison summaries for a SIDIezehitla
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CIDI vehicle follow with conclusions for each comparison follow. Finally, afbrie
statement on future considerations for similar simulations regarding véintle-
comparisons is given.

For gasoline vehicle technologies listed in this case study, the SIDI is
conclusively better than Sl technology with the same fuel in all catsgoonsidered by
GREET. There are no tradeoffs in terms of the energy consumption and emissions
considered. Based on the results of the simulation, direct injection technology should be
considered a necessity for the reduction of energy consumption and emissions in the
WTW process for any gasoline vehicle.

For SIDI vehicles, there are tradeoffs between the traditional CG/RF@ride
the alternative LL-EtOH fuel. In terms of energy consumption, the imaditCG/RFG
fuel consumes less total energy than the alternative LL-EtOH blend, but it cansume
more fossil fuel energy than its competitor. Namely, the LL-EtOH blend has the
advantage of consuming significantly less petroleum energy while consuighrttys
more coal and NG energy. Interms of GHG emissions relative $ptl®LL-EtOH
blend produces less GHG emissions than the traditional CG/RFG blend. In tehms of t
principal pollutants, the traditional CG/RFG has the advantage of lower total@miss
than the LL-EtOH blend in all principal pollutants. However, the LL-EtOH blend does
offer slight reductions in urban emissions for several of the principal poBudased on
the results of the simulation, neither the traditional CG/RFG fuel nor thaatlter LL-
EtOH blend is conclusively better than its competitor.

For CIDI vehicles, there are tradeoffs between the traditional LSCafhgethe

alternative BD20 fuel. In terms of energy consumption, the traditional L3D fue
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consumes less total energy than the alternative BD20 blend, but it consumes ablysider
more fossil fuel energy than its competitor. Namely, the BD20 blend has the adwaintage
consuming significantly less petroleum energy while consuming more NGyenler
terms of GHG emissions relative to ¢@he BD20 blend produces significantly less
GHG emissions than the traditional LSD blend. In terms of the principal gottuthe
traditional LSD has the advantage of lower total emissions than the BD20 blend in all
categories. However, the BD20 blend does offer slight reductions in urbancemisi
all of the principal pollutants. Based on the results of the simulation, neither the
traditional LSD fuel nor the alternative BD20 blend is conclusively bétar its
competitor.

This study has effectively simulated the selected traditional andatiies fuel
systems for associated well to wheel activities. As a result ofdhesstudy, the
traditional and alternative vehicle-fuel combinations for SIDI and CIDI \ehivere
found to have advantages in different areas. Thus, this study is inconclusive ah&r whet
the traditional or alternative fueled vehicle is better than its counterszd loa the
results of this study. However, it would be interesting to see in future stithes i
advantages shown in this case study are statistically significant. gxddiyi, there are
other factors beyond the purview of GREET that would contribute to the use of a specific
vehicle-fuel combination. In the next case study, | resolve some of thesies flacta

specific vehicle comparison.
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CHAPTER 4
VEHICLE-FUELS COMPARISON: TRADITIONAL VS.
HYBRID FUEL SYSTEMS

Introduction

Given a choice between three prominent vehicle technologies, which vehicle-fuel
combination is the best choice for a daily commuter in the Chattanooga areaS®wEo a
this question, this case study simulates the operation of 2009 model Escape variants in
this area using assumptions and parameters relevant to 2010 for vehicles and fuels. The
purpose is to evaluate the energy and emissions of the vehicles as modeled By GREE
with an accompanying cost analysis to determine which vehicle would bebermeécial
for a commuter. A single year will be modeled by GREET for energy consunmgstd
emissions. The cost analysis will look at expected cost differences o8egfean,
100,000 mile period and overall value after that period. This case study will try to
determine which vehicle provides the most benefit to the consumer in terms of energy
consumption, emissions, and cost with the following assumptions and parameters.

As seen in the first case study, GREETGUI allows the user to adjustdirst ti
assumptions and parameters directly without directly changing the Eassed-nodel.
For this case study, the GREET Excel model will be used to adjust both firstcand se
tier assumptions and parameters. The Excel model is preferred to GREET@uldet

a problem with the assumptions and parameter selections relevant to theesimulat
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vehicle model year. GREETGUI assumes for this case a 2005 vehicle model whic
causes GREET to then call up 2005 time series (TS) data for the S| GC PHEV model.
Unfortunately, placeholder data was input for pre-2010 TS data. This placeholder data is
not similar to researched TS data for 2010 and later. Thus, a simulation utheing t
placeholder data would not clearly indicate the estimated energy consunmation a
emissions for the test vehicle. This problem is bypassed using the GREEMiHdel.

The 2009 Escape variants in this case study include the 2009 Ford Escape XLT
FWD 14, the 2009 Ford Escape Hybrid FWD, and the 2009 Ford Escape Hybrid FWD
with Miles Plus conversion by Hybrids Plus. Each variant was chosen due toisanilar
in terms of equipment and features to provide the best comparison between function and
price. The standard gross vehicle weight rating (GVWR) for these vehrees300 Ibs
and 4640 Ibs for the Escape and Escape H&Y The Miles Plus conversion adds
another 12.4 Ibs to the Escape HEV bringing the Escape PHEV GVWR up to 4652.4
Ibs™™ These vehicles are modeled respectively using the GREET 1.8¢.0 Excel model for
SIDI, SI GI HEV, and SI GC PHEYV technologies under the LDT1 categoryllmase
their GVWR. Shown in Table 4.1.1, the estimated fuel economy of the Escape and
Escape HEV follow the GREET estimations of approximately 43% city and 57%
highway based on the posted city/highway fuel economy 20/28 and 34/31 mpge,
respectively*?*1123! The fuel economy of the Escape PHEV in Charge Depleting (CD)
and Charge Sustaining (CS) modes are based on fleet testing averktgsldyational
Laboratory and cosponsors using a Hybrids Plus battery and a K2 Energy Solutions
battery of equivalent size. CS mode is active when the PHEV sustainsrageabattery

charge through discharge and charge cycles. CD mode occurs when the PHBAS batter
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charge is depleting, thus displacing the use of gasoline in the internal combuogtion e

When the battery's charge is depleted to a set percentage, then it will ghifb K5

mode. The vehicles with a Hybrids Plus battery averaged 40 mpge in CD mode and 32
mpge in CS mode while the vehicles with a K2 Energy Solutions battery agel@ge

mpge in CD mode and 31 mpge in CS mB#e® These fuel economies already

incorporate city and highway driving habits related to fleet testing @&wodradjusted.

These vehicles are assumed to be fueled by a gasoline blend of 50% RFG and 50% CG as

well as electricity where applicable.

Table 4.1.1  Estimated fuel economy for the Ford Escape variants.
2009 Ford 2009 Ford 2009 Ford Escape Hybrid
Escape XLT|Escape FWD Miles Plus
FWD 14 Hybrid FWD conversion
Average Average CD mode CS mode
Fuel Economy (mpgq) 24.56 32.29 40.0 31.5

The electricity mix for transportation and stationary purposes models the supply
from TVA as reported in their fiscal year 2009 annual report highlights ssuad year
2010 data are not currently available. The 2009 generation by fuel source indliaates t
46% generation by coal-fired, 32% generation by nuclear, 7% generatioalioy &gd
2% generation by combustion turbines, diesel, and renew&beke report also
indicates that 13% of the power was purchased from another distriBifBinis model
assumes that the 13% purchased power has a similar breakdown in terms of generation
source to the power generated by TVA. Thus, the assumption stands at 52.9% generation

by coal-fired, 36.8% generation by nuclear, 8% generation by hydro, and 2.3%
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generation by combustion turbines, diesel, and renewables. Further refinenhenast t
2.3% assumes 0.1% generation due to residual oil, 2.0% generation due to natural gas,
and 0.2% generation due to wind and solar sources. These refinements are based on the
generation capabilities outlined by TVA on their website with additional irdtam

from a TVA representative. The generation due to wind and solar sources conibiines w
hydro sources to form the “others” category for non emission sources in GREH#d . Ta
4.1.2 contains the estimates for the electricity mix in this simulation.ntgeritant to

note that these generation numbers fluctuate from year to year. Fqulexa@09

generation occurred during a period of lower than average rainfall which hahiyelre
production during the year and put more stress on other generation sources to cover the
shortfall. For simplicity, this simulation also neglects time of day powesumption for

electricity.

Table 4.1.2  Estimated Shares of Power Generation by Fuel Source for TVA in 2010

Fuel Source Shar¢
Residual Oil 0.1%
Natural Gas 2.0%
Coal 52.9%
Nuclear 36.8%
Biomass 0.0%
Others 8.2%

Procedure
The following section summarizes the procedure used to simulate the 2009
Escape variants with the GREET Excel model. The Excel model is preferrisf

simulation since the 2005 parameters for the PHEV model in GREET contain placeholder
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values which are not comparable to researched values for 2010 and later. To achieve a
more accurate simulation of the PHEV, the model changes reflect 2010 vehihkles w
adjustments pertaining to the 2009 Escape variants. Thus, the simulation uses 2010 model
data for the modeled vehicles with pertinent updates for the 2009 vehicle data and an
estimated electricity mix based on the 2009 annual report with the default 2010
assumptions and parameters. Alterations of the Excel model occur on the ‘Inputs,’
‘LDT1 TS, and ‘Fuel_Prod_TS’ tabs. Specifically, the ‘Inputs’ tab will receipdates
reflecting the LDT1 vehicle type and appropriate electricity mites‘LDT1_TS’ tab

will receive updates to relevant time series (TS) tables for modeR@8ardata as well

as updated fuel economies, and the ‘Fuel_Prod_TS’ tab will receive updates to the
simulation year 2010 electricity generation mixes previously mentionedhle #.1.2.

These changes are reflected in the ‘Results’ tab under the three speciéts relevant

to this case study. The exact procedure for updating the GREET Excel maties for
particular case study, including appropriate figures of the changed Excdl mode

located in Appendix B.1.

Results

The results from GREET Excel model are located on the ‘Results’ tab in the
specific cells mentioned in the step by step procedure located in Appendix B.1. An
electronic copy of the results is included in the modified GREET Excel moekel (S
‘GREET1_8c 2009 Ford Escape CS2 with TVA mix.xIs’) with an edited copy of the

results appearing in Appendix B.2. The results listed in this section include W8 res
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of energy consumption and emissions for each fuel, WTW results of each vehiicle-fue

combination, and modified WTW energy and emissions relative changes.

Well to Pump Results

The WTP results listed in Table 4.3.1 are pulled from their respective colamns i
the modified GREET Excel model. The energy consumption and emissions resedts li
in Table 4.3.1 pertain to the amount of energy consumed and emissions generated to
make a mmBtu, or 1,000,000 Btu, of fuel available at fuel station pumps. The WTP
results include only the feedstock and fuel production stages. GREET does not include
double listings for the same fuels used in different vehicle types. That is, thadase
vehicle with CG and RFG corresponds to both the Escape and Escape HEV which are
fueled primarily by the CG and RFG blend. The blend itself is representative lolieind
detailed in the model. The GC SI PHEV model fueled by the gasoline blend and
electricity is based on a ratio of blended gasoline and electricityaftsgortation used in
the vehicle. Electricity generated by regenerative breaking in tepE$EV and PHEV
is not included in these results since it is a direct result of vehicle opetti@n than
WTP operations. The following section gives a brief description of the resultbli® Ta
4.3.1.

With respect to energy consumption, there are several items listed under the WTP
results that offer distinct results for each simulated fuel. The totaleitem represents
all energy consumed to make a mmBtu of the listed fuel available at fuehgiamps
and includes both fossil fuels and non-fossil fuels consumed. Thus, the total energy

consumed to make a mmBtu of baseline CG and RFG blend available at the pump is
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247,376 Btu as seen in Table 4.3.1. The fossil fuels item represents all fossil fugl energ
consumed to make a mmBtu of fuel available at fuel station pumps and is the sum of the
individual coal, natural gas, and petroleum items listed below it. For the baselinedCG a
RFG blend in Table 4.3.1, the coal, natural gas, and petroleum energy consumptions are
41,460 Btu, 87,194 Btu, and 94,884 Btu, respectively. Thus, the combined fossil fuel
consumption is 223,538 Btu. Non fossil fuel consumption is not specifically stated but is
inherently included as the difference between total energy consumed andugssil f
energy consumed. For example, producing a mmBtu of the baseline CG and RFG blend
consumes about 247,376 Btu of total energy and 223,538 Btu of fossil fuel energy as seen
in Table 4.3.1. The non-fossil fuel energy consumed is thus approximately 23,838 Btu in
order to make a mmBtu of CG and RFG fuel available at fuel station pumps.

The WTP efficiency is a measure of how effective it is to deliver a mmBiuebf
to a fuel station pump and is calculated using the equation

E= P :
P+C

4.1)

whereE is the WTP efficiency (%R is the energy delivered to the pump (i.e. a mmBtu
of fuel), andC is the energy consumed to produce a mmBtu of fuel. For example, the
total energy consumed for the baseline CG and RFG in Table 4.3.1 is 247,376 Btu per
mmBtu available at fuel station pumps. This value corresponds to the v&iable
Equation 1. The energy delivered to the puRydrom Equation 4.1 is always 1,000,000
Btu per mmBtu available at fuel station pumps for all WTP calculations irEGRE

Inputting the appropriate values into Equation 4.1, the resulting WTP efficiency is
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approximately 80.2% as shown in Table 4.3.1 for baseline vehicles fueled by CG and
RFG.

The greenhouse gas results listed in the WTP results inclugenO in VOC
& CO), CHy, and NO. The CQ (w/ C in VOC & CO) results encompass estimates of
direct CQ emissions and C{emissions resulting from VOC and CO emissions based on
carbon ratios of VOC, CO, and GQ@H, and NO items indicate the emissions of the
respective substances. Each of the greenhouse gases listed above has amgobal w
potential relative to C@assigned to it by the IPCC. For this simulation,@@&s the
default potential value of 1, GHhas the default value of 25, andONhas the default
value of 298. These values are used in conjunction with the actual emissions(ef/ CO
C in VOC & CO), CH, and NO to calculate the GHGs item listed in Table 4.3.1. For the
baseline CG and RFG blend, 16,552 grams of @@ C in VOC & CO), 108.155 grams
of CH,, and 1.130 grams of & are multiplied by their respective global warming
potentials relative to COThus, the approximate weighted values are 16,552 grams CO
(w/ Cin VOC & CO), 2,703.8 grams of GHand 336.7 grams of . Summing these
weighted values produces the weighted estimate of 19,592 grams per mmBtu of fuel
available at the pump for GHGs as shown in Table 4.3.1.

The emissions of principal pollutants for WTP activities include VOC, GQ}, N
PMio, PMy s, and SQ. The total emissions for each category is listed followed by the
amount of emissions released in urban areas for the same activities as shown in
Table 4.3.1. The difference between the total and urban emissions is the amount of

emissions released outside urban areas.
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As a short reminder, WTP activities include feedstock and fuel production stages
of the fuel process. Each fuel listed in the WTP results has a unique set of WitResc
which result in comparable results for energy consumption and emissions. [ypiheal
feedstock activities relate to the acquisition, processing, transportation arlities
(T&D), and storage of a feedstock. For example, the CG and RFG blend in this case
study relies on crude feedstock that includes conventional crude oil and oil sands
products from surface mining and in situ production. For conventional crude oil, energy
consumption and emissions arise from recovery, transportation to U.S. refinaies, a
storage. For oil sands recovery via surface mining and in situ production, energy
consumption and emissions arise from bitumen extraction and upgrading, transportation
to U.S. refineries, and storage. Typically, the fuel production activitige e the
acquisition, processing, transportation and distribution (T&D), and storage of &duel
example, the CG and RFG blend in this case study relies on the production of CG and
RFG. For CG, energy consumption and emissions arise from CG refining, T&D, an
storage. For RFG, energy consumption and emissions arise from RFG gasoline
blendstock refining, T&D, and storage as well as additive production, transpor&atd
storage. The WTP activities for the PHEV vehicle in this case study inctefibeasame
activities outlined above for the production of gasoline as well as activitededdb the
production of electricity for transportation. The typical WTP activitiesfectricity
production include energy consumption and emissions from each power plant source
outlined in the electricity generation mix with respect to fuel source, placieaties,

and transmission losses.
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Table 4.3.1  Well to Pump Energy Consumption and Emissions Results for tpe ,Esca
Escape HEV, and Escape PHEV Models (Results in Btu or grams per
mmBtu of fuel available at fuel station pumps)

d R
2| 7S
S| g2
2010 8 é §
g| SO
£l s
81 - o
© =T 9
m Qo w
Total Energy 247,376 398,134
WTP Efficiency 80.2% 71.5%0
Fossil Fuels 223,538 337,473
Coal 41,460 174,424
Natural Gas 87,194 79,613
Petroleum 94,884 83,435
CO2 (w/ CinVOC & CO) 16,552 41,805
CH4 108.15% 123.66%
N20 1.13( 1.247
GHGs 19,599 45,269
VOC: Total 27.308 25.56Y
CO: Total 14.05pD 17.729
NOx: Total 47.251 69.568
PM10: Total 11.14B 53.074
PM2.5: Total 4.300L 14.98p
SOx: Total 23.73p 91.82p
VOC: Urban 15.51p 13.34p
CO: Urban 3.75D 4.0941
NOXx: Urban 10.33p 13.21L
PM10: Urban 1.83p 1.874
PM2.5: Urban 1.06)7 1.07p
SOx: Urban 7.18B3 17.410
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Well to Wheel Results

The WTW results for this case study are pulled from their respective grias in t
modified GREET Excel model. The results for energy consumption and emissieds lis
in Table 4.3.2 are on a per mile basis. Each item for a vehicle-fuel combination has a
value for the feedstock stage, fuel production stage, and vehicle operation stagaas wel
a total value for the vehicle-fuel combination. Table 4.3.2 contains the results for the
Ford Escape modeled by the SIDI vehicle. Table 4.3.3 contains the results fordthe For
Escape HEV modeled by the GI SI HEV. Table 4.3.4 contains the results for the Ford
Escape PHEV conversion modeled by the GC SI PHEV.

The WTW results shown in Table 4.3.2, Table 4.3.3, and Table 4.3.4 have the
same items as the WTP results mentioned earlier in this chapter. The W &es on
a per mile basis, and the energy consumption and emissions items are spidividoial
stages. The feedstock stage includes all energy and emissions froneacatéting to
the feedstock of the selected fuel and includes transportation and distribution (T&D)
activities. The fuel production stage includes all energy and emissionsdtivties
relating to the production of the fuel including T&D activities. The vehicle dipara
stage includes all energy and emissions from activities relatingtofuke fuel in the
vehicle during operation. The sum of the feedstock, fuel, and vehicle operation stages is
listed as the total. For example, the total fossil fuels energy consumption dbthe S
vehicle in Table 4.3.2 is approximately 5,447 Btu/mile. This is the sum of the feedstock
stage which consumes approximately 226 Btu/mile, the fuel productionvetade
consumes approximately 786 Btu/mile, and the vehicle operation stage which consumes

approximately 4,434 Btu/mile.
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As a reminder, there are several items listed under the WTW resultsfénatistinct

results for each simulated fuel. With respect to energy consumption, the totpl ke@r
represents all energy consumed for the vehicle to travel one mile and includessbibth f
fuels and non-fossil fuels consumed. Thus, the total energy consumed for the vehicle to
travel one mile is 5,649 Btu as seen in Table 4.3.2. The fossil fuels item repetisents
fossil fuel energy consumed for the vehicle to travel one mile and is the sum of the
individual coal, natural gas, and petroleum items listed below it. For the SIDI vehicle
model in Table 4.3.2, the totals for coal, natural gas, and petroleum energy consumptions
are 188 Btu/mile, 395 Btu/mile, and 4,864 Btu/mile, respectively. Thus, the combined
total fossil fuel consumption is 5,447 Btu/mile. Non fossil fuel consumption is not
specifically stated but is inherently included as the difference betwtdrehergy

consumed and fossil fuel energy consumed. For example, the SIDI vehicle madeled i
Table 4.3.2 consumes about 5,649 Btu/mile of total energy and 5,447 Btu/mile of fossil
fuel energy as the result of travel. The non-fossil fuel energy consumed is thus
approximately 202 Btu/mile. With respect to GHG emissions, remember tHaHiGe

item is a sum of the Cequivalent values for CQw/ C in VOC & CO), CH, and NO.

With respect to the principal pollutants (VOC, CO, NBVLo, PM, 5, and SQ) for

WTW activities, the total emissions for each item is listed followed batheunt of
emissions released in urban areas for the same activities. The diffeetween the total

and urban emissions is the amount of emissions released outside urban areas.

135



Table 4.3.2 WTW Results for the SIDI Vehicle Model Fueled by a CG and RFG
Blend Based on the 2009 Ford Escape

SIDI Vehicle: CG and RFG Btu/mile or grams/mile

Vehicle
Item Feedstock Fuel Operation Total
Total Energy 236 884 4,529 5,649
Fossil Fuels 226 786 4,434 5,447
Coal 37 151 0 18B
Natural Gas 136 259 0
Petroleum 53 377 4,434 4,8
CO2 (w/ CinVOC & CO) 15 60 348 423
CH4 0.421 0.069 0.013 0.5p2
N20 0.000 0.005 0.012 0.01L.7
GHGs 26 63 352 440
VOC: Total 0.016 0.108 0.182 0.3p6
CO: Total 0.030 0.034 3.448 3.512
NOx: Total 0.111 0.103 0.099 0.3113
PM10: Total 0.010 0.041 0.033 0.
PM2.5: Total 0.004 0.015 0.018 0.
SOx: Total 0.037 0.070 0.006 0.
VOC: Urban 0.003 0.068 0.113 0.
CO: Urban 0.001 0.016 2.145 2.
NOx: Urban 0.005 0.042 0.062 0.
PM10: Urban 0.000 0.008 0.020 0.
PM2.5: Urban 0.000 0.005 0.012 0.
SOx: Urban 0.003 0.029 0.004 0.
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Table 4.3.3 WTW Results for the SIDI Vehicle Model Fueled by a CG a@ RF
Blend Based on the 2009 Ford Escape HEV

Grid-Independent SI HEV:
CG and RFG Btu/mile or grams/mile

Vehicle
ltem Feedstock Fuel Operation Total
Total Energy 178 666 3,413 4,257
Fossil Fuels 170 593 3,342 4,105
Coal 28 113 0 1
Natural Gas 102 195 0
Petroleum 40 284 3,342 3,
CO2 (w/ Cin VOC & CO) 11 45 262 3
CH4 0.317 0.052 0.006 0.3
N20 0.000 0.004 0.012 0.0
GHGs 19 47 266 3
VOC: Total 0.012 0.081 0.129 0.
CO: Total 0.022 0.026 3.448 3.
NOx: Total 0.084 0.077 0.083 0.
PM10: Total 0.007 0.031 0.033 0.
PM2.5: Total 0.003 0.011 0.018 0.
SOx: Total 0.028 0.053 0.004 0.
VOC: Urban 0.002 0.051 0.080 0.
CO: Urban 0.001 0.012 2.145 2.
NOx: Urban 0.004 0.032 0.052 0.
PM10: Urban 0.000 0.006 0.020 0.
PM2.5: Urban 0.000 0.004 0.012 0.
SOx: Urban 0.002 0.022 0.003 0.
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Table 4.3.4 WTW Results for the SIDI Vehicle Model Fueled by a CG and RFG
Blend Based on the 2009 Ford Escape PHEV Conversion

Grid-Connected SI PHEV:
CG and RFG Btu/mile or grams/mile

Vehicle
ltem Feedstock Fuel Operation Total
Total Energy 171 1,119 3,241 4,931
Fossil Fuels 162 931 3,082 4,475
Coal 31 534 349 915
Natural Gas 87 171 13 2y1
Petroleum 44 226 2,719 2,990
CO2 (w/ Cin VOC & CO) 11 124 213 348
CH4 0.357 0.043 0.006 0.4p7
N20 0.000 0.004 0.012 0.01L6
GHGs 20 126 217 343
VOC: Total 0.016 0.067 0.129 0.2[12
CO: Total 0.021 0.037 3.448 3.5905
NOXx: Total 0.081 0.144 0.083 0.3p9
PM10: Total 0.141 0.031 0.042 0.214
PM2.5: Total 0.036 0.012 0.022 0.d71
SOx: Total 0.030 0.267 0.003 0.301
VOC: Urban 0.002 0.042 0.080 0.124
CO: Urban 0.001 0.012 2.145 2.158
NOx: Urban 0.004 0.039 0.052 0.7J95
PM10: Urban 0.000 0.006 0.026 0.932
PM2.5: Urban 0.000 0.003 0.014 0.917
SOx: Urban 0.002 0.054 0.002 0.459

Well to Wheel Relative Change Results
The WTW relative changes are recalculations employing the same nastlioel
GREET model using the WTW results of the SIDI model instead of the SI model as a
baseline. In essence, each calculation follows the form

_AT-OT
oT

RC (4.2)
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for every item and vehicle technology compared to the baseline technologyR@hisre
the relative change (%A\T is the alternative technology item, add is the baseline
technology item. In this case, thF refers to the SIDI vehicle model for the Escape and
the AT refers to either the Escape HEV or the Escape PHEV data from ridgponding
item. For example, the total energy consumptions for Escape n@Behiid the Escape
PHEV model AT) are 4,531 Btu/mile (see Table 4.3.4) and 5,649 Btu/mile (see Table
B.2), respectively. Subtracting tki¥ value, 5,649 Btu/mile, from th&T value, 4,531
Btu/mile, and then dividing the quantity by t©& value, 5,649 Btu/mile, results in a
relative change of -24.6% as shown in Table 4.3.5 under the grid-independé&¥:SI H
CG and RFG heading for total energy. The relative changes resultingdfontations
using the WTW results mentioned earlier offer a way to express the ddéeoé

individual items between an alternative vehicle and a baseline vehict®agarison to
the size of the baseline vehicle item. Multiple relative changes based omthe sa
baseline vehicle can be used to make comparisons between alternativesvéhicl
negative relative change means that the alternative vehicle’s itemisatwer than the
baseline vehicle’s item value, and in this case study, shows that the altemate is
performing better than the baseline vehicle for that particular item. Ayeosetative
change means just the opposite. When comparing two relative changes thatsaseethe
baseline vehicle data, the alternate vehicle with the lowest rel&i@rege is the better

performing vehicle between the two alternatives for that particular item.
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Table 4.3.5 Relative Change (RC) Results for the Alternative VehictieM (AT)
Relative to the Baseline Model (OT). (%, relative to 2009 Ford Escape
XLT FWD 14 Fueled with CG and RFG)

Grid-

Grid- Connected

Independent |SI PHEV:

SIHEV: CG |CG and
ltem and RFG RFG
Total Energy -24.6%0 -19.8po
Fossil Fuels -24.6% -23.3%
Coal -24.6% 387.29
Natural Gas -24.6% -31.5%
Petroleum -24.6% -38.5p0
CO, (w/ CinVOC & CO) -24.6% -17.6%
CH, -25.3% -19.1%
N,O -7.4% -6.39
GHGs -24.5% -17.5%
VOC: Total -27.3% -30.7%
CO: Total -0.4% -0.2%
NO,: Total -21.9% -1.4%
PM,q: Total -15.0% 157.79
PM, s Total -12.6% 85.6%
SQ,: Total -24.6% 166.09
VOC: Urban -27.4% -32.7%
CO: Urban -0.2% -0.2%
NO,: Urban -19.7% -12.8%
PMyo: Urban -7.1% 13.2%
PM, 5. Urban -7.3% 4.8%
SQ.: Urban -24.6% 62.5%

140



Discussion

Using the results of this simulation, the benefits and drawbacks can be analyzed
and discussed in order to determine which advanced vehicle technology is more éavorabl
for use in Tennessee as a daily commuter. These three vehicles rejgsmliae blend
for energy either in a primary or secondary capacity. The base model Eslegpsolely
on a gasoline blend as the primary source of energy. The HEV variant recoveistglec
during operation through regenerative braking and expends the electricityunaiom
with a gasoline blend for energy. The PHEV variant draws electricity Wjifeain the
grid during charging and expends the stored electricity during CD moderéfis not
enough energy in the battery pack, the PHEV will switch to a gasoline blend in CS mode
to supplement the charge from the battery. The PHEV variant also recovéisisglec
during operation in the same way as the HEV. This difference in how each ofitdrs/ar
operates is in essence the driving force behind the energy consumption, emissions, a
costs associated with the feedstock, fuel, and operation of the vehicles. Inttbrs see
energy consumption, emissions, and costs of each vehicle will be discussed tie khigve

base model with implications to other relative and important issues.

Energy Consumption
In terms of energy consumption, the requirements for WTW operation are
categorized by GREET in terms of total energy and energy derived fromféedsil
Energy sources other than fossil fuels constitute the difference betweeméntpl and

fossil fuels energy. The fossil fuels category is subdivided into groups fi@yesherived
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from coal, NG, and petroleum, individually. In this section, the WTW relative cBange
and per mile results for energy consumption of each of these categories isediscuss

In terms of the relative changes in energy consumption shown in Table 4.4.1, the
HEV model consumes a flat 24.6% less energy than the baseline Escape in every
category due to the recovery and expenditure of electricity during operatiom whi
reduces the gasoline requirements of vehicle operation. This lower eaguygment
affects all WTW activities resulting in a net reduction of energy in eacje swith
respect to coal and natural gas, the reductions occur only during the feedstagid and f
production stages as they are not directly consumed in the vehicle operation stage. As
reminder, the feedstock stage accounts for all activities related to theddstidek, the
fuel production stage accounts for all activities related to fuel production, anchibkeve
operation stage accounts for the use of the fuel in the vehicle. The PHEV model
consumes 19.8% less total energy with a 23.3% reduction in energy consumed from
fossil fuels when compared to the baseline Escape. Interestingly, the PoteV il
consume 31.5% less NG-derived energy and 38.5% less petroleum-derived energy than
the baseline Escape, but it will consume 387.2% more energy from coal sources. This
dramatic increase in energy consumption from coal sources is due to coal by

source of fuel for the electricity production mix used in the simulation.
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Table 4.4.1 The estimated relative changes for 2010 WTW energy consumption

2009 Ford
Escape
2010 Miles Plus
WTW Energy 2009 Ford [conversion
Consumption Escape HEV|(Grid-
(%, relative to (Grid- Connected

2009 Ford Escape) |Independent(SI PHEV:
SIHEV: CG (CG and

and RFG) |RFG)

Coal -24.6% 387.29

Natural Gas -24.6% -31.5%
Petroleum -24.6% -38.5p6
Fossil Fuels -24.6%0 -23.3%
Total Energy -24.6% -19.8p6

In terms of total energy, both the advanced vehicle models consume less overall
energy than the baseline model as shown in Table 4.4.2. The PHEV model reduces the
total energy consumption by about 1,120 Btu/mile while the HEV model reduces the total
energy consumption by about 1,390 Btu/mile. Even though the PHEV model consumes
more overall energy than the HEV model, it consumes close to 172 Btu/mile legs durin
the vehicle operation stage while consuming close to 453 Btu/mile more duringlthe f
production stage. Note the PHEV consumes close to 235 Btu/mile more than the baseline
vehicle during the fuel production stage despite having a lower overall totayenerg
consumption. Additionally, the PHEV model consumes about 7 Btu/mile less total energy
than the HEV model during the feedstock stage. These differences are mostly due to the
offset of energy from the gasoline blend to electricity from the gride&sing
efficiencies in the production and transmission of electricity in the gndeisas charger
efficiency would benefit the PHEV model and possibly make the total energy
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consumption more on par with the HEV model. Shown in Figure 4.4.1, the HEV is the

best choice in terms of WTW total energy consumption.

Table 4.4.2  Estimated 2010 WTW Total Energy Consumption for All Stages

Btu/mile
2010
WTW Total Energy Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 236 884 4,529 5,649
2009 Ford Escape HEV 178 666 3,413 457
2009 Ford Escape PHEV 171 1,119 3,241 41531
2010 WTW Total Energy Consumption
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Figure 4.4.1 The estimated 2010 WTW total energy consumption by stage and in total
for the baseline, HEV, and PHEV models.
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In terms of fossil fuel energy, both the advanced vehicle models consume less
overall energy than the baseline model as shown in Table 4.4.3. The PHEV model
reduces the fossil fuel energy consumption by about 1,270 Btu/mile while the HEV
model reduces the fossil fuel energy consumption by about 1,340 Btu/mile. Even though
the PHEV model consumes more fossil fuel energy than the HEV model, it will censum
close to 260 Btu/mile less during the vehicle operation stage while consumingpclose
338 Btu/mile more during the fuel production stage. Note the PHEV will consume close
to 145 Btu/mile more than the baseline vehicle during the fuel production stage despite
having a lower overall fossil fuel energy consumption. Additionally, the PHEV Imode
consumes approximately 8 Btu/mile less fossil fuel energy than the HEV ohadley
the feedstock stage. The fossil fuel consumption includes the consumption of coal,
natural gas, and petroleum sources. Increased production efficiencytotigyeto the
grid from these sources coupled with a production shift towards more nuclear and zero
emission sources like wind, solar, and hydro power would benefit the PHEV model.
Additionally, less reliance on imported fossil fuels such as petroleum andrgediaiece
on native fossil fuels such as coal and NG offer numerous other economic advantages
which will be discussed in more detail later in this chapter. Shown in Figure 4.4.2, the

HEV is the best choice in terms of WTW fossil fuel energy consumption.
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Table 4.4.3

Estimated 2010 WTW Fossil Fuels Energy Consumption for AisStag

Btu/mile
2010
WTW Fossil Fuels Vehicle
Feedstock FuelOperation Total

2009 Ford Escape 226 786 4,434 5447
2009 Ford Escape HEV 170 593 3,342 41105
2009 Ford Escape PHEV| 162 931 3,082 4{175

2010 WTW Fossil Fuels Energy

Consumption
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Figure 4.4.2 The estimated 2010 WTW fossil fuels energy consumption by stage and in
total for the baseline, HEV, and PHEV models.
In terms of coal energy, the HEV model consumes slightly less overallenerg
than the baseline model while the PHEV model consumes considerably more as shown in

Table 4.4.4. The PHEV model increases the coal energy consumption by about 727
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Btu/mile while the HEV model reduces the coal energy consumption by about 46
Btu/mile. This increased consumption of coal energy can be attributed to coalhmeing
source for 52.9% of the electricity production mix. Additionally, the effecteof t
electricity production mix trickle down through the feedstock, fuel production, and
vehicle operation stages of the PHEV model. The PHEV will consume 349 Btu/mile of
coal energy in the vehicle operation stage by consuming electricity fromidhetale

the increased generation requirement causes 534 Btu/mile to be consumethéutieg
production stage. The baseline and HEV models do not use large amounts of coal energy
via electricity from the grid in the fuel production stages and, thus, consume onlgdl51 a
113 Btu/mile respectively during the fuel production stage. Additionally, no neade

is consumed during vehicle operation since both these models are fueled primarily by a
gasoline blend. Despite the drastic differences in the fuel production and vehicle
operation stages, both the advanced models require slightly less energy during the
feedstock stage than the baseline model. The HEV model requires only 3 Btu/snile les
coal energy than the PHEV model for the feedstock stage. Shown in Figure 4.4.3, the
HEV is the best choice in terms of WTW coal energy consumption. The larger
dependence on coal may yield other economic benefits for the PHEV and will be

discussed further later in this chapter.
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Table 4.4.4  Estimated 2010 WTW Coal Energy Consumption for All Stages

Btu/mile
2010
WTW Coal Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 37 151 0 188
2009 Ford Escape HEV 28 113 0 142
2009 Ford Escape PHEV 31 534 349 D15
2010 WTW Coal Energy Consumption
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Figure 4.4.3 The estimated 2010 WTW coal energy consumption by stage and in total
for the baseline, HEV, and PHEV models.
In terms of NG energy, both the advanced vehicle models consume less overall
energy than the baseline model as shown in Table 4.4.5. The PHEV model decreases the

NG energy consumption by about 124 Btu/mile while the HEV model reduces the coal
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energy consumption by about 97 Btu/mile. This decreased consumption of NG energy in
the PHEV model can be attributed to NG being the source for 2.0% of the dlectrici
production mix. In addition to the reduced dependence on gasoline, the effects on the
PHEV model from NG consumption are considerable in the feedstock and fuel
production stages. The PHEV model consumes 13 Btu/mile of NG energy in the vehicle
operation stage by consuming electricity from the grid. During the foduption stage,

the PHEV consumes 171 Btu/mile to produce its fuels. This is 24 Btu/mile less than the
HEV and 88 Btu/mile less than the baseline model. The baseline and HEV models use
larger amounts of NG energy in the fuel production stages producing the gatatide

and, thus, consume 259 and 195 Btu/mile respectively during the fuel production stage.
Additionally, no NG energy is consumed during vehicle operation since both these
models are fueled primarily by a gasoline blend. Both the advanced models kesgiire
energy during the feedstock stage than the baseline model, but the HEV modet require
15 Btu/mile more NG energy than the PHEV model for the feedstock stage. Shown in

Figure 4.4.4, the PHEV is the best choice in terms of WTW NG energy consumption.

Table 4.4.5 Estimated 2010 WTW Natural Gas Energy Consumption foragjie St

Btu/mile
2010
WTW Natural Gas Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 136 259 0 395
2009 Ford Escape HEV 102 195 0 298
2009 Ford Escape PHEV 87 171 13 P71
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Figure 4.4.4 The estimated 2010 WTW NG energy consumption by stage and in total
for the baseline, HEV, and PHEV models.

In terms of petroleum energy, both the advanced vehicle models consume less
overall energy than the baseline model as shown in Table 4.4.6. The PHEV model
decreases the overall petroleum energy consumption by about 1,870 Btu/mile while the
HEV model reduces the overall petroleum energy consumption by about 1,190 Btu/mile.
The decreased consumption of petroleum energy in the PHEV model is attributed to the
consumption of electricity from the grid and a decreased dependence on gasaline a
direct fuel source. The decreased consumption of petroleum energy in the PHEV and
HEV models is attributed to the consumption of electricity recovered during aperati

which reduces the amount of fuel required to operate each vehicle. While the PHEV and
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HEV models consume 44 and 40 Btu/mile respectively during the feedstock stage and
226 and 284 Btu/mile respectively during the fuel production stage, the PHEV model has
a major advantage over the HEV model by consuming about 620 Btu/mile less petroleum
energy during the vehicle operation stage. Shown in Figure 4.4.5, the PHEV is the best

choice in terms of WTW petroleum energy consumption.

Table 4.4.6  Estimated 2010 WTW Petroleum Energy Consumption for All Stages

Btu/mile
2010
WTW Petroleum Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 53 377 4,434 4,864
2009 Ford Escape HEV 40 284 3,342 3,66
2009 Ford Escape PHEV 44 226 2,719 21990
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Figure 4.4.5 The estimated 2010 WTW petroleum energy consumption by stage and in
total for the baseline, HEV, and PHEV models.
While the HEV model consumes the least amount of total energy and is less
reliant on fossil fuel energy, the PHEV model consumes significantlyp&tssleum
energy and significantly more coal energy. This is a possible advantage R e
model since it reduces reliance on foreign oil imports, decreasing our tifadeashel
improving national security, and increases reliance on coal which is faidyp emel
found in abundance within our bordesterms of energy consumption, the question of
the day is whether or not the reduced reliance on petroleum ener gy outweighs the
increased reliance on coal, and whether the gain from this tradeoff is greater than the

gain from operating an HEV model.
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Emissions

The emissions produced from WTW operation are categorized by GREET in
terms of greenhouse gases (GHGs) and the principal pollutants. ThedGhKidered
include CQ (w/ C in VOC and CO), ClH and NO emissions. As a reminder, the GHGs
item includes C@equivalent values of CQw/ C in VOC and CO), CiH and NO
which are based on their environmental impact. This model assumes thiatZ5Himes
as harmful as the same amount of,@@d NO is 298 times as harmful as the same
amount of CQ. The principal pollutants include VOC, CO, N®M;o, PM 5, and SQ
and are subcategorized in terms of total emissions and urban emissions. Ictitims se
the WTW relative changes and per mile results for emissions of each of dhegeries
is discussed.

In terms of the relative changes of GHG emissions, the HEV model produces
24.5% less weighted GHGs than the baseline Escape while the PHEV model produces
only 17.5% less weighted GHGs. As shown in Table 4.4.7, this difference is also evident
in the individual subcategories of GHGs. The HEV model produces 24.6% lgss CO
while the PHEV model produces only 17.6% less.Clhe HEV model produces 25.3%
less CH while the PHEV model produces only 19.1% less,Githe HEV model

produces 7.4% less,N while the PHEV model produces only 6.3% les®N
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Table 4.4.7  Estimated Relative Changes for 2010 WTW GHG Emissions

2009 Ford
Escape
Miles Plus
2010 2009 Ford |conversion
WTW GHG Emissions Escape HEV|(Grid-
(%, relative to (Grid- Connected

2009 Ford Escape)  lingependent |SI PHEV:

SI HEV: CG |CG and
and RFG) |RFG)

CO, (w/ CinVOC & CO) -24.6% -17.6%
CH, -25.3% -19.1%
N,O -7.4% -6.3%
GHGs -24.5% -17.5%

In terms of GHG emissions, both advanced vehicle models produce less weighted
GHGs than the baseline model as shown in Table 4.4.8. The PHEV model produces
overall 77 grams/mile less weighted GHGs while the HEV model produced| dwara
grams/mile less weighted GHGs than the baseline model. IntergstimgPHEV model
produces close to 49 grams/mile less weighted GHGs during vehicle operation than the
HEV model. However, the PHEV model produces 79 grams/mile more than the HEV
model and 63 grams/mile more than the baseline model during the fuel production stage.
This difference is partially attributed to the large amount of emissions modiucing
electricity generation. There is little difference between thEWEnd HEV models for
GHG production in the feedstock stage, but it is about 6 grams/mile less for both models
than the baseline model. Shown in Figure 4.4.6, the HEV is the best choice in terms of

WTW GHG emissions.
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Table 4.4.8  Estimated 2010 WTW GHG Emissions for All Stages

Grams/mile
2010
WTW GHG Emissions Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 26 63 352 440
2009 Ford Escape HEV 19 a7 266 333
2009 Ford Escape PHEV 20 126 217 363

2010 WTW GHG Emissions
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Figure 4.4.6 The estimated 2010 WTW GHG emissions by stage and in total for the
baseline, HEV, and PHEV models.
In terms of CQ emissions, both advanced vehicle models produce less overall
CO, emissions than the baseline model as shown in Table 4.4.9. The PHEV model

produces overall 75 grams/mile less {hile the HEV model produces overall 104
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grams/mile less C£xthan the baseline model. During the vehicle operation stage, the
PHEV model produces 49 grams/mile less,@@n the HEV model. However, the

PHEV model produces 79 grams/mile more,@t@n the HEV model and 64 grams/mile
more CQ than the baseline model during the fuel production stage. The difference during
these two stages is attributed to the use of less gasoline blend by the HENEAhd P

model and the use of electricity from the grid in the PHEV model. There is little

difference between the PHEV and HEV models for @@duction in the feedstock

stage, but it is about 4 grams/mile less for both advanced models than the baseline mode

Shown in Figure 4.4.7, the HEV is the best choice in terms of WT\WeGssions.

Table 4.4.9  Estimated 2010 WTW gPBmissions for All Stages

Grams/mile
2010
WTW CO, Emissions Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 15 60 348 423
2009 Ford Escape HEV 11 45 262 319
2009 Ford Escape PHEV 11 124 213 348
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Figure 4.4.7 The estimated 2010 WTW £#nissions by stage and in total for the
baseline, HEV, and PHEV models.

In terms of CH emissions, both advanced vehicle models produce less overall
CH,4 emissions than the baseline model as shown in Table 4.4.10. The PHEV model
produces overall 0.095 grams/mile less while the HEV model produces overall 0.127
grams/mile less than the baseline model. During the vehicle operation stagdBRYe
and HEV models produce about 0.007 grams/mile lesgtiGih the baseline model.
Additionally, the PHEV model produces 0.009 grams/mile lesgtGih the HEV model
during the fuel production stage. During the feedstock stage, the PHEV model produces
0.040 grams/mile more than the HEV model. While the totals forebiissions seem
small compared to the emissions of {their effect is estimated to be 298 times greater
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on the environment as a GHG. Shown in Figure 4.4.8, the HEV is the best choice in

terms of WTW CH emissions.

Table 4.4.10 Estimated 2010 WTW CHmissions for All Stages

Grams/mile
2010
WTW CH , Emissions Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 0.421 0.069 0.013 0]502
2009 Ford Escape HEV 0.317 0.052 0.006 0]375
2009 Ford Escape PHEV| 0.357 0.043 0.006 0.407

Emissions (g/mi)
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Figure 4.4.8 The estimated 2010 WTW #hissions by stage and in total for the

baseline, HEV, and PHEV models.
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In terms of NO emissions, both advanced vehicle models produce slightly less
overall NO emissions than the baseline model as shown in Table 4.4.11. The PHEV and
HEV models produce about 0.016 grams/mile overall which is only about 0.001
grams/mile less than the baseline model. During the vehicle operation dtayejels
produce about 0.012 grams/mile. Additionally, the PHEV and HEV models produce
0.001 grams/mile less @ than the baseline model. During the feedstock stage, all
models produce extremely low amounts gONWhile the totals for PO emissions seem
small compared to the emissions of £their effect is estimated to be 25 times greater
on the environment as a GHG. Shown in Figure 4.4.9, the HEV and PHEYV offer
approximately equivalent benefits in terms of WT\WONemissions, but the HEV has a

very slight advantage over the PHEV due to rounding inefficiencies.

Table 4.4.11 Estimated 2010 WTWOEmissions for All Stages

Grams/mile
2010
WTW N,O Emissions Vehicle
Feedstock FuelOperation Total
2009 Ford Escape 0.000 0.005 0.012 0|017
2009 Ford Escape HEV 0.000 0.004 0.012 0]016
2009 Ford Escape PHEV 0.000 0.004 0.012 0.016

159



2010 WTW N,O Emissions
0.018
0.016 —
"g 0.014 | | | @ 2009 Ford Escape
<5, 0.012 u
2 0.010 A W 2009 Ford Escape
2 0.008 — | HEV
2 0.006 ] -~ | 02009 Ford Escape
e
W 0.004 ] — o L_PHEV
0.002 r
0.000 — ‘ =
- NS
6&0" N {5\\0‘\ «o\{b
& QQ}
«© o
\&
\{\\0
QQ'

Figure 4.4.9 The estimated 2010 WTW N20O emissions by stage and in total for the
baseline, HEV, and PHEV models.

In terms of the relative changes of VOC emissions, the HEV model produces in
total 27.3% less VOC emissions while the PHEV model produces in total 30.7% less
VOC emissions than the baseline model as shown in Table 4.4.12. In urban areas,
however, these relative changes for the HEV and PHEV models increase to 27.4% less
and 32.7% less, respectively. This suggests that the PHEV model may be more
advantageous than the HEV model in terms of reduction of VOC emissions overall and in

urban centers.
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Table 4.4.12

2009 Ford
Escape
Miles Plus
2010 o 2009 Ford |conversion
WTW VOC Emissions Escape HEV/|(Grid-
(%, relative to (Grid- Connected
2009 Ford Escape) Independent|SI PHEV:
SIHEV: CG |CG and
and RFG) [RFG)
VOC: Total -27.3% -30.7¢
VOC: Urban -27.4% -32.7

Estimated Relative Changes for 2010 WTW VOC Emissions

Shown in Table 4.4.13, the breakdown of total VOC emissions suggests that

during the vehicle operation stage there is no discernable difference betweé&ithe H

and PHEV models. While the HEV model has lower emissions during the feedstock stage

by about 0.004 grams/mile, the most notable difference occurs in the fuel production

stage where the PHEV model has about 0.014 grams/mile less VOC emissiohs than t

HEV model. Overall, the PHEV model produces about 0.010 grams/mile less and 0.094

grams/mile less VOC emissions in total than the HEV and baseline veheslesctively.

Shown in Figure 4.4.10, the PHEV is the best choice in terms of WTW total VOC

emissions.

Table 4.4.13 Estimated 2010 WTW Total VOC Emissions for All Stages

2010 Grams/mile
WTW Tote_il VOC Ve
SEETEE Feedstock FuelOperation Total
2009 Ford Escape 0.016 0.108 0.182 0]306
2009 Ford Escape HEV 0.012 0.081 0.129 0]222
2009 Ford Escape PHEV 0.016 0.067 0.129 Q212
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2010 WTW Total VOC Emissions

0.350

0.300 ]
fé\ 0.250 @ 2009 Ford Escape
(@)
2 0.200 5 || | m 2009 Ford Escape
o
5 0.150 | HEV
K2 _ 02009 Ford Escape
UEJ 0.100 B PHEV

0.050 A

0.000 +EL L N

N > QS >
O O \
G
< N
QQ (@)
¥
XY
QQ'

Figure 4.4.10 The estimated 2010 WTW total VOC emissions by stage and fortotal
the baseline, HEV, and PHEV models.

Shown in Table 4.4.14, the breakdown of urban VOC emissions is similar to that
of the total VOC emissions. The HEV and PHEV models show no appreciable difference
during the vehicle operation and feedstock stages. The PHEV model contributes about
0.009 grams/mile less VOC emissions to urban centers during the fuel produgen sta
Overall, the PHEV model produces about 0.009grams/mile less and 0.059 grams/mile

less VOC emissions in urban centers than the HEV and baseline vehiclesjvelgpect
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Shown in Figure 4.4.11, the PHEV is the best choice in terms of WTW urban VOC

emissions.

Table 4.4.14 Estimated 2010 WTW Urban VOC Emissions for All Stages

2010 Grams/mile
WTW U.rba.m VOC Vil
S Feedstock FuelOperation Total
2009 Ford Escape 0.003 0.068 0.113 0]183
2009 Ford Escape HEV 0.002 0.051 0.080 0]133
2009 Ford Escape PHEV 0.002 0.042 0.080 0.124
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Figure 4.4.11 The estimated 2010 WTW urban VOC emissions by stage and in total for
the baseline, HEV, and PHEV models.
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In terms of the relative changes of CO emissions, the HEV model produces in
total 0.4% less CO emissions while the PHEV model produces in total 0.2% less CO
emissions than the baseline model as shown in Table 4.4.15. In urban areas, the relative
changes for the HEV and PHEV models are both about 0.2% less. This suggests that the
HEV model may be more advantageous than the PHEV model in terms of reduction of
CO emissions overall relative to the baseline mode. However, there is noaldeer
difference between either model for CO emissions in urban centers rédeatines

baseline model.

Table 4.4.15 Estimated Relative Changes for 2010 WTW CO Emissions

2009 Ford
Escape
Miles Plus
2010 2009 Ford  |conversion
WTW CO Emissions Escape HEV/|(Grid-
(%, relative to (Grid- Connected

2009 Ford Escape) Independent|SI PHEV:

SI HEV: CG |CG and
and RFG) [RFG)

CO: Total -0.4% -0.2%
CO: Urban -0.2% -0.2%o

The breakdown of total CO emissions indicates that the main differences betwee
each of the models occur during the feedstock and fuel production stages as shown in
Table 4.4.16. The HEV and PHEV models produce respectively about 0.016 grams/mile
and 0.007 grams/mile less total CO than the baseline model. During the fuel production
stage, the PHEV model produces about 0.003 grams/mile more than the baseline model,

while the HEV model produces about 0.008 grams/mile less. Both the HEV and PHEV
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models contribute respectively about 0.008 grams/mile and 0.009 grams/mile less CO

emissions than the baseline model. Overall, the PHEV model produces about 0.009

grams/mile more and 0.007 grams/mile less CO emissions in total than thartdEV

baseline vehicles, respectively. Shown in Figure 4.4.12, the PHEV is the best ghaice b

small margin in terms of WTW total CO emissions.

Table 4.4.16 Estimated 2010 WTW Total CO Emissions for All Stages

2010 Grams/mile
WTW Total CO Vehicle
ENMEEE Feedstock FuelOperation Total
2009 Ford Escape 0.030 0.034 3.448 3
2009 Ford Escape HEV 0.022 0.026 3.448 3
2009 Ford Escape PHEV 0.021 0.037 3.448 3

512
496
.505
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Figure 4.4.12 The estimated 2010 WTW total CO emissions by stage and in tttal for
baseline, HEV, and PHEV models.

The breakdown of urban CO emissions indicates that the main difference between
the models occurs during the fuel production stage as shown in Table 4.4.17. Both PHEV
and HEV models produce about 0.004 grams/mile less CO emissions than the baseline
model in urban centers. Very small differences account for the HEV model prgducin
slightly less overall urban CO emissions than the PHEV model. Overall, the PHEV
model produces about 0.001 grams/mile more and 0.004 grams/mile less CO emissions in
urban centers than the HEV and baseline vehicles, respectively. Shown in Figude 4.4.1

the PHEV is the best choice by a small margin in terms of WTW urban CO @msissi
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Table 4.4.17 Estimated 2010 WTW Urban CO Emissions for All Stages

2010 Grams/mile
WT\éV Qrbgn oo Vehicle
MISSIONS Feedstock FuelOperation Total
2009 Ford Escape 0.001 0.016 2.145 2|162
2009 Ford Escape HEV 0.001 0.012 2.145 21157
2009 Ford Escape PHEV 0.001 0.012 2.145 4158
2010 WTW Urban CO Emissions
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Figure 4.4.13 The estimated 2010 WTW urban CO emissions by stage and in total for
the baseline, HEV, and PHEV models.
In terms of the relative changes of Némissions, the HEV model produces in

total about 21.9% less N@missions while the PHEV model produces in total about
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1.4% less N@emissions than the baseline model as shown in Table 4.4.18. In urban
areas, the HEV model produces about 19.7% lessei@ssions while the PHEV model

produces about 12.8% less Némissions. This suggests that the HEV model is more

advantageous than the PHEV model in terms of reduction gfeN{ssions in total and

in urban centers relative to the baseline model.

Table 4.4.18 Estimated Relative Changes for 2010 WTW EBifiissions
2009 Ford
Escape
Miles Plus
2o . 2009 Ford [conversion
WTW NO, Emissions Escape HEV|(Grid-
(%, relative to (Grid- Connected
2009 Ford Escape)  |independent |SI PHEV:
SI HEV: CG |CG and
and RFG) RFG)
NO,: Total -21.9% -1.49
NO,: Urban -19.7% -12.89

The breakdown of total NOndicates that the main difference between the
advanced models occurs primarily during the fuel production stage as shown in Table
4.4.19. The PHEV model produces about 0.067 grams/mile moy¢hd@the HEV
model and about 0.031 grams/mile morexNli@an the baseline model during this stage.
The PHEV model produces slightly less N®an the HEV model during the feedstock
stage and approximately the same amount of dlBing the vehicle operation stage.
Overall, the PHEV model produces about 0.065 grams/mile more and 0.004 grams/mile
less NQ emissions in total than the HEV and baseline vehicles, respectively. Shown in
Figure 4.4.14, the HEV is the best choice in terms of WTW total étdissions.
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Table 4.4.19 Estimated 2010 WTW Total NEmissions for All Stages

2010 Grams/mile
WTW Tot.al NO , Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.111 0.103 0.099 0[313
2009 Ford Escape HEV 0.084 0.077 0.083 0]244
2009 Ford Escape PHEV 0.081 0.144 0.083 (0.309
2010 WTW Total NO, Emissions
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Figure 4.4.14 The estimated 2010 WTW total,N@issions by stage and in total for
the baseline, HEV, and PHEV models.
The breakdown of urban N@ndicates that the difference between the advanced

models occurs primarily during the fuel production stage as shown in Table 4.4.20. The
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PHEV model produces only about 0.007 grams/mile more than the PHEV model and
about 0.003 grams/mile less than the baseline model. There is no appreciablecdiffere
between the advanced models in the feedstock and vehicle operation stages.tBwerall
PHEV model produces about 0.008 grams/mile more and 0.013 grams/mile less NO
emissions in urban centers than the HEV and baseline vehicles, respectively. Shown i

Figure 4.4.15, the HEV is the best choice in terms of WTW urbapei@ssions.

Table 4.4.20 Estimated 2010 WTW urban,Nmissions for All stages

2010 Grams/mile
WTW Qrbgn NO Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.005 0.042 0.062 0]108
2009 Ford Escape HEV 0.004 0.032 0.052 0j087
2009 Ford Escape PHEV 0.004 0.039 0.052 0.095
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Figure 4.4.15 The estimated 2010 WTW urbary Mfissions by stage and in total for
the baseline, HEV, and PHEV models.

In terms of the relative changes of Riparticulate matter with aerodynamic
diameter of 10 micrometers or less) and;RNparticulate matter with aerodynamic
diameter of 2.5 micrometers or less) emissions, the HEV model produces abtaial
15.0% less Ppand 12.6% less PM emissions while the PHEV model produces in
total about 157.7% more Riyland 85.6% more P emissions than the baseline model
as shown in Table 4.4.21. In urban areas, the HEV model produces about 7.1%less PM
and 7.3% less P4 emissions while the PHEV model produces about 13.2% moikg PM

and 4.8% more PM emissions than the baseline model. This indicates that the HEV
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model is more advantageous than the baseline model in terms,p&RAPM 5
emissions in total and in urban centers. This also indicates that the PHEV nradet is

detrimental than the baseline model in terms ofPAid PM 5 emissions.

Table 4.4.21 Estimated Relative Changes for 2010 WTWyEMEMIissions

2009 Ford
Escape
Miles Plus
WTW PM szlgEmissions 2009 Ford conyersion
- Escape HEV|(Grid-
(%, relative to (Grid- Connected
2009 Ford Escape)  |ingependent|SI PHEV:
SIHEV: CG |CG and
and RFG) RFG)
PM,, Total -15.0% 157.79
PM,,: Urban -7.19% 13.2%
PM, s Total -12.6% 85.6%
PM, s Urban -7.3% 4.8%

The breakdown of total PM10 emissions indicates that the primary difference
between the advanced models occurs in the feedstock stage as shown in Table 4.4.22.
The PHEV model produces about 0.134 grams/mile more PM10 emissions than the HEV
model and about 0.131 grams/mile more than the baseline model during the feedstock
stage. Additionally, the PHEV model produces about 0.009 grams/mile more PM10
emissions than the HEV and baseline models during the vehicle operation stagg. Duri
the fuel production stage, the advance models both produce about 0.010 grams/mile less
PM10 emissions than the baseline model. Overall, the PHEV model produces about

0.143 grams/mile more and 0.131 grams/mile more PM10 emissions in total than the
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HEV and baseline vehicles, respectively. Shown in Figure 4.4.16, the HEV is the best

choice in terms of WTW total P)demissions.

Table 4.4.22 Estimated 2010 WTW Total B¥missions for All Stages

2010 Grams/mile
WTW Totgl PM 1 Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.010 0.041 0.033 0]083
2009 Ford Escape HEV 0.007 0.031 0.033 0]071
2009 Ford Escape PHEV 0.141 0.031 0.042 0214
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Figure 4.4.16 The estimated 2010 WTW total,pP&missions by stage and in total for
the baseline, HEV, and PHEV models.
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The breakdown of urban RPlylemissions indicates that the only difference
between the advanced models occurs during the vehicle operation stage as shown in
Table 4.4.23. The PHEV model produces about 0.006 grams/mile mageePidsions
than the HEV and baseline models during the vehicle operation stages. Both advanced
models produce about 0.002 grams/mile lessorhissions than the baseline model
during the fuel production stages. Overall, the PHEV model produces about 0.005
grams/mile more and 0.004 grams/mile moreP&missions in urban centers than the
HEV and baseline vehicles, respectively. Note that theyleMissions produced by the
PHEV model are significantly reduced in urban areas and more in line with trecmis
produced by both the HEV and baseline models. Shown in Figure 4.4.17, the HEV is the

best choice in terms of WTW urban PMmissions.

Table 4.4.23 Estimated 2010 WTW Urban fgEmissions for All Stages

2010 Grams/mile
WTW U.rba_m PM 49 Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.000 0.008 0.020 0]029
2009 Ford Escape HEV 0.000 0.006 0.020 0jo27
2009 Ford Escape PHEV 0.000 0.006 0.026 0.032
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Figure 4.4.17 The estimated 2010 WTW urbanfdhissions by stage and in total for
the baseline, HEV, and PHEV models.

The breakdown of total PM emissions indicates that the there are appreciable
differences between the models during all stages as shown in Table 4.4.24. The mos
noticeable difference between the models occurs during the feedstock stagelEWhe
model produces about 0.033 grams/mile and 0.032 grams/mile more total PM
emissions than the HEV and baseline model, respectively. More subtle diffececcoe
during the fuel production stage where the PHEV model produces only about 0.001
grams/mile more than the HEV model and about 0.003 grams/mile less than the baseline

model. During the vehicle operation stage, the PHEV model produces about 0.004
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grams/mile more than the HEV and baseline models. Overall, the PHEV modelgsoduc

about 0.038 grams/mile more and 0.033 grams/mile morg; BMissions in total than

the HEV and baseline vehicles, respectively. Shown in Figure 4.4.18, the HE\besthe

choice in terms of WTW total PM emissions.

Table 4.4.24 Estimated 2010 WTW Total PMNEmissions for All Stages

2010 Grams/mile
WTW Tptgl PM, s Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.004 0.015 0.018 0
2009 Ford Escape HEV 0.003 0.011 0.018 0
2009 Ford Escape PHEV 0.036 0.012 0.022 0

038
033
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Figure 4.4.18 The estimated 2010 WTW total.REmissions by stage and in total for
the baseline, HEV, and PHEV models.

Shown in Table 4.4.25, the breakdown of urban Pé&missions indicates that
there are less significant differences between the vehicle mbdelsstseen in the total
PM, s emissions. During the vehicle operation stage, the PHEV model produces only
about 0.002 grams/mile more than the HEV and baseline models in urban areas. During
the fuel production stage, the PHEV model produces 0.001 grams/mile and 0.002
grams/mile less than the HEV and baseline models, respectively. Over8HEeé

model produces about 0.002 grams/mile more and 0.001 grams/mile mgge PM
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emissions in urban centers than the HEV and baseline vehicles, respectively. shown i

Figure 4.4.19, the HEV is the best choice in terms of WTW urbagpsRMissions.

Table 4.4.25 Estimated 2010 WTW Urban RMEmissions for All Stages.

2010 Grams/mile
WTW Urballn PM, s Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.000 0.005 0.012 0]016
2009 Ford Escape HEV 0.000 0.004 0.012 0]015
2009 Ford Escape PHEV 0.000 0.003 0.014 q.017
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Figure 4.4.19 The estimated 2010 WTW urban,P&missions by stage and in total for
the baseline, HEV, and PHEV models.
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In terms of the relative changes of SOx emissions, the HEV model produces in
total about 24.6% less SOx emissions while the PHEV model produces in total about
166.0% more SOx emissions than the baseline model as shown in Table 4.4.26. In urban
areas, the HEV model produces about 24.6% less SOx emissions while the PHEV model
produces about 62.5% more SOx emissions than the baseline model. This indicates that
the HEV model is more advantageous than the baseline model in terms of SOx emissions
in total and in urban centers. This also indicates that the PHEV model is moresdtttim

than the baseline model in terms of SOx emissions.

Table 4.4.26 Estimated Relative Changes for 2010 WT\WEB@ssions

2009 Ford
Escape
Miles Plus
2010 o 2009 Ford |conversion
WTW SO, Emissions Escape HEV |(Grid-
(%, relative to (Grid- Connected

2009 Ford Escape)  |independent|SI PHEV:
SIHEV: CG |[CG and
and RFG) RFG)

SQ: Total -24.69% 166.09
SQ.: Total -24.6% 62.5%

The breakdown of total S@missions indicates that the primary difference
between the models occurs during the fuel production stage as shown in Table 4.4.27.
The PHEV model produces about 0.214 grams/mile mogee8¥sions than the HEV
model and about 0.197 grams/mile more than the baseline model during the fuel
production stage. During the feedstock stage, the PHEV model produces about 0.002

grams/mile more than the HEV model and about 0.007 grams/mile less than the baseline
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model. During the vehicle operation stage, the PHEV model produces about 0.001
grams/mile less and 0.003 grams/mile less than the HEV and baseline model,
respectively. Overall, the PHEV model produces about 0.216 grams/mile more and 0.188
grams/mile more SCemissions in total than the HEV and baseline vehicles, respectively.
Shown in Figure 4.4.20, the HEV is the best choice in terms of WTW tofal SO

emissions.

Table 4.4.27 Estimated 2010 WTW Total,Fnissions for All Stages
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2010 Grams/mile
WTW '.I'ot.al SO, Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.037 0.070 0.006 0|113
2009 Ford Escape HEV 0.028 0.053 0.004 0]085
2009 Ford Escape PHEV 0.030 0.267 0.003 0301
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Figure 4.4.20 The estimated 2010 WTW total 8@issions by stage and in total for the
baseline, HEV, and PHEV models.

The breakdown of urban $S@®missions indicates that the primary difference
between the models occurs during the fuel production stage as shown in Table 4.4.28.
The PHEV model produces about 0.032 grams/mile mogee8¥sions than the HEV
model and about 0.025 grams/mile more than the baseline model during the fuel
production stage. During the feedstock stage, the PHEV and HEV models produce about
0.001 grams/mile less than the baseline model. During the vehicle operatignistage
PHEV model produces about 0.001 grams/mile less and 0.002 grams/mile less than the

HEV and baseline model, respectively. Overall, the PHEV model produces about 0.032
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grams/mile more and 0.023 grams/mile morg 8Qlissions in urban centers than the

HEV and baseline vehicles, respectively. Shown in Figure 4.4.21, the HEV is the best

choice in terms of WTW urban S@missions.

Table 4.4.28 Estimated 2010 WTW Urban,&missions for All Stages

2010 Grams/mile
WTW grbgn SO, Vehicle
Emissions Feedstock FuelOperation Total
2009 Ford Escape 0.003 0.029 0.004 0]036
2009 Ford Escape HEV 0.002 0.022 0.003 01027
2009 Ford Escape PHEV 0.002 0.054 0.002 (.059
2010 WTW Urban SO, Emissions
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Figure 4.4.21 The estimated 2010 WTW urban &@issions by stage and in total for
the baseline, HEV, and PHEV models.
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It is important to look at both the total emissions in each category as well as the
urban emissions. The effect of urban emissions is often compounded by the amount of
vehicles operating in such a close area. The total emissions allow us to gauge the
effectiveness of a vehicle-fuel combination. Over all the emissions caggbe HEV
model always performs better than the baseline model. Considerable impravaneent
indicated in all categories with the exception of CO production. The PHEV model,
however, has both advantages and disadvantages compared to the baseline model.
Significant improvements are indicated in all GHG categories, all VOGsamns, and
urban NQ emissions. Modest improvements are indicated in CO emissions and tgtal NO
emissions. Disadvantages to the PHEV model include significant increasedtipmodfic
PMio, PMy 5, and SQ emissions. It seems that, due to this emissions analysis, that the
HEV model is superior. However, if the electricity generation mixes awidty from coal

to cleaner forms of electricity production in the future, this conclusion could change.

Cost Analysis
Cost analysis is often used to evaluate the desirability of a givenahelbisi
weighing the costs associated with one decision with the costs assoctatad wi
alternative decision. In this case, the alternative would be the purchase of anHES®ape
or Escape PHEV rather than a conventional Escape. In this case study, feesi roqudit
analysis building on the commonly perceived costs associated with the purchase and
operation of a vehicle is used to determine the most practical choice fdy a dai

commuting vehicle between the three options. The consumer is assumed to have funds
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ample enough to purchase and maintain the most expensive option. Any unused funds
will be rolled into savings and earn interest over the allotted time. The vetieles

assumed to operate for an 8 year period with 100,000 miles driven. The costs considered
in this analysis include vehicle purchase price, infrastructure costgofts| depreciated
vehicle value, and interest earned on capital and fuel savings. Changesst natieis

and fuel costs will also be considered in the purchase decision.

Consumers are more likely to base their purchase decisions on the cost of a
vehicle more than any other factor mentioned in this discussion. Each Escape variant
contains a near identical package of additional features and functions in orderucemeas
the primary differences in cost between each vehicle technology. The MSRF09
Ford Escape XLT FWD is $23,45%! The MSRP of a 2009 Ford Escape Hybrid FWD is
$29,645% The cost of the Miles Plus conversion by Hybrids Plus (Now known as
EETrex) is approximately $24,000. According to EETrex, this high cost includes
developmental costs incurred during the development of their Li-ion batteeyrsgad
is only intended for the few promotional fleet models produced thus far. The cost of the
battery is approximately a quarter of this cost, or $6,000. With this in mind, tHe retai
price of a conversion is estimated to be approximately $10,000 which is in the range of
costs for other similar conversions performed by other companies. Thus, thete$tim
full cost of the 2009 Ford Escape Hybrid FWD with Miles Plus conversion is
approximately $39,645.

Taxes along with vehicle registration and document fees are often paid in addition
to the MSRP of a vehicle. These fees will vary state to state. Assuming thie venhi

purchase is made in Tennessee and the vehicle registration and documeettfees ar
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same between the Escape and HEV, only the tax on the buying price will diffeebetw
the two vehicles. In Tennessee, the maximum sales tax is 9.75% which is applied to the
MSRP in this case. For the Escape, the maximum sales tax is approxib2z28§ to the
purchase price. For the HEV, the maximum sales tax is approximately $2,89%@e For t
PHEV, the maximum sales tax for the vehicle purchase and conversion is apprigximate
$3,870.

Tax credits for hybrid vehicles have been implemented to encourage consumers to
buy consciously. However, many of these federal tax credits weralaeailnly for a
limited time. For example, the available credit for newly purchased 2009 HEMsnode
was originally $3,000:” As of 1/4/10, the credit gradually reduced over time from
$3,000 if purchased before 4/1/09 to $1,500 if purchased on 4/1/09 and on or before
9/30/09 and $750 if purchased on 10/1/09 and on or before 3/ /Tarrently this
federal tax credit has been phased out. Another example of federal tax credits wa
recently implemented in the American Recovery and Reinvestment Act of 20689. Thi
credit is equal to 10% of the cost of converting a vehicle to a qualified plug-tnelec
drive motor vehicle that is placed in service after 2/17/09. The maximum credit is $4,000
and the credit will be applicable through 2011. For more information on hybrid tax
credits, search the IRS website. State tax credits for hybrid vehidlesls® been
implemented in some states. For example, an income tax credit of 10% with aumaxim
of $2,500 is available for a car conversion to use an “alternative fuel” including
electricity in the state of Georg{?ﬁl. For the purpose of this simplified CBA, no state tax
credits are implemented since this case study involves a purchaserdeciBénnessee

which does not currently have any tax credits. Additionally, the only federafedit
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implemented here is the conversion kit credit for 10% of the conversion costhsaice t
the only active program at this time.

The Escape and Escape HEV have the benefit of not requiring additional
infrastructure. The PHEV variant will require additional infrastructupgedding on the
scenario in which they will be charged. A charger and possibly a new metes dftuse
(TOU) charging rates apply are the main necessities. Assuminglent&s charging
scenario, the total costs for the infrastructure for a Level 1 chargitigrsare estimated
to be approximately $90¢7 This includes labor, material, and permit infrastructure costs
associated with a Level 1 residential charging scheme that includesge cbed and
residential circuit installation (20A branch circuit, 120VAC/1-Phase). Gtharging
schemes for residential and commercial charging systems can eos¢b&800 and
$2,200 per charger depending on the charger type and quantity installed. Associated cost
can be expected to increase if PHEV technology becomes the prevalent teclkoelogy
upgrades to the grid which will pass on their costs to the consumer.

By combining all direct costs associated with a purchase, a principal amount of
savings is determined for each purchase decision. Shown in Table 4.4.29, all costs
associated with a purchase decision yield principal savings that accrestiotesr an 8
year period. Included in the capital cost of the vehicles is the MSRP and applicable
conversion cost. The maximum Tennessee state sales tax of 9.75% is applied to the
capital cost of the vehicle. Tax credits and extra infrastructure costsass with the
vehicles are applied to the capital cost and sales tax to obtain the totaltbest or
purchase. The maximum total cost of any purchase decision is approximately $43,400

and is associated with the purchase of a Ford Escape PHEV. Thus, a decision to purchase
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a Ford Escape PHEV would amount to no principal savings. A decision to purchase a
Ford Escape HEV would save the consumer a principal amount of approximately
$10,900. A decision to purchase a Ford Escape would save the consumer a principal
amount of approximately $17,700. These principal savings will grow over 8 years using
the compound interest formula

A=PQ@+i)', (4.3)
whereA is the amount after timeP is the principal amount,is the annual interest rate,
andt is the time in years. Assuming a flat interest rate of 2% compounded arowelly
8 years, a purchase of the Ford Escape would net approximately $20,700 in savings while
a purchase of the Ford Escape HEV would net approximately $12,700 in savings. If
instead the interest rate shifted to a flat 4% annually, a purchase of the Eape Es
would net approximately $24,200 in savings while a purchase of the Ford Escape HEV
would net approximately $14,900 in savings. If instead the interest rate shiftedtto a fl
8% annually, a purchase of the Ford Escape would net approximately $32,700 in savings

while a purchase of the Ford Escape HEV would net approximately $20,100 in savings.
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Table 4.4.29 Direct Costs and Savings Associated with the Purchase of an Escape
Escape HEV, and Escape PHEV

S S 5
- S s

T X =Ea T3S

Lox 2g PgsS?

289 882 [8g§2:

SUF |Q8F |S8F S
MSRP: $ 23,455 % 29,644 $ 29,645
Estimated Total Conversion cost: $ -1 $ - |8 10,00(
Capital Cost: $ 23,45% $ 29,644 $ 39,645
Sales Tax (9.75%): $ 2,297% 2,890 $ 3,865
Tax Credit: $ - $ - | $ (1,000)
Infrastructure Cost: $ - 1% - |8 90d
Total Cost: $ 25,742 % 32539 $ 43,410
Principal Savings: $ 17,66p$ 10,879 $ -
Value of Purchase Savings with 2%
Compound Interest After 8 Years: $ 20,701|$ 12,742 % =
Value of Purchase Savings with 4%
Compound Interest After 8 Years: $ 24,181 % 14,883 $ =
Value of Purchase Savings with 8%
Compound Interest After 8 Years: $ 32,703| $ 20,129 $ -
Maximum total cost: $ 43,410

The cost of fuel is another consideration for consumers when purchasing a
vehicle, but this is often hard to account for due to the variability of fuel pricessin thi
cost analysis, a stable fuel cost is considered for 8 years of driving 100,000vithiles
fuel usage consistent with the models above. Assuming a cost of $3 per gallon of the
gasoline blend and $0.097 per kWh of electricity, the approximate cost of fuel is
calculated for all variants. The Escape is estimated to spend approyifiite300 on

the gasoline blend. The HEV is estimated to spend approximately $8,920 on the gasoline
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blend. The PHEV is estimated to spend approximately $8,630 on the gasoline blend and
electricity from the grid.

The fuel costs of associated with each vehicle technology are considereal here t
be the fixed periodic costs of vehicle operation. In this analysis, the consunsniseds
to save the difference between the most expensive fuel and fuel cost assathatieel w
chosen vehicle every year. The fuel savings are deposited at the beginningeoftthe
year and will earn interest annually. In Table 4.4.30, these yearly savilhgsmpound

to a total savings value for each vehicle technology after 8 years usimgrthdd
7
A= PE+i)", (4.4)
n=0

whereA is the amount accrueB,is the annual principle,is the interest rate, amds the
number of periods. The Escape will not contribute to the consumer’s fuel savihgass |
the most expensive fuel cost. Assuming a flat interest rate of 2% compounded annually
with each periodic savings, the fuel costs for a Ford Escape HEV would net
approximately $3,130 in savings while the fuel costs for the Ford Escape PHEV would
net approximately $3,500 in savings. If the interest rate shifted to a flat 4%lgntiea

fuel costs for a Ford Escape HEV would net approximately $3,360 in savings while the
fuel costs for the Ford Escape PHEV would net approximately $3,760 in savings. If the
interest rate shifted to a flat 8% annually, the fuel costs for a Ford BdEApwould net
approximately $3,880 in savings while the fuel costs for the Ford Escape PHEV would

net approximately $4,340 in savings.
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Table 4.4.30 Estimated Annual Costs and Savings Associated with Purchadifgy F
an Escape, Escape HEV, and Escape PHEV over an 8 Year Period
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Gasoline blend: $ 11,83p$ 8,915 $ 7,231
Electricity: $ - $ - 1% 1,333
Fuel Costs: $ 11,830 % 8,919 $ 8,564
Fuel Savings: $ § $ 2914 $ 3,266
Fuel Savings Per Year: $ -1 $ 364 $ 408
Value of Fuel Savings with 2% Compoupd

Interest On Periodic Investments After 8
Years: $ - $ 3,127 $ 3,504
Value of Fuel Savings with 4% Compoupd
Interest On Periodic Investments After 8
Years: $ - $ 3,357 $ 3,761
Value of Fuel Savings with 8% Compoupd
Interest On Periodic Investments After 8
Years:

Maximum Total Fuel Cost:

»
»

3,879 $ 4,342

©
=
P
0
w
o

Depreciation of the vehicle is also taken into account using the MSRP and
conversion cost of each vehicle. The value of each vehicle after 8 yearsrgtilbutes to
the overall worth of the consumer. As shown in Table 4.4.31, the Escape is estimated to
have a depreciated value of approximately $6[42The Escape HEV is estimated to
have a depreciated value of approximately $7/%8@ince the Escape PHEV is a
conversion of the HEV model it is difficult to determine how much if any valuéded

to the car by the conversion. In this case study, the depreciation values for e PHE
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does not include any part of the after market conversion cost. The Escape PHEV is

estimated to have the same depreciated value as the Escape HEV.

Table 4.4.31 Estimated Vehicle Values Associated with Depreciatioran\vg&iY ear

Period

() (0] L n

o o Qo

I @ T = C

&) Q OS O

(7] 7] (7] (7)

w < w wano?

TN o= =28

(e) ; oL o L g

Lo = L' 5 o

()] o = o =

o+ o ° oL 9

L X e A
Value After 1 Year: $ 17,591 % 22234 $ 22,234
Value After 2 Years: $ 15,480% 19,564 $ 19,564
Value After 3 Years: $ 13,62B% 17,219 $ 17,218
Value After 4 Years: $ 11,715 14,801 $ 14,8071
Value After 5 Years: $ 9,958 % 12,584 $ 12,584
Value After 6 Years: $ 8,464 % 10,698 $ 10,699
Value After 7 Years: $ 7,195% 9,094 $ 9,094
Value After 8 Years: $ 6,116 $ 7,730 $ 7,730

Insurance rates are another periodic cost to cengitien purchasing a vehicle.

Some insurance companies such as Travelers Inguckaim to extend a discount of

10% to customers if they are insuring a hybrid gkshiHowever, most of these discounts

have fine print associated with them such as “eadiat of up to 10 percent applies only

to certain coverages” and “the discount may naivalable in all states and is subject to

individual eligibility.

n[24]

It seems that these types of discounts are a simptketing

gimmick and have no real value. After talking wsveral agents of various insurance

companies including Allstate and State Farm, iteapp that the algorithms used to

determine rates for all coverage types are depémemany more factors than simply
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the cost of the vehicle and type. Thus, the raa@svary from person to person despite
driving the exact same vehicle. According to a&SEdrm representative, customers
should expect to pay more for comprehensive arléiar coverages of hybrids since
the initial rates are often based on the MSRP eW#hicle as well as replacement part
costs. Additionally, the current expected costsveeh the HEV and PHEYV in this study
would not vary according to State Farm’s coverageesthe conversion was done by a
third party and the initial rates are determinedgithe MSRP for the vehicle. This
would change if the PHEV models were produced tydxy Ford. Other coverages vary
in price between companies in large part due tabitode of factors including age,
driving history, credit history, job, and locatiddecause of this variability and the
different coverages available for different polgié is not practical to ascertain a
difference between coverage for each of the vehiespecially since none of the
insurance companies mentioned here publish thgarihms for determining insurance
rates.

During vehicle operation, routine maintenance i@pairs will be required by all
of the vehicles. In this simplified CBA, these ®ate assumed to be approximately
equivalent between all three vehicle technolodiéss assumption, however, is most
likely going to be generous to the Escape as thagesHEV and PHEV models will
most likely require less maintenance due to trassiom and engine differences. There is
very little information on routine maintenance létEscape HEV and PHEYV since they
are fairly new technologies. For this analysisappreciable gain or loss is estimated for

routine maintenance and repairs.
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Compiling the overall savings and value of a puseh@ecision in relation to the
alternatives allows for a basis of comparison betwie possible purchases. Shown in
Table 4.4.32, the estimated values of the threehase decisions assuming 2% interest
indicate that the Ford Escape will offer the hidghetal value after 8 years with an
approximate value of $26,800. The Ford Escape HEYea next best alternative and will
cost approximately $3,200 more than the Ford Escepe Ford Escape PHEV is the
worst alternative and will cost approximately $1)énore than the Ford Escape and

approximately $12,400 more than the Ford Escape.HEV

Table 4.4.32 Estimated Values of Purchase Dewsidter an 8 Year Period with 2%

Interest
C
§e) S Q
— S S o g
= X = T g TS2
=85 |s8o (a2
(&) (&) (&)
SfE |SgE |SHEF
Value of Purchase Savings with 2%
Compound Interest After 8 Years: $ 20,701 $ 12,743 $ -
Value of Fuel Savings with 2%
Compound Interest On Periodic
Investments After 8 Years: $ - $ 3,127 $ 3,504
Depreciated Value After 8 Years: $ 6,116 7,730 $ 7,730
Total value after 8 years: $ 26,818 23,594 $ 11,233

Shown in Table 4.4.33, the Ford Escape will sfilér the highest total value after
8 years if the interest rate increased to 4% witlh@proximate value of $30,300. The
Ford Escape HEV is still the next best alternasimd will cost approximately $4,300

more than the Ford Escape. The Ford Escape PHEi¢é iworst alternative and will cost
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approximately $18,800 more than the Ford Escapepptbximately $14,500 more than

the Ford Escape HEV.

Table 4.4.33 Estimated Values of Purchase Dewsidter an 8 Year Period with 4%

Interest
C
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= =S TEQ 2
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S8F |S49F |S4FR
Value of Purchase Savings with 4%
Compound Interest After 8 Years: $ 24,181 % 14,883 $ -
Value of Fuel Savings with 4%
Compound Interest On Periodic
Investments After 8 Years: $ - $ 3,357 % 3,761
Depreciated Value After 8 Years: $ 6,11% 7,734 $ 7,730
Total value after 8 years: $ 30,296 25,969 $ 11,491

Shown in Table 4.4.34, the Ford Escape will sfiéothe highest total value after
8 years if the interest rate increased to 8% witlh@proximate value of $38,800. The
Ford Escape HEV is still the next best alternasimd will cost approximately $7,100
more than the Ford Escape. The Ford Escape PHHi¢ worst alternative and will cost
approximately $26,700 more than the Ford Escapepptbximately $19,600 more than

the Ford Escape HEV.
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Table 4.4.34 Estimated Values of Purchase Dewsafter an 8 Year Period with 8%

Interest
i) i) .E
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Value of Purchase Savings with 8%
Compound Interest After 8 Years: $ 32,703] $ 20,129 $ -
Value of Fuel Savings with 8%
Compound Interest On Periodic
Investments After 8 Years: $ - $ 3,873 $ 4,347
Depreciated Value After 8 Years: $ 6,116 7,734 $ 7,730
Total value after 8 years: $ 38,81% 31,733 $ 12,073

If the price of gas rises to a stable $4 per gatogasoline from the previous
estimations of a stable $3 per gallon of gasoliith 8% interest on savings, then the
value of the purchase decision after 8 years clatage With higher gasoline prices, the
fuel savings per year for the hybrid vehicles iases which results in a shift in the total
value of the purchase decision. Shown in Table38,4he Ford Escape will still offer the
highest total value after 8 years if the fuel pig@ecreased to $4 per gallon of gasoline
with an approximate value of $20,700. The Ford peddEV is still the next best
alternative, but the cost shrinks to approxima$2y200 more than the Ford Escape. This
cost is down approximately $1,000 from the codedince under a stable fuel cost of $3
per gallon. The Ford Escape PHEV is the worst @éitere, but the cost shrinks to
approximately $13,900 more than the Ford Escapepptbximately $11,800 more than

the Ford Escape HEV. This cost is down approximeké|600 with respect to the Ford
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Escape and $600 with respect to the Ford HEV fitoencbst difference under a stable

fuel cost of $3 per gallon.

Table 4.4.35 Estimated Values of Purchase Dewsidter an 8 Year Period with 2%
Interest and a $4 per Gallon of Gasoline
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Value of Purchase Savings with 2%
Compound Interest After 8 Years: $ 20,701 $ 12,743 $ -
Value of Fuel Savings with 2%
Compound Interest On Periodic
Investments After 8 Years: $ - $ 4,169 $ 5,148
Depreciated Value After 8 Years: $ 6,116 7,730 $ 7,730
Total value after 8 years: $ 26,818 24,644 $ 12,878

From the standpoint of a simple cost analysishbtst possible choice for a
consumer is the choice that will have the highatier after 8 years. If the fuel costs are
assumed to be stable at $3 per gallon, an incieasterest rates will not affect the
purchase decision of the consumer as shown in &igdr.22, and the purchase of a Ford
Escape will be the best decision. However, if thet ©f gasoline were to increase to a
stable $6.09 per gallon over 8 years, the chanfeeircost would start to effect the
purchase decision at 2% interest as seen in Figdr23. At this point the Ford Escape
Hybrid would be on par with the Ford Escape in teohvalue after 8 years. It would
take the cost of gasoline increasing to an unlig$.50 per gallon over 8 years to put
the Escape PHEV on par with the Escape Hybrid aitri28test as seen in Figure 4.4.24.

Changes in electricity costs would alter the vaitithe Escape PHEV, but would not
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affect the purchase decisions as drastically dsage in the cost of gasoline. In Table
4.4.36, the break-even prices for gasoline betweemlternative vehicles and the Ford
Escape suggest that an increase in gas pricedfeahthe purchase decision at the

considered interest rates.

The Effect of Interest Rates on the Purchase
Decision after 8 Years with Gasoline at $3/gal
$40,000

$35,000

$30,000 _—

$25, 00 //

Ford Escape
$20,000 —=— Ford Escape HEV
Ford Escape PHEV

Value ($)

$15,000

$10,000 T T T T
0 0.02 0.04 0.06 0.08 0.1

Interest Rate

Figure 4.4.22 The effect of interest rates onvillae of a purchase decision after 8 years
assuming stable fuel costs of $3/gal of gasolieadbland $0.097/KWh.
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The Effect of Interest Rates on the Purchase
Decision after 8 Years with Gasoline at $6.09/gall
$40,000

$35,000

$30,000

—o— Ford Escape

$25,000 —= Ford Escape HEV

Ford Escape PHEV

Value ($)

$20,000

$15,000

$10,000
0 0.02 0.04 0.06 0.08 0.1

Interest Rate

Figure 4.4.23 The effect of interest rates onvilae of a purchase decision after 8 years
assuming stable fuel costs of $6.09/gal of gasdileed and
$0.097/KWh.
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The Effect of Interest Rates on the Purchase
Decision after 8 Years with Gasoline at $23.53/gal
$60,000

$55,000 /.
$50,000

/ Ford Escape
$45,000 4 —=— Ford Escape HEV

B |
o Ford Escape PHEV
S $40,000
$35,000
$30,000
$25,000 ‘ ‘ ‘ ‘
0 0.02 0.04 0.06 0.08 0.1

Interest Rate

Figure 4.4.24 The effect of interest rates ornvlee of a purchase decision after 8 years
assuming stable fuel costs of $23.53/gal of gasdiiend and
$0.097/KWh.

Table 4.4.36 Break-Even Gasoline Prices with EigitgrCosts of $0.097/KWh for the
2009 Ford Escape XLT FWB 14
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2% Interest Rate $ 6.0p$ 12.44
4% Interest Rate $ 6.8[7$ 13.66
8% Interest Rate $ 8.4Pb% 16.13
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The cost analysis of a purchase decision dependsaoy variables. The direct
costs such as vehicle purchase price, infrastrecosts, fuel costs, and depreciated
vehicle value are often the easiest to asses. @bkangnterest rates and fuel costs can
sway the outcome of the analysis. Considering tdlgles fuel costs of $3/gallon of
blended gasoline and $0.097/KWh as well as theaflatial interest rate of 2%, the best
purchase decision a consumer could make in termaloé after 8 years is the purchase
of the traditional Ford Escape. The Ford Escaperidyb the next best alternative for the
consumer and will cost approximately $3,200 moeatthe Ford Escape. The Ford
Escape Hybrid with Hybrids Plus conversion is tlegsvalternative for the consumer
and will cost approximately $14,800 more than thedFEscape and approximately

$11,600 more than the Ford Escape HEV.

Other Benefits

Each of the alternative purchase decisions merdian¢his case study carry with
it benefits that are not always considered by tresaumer when purchasing a vehicle.
Other than the stated costs, benefits that theutnasmay not necessarily be aware of
include health, welfare, ecological, and other etoic benefits. These benefits don't
have an inherent monetary value, but are still \isoansidered in a standard cost-
benefit analysis by estimating their worth. Dug¢hte large scale and highly variable
nature of these benefits, they will be mentioned,ro direct cost to the consumer is
estimated due to accuracy issues. The cost analysige does not include monetary

estimations of these benefits. If the value oftibrefits associated with a purchase
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decision outweigh the cost differences stated presly, then that purchase decision may

actually be better for the consumer.

Health Benefits

The health benefits of choosing an Escape HEV dEWbBiver the conventional
Escape are directly linked to cleaner air due #oréduction of certain emissions during
the WTW operation of the vehicle. These emissiochide the principal pollutants
VOCs, CO, NOx, SOx, PN, and PM. Also, included is ground level ozone, one of the
products of emissions and sunlight in the photogbainsmog reaction.

According to the EPA, CO causes harmful healthct$fby reducing oxygen
delivery to the body's organs and tissues andemhtb harmful cardiovascular and
central nervous system effects. Cardiovasculactsffirom low level exposure include
chest pain and reduced ability to exercise. Cengalous system effects by CO at high
levels include vision problems, reduced abilitymork or learn, reduced manual
dexterity, and difficulty performing complex taskd.At extremely high levels, CO is
poisonous and can cause death. An Escape HEV oVR¥dEId reduce CO emissions
during the WTW operation of the vehicle increadimg benefit to the health of the
population.

NOy can trigger a variety of health problems for spsbée individuals such as
children, asthmatics, and the elderly. Accordmghe EPA, short-term exposures can
cause adverse respiratory effects including ainnigmmation in healthy people and

increased respiratory symptoms in people with aaffthAn Escape HEV or PHEV
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would reduce NQemissions during the overall operation of the gkehincreasing the
benefit to the health of the population.

SO can trigger a variety of health problems for spsibée individuals such as
children, asthmatics, and the elderly. Accordmghie EPA, short-term exposures t0,SO
may cause an array of adverse respiratory effactading bronchoconstriction and
increased asthma symptoms in healthy peéplén Escape HEV would reduce $O
emissions during the overall operation of the viehilecreasing the benefit to the health
of the population.

PM;p and PM s emissions can get deep into the lungs and causeiséealth
problems including respiratory irritation, coughjmlifficulty breathing, decreased lung
function, aggravated asthma, development of chror@achitis, irregular heartbeat, heart
attack, and premature death in people with heduray disease. According to the EPA,
people with heart or lung diseases, children addrahdults are the most likely to be
affected by particle pollution exposuf& An Escape HEV would reduce Rjand
PM. s emissions during the overall operation of the gkehincreasing the benefit to the
health of the population.

The photochemical smog reaction of primarily VOCS8), NQ,, and sunlight
produces ground-level ozone. According to the EgtAund-level ozone triggers a
variety of minor health problems including cheshpaoughing, throat irritation, and
congestion, and cause major health problems subtoashitis, emphysema, and asthma.
Ground-level ozone exposure also reduces lungiftumanflames the linings of the
lungs, and may permanently scar lung tissue affezated exposufe’ An Escape HEV

or PHEV would reduce VOCs, CO, and Némissions during the WTW operation of the
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vehicle which would lead to a decrease in grounétlezone thereby increasing the
benefit to the health of the population.

Exposure to any of the aforementioned emissiongogntially lead to
hospitalization. These emissions are compoundeddan areas by the increased number
of vehicles operating in a small area. Additionalhese emissions can shift to non-urban

areas with reasonable winds spreading their effects

Environmental Benefits

Environmental benefits of choosing an Escape HERHEYV over the
conventional Escape include reductions in certditG&nd principal pollutant
emissions. Most of these environmental benefitslaeetly linked to emission reduction
during the operation of the vehicle, but some etitur during the feedstock and fuel
stages. GHGs include GACH,, and NO. Principal pollutants include VOC, CO, NO
SO, PMyo, and PMs.

GHGs negatively impact the environment by incregsive effects of global
warming. Reduction of these GHGs produced duried/MTW operation of a HEV or
PHEV will reduce the impact caused by global wagmifhis benefit is associated with
both the Escape HEV and PHEV to varying degrees.

VOCs, CO, and NQare key contributors to photo chemical smog awdi g
level ozone which adversely effect plants and estesys. According to the EPA, these
effects include interfering with the ability of setive plants to produce and store food,
damaging the leaves of trees and other plantscieglforest growth, and potentially

impacting the species diversity in ecosystems. Bialuof VOCs, CO, and NCas well
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as photochemical smog and ozone may benefit tHegical health of wildlifé*® This
benefit is associated with both the Escape HEVRIHEYV to varying degrees.

Particulate matter causes environmental damage thiegoarticles are carried
long distances by the wind and settle on the grarndater according to the EPA. This
can cause lakes and streams to become more adtdicthe nutrient balance in coastal
waters and large river basins, deplete nutriens®ils, damage sensitive forests and farm
crops, and affect the diversity of ecosystéfldReduction of particulate matter in the
case of the Escape HEV may reduce the environmdatahge of particulate matter.

This benefit is associated with the Escape HEV.

Welfare Benefits

The welfare benefits of choosing an Escape HEV tweconventional Escape
are directly linked to the reduction of particulatatter. Particulate matter causes
visibility reduction and aesthetic damage. Findiplas such as Pp are the major cause
of haze in parts of the United States, includingnynaf our treasured national parks,
wilderness areas, and tourist attractiGflsFor example, haze in the Chattanooga area
hinders tourist’s ability to view of all seven gatfrom atop Lookout Mountain at Rock
City. This view is one of the attractions key prdians. Also, particle pollution stains
and damages stone and other materials, includilgyrally important objects such as
statues, monuments, and buildif5For example, many of the civil war monuments
and statues in the U.S. are outdoors and vulnetataesthetic damage by particulate

matter. A reduction of all particulate matter prodd by the WTW operation of an
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Escape HEV would lessen the impact on visibility &&ssen aesthetic damage thereby
benefiting the welfare of the general public.

Other welfare benefits of choosing an Escape HERHEYV over the
conventional Escape are indirectly linked to thduction of VOCs and NQwvhich
contribute to ground-level ozone produced by thet@themical smog reaction. Ground-
level ozone damages plant matter and negativelpatsghe appearance of vegetation in
urban areas, national parks, and recreation &easreduction of all VOCs and NO
produced by the WTW operation of an Escape HEVHEY may cause less of an
impact on vegetation than a conventional Escapelblydbenefiting the welfare of the

general public.

Other Economic Benefits

Apart from the obvious economic benefits for tbesumer are the national
economic benefits that would be felt with the moeetrtoward more efficient alternate
fuel vehicles like the hybrids. In recent yearg, thS. dependence on foreign oil has
grown into an issue of national security since moictine oil used in the U.S. is imported
from unstable countries or countries that are dsatith the U.S. According to the
Institute for the Analysis of Global Security, theonomy is subject to occasional supply
disruptions, price hikes, and loss of wealth duthé&instability of the foreign oil
supplierd® For example, a report for the DoE in 2000 estich#htat the costs to the
U.S. economy of the oil market upheavals of theg&frs prior to the report could be in
the vicinity of $7 trillion (1998 valued dolla” With other developing countries

increasing their demand for oil each year, thescast expected to only increase. Vehicle
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technologies like the HEV and PHEV mentioned here r@duce the stress on the U.S.
economy by reducing the U.S. demand for oil. A cealU.S. demand suggests that the
U.S. would be less reliant on foreign oil from picklly unstable countries and countries
at odds with the U.S thus improving national seguAdditionally, increased PHEV use
would put more emphasis on native resources lik foo electricity production and

would further reduce the need to import oil.

Chapter Conclusion

Given a choice between purchasing Ford Escapéd, Esrape Hybrid, and Ford
Escape Hybrid with Hybrids Plus conversion as é&yadammuter in the TVA operational
area in 2010, a consumer will most likely purchiédievehicle that offers the highest
value over the expected life of the vehicle. FoBarear, 100,000 mile period, a cost
analysis suggests that the consumer should bugotineentional Ford Escape. The
emissions results generated by GREET suggest thattBEscape Hybrid will produce
lower emissions in more categories than the othbicles. The energy consumption
results generated by GREET suggest that the FaralesHybrid will consume the least
energy in more categories than the other vehigless, the number of additional benefits
associated with the purchase of the Ford Escape@dHgbems to outweigh those
associated with the Ford Escape Hybrid with HybRtlss Conversion. Categorically, the
Ford Escape Hybrid seems like the best overalloghdihis holds true for the entire
study if and only if an accurate accounting for t@netary value of the benefits

associated with purchasing the Escape Hybrid ogtvesihe extra cost of the purchase.
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In my opinion, there are several ways to make Hegrative vehicle technologies
more attractive to consumers. An accurate costfliemalysis could show that the
Escape Hybrid offers a value on par with or bdttan the conventional Escape. A
renewal of tax credits on the federal and statel$egould bring the purchase price of the
Escape Hybrid more in line with the price of a cemiwonal Escape. Better and cheaper
battery technologies could help both the hybrid el®@dompete with the conventional
Escape in terms of cost. An increased demand feayhybrids could force Ford to
increase production to capture a higher marketesfdre production of a PHEV model
by Ford rather than a third party conversion comnypaifi decrease the costs of
purchasing a PHEV. Implementation of smart grichtexdogies and off peak pricing
would also increase the desirability of PHEVS. &tighlly, a lot more things would
have to swing in favor of the Escape PHEV to makeare viable than the Escape

Hybrid in the near future.
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CHAPTER 5

CONCLUSION

From the comparisons in this manuscript, altereagind hybrid vehicle-fuel
combinations have been shown to offer several adgas over traditional systems. In
some cases, these advantages do not necessaigténthat one particular combination
is better than another. Instead, they highlighttkagle offs for the use of the alternative
rather than the traditional vehicle fuel combinatio

Several conclusions are drawn from comparisonsdmtvwnodeled alternative
and traditionally fueled vehicles. First, the u$élicect injection technology in spark
ignition gasoline vehicles reduced considerablyehergy consumption and emissions
due to all WTW activities. Second, the use of altOH blend as an alternative fuel to a
CG and RFG market share blend in a SIDI vehiclevgladoseveral advantageous WTW
results, especially in petroleum energy consumpiwh GHG emissions which were
shown to be reduced by 4.3% and 1.7% respectioelWTW activities. However, the
use of a LL-EtOH blend cannot be shown to be caadlly better than the CG and RFG
market share blend in SIDI vehicles due to totdlupant emissions. Third, the use of the
use of a BD20 blend as an alternative fuel to L&B CIDI vehicle showed several
advantageous WTW results, especially in petrolenengy consumption and GHG

emissions which were shown to be reduced by 174844.0% respectively for WTW

208



activities. However, the use of a BD20 blend carm@shown to be conclusively better
than LSD in CIDI vehicles due to total pollutantisgions.

Several conclusions are drawn from comparisonsdmtwnodeled hybrid and
traditionally fueled Ford Escapes for purchase @s®lin Tennessee. First, the use of a
HEV as an alternative to the traditional Escapéefliby a CG and RFG market share
blend showed advantageous WTW results in nearlyadigories, especially petroleum
energy consumption and GHG emission, which wergvaho be reduced by 24.6% and
24.5% respectively. Additionally, all total and arbemissions for the HEV were
appreciably reduced when compared to the traditiBseape. After an 8 year period with
stable fuel cost of $3 per gallon of gas, a curdatision to purchase Escape HEV was
approximately $3,200 less in the value of savithgsta decision to purchase a traditional
Escape. It seems that, due to this analysis, tbepgesHEV must be declared superior to
the traditional Escape with considerations to thedfits of the vehicle. Second, the use
of a PHEV as an alternative to the traditional scueled by a CG and RFG market
share blend showed several advantageous WTW ressitscially petroleum energy
consumption and GHG emission, which were showreteelduced by 38.5% and 17.5%
respectively. Due to the electricity generation mvhich includes close to a 50% share of
coal-fired power plants, the total and urban emarssif particulate matter and $@3
considerably increased compared to the traditiisabpe. Coupled with an extremely
lower value of savings after an 8 year period ti@nEscape, a decision to purchase
Escape PHEV is not appropriate given the curremketa@onditions and electricity
generation mixes. In the future, if capital costgpddue to mass production by the

original equipment manufacturer and electricityg@ation shifts from coal to cleaner
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sources of energy then the purchase decision megassessed in favor of the Escape
PHEV, but right now, it is not the best purchaseiglen a consumer could make.

The effects of different vehicle-fuel combinatianghis thesis are reliant on
several things. First, an understanding of the GRE&I cycle model software and the
related key assumptions and parameters of differemtle-fuel combinations is crucial
to effectively using the GREET software. Secondliséc simulations of vehicle-fuel
combinations that accurately depict real world sciexs must be created and the resulting
information analyzed and compared to other releaiatnatives. Third, other factors,
such as a variety of costs and benefits not indudehe GREET simulation, but
undoubtedly effecting the purchase of a real vehitlust be considered in tandem to the
results of the simulations in a comparison witheottelevant alternatives. While the
results obtained from these simulations and studeg not concussively point to a
single, specific vehicle-fuel combination as a lmgdton, it does point out the advantages
and disadvantages of each simulated vehicle imader manner than just vehicle
operation. This greater understanding of the efach vehicle will have on our world
will hopefully influence people to make more infardhdecisions in the future and

hopefully bring the use of cleaner, more efficigahsportation into the mainstream.

210



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

REFERENCES

Elgowainy, A.Introduction to GREET1.8 Excel Model. Argonne National
Laboratory, 18 Mar. 2008. 15 Sept. 2009. PDF.
<http://www.transportation.anl.gov/pdfs/TA/469.pdf>

Tyner, W., F. Taheripour, Q. Zhuang, D. Birand U. BaldosLand Use Changes
and Consequent CO2 Emissions Due to US Corn Ethanol Production: A
Comprehensive Analysis. 1 July 2010. PDF.
<http://www.transportation.anl.gov/pdfs/MC/625.pdf>

Elgowainy, A., A. Burnham, M. Wang, J. Molbur@nd A. RousseaiVell-to-
Wheels Energy Use and Greenhouse Gas Emissions Analysis of Plug-in Hybrid
Electric Vehicles. 1 Feb. 2009. PDF.
<http://www.transportation.anl.gov/pdfs/TA/559.pdf>

GREET 1. Computer softwarédrgonne GREET Model. Vers. 1.8¢.0. Argonne
National Laboratory, Mar. 2009. Web. <http://grestanl.gov/main>.

“GREET Model.” Argonne GREET Model. Argonne National Laboratal$
Sep. 2009. Web.
<http://www.transportation.anl.gov/modeling_simwatGREET/index.html|>.

Wang, M., Y. Wu, and A. Elgowainperating Manual for GREET: Version
1.7. Argonne National Laboratory, Feb. 2007. PDF.
<http://www.transportation.anl.gov/pdfs/TA/353.pdf>

"Reformulated Gas.U.S. Environmental Protection Agency. U.S. EPA. Web. 25
May 2010. <http://www.epa.gov/oms/rfg.htm>.

"Emission Standards Reference Guide.S. Environmental Protection Agency.
U.S. EPA. Web. 25 May 2010. <http://www.epa.gowgtstandards/fuels/gas-
sulfur.htm>.

Hadley, Stanton WImpact of Plug-in Hybrid Vehicles on the Electric Grid. Oak

Ridge National Laboratory, Oct. 2006. PDF.
<http://ornl.org/info/ornireview/v40_2 07/2007_phug paper.pdf>.

211



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

"2009 Ford Escape Hybrid Engines and Fuelnigoay - MSN Autos.'Car
Information, New Car Prices, Used Car Values, Used Car Reviews, New Car
Reviews - MSN Autos - MSN Autos. Web. 15 Apr. 2010.
<http://autos.msn.com/research/vip/spec_engines2gspr=2009&make=Ford&
model=Escape Hybrid>.

"2009 Ford Escape Engines and Fuel EconoM$N Autos."Car Information,
New Car Prices, Used Car Values, Used Car Reviews, New Car Reviews - MSN
Autos - MSN Autos. Web. 15 Apr. 2010.
<http://autos.msn.com/research/vip/spec_engines2gspr=2009&make=Ford&
model=Escape>.

Miles Plus Plug-in Hybrid Electric Vehicle Conversion - Ford Escape. Boulder,
CO: EEtrex. 26 Feb. 2010. PDF.
<http://www.eetrex.com/pdf/0905 Escape_Specs.pdf>.

“Summary of Expansions and Revisions of tiREET1.8c Version.”
Greet18c_memo. Argonne National Laboratory, 23 Mar. 2009. PDF.
<http://greet.es.anl.gov/files/greet18c_memo>

“North American PHEV DemonstrationHybridsPlusEscapeOriginal Mar08-
Oct08. U.S. Department of Energy: EERE. 26 Feb. 201(0-.PD
<http://avt.inel.gov/pdf/phev/HybridsPlusEscape@r@Mar08-Oct08.pdf>

“North American PHEV DemonstrationHybridsPlusEscapeK 2Feb09-Jun09.
U.S. Department of Energy: EERE. 26 Feb. 2010. PDF.
<http://avt.inel.gov/pdf/phev/HybridsPlusEscape@aMar08-Oct08.pdf>

“TVA Highlights.” fy2009ar. TVA, Dec. 2009. PDF.
<http://www.tva.gov/finance/reports/pdf/fy2009aripd

"2009 Model Year Hybrid Vehicleslhternal Revenue Service. 10 Feb. 20009.
Web. <http://www.irs.gov/newsroom/article/0,,id=108®,00.htmI>.

"2010 Model Year Hybrid Vehicleslhternal Revenue Service. 4 Jan. 2010. Web.
<http://www.irs.gov/businesses/corporations/artiléd=214280,00.html>.

"Going Green May Reduce Your Taxesiternal Revenue Service. 5 Apr. 2010.
Web. <http://www.irs.gov/newsroom/article/0,,id=289,00.htmI>.

"Hybrid and Plug-in Incentives and Rebat&egion by Region."

HybridCars.com. 8 Mar. 2010. Web. <http://www.hybridcars.com/lbca
incentives/region-by-region.html>.

212



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

"What Fees Should You Pay2dmunds.com. Web. Sept. 2010.
<http://www.edmunds.com/advice/buying/articles/194/&rticle.html>.

Morrow, Kevin, Donald Karner, and Jamesrefart. Plug-in Hybrid Electric
Vehicle Charging Infrastructure Review. Idaho National Laboratory, Nov. 2008.
PDF. <http://avt.inel.gov/pdf/phev/phevinfrastruetleport08.pdf>.

Depreciation Estimator. Computer softwareCarPrice.com. Web. Sept. 2010.
<http://www.carprice.com/depreciation-calculator>.

"Welcome to Hybrid TravelersHybridTravelers.com. Web. Sept. 2010.
<http://hybridtravelers.com/>.

"Carbon Monoxide.U.S. Environmental Protection Agency. Web. Sept. 2010.
<http://epa.gov/air/urbanair/co/index.html>.

"Nitrogen Dioxide."U.S. Environmental Protection Agency. Web. Sept. 2010.
<http://epa.gov/air/nitrogenoxides/>.

"Sulfur Dioxide."U.S. Environmental Protection Agency. Web. Sept. 2010.
<http://epa.gov/air/sulfurdioxide/>.

"Particulate Matter.U.S. Environmental Protection Agency. Web. Sept. 2010.
<http://epa.gov/air/particlepollution/>.

"Ground-level Ozone.U.S Environmental Protection Agency. Web. Sept. 2010.
<http://epa.gov/air/ozonepollution/>.

Greene, David L., and Nataliya I. Tishchishy@osts of Oil Dependence : A
2000 Update. Oak Ridge National Laboratory, May 2000. PDF.
<http://cta.ornl.gov/cta/Publications/Reports/ORNM_2000_152.pdf>.

"How Much Are We Paying for a Gallon of Gag’e Real Cost of QOil. Institute

for the Analysis of Global Security. Web. Nov. 2010
<http://www.iags.org/costofoil.html>.

213



APPENDIX A

VEHICLE-FUELS COMPARISON: TRADITIONAL VS.

ALTERNATIVE FUEL SYSTEMS

214



APPENDIX A.1

Procedure

The following section outlines the procedure usesditulate the vehicle-fuel
combinations stipulated in Chapter 3 using GREBE.D. The GREETGUI is preferred
for this simulation due to its ease of use andastimed modeling. GREETGUI also
offers access to first tier assumptions and pararmethich can be tweaked to simulate
slightly different situations for vehicle-fuel comiations.

First, open GREETGUI following the instructionsSection 2.4.1. Follow the on
screen instructions as outlined until you reachntfaén menu (See Fig. 2.4.4). Start a new
session and input a file name. For this case sthéyhase reference file name is “PC
Cs1”

From the Scenario and Fuel Pathway Selections wir(@ee Fig. 2.4.7), the
selected simulated year is set to 2010 with gas@ird diesel selected in the petroleum
pathway group (See Fig 2.4.8), low level blend §841by volume with gasoline and
diesel) selected in the bio-ethanol pathway gr&ge(Fig 2.4.10), and the biodiesel
pathway. No stochastic simulations are selecteth®simulation. The selected vehicle
type is PC.

From the Market Shares Options window (See F#12), GREET Default
Market Shares is selected for each available malfkein the Gasoline and Diesel Fuel
Types and Shares window (See Fig 2.4.13), the RBGI4CG% for 2010 should both
read 50.0%. RFG is CG with an oxygenate, usualgretl, added to raise the oxygen

content (by weight in this case) of a fuel to sameimum limit. Many refueling stations
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now guarantee that the gasoline they sell is biémdth no more than 10% ethanol by
volume. However, they don’t guarantee that theyarsexygenate all the time. The
market shares reflect the estimated use of eaehdfygasoline during the course of the
2010 model year in the U.S. The diesel fuel wasdethe default 100.0% LSD for the
simulated year. From the Ethanol Feedstock Shairedow (See Fig. 2.4.20), corn
remained at the default of 100.0% of the feedstoakket. Although strides are being
made to improve production from other sources, t®astimated by GREET to be the
U.S.’s only reliable source of ethanol in 2010.

The Petroleum Pathway Options window contains e RFG, and LSD fuel
tabs. On the CG tab (See Fig. 2.4.22), the suifullremains at the default 25.5 ppm. On
the RFG tab (See Fig. 2.4.21), the sulfur levelaies at the default 25.5 ppm and the O
content (by weight) remains at 2.3%. EtOH rema@&ieded as the oxygenate and corn
holds 100% of the market shares The vehicle tecyned selected in the RFG tab and
reflected in the CG tab include Sl engine and &idine. From the LSD tab (See Fig.
2.4.24), the sulfur level remains at 11.0 ppm, #edocation for use remains defaulted
to the U.S. The vehicle technology selected foDiSCIDI engine.

The Biofuels Pathway Options window contains tti@eol, electricity, and
biodiesel tabs. On the ethanol tab (See Fig. 2)4c88n ethanol options remain at their
default values. DMP holds an 87.5% market sharéaAhiMP holds a 12.5% market
share. The share of process fuels for DMP rema® &% and 20.0% for NG and coal
while the share of process fuels for WMP remaifa0% and 40.0% for NG and coal.
Vehicle technology for low-level blend with gas@imcluded Sl engine and SIDI

engine. No vehicle technology for low-level blendhndiesel is selected. Note that not
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selecting a vehicle technology for a particulad fteuses a warning window to open after
completing the biofuels pathway options. Simplytamne on past the window after
completing inputs for the entire window. On thectieity tab (See Fig. 2.4.35), the
marginal generation mix for transportation use tnedaverage generation mix for
stationary use remains defaulted to U.S. mix. TH& thix contains 1.1% residual oll,
18.3% NG, 50.4% coal, 20.0% nuclear power, 0.7%nbgs, and 9.5% others. Advanced
power plant tech shares remain at default settintyisNG turbine combined-process
technology at 44.0%, NG turbine simple-processrteldygy shares at 36.0%, and
advanced coal and advanced biomass technologysdbaite at 0.0%. Under nuclear
plants for electricity generation, both LWR and HR @lants technology shares remain
at 25.0% and 75.0% for gas diffusion and centrifiggdinologies, respectively. Biomass
power plant feedstock shares remain at defaulegalith woody biomass holding
100.0% market share over herbaceous biomass. NGCCiaty by default is displaced
by electricity co-generated in natural gas-basetiguroduction plants. The U.S. Mix by
default is displaced by electricity co-generatedaal-based fuel production plants and
biomass-based fuel production plants. On the bsedliab (See Fig. 2.4.36), the CIDI
engine is the only vehicle technology selected.

In the Simulation Options for Alternative Fuel Bbts window (See Fig.2.4.41),
ethanol, biodiesel, gasoline, and diesel optionsaie at the default values. For blending
with gasoline, 10.0% ethanol content by volumeefadlted. For blending with diesel,
20.0% biodiesel by volume is defaulted. For theeth (low-level blend), 100.0% CG is

defaulted for blending. For the biodiesel, 100.080Lis defaulted for blending. After
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finishing the inputs, proceed to parametric asswmptoptions and select ‘Use GREET
default assumption estimates.’

On the Fuel Production Assumptions window (See Eig.44), the default values
for the base year 2010 are used for the petroletimnol, and electricity tabs. Crude
recovery efficiency is assumed to be 98.0%. CGinggi efficiency is assumed to be
87.7%. LSD refining efficiency is assumed to be388. CQ emission from landuse
change by corn farming was assumed to be 195.GlgghuCorn farming energy use is
assumed to be 12,635 btu/bushel. Ethanol produetiengy use by dry mills is assumed
to be 36,000 btu/gallon. Ethanol production energgy by wet mills is assumed to be
45,950 btu/gallon. Residual oil utility boiler efiiency is assumed to be 34.8%. NG
utility boiler efficiency is assumed to be 34.8% Nimple process turbine efficiency is
assumed to be 33.1%. NG combined process turbiilceeaty is assumed to be 53.0%.
Coal utility boiler efficiency is assumed to be B. Electricity transmission and
distribution loss is assumed to be 8.0%. Energgnisity in HTGR reactors is assumed to
be 8.704 MWh/g of U-235. Energy intensity in LWRacéors is assumed to be 6.926
MWh/g of U-235. Electricity use of uranium enricant in gaseous diffusion plants for
LWR electricity generation is assumed to be 2,40MISWU. Electricity use of uranium
enrichment in centrifuge plants for LWR electricgfgneration is assumed to be 50.00
kWh/SWU. Electricity use of uranium enrichment asgous diffusion plants for HTGR
electricity generation is assumed to be 2,400 kWIS Electricity use of uranium
enrichment in centrifuge plants for HTGR electgaeneration is assumed to be 50.00

kWh/SWU.
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On the Vehicle Operation Assumptions window (Sige £4.46 and 2.4.47), the
Baseline Vehicles (Model Year 2005) and Alternafftesled and Advanced Vehicles
(Model Year 2005) keep the default values. Thedidiaseline vehicles include Sl
vehicle: CG and RFG, and CIDI vehicle: CD and L®&Iefault values for the baseline
vehicles are tabulated in Appendix A.1. The altéweafueled and advanced vehicles
include: CIDI vehicle: CD and LSD, Sl vehicle: EtQidw-level, SIDI vehicle: CG and
RFG, SIDI vehicle: EtOH, CIDI vehicle: BD. Defaw&lues for the alternative-fueled
and advanced vehicles are tabulated in Appendix After the vehicle operation
assumptions, update the parametric assumptioral fpears

At this point, GREETGUI updates the parametricaggions, runs the
simulation, and compiles the results. The resulitipgit and output files save using the
input file name and appropriate appendices. Ferdase study, the results are saved as
PC CSlin.xls, and PC CS10ut.xls. Additionally, aEER assumption file for the

simulation is saved under the simulation name.
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APPENDIX A.2

VEHICLE ASSUMPTIONS

Table A.1 Baseline Vehicle Operation Parameters
Items Sl Vehicle: CG and RFC | CIDI Vehicle: CD and LSD
Gasoline Equivalent MPG 23.40 28.08
Exhaust VOC 0.122 0.088
Evaporative VOC 0.058 0.000
CcO 3.745 0.539
NO, 0.141 0.141
Exhaust PM, 0.0081 0.009
Brake and Tire Wear P} 0.0205 0.0205
Exhaust PM 5 0.0075 0.0084
Brake and Tire Wear PM 0.0073 0.0073
CH, 0.0146 0.0026
N,O 0.012 0.012
Table A.2 Advanced and Alternative Fueled Vehiclgtion Parameters
CIDI Vehicle: Sl Vehicle: SIDI Vehicle:
ltems CD and LSD | EtOH Low-Level | CG and RFG
Gasoline Equivalent MPG 120.0% 100.0% 115.09
Exhaust VOC 100.0% 100.0%
Evaporative VOC 100.0% 100.0%
CcoO 100.0% 100.0%
NO, 100.0% 100.0%
Exhaust PM, 100.0% 100.0%
Brake and Tire Wear P} 100.0% 100.0%
Exhaust PM5 100.0% 100.0%
Brake and Tire Wear PM 100.0% 100.0%
CH, 100.0% 100.0%
N,O 100.0% 100.0%
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Table A.3 Advanced and Alternative Fueled Vehiclgtation Parameters

SIDI Venhicle: | CIDI Vehicle:
ltems EtOH Low-Level BD

Gasoline Equivalent MPG 115.0% 120.0%
Exhaust VOC 100.0% 100.0%
Evaporative VOC 100.0% 0.0%
CcoO 100.0% 100.0%
NO, 100.0% 100.0%
Exhaust PM, 100.0% 100.0%
Brake and Tire Wear P 100.0% 100.0%
Exhaust PM5 100.0% 100.0%
Brake and Tire Wear PM 100.0% 100.0%
CH, 100.0% 100.0%
N,O 100.0% 100.0%
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APPENDIX A.3

RESULTS

Table A.4 Well to Pump Energy Consumption and Eiomssfor the SIDI Vehicle
Fueled with CG and RFG

Btu/mile or grams/mile
Vehicle

Item Feedstock Fuel Operation Total
Total Energy 228 842 4,268 5,338
Fossil Fuels 221 755 4,179 5,155
Coal 33 139 0 178
Natural Gas 137 259 0 3p7
Petroleum 51 356 4,179 4,586
CO, (w/ CinVOC & CO) 15 57 328 39p
CH, 0.397 0.067 0.015 0.479
N,O 0.000 0.004 0.012 0.017
GHGs 25 60 332 416
VOC: Total 0.015 0.102 0.180 0.2p7
CO: Total 0.028 0.033 3.745 3.806
NO,: Total 0.105 0.098 0.141 0.344
PM;,: Total 0.009 0.038 0.029 0.016
PM, = Total 0.004 0.014 0.015 0.033
SQ.: Total 0.035 0.066 0.005 0.107
VOC: Urban 0.002 0.064 0.112 0.478
CO: Urban 0.001 0.015 2.329 2.346
NO,: Urban 0.005 0.040 0.088 0.132
PM; o Urban 0.000 0.008 0.018 0.0%6
PM, = Urban 0.000 0.004 0.009 0.014
SQ,: Urban 0.003 0.028 0.003 0.034
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Table A.5 Well to Pump Energy Consumption and Eiorssfor the SI Vehicle
Fueled with a LL-EtOH Blend

Btu/mile or grams/mile
Vehicle

Item Feedstock Fuel Operation Total
Total Energy 291 1,210 4,908 6,409
Fossil Fuels 282 927 4,591 5,400
Coal 43 186 0
Natural Gas 167 358 0
Petroleum 71 383 4,591
CO, (w/ CinVOC & CO) 2 70 376
CH, 0.432 0.092 0.015
N,O 0.013 0.001 0.012
GHGs 17 73 380
VOC: Total 0.017 0.123 0.180
CO: Total 0.037 0.038 3.745
NO,: Total 0.133 0.114 0.141
PM;,: Total 0.012 0.052 0.029
PM, s Total 0.006 0.018 0.015
SQ.: Total 0.049 0.079 0.006
VOC: Urban 0.003 0.073 0.112
CO: Urban 0.001 0.016 2.329
NO,: Urban 0.005 0.044 0.088
PM;q Urban 0.000 0.008 0.018
PM, 5. Urban 0.000 0.005 0.009
SQ,: Urban 0.004 0.031 0.004
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Table A.6 Well to Pump Energy Consumption and Eiomssfor the SIDI Vehicle
Fueled with a LL-EtOH Blend

Btu/mile or grams/mile
Vehicle

Item Feedstock Fuel Operation Total
Total Energy 253 1,052 4,268 5,973
Fossil Fuels 245 806 3,992 5,043
Coal 37 162 0 19P
Natural Gas 146 312 0 457
Petroleum 62 333 3,992 4,387
CO, (w/ CinVOC & CO) 2 61 327 390
CH, 0.375 0.080 0.015 0.470
N,O 0.012 0.001 0.012 0.024
GHGs 15 63 331 410
VOC: Total 0.015 0.107 0.180 0.3p2
CO: Total 0.032 0.033 3.745 3.810
NO,: Total 0.116 0.099 0.141 0.3%6
PM;,: Total 0.010 0.045 0.029 0.084
PM, = Total 0.005 0.016 0.015 0.036
SQ.: Total 0.043 0.068 0.005 0.116
VOC: Urban 0.002 0.063 0.112 0.478
CO: Urban 0.001 0.014 2.329 2.345
NO,: Urban 0.005 0.038 0.088 0.181
PM; o Urban 0.000 0.007 0.018 0.0%5
PM, s Urban 0.000 0.004 0.009 0.014
SQ,: Urban 0.003 0.027 0.003 0.083
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Table A.7 Well to Pump Energy Consumption and Eiomssfor the CIDI Vehicle
Fueled with LSD

Btu/mile or grams/mile
Vehicle
Item Feedstock Fuel Operation Total
Total Energy 219 574 4,090
Fossil Fuels 212 566 4,090
Coal 32 100 0
Natural Gas 132 180 0
Petroleum 49 287 4,090
CO, (w/ CinVOC & CO) 20 43 323
CH, 0.380 0.047 0.003
N,O 0.000 0.001 0.012
GHGs 30 44 327
VOC: Total 0.014 0.017 0.088
CO: Total 0.027 0.025 0.539
NO,: Total 0.101 0.074 0.141
PM;,: Total 0.009 0.027 0.030
PM, = Total 0.004 0.010 0.016
SQ.: Total 0.034 0.051 0.002
VOC: Urban 0.002 0.010 0.055
CO: Urban 0.001 0.013 0.335
NO,: Urban 0.004 0.033 0.088
PM;,: Urban 0.000 0.006 0.018
PM, 5. Urban 0.000 0.004 0.010
SQ,: Urban 0.003 0.024 0.001

225



Table A.8 Well to Pump Energy Consumption and Eiomssfor the CIDI Vehicle
Fueled with BD20

Btu/mile or grams/mile
Vehicle

Item Feedstock Fuel Operation Total
Total Energy 254 1,777 4,090 6,121
Fossil Fuels 247 618 3,323 4,188
Coal 34 97 0 131L
Natural Gas 125 276 0 401
Petroleum 87 246 3,323 3,6p6
CO, (w/ CinVOC & CO) -39 44 324 32p
CH, 0.317 0.063 0.003 0.383
N,O 0.008 0.001 0.012 0.021
GHGs -29 46 328 345
VOC: Total 0.015 0.093 0.088 0.1p6
CO: Total 0.037 0.025 0.539 0.600
NO,: Total 0.113 0.076 0.141 0.380
PM;,: Total 0.011 0.025 0.030 0.066
PM, s Total 0.006 0.010 0.016 0.031
SQ.: Total 0.049 0.048 0.002 0.098
VOC: Urban 0.002 0.008 0.055 0.g65
CO: Urban 0.001 0.011 0.335 0.347
NO,: Urban 0.004 0.029 0.088 0.1?21
PM,,: Urban 0.000 0.005 0.018 0.024
PM, s Urban 0.000 0.003 0.010 0.013
SQ,: Urban 0.003 0.020 0.001 0.025
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APPENDIX B.1

PROCEDURE

The following section outlines the procedure usesimulate the 2009 Escapes
with the GREET Excel model. The Excel model is erefd for this simulation since the
2005 parameters for the PHEV model in GREET coethpiaceholder values which are
not comparable to researched values for 2010 @ed Teo achieve a more accurate
simulation of the PHEV, the model changes refl@it®vehicles with adjustments
pertaining to the 2009 Escape variants. Thus,ithalation uses 2010 model data for the
modeled vehicles with pertinent updates for theS2@¢hicle data and an estimated
electricity mix based on the 2009 annual reporhwhie default 2010 assumptions and
parameters. Previous experience with GREETGUI bdhefit the user when navigating
the GREET model and a basic understanding of Enataltion is required for the
following instructions.

First, close all open Excel files. To begin motitythe Excel model, open
“GREET1_8c_0.xls” contained in the ‘GREET1.8’ fotd&nable macros in order for the
model to function properly. Immediately, save tihe inder a new name to prevent
accidental alteration of the original file. Théldaving changes will need to be made on
the ‘Inputs,” ‘LDT1_TS, and ‘Fuel_Prod_TS’ tabs wpdate the Excel model for this
case study.

On the ‘Inputs’ tab, the vehicle type and electyiaptions will be selected using
the drop down selection tools under each optionlingaln cell B13, set the cell to a

value of 2 as shown in Figure B.1. This value cgpoands to the selection of LDT1 as the
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vehicle type. In cells C354:355, set each cell Walae of 4 as shown in Figure B.2. The
value in each cell corresponds to the selectian wder defined electricity generation mix

for transportation and stationary use which willditered later in a separate tab.

Al B | C |
12 |2 Selection of Vehicle Types for Simulation
13 2 1 -- Paszenger Cars
14 2 - Light-Duty Trucks 1
15 3 -- Light-Duty Trucks 2

Figure B.1  Selection of vehicle types for simwatin GREET Excel model.
Selection of a value of 2 in cell B13 in the ‘Inpuiab of the GREET
Excel model sets the vehicle type to LDT1 for tledFEscape Case

Study.
A B G
353 9.2.a) Selection of Electricity Generation Mix for Transportation Use
a54 | Imix for transportation use 4
395 | IMix for stationary use 4

Figure B.2  Selection of electricity generation rfox transportation use in GREET
Excel model. The selection of a value of 4 in c€l854 and C355 in the
‘Inputs’ tab of the GREET Excel model sets the leity generation
mixes to a user defined mix for the Ford EscapesGiady.

Al 8 | ¢ [ o | E [ F [ 6 | H [ 1 | 4 [ & | L | M |
10 | 19.00 0115 0.057 3.445 0.039 0.0122 0.0205 00112 00073 00126 0012
Model voc voc PM10 PM10 PM2.5 PM2.5

11| Year MPG | (Exhaust) | (Evap.) CO HOx | {Exhaust)] {TBW) |{Exhaust)] (TBW) CH4 N2O
12 1980 16.60 1.114 0545 | 19585 | 1.507 00187 0.0205 | 0.m77 00073 ] 0114 041
13 | 1995 16.20 0665 0426 | 10802 | 04995 0.0145 0.0205 | 00133 00073 | 0.0714 | 0082
|14 | 2000 16.30 0.203 0.112 £.485 0.520 00132 0.0205 | 0.0120 00073 | 00273 | 02
15 | 2005 19.00 0115 0.067 3.445 0.099 00122 0.0205 | 00112 00073 | 00126 | 02
|16 | 2010 19.00 0.115 0.067 3.448 0.099 0.0122 0.0205 | 0.0112 0.0073 | 0.0126 | 0.012
17 | 20M5 2040 0115 0.067 3.437 0.099 oo1z2 00205 | 00112 00073 | 00125 | 02

18 2020 22.50 0112 0.067 3.410 0.100 00122 0.0205 | 00112 00073 | 00122 | 02

4N

Figure B.3 LDT1 TS table in GREET Excel model. Tpelated 2005 model year of
the LDT1 baseline TS in the ‘LDT1_TS' tab reflette data from model
year 2010. Above the TS table in yellow, the dathe used by the
simulation is called out of the TS table from mogehr 2005.
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Since GREET will pull data out of time series (T&)les located in the
‘LDT1_TS’ tab, the following changes will need te made in order to have the proper
data called into the simulation calculations. Nthe, changes to the TS tables will only
effect simulations using the LDT1 category selecand the selected vehicle
technologies. To update the gasoline LDT1 basdlBecopy cells C16:M16 and paste
the data into cells C15:M15 as shown in Figure BIg following updates should result
in similar tables with the same data for 2005 a@ti®?model years. To update the GC SI
PHEV CS mode TS, copy cells C493:M493 and pastealteinto cells C492:M492.
Then, copy cells S493:AD493 and paste the dataciits S492:AD492 followed by
updating cell C492 by returning the existing forenullo update the GC SI PHEV CD
mode TS, copy cells D479:M479 and paste the davecills D478:M478. Then, copy
cells S479:AD479 and paste the data into cells 2d7878. Next, copy cells
AG479:AR479 and paste the data into cells AG478:2AR4A hen, copy the cells
AV479:BB479 and paste the data into AV478:BB478] eopy the exact formula (do
not copy the cell, or it will change the formulaevhpasted) from AU479, BC479,
BD479, BE479, BF479 to row 478 in their correspogdiolumns and update each cell if
necessary. Update cell C478 to complete the CD robdeges. To change the EV TS,
copy cell C940 and paste the data into cell C98@. tab should automatically update all
pertinent cells when you leave the tab. To cheaktte cells updated, check the yellow
cell block above each updated table (See Fig. 42ah example) for the new 2005
placeholder data. To update the fuel economy foln @ahicle based on the standard
vehicle data, the 2005 and 2010 MPG cells for @& table must be amended. First,

update cells C215:216 for the SIDI vehicle fuelathwtG and RFG with the formula
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‘=25.36/19.00’ to change the relative MPG to ~138.&f the baseline vehicle as show in
Figure B.4. The following fuel economy changes wakult in a spreadsheet similar to
Figure B.4. Next, update cells C359:360 with therfula ‘=33.65/19.00’ to change the
relative MPG to ~177.1% of the baseline vehicleediupdate cells C478:479 with the
formula ‘=40/19.00’ to change the relative MPG ®16.5% of the baseline vehicle.
Finally, update cells C492:493 with the formula1=19.00’ to change the relative

MPG to ~165.8% of the baseline vehicle.

fis B C
215 2005 133.5%
216 2010 133.5%

Figure B.4 Fuel economy of a LDT1 TS table in GRHEExcel model. The updated
2005 and 2010 model year fuel economy of the LDddebne TS in the
‘LDT1_TS’ tab reflects the expected fuel economyhw SIDI vehicle
fueled by CG and RDF as a percentage of the exgpéotd economy of
the baseline vehicle.

Since this simulation models the Chattanooga ateeh is serviced by TVA for
electricity generation, the table containing therugefined electricity generation mix for
transportation and stationary located on the ‘Aaedd TS’ tab will require several
updates. The changes correspond to the data ie #iahP for the 2010 model. First,
change cell AZ345 to 0.1%. Second, change cell BAB84£.0%. Then, change cell
BB345 to 52.9%. Next, change cell BC345 to 36.8Malfy, change cell BD345 to
0.0%, and update cell BD345. Check that BD345 ¢onsta value of 8.2%. The resulting
table for the “User Defined Mix: Transportation Uséectricity generation should have

the same 2010 data as Figure B.5. The “User Defitigd Stationary Use” will also

need to be updated by copying the updated celliABEE345 and pasting them into
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BH345:BM345. The resulting row should now contalantical data to the row shown in

Figure B.5.
AY AZ | BA | BE | BC | ED | BE
345 2010 0.1% 2.0% 52.9% 36.8% 0.0% Y 8.2%

Figure B.5 User defined electricity generation fioixtransportation use TS table in
the GREET Excel model. The 2010 simulation year deéined
electricity generation mix for transportation usélects the expected
percentage generation from TVA by major fuel soufidee fuel sources
are categorized as residual oil, NG, coal, nucleiamass, and others,
respectively.

At this point, the GREET model will update the egpiate vehicle models when
the ‘Results’ tab is selected. In the first sectatveled “Well-to-pump Energy
Consumption and Emissions,” relevant data are éacet column B for the baseline,
SIDI, and GI SI HEV, in column Q for the GC SI PHEAAd in column AL for the pure
EV. An example of the WTP energy consumption angsions for the SIDI vehicle is
shown in Figure B.6. In the second section lab&ledll-to-wheels Energy Consumption
and Emissions,” relevant data are located undene¢leings located at A29 for the
baseline gasoline vehicle fueled by CG and RF®3&9 for an SIDI vehicle fueled by
CG and RFG, at A679 for a GI SI HEV fueled by C@E &FG, at A929 for a GC SI
PHEYV fueled by CG, RFG, and electricity from thelgand at A1429 for an EV. An

example of the WTW energy consumption and emisdimnthe SIDI vehicle is shown in

Figure B.7. Other results should match the valoesd in the following results section.
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A, B |
=
=
e
[
Fo
3 o2
4 |Tatal Energy 247 376
5 WTP Efficiency B0.2%
B |Fossil Fuels 223535
7 |Coal 41 460
8 Matural Gas g7 ,194
9 |Petroleum 94 554
10 [CO2 (wf Cin YOO & CO0 16 552
11 |CHa 108.155
12 [M20 1.130
13 [GHGs 19,592
14 [0 Total 27 303
15 |Co: Total 14.050
16 MO Total 47 251
17 [Prat10; Total 11.145
18 [PM2 .5 Total 4301
19 (S0 Total 23,736
20 [wOC: Urban 15519
21 |CO: Urban 3.750
22 MO Urban 10.335
23 |PM10: Urban 1.835
24 |PM2 5 Urban 1.067
25 |S0x Urban 7183
=

Figure B.6  The WTP energy consumption and emissiesults table located on the
‘Results’ tab for the baseline CG and RFG fuelkeotfenergy
consumption categories, WTP efficienciy, and emissifor the simulated
fuel in 2010.
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A E | C | D | E | F | G | H |
379 51Dl Vehicle: CG and RFG
480 Btu/mile or grams/mile Percentage of each stage

Vehicle Vehicle

381 |Hem Feedstock Fuel Operation Total| Feedstock Fuel Operation
382 | Total Energy 236 854 4,529 5 649 4.2%, 15 6% 80 2%
383 |Fossil Fuels 226 786 4 434 5447 4.1% 14 4%, 81 4%
384 | Col ar 151 0 183 19.5% 80.2% 0.0%
3585 | Matural Sas 136 259 ] 305 34 3% 65 7% 0.0%
386 | Petroleum 53 377 4 434 4 BE4 1.1% 7% 91 2%,
387 |CO2 fwed Cin WOC & CO 15 &0 343 423 36% 14 2%, 82 3%
385 | cHe 0.421 0.069 0013 0.502 83.8% 13.7% 2.5%
389 | M20 0.000 0.005 0.0z 07 2.2% 27T 70.1%
390 | GHGs 26 £3 352 440 5.5%, 14 3% 79.9%
291 WO Total 0.016 0108 01582 0.306 5.2% 35.2% 29.5%
392\ o Total 0.030 0.034 3447 3512 0.8% 1.0% 93 2%,
393 | Mo Tatal 0111 0103 0.099 0313 35.5% 32.8% 3 5%
3594 | Pt 0 Totsl 0.010 0.041 0.033 0.053 11 8% 43 9%, 30.3%
3595 |PMz2 5: Total 0.004 0.015 0018 0.033 11 5% 39.5% 45 7%
395 | 5o Total 0.037 0.070 0.006 0113 33.1% 61 9% 5.0%
297 %O Urban 0.003 0.053 0.113 01583 1.4%, 36.9% B1.7%
393 | o Urban .00 0016 2145 2462 0.1% 0.73% 99 2%,
3599 e Urban 0.005 0.042 0.082 0108 4 4% 35 8% 56 8%
A0 | Pt 0 Uran 0.000 0.003 0.020 0.029 0.7% 28 3% 71.0%
A07 |Pm2 5: Urban 0.000 0.005 0.0z 0016 0.5% 28.6% 70 4%
402|500 Urban 0.003 0.029 0.004 0.036 8.5% 81.7% 9.5%
403

Figure B.7  The WTW energy consumption and emissiesults table located on the ‘Results’ tab fer$tDI vehicle fueled by
CG and RFG includes a breakdown of each categosydme as well as a percentage breakdown of eagé. st
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APPENDIX B.2

RESULTS

Table B.1 Well to Pump Energy Consumption and Eimissfor the Escape, Escape
HEV, and Escape PHEV Models

O
& 5
g B
S| B
2010 8 é %
@ SO
£l 052
ho} (&)
g GEo
Total Energy 247,376 398,136
WTP Efficiency 80.2% 71.5%0
Fossil Fuels 223,538 337,472
Coal 41,460 174,425
Natural Gas 87,194 79,613
Petroleum 94,884 83,435
CO, (w/ Cin VOC & CO) 16,552 41,8058
CH, 108.155 123.66%
N,O 1.130 1.247
GHGs 19,599 45,269
VOC: Total 27.308 25.56¢1
CO: Total 14.050 17.729
NO,: Total 47.25] 69.568
PM,,: Total 11.14§ 53.074
PM, s Total 4.301 14.986
SQ: Total 23.736 91.824
VOC: Urban 15.51p 13.34p
CO: Urban 3.75D 4.094
NO,: Urban 10.335 13.211
PM,,: Urban 1.835 1.874
PM, 5. Urban 1.067 1.070
SQ.: Urban 7.183 17.411
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Table B.2 Well to Wheel Energy Consumption and Brorss for the Escape Model

SIDI Vehicle: CG and
RFG Btu/mile or grams/mile Percentage of each stage
Vehicle Vehicle
Item Feedstock Fuel Operation Total] Feedstock Fuel Operation|
Total Energy 236 884 4,529 5,649 42% 15.6% 8(.2%
Fossil Fuels 226 786 4,434 5,447 41% 14.4% 81.4%
Coal 37 151 0 19.8% 80.2% 0.0%
Natural Gas 136 259 0 34.3% 65.7% 0}0%
Petroleum 53 377 4,434 1.1% 7.7% 911.2%
CO2 (w/ Cin VOC & CO) 15 60 348 3.6% 14.2% 82|3%
CH4 0.421 0.069 0.013 83.8% 13.7% 2|5%
N20 0.000 0.005 0.012 22% 27.7% 7011%
GHGs 26 63 352 58% 14.3% 79.p%
VOC: Total 0.016 0.108 0.182 52% 35.2% 594.5%
CO: Total 0.030 0.034 3.448 0.8% 1.0% 98.2%
NOx: Total 0.111 0.103 0.099 35.5% 32.8% 31.6%
PM10: Total 0.010 0.041 0.033 11.8%  48.9% 39.3%
PM2.5: Total 0.004 0.015 0.018 11.8% 39.5% 48.7%
SOx: Total 0.037 0.070 0.006 33.1% 61.9% 3.0%
VOC: Urban 0.003 0.068 0.113 1.4% 36.9% 61.7%
CO: Urban 0.001 0.016 2.145 0.1% 0.7% 99.2%
NOXx: Urban 0.005 0.042 0.062 44%  38.8% 5¢4.8%
PM10: Urban 0.000 0.008 0.020 0.7%  28.3% 71.0%
PM2.5: Urban 0.000 0.005 0.012 0.8% 28.8% 70.4%
SOx: Urban 0.003 0.029 0.004 8.5% 8l.7% 9.8%
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Table B.3 Well to Wheel Energy Consumption and Eroiss for the Escape HEV Model

Grid-Independent Sl
HEV: CG and RFG Btu/mile or grams/mile Percentage of each stage
Vehicle Vehiclg
Item Feedstock Fuel Operation Total] Feedstock Fuel Operation
Total Energy 178 666 3,413 42% 15.6% 8(.2%
Fossil Fuels 170 593 3,342 4.1% 14.4% 81.4%
Coal 28 113 0 19.8% 80.2% 0.0%
Natural Gas 102 195 0 34.3% 65.7% 010%
Petroleum 40 284 3,342 1.1% 7.7% 91 2%
CO2 (w/ CinVOC & CO) 11 45 262 3.6% 14.2% 82|3%
CH4 0.317 0.052 0.006 84.6%  13.9% 14 6%
N20 0.000 0.004 0.012 1.8% 22.5% 751 7%
GHGs 19 a7 266 58% 14.3% 79.p%
VOC: Total 0.012 0.081 0.129 54% 36.5% 58.1%
CO: Total 0.022 0.026 3.448 0.6% 0.7% 98.6%
NOXx: Total 0.084 0.077 0.083 34.3% 31.7% 34.0%
PM10: Total 0.007 0.031 0.033 10.4% 43.4% 46.2%
PM2.5: Total 0.003 0.011 0.018 10.1% 34.1% 5%.8%
SOx: Total 0.028 0.053 0.004 33.1% 61.9% 3.0%
VOC: Urban 0.002 0.051 0.080 1.5% 38.3% 6Q.3%
CO: Urban 0.001 0.012 2.145 0.0% 0.6% 99.4%
NOx: Urban 0.004 0.032 0.052 41% 36.5% 59.5%
PM10: Urban 0.000 0.006 0.020 0.6% 23.0% 76.5%
PM2.5: Urban 0.000 0.004 0.012 0.7% 23.4% 7}.0%
SOx: Urban 0.002 0.022 0.003 8.5% 81.7% .8%
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Table B.4

Well to Wheel Energy Consumption and Biorss for the Escape PHEV Model

5%
.8%
D%
7%
.0%
1%
5%
8%

.9%
4%
.9%
.8%

2%
.0%
4%
1%
3%
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Grid-Connected Sl
PHEV: CG and RFG Btu/mile or grams/mile Percentage of each stage
Vehicle Vehiclg
Item Feedstock Fuel Operation Total] Feedstock Fuel Operation
Total Energy 171 1,119 3,241 4,931 3.8% 24.7% 7]
Fossil Fuels 162 931 3,082 4,iI7S 3.9% 22.3% 73
Coal 31 534 349 915 3.4% 58.4% 38.
Natural Gas 87 171 13 2f1 32.0% 63.3% 4
Petroleum 44 226 2,719 1.5% 7.6% 91
CO2 (w/ CinVOC & CO) 11 124 213 3.3% 35.6% 61
CH4 0.357 0.043 0.006 87.9% 10.6% 1
N20 0.000 0.004 0.012 1.6% 23.5% 74
GHGs 20 126 217 5.6% 34.8% 59.6%
VOC: Total 0.016 0.067 0.129 7.6% 31.5% 60
CO: Total 0.021 0.037 3.448 0.6% 1.0% 98
NOx: Total 0.081 0.144 0.083 26.4% 46.7% 26
PM10: Total 0.141 0.031 0.042 65.9% 14.3% 194
PM2.5: Total 0.036 0.012 0.022 51.7%  17.2% 31.1%
SOx: Total 0.030 0.267 0.003 10.1% 88.7% ]
VOC: Urban 0.002 0.042 0.080 1.4% 33.6% 64
CO: Urban 0.001 0.012 2.145 0.0% 0.6% 99
NOx: Urban 0.004 0.039 0.052 40% 41.3% 54
PM10: Urban 0.000 0.006 0.026 0.5% 18.2% 81
PM2.5: Urban 0.000 0.003 0.014 0.6% 19.6% 7
SOx: Urban 0.002 0.054 0.002 3.9% 92.4% i



Table B.5 Well to Wheel Energy Consumption and Eioiss Relative Change
Results for the Escape, Escape HEV, and Escape R#titiéls

Grid-
Grid- Connected
2010 Independent |SI PHEV:

SI HEV: CG |CG and

and RFG RFG
Total Energy -24.6% -19.8p6
Fossil Fuels -24.6%0 -23.3%
Coal -24.6% 387.29
Natural Gas -24.6%0 -31.5%
Petroleum -24.6% -38.5p0
CO, (w/ CinVOC & CO) -24.6% -17.6%
CH, -25.3% -19.1%
N,O -7.49% -6.39
GHGs -24.5% -17.5%
VOC: Total -27.3% -30.7%6
CO: Total -0.4% -0.2%
NO,: Total -21.9% -1.4%
PM,,: Total -15.0% 157.79
PM, s Total -12.6% 85.6%
SQ.: Total -24.6% 166.09
VOC: Urban -27.4% -32.7%
CO: Urban -0.2% -0.2%
NO,: Urban -19.7% -12.8%
PM,o: Urban -7.1% 13.2%
PM, 5. Urban -7.3% 4.8%
SQ.: Urban -24.6% 62.5%
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