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As an example, greenhouse gases are illustrated here

000 [ B Pump to Wheels EWellto Pump | possm

GHG Emissions (g/mi.)
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Wt h DOE Support, Argonne Devd oped t he GREET

Key GREET features

 Emissions of greenhouse gases
v CO,, CH,, and N,O

e Energy use
v All energy sources
v Fossil fuels (petroleum, NG, coal)
v Petroleum

 Emissions of five criteria pollutants
v Total and urban separately
v'VOC, CO, NO,, SO,, and PM,,

s|9aypn 03 dwing

Well to Pump

GREET and its documents are available at
http://www.transportation.anl.gov/software/GREET/index.html
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At Present, There Are Mor e Than 1,700
e GREET Reg sered WsersWor | dwde

B Universities
B Others
W Industri i o
NOLSTIES They are primarily in North
O Governments America, Europe, and Asia
B Consulting
NGOs & North America
GREET users are primarily in & Europe
universities, industries, and .
M Asia
governments
O C&S America
& Others
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Integration of GREET into MOVES Has
—-=eBaen a Joint Effort Between EPA and DOE

O EPA focus: GREET/MOVES integration
= GREET well-to-pump + MOVES pump-to-wheels

= Seamless programming integration of two models

O DOE focus: add new fuel production pathways
= Coal Gasification to H2
= Nuclear energy to H2
» Biomass gasification to H2
= Gasoline and diesel from Canadian oil sands

U The integration effort completed so far was for energy
use and GHG emission modeling




Ti me Sries Based 9§ mu aions Wer e Added
wemas T GREET Through This Efort

 Previous GREET versions were based on two snap-shot
simulations

= Near term
= Longterm

d New GREET version can simulate a target year
= Between 1990 and 2020

= Technology advancement over time is established with time-series
look-up tables in GREET

1 Users can conduct simulations over time by using values
for key parameters

» GREET default values in look-up tables
» User-specified values over time
= GREET interpolation and extrapolation of partial inputs from users
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For ad ven Fud, the New GREET Verg on Co mh nes
w2y OUCEI ON Qotions Wt h Mar ket Shares

1 Previous GREET versions conducted simulations for a
fuel’s production options exclusive to each other

 The new version combines different production options
with their potential market shares

 As an example, users can generate one set of results for
the following H2 production options combined with their
potential market shares

NG central SMR NG distributed SMR Nuclear H2
Biomass H2 Coal H2 Electrolysis H2
Solar PV H2 MeOH/EtOH to H2 at refueling stations

1 But users can still simulate a single production option by
assigning 100% market share to it




(-\ Simulation Steps of Integrated
L= GREET/MOVES

Well-to-pump energy and emissions
in MOVES PROGRAM

<

User selects simulation year(s)
and fuel types

v

Pre-Processing Menu

v

Update well-to-pump rates via GREET

v

Generate input file for GREETGUI

l

Run GREETGUI Program

——>»GREETGUI PROGRAM

Load GREET Model
(in the background)

v

User selects fuel market shares and
Technology options

v

Generate output file of energy use

and emission rates
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- GREETGU Deggnsfor (GREET/ MOVESIntegration

GREET “é= From MOVES

Gasoline and Diesel Fuel Types and Shares

rGasoline Fuel Types and Shares
GREET Default
Yeat RFG% |  CG% =
1990 0g 100.0
Scenario and Fuel Pathway Selections 2=l & User Options ] 1991 30 97.0
e o 1992 60 94.0
. .  GREET Sii Options
rList of Years to be Simulated————————— (Fuel Pathway Group GREET Default Linear Interpolation 1903 a0 1.0
Estimates for Market  between Start Year and User Select 1994 120 a5.0
[~ Petraleum E5 | Shares End Year Estimates Market Shares : :
1995 15.0 85.0
990 1995 2000 2005 ENIR2015 2020 Natural Gas/ e e e B e e S —a o = ‘ 1996 180 820
991 1996 2001 2006 2011 2016 Biomass _I 1997 210 79.0
992 1997 2002 2007 2012 2017 X Low-Sulfur/Correentional Diesel Market Shar 1993 24.0 76.0
993 1995 2003 2008 2013 2018 I" Biothanol - | L E o C | = o 0
994 1999 2004 2009 2014 2019
Gaz H2 Production: Central/Refueling Station Shar 2000 30.0 700
] ez ll L E L L ‘ 2001 31.0 69.0
*ehicle Type i ;
P . Liguid H2 Production: Central/Refueling Station Shar 2002 320 82.0
[~ Biodiesel [ [d [s [s | e =0 &0
' Pazsenger Cars : e
i 2004 34.0 66.0
. ;s LPG Production: MG/Crude Feedstock Sk
™ Light Duty Trucks 1 I” Electicity L - g C C | 2005 30 5.0 =
-
. ANR |0 F2 N
" Light Duty Trucks 2 [ Selact / Diesslect Al ltems |'E_thanol Production: Cam/Biomass Feedstack Shar 3 e I ‘
Crystal Ball Options (Single Year Simulation Only)}—————————————— I™ Default All I Irterpolats Al I™ User Select Al .
& Mo, | do not want to run probability-based Crystal Ball Simulations Diesel Fuel Types and Shares
© Yes, |want to run probability-based Crystal Ball Simulations ; GREET Defaut
Continue > I Year B
1990 oo 1000
1991 oo 1000
= 1992 00 100.0
Fle Edt Format Help 3 ways Options for Base Year: 2010 > 1993 00 1000
To05 ol o0 0.364455 500067188 e D.D 100'0
1999 83 10 0.354146516809408 | L.Petleum ]| Matural Gas | Ethanol | Electricity| Gaseous Hydrogen| Liguid Hydragen W2 1D Gz GH2 90.0% LH2: 90.0% ! A
1009 @ 10 0.127380450706959 Ceniral Stetion Station 1995 0.0 1000
1589 90 10 2.52363018229882E-02 | GHz 100% T . .
1999 5 10 1.009029140618066-04 tems Assumptions Petroleum I Hatural Gas T LPG T Ethanal T Electricty T Blodiesel T ' 1996 [all] 100.0
1009 6 10 4.27L266727377L4E-07 Crude Recovery Eficiency (%) 97.7% | - _ - - Gl
1999 o1 1 0.40L530689803679 I B B % T3 1997 0.0 1000
1609 B3 1T 0:30L075020803885 i sfining Efficiancy (%) o 1o9E oo 10040
1000 B Il 0.125272604368376 | |FREG Refining Eficiency () 85.5% ) 1999 oo 10040
B W n g smmnusn | [CARFS Refining Effcizney () = DIESEL 1000% Low Sulur | DIESEL: 0.0% Conventonal ! /
2oy f e e ;
16 08 L Oiracssrisera | |LPG Refining Efficiency (%) 93.5% [GASOLINE: Reiommiated nelum.mated[ GASOLINE: Conventionsl Iﬁahfnmia Riefomulated Gasoling igg; E'E 133'3
99 8 13 0.110530403438115 ( ‘ I [
1999 50 13 2.553630799013556-02
1009 5 13 1.1263677790L456€-04 02 Contert T 2003 oo 1000
1099 6 13 4.28316677B105G8E-07 by weighty | 23% S 38 ppm S04 oo 10040
1999 oL 20 0.330792262070042 evel = 0 1000
1869 03 30 0.320030184205072 I |
T o 20 0.111320299180079 O P P an
1999 60 20 2.3044440L036186E-02 & MTBE
1005 5 30 084493411262 200E-05
1099 6 20 3.93722720001473E-07 ~ EiH
1909 oL 30 0.L50233644240011
1865 53 30 0.138420725364451 ~ ETBE
1909 9 30 5. 6854 5620758763€-03
1999 60 30 1.0D5L2066625066E-02
165§ 30 2.34599840823800E-04 ™ LE
1099 6 30 1.60185437525274E-07 H
1999 ol 4 0.158856447274503 ® Dozl
1589 93 40 0.1552538325371
1009 B 40 3.430643226452886-02 o
1999 00 40 1:11244640575561E-02
1589 5 40 1.00630464460252E-04
199 6 40 1.05L20304350474E-07
ﬂ << Back LContinue »»
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Calcd ationLogicfar a@ ven
WT P Production ActiMtyin GREET

Calculations

Energy Use by
Fuel Type

l

Emissions Emissions




[[[[[[
TRANSPORTATION RESEARCH

~CadcdationLogicfa ad ven WT P
Transportation Activityin GREET

Energy Use by Mode

(Btu/mmBtu Fuel Transported)

.

Emissions by Mode
(g/mmBtu Fuel
Transported)

Mode Share

Energy Consumption

(Btu/mmBtu Fuel Transported)

Emissions (g/mmBtu
Fuel Transported)




('(R GREET I's Designed to

Conduct S ochastic Smul ati ons

Distribution-Based Inputs Generate Distribution-Based Outputs

Cell C297: Normal Distribution x|
Assumption Name: [NG to GH2 Production Efficiency

Probability

{ Mean - 71.5%

59.0% B5.3% 71.5% 7% 94.0%

[ 2 I—Iniinitv,,.-r 4 |+Infinity Forec ast: H2 FCV change, GHG
20% I 80% |?5_|]% 4,000 Trials Frequency Chart 3,970Displayed

OK | Qa““"l Enter I Gallery Cugrelale...l | 2] - ioo

R R A e e T - - H-H-4---F-----------cmmemmeo oo - 15

013 4

Probability
Aauanhaig

ooe 4

.ooo 4

H1.5% =56 5% =510% B LAY -b1 5%
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WT P O iteria Poll uant Issues\Wer e
Addressed Through A Prgect wth GV

Data for relevant facilities were extracted from
EPA’s 1999 National Emissions Inventory
database

Total emissions for a given facility were divided by
its throughput to develop emissions factors

Distribution curves were fitted to current EPA
emission data

The curves were further adjusted to account for
improvements by future technologies and
emission controls




GREET Ind udes Transportaion Fudsfrom

[(( - \/ari ous Ener gy Feedstocks

Petroleum

Gasoline
Diesel

Natural

LPG
Naphtha
Residual oil

Gas

Nuclear

\ 4

CNG
LNG
LPG
Methanol
Dimethyl Ether

FT Diesel and Naphtha

Hydrogen

Energy

\ 4

Hydrogen

Coal

\ 4

Hydrogen

Note: options in blue are new.

Corn » Ethanol
Soybeans * Biodiesel
Ethanol
: Hydrogen
Cégllulosm > Methanol
lomass Dimethyl Ether
FT Diesel and Naphtha
Residual Oil
Coal
Natural Gas
Nuclear > EleCtriCity
Biomass
Other Renewables
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(Cc GREET PetrdeumFud

Composite NA
and NNA Crude;
Canadian Oil sands

Pat hways

| Non-CA Refineries;
| California Refineries

\ 4

Federal Gasoline:
Conventional
Reformulated:

No Oxygenate
MTBE
EtOH
ETBE
TAME

\ 4

CA Gasoline:
No Oxygenate
MTBE
EtOH
ETBE
TAME

\ 4

Diesel:
CA Diesel
Federal Conventional
Federal Low-Sulfur

Note: NA — North American; NNA — Non-North American

\ 4

Other Fuels:
LPG
Residual Oil
Naphtha
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GREET Natural Gas Fud Pat hways

CNG
LNG
LPG
Methanol
Standalone
Stem Co-Generation
Electric Co-Generation
Dimethyl Ether
Standalone
Stem Co-Generation
Electric Co-Generation
FT Diesel and Naphtha
Standalone
Stem Co-Generation
Electric Co-Generation

A 4

NA NG

NNA NG

\ 4
\ 4

Y

NNA Flared Gas

Landfill Gas

Methanol

\ 4

Note: hydrogen from NG options are not presented here.




NA NG

GREET Hydrogen P oduction Pat hways

NNA NG

[
»

NNA Flared Gas

»
»

Nuclear Energy

Y

A\ 4

Gaseous H2
Liquid H2

A\ 4

Central Plant Production
No C Sequestration
C Sequestration

Biomass

\ 4

Gaseous H2
Liquid H2

A\ 4

Distributed Production

\ 4

Central Plant Production
HTGR H20 Splitting
HTGR Electrolysis

Coal

\ 4

Gaseous H2
Liquid H2

\ 4

Distributed Production
LWR Electrolysis
HTGR Electrolysis

Methanol
Ethanol

\ 4

Gaseous H2
Liquid H2

\ 4

Central Plant Production
No C Sequestration
C Sequestration

A\ 4

Central Plant Production
Standalone
Steam Co-Generation
Electric Co-Generation

Solar Energy

\ 4

Gaseous H2
Liquid H2

\ 4

Central Plant Production
No C Sequestration
C Sequestration

Central Plant Production
Standalone
Steam Co-Generation
Electric Co-Generation

Electricity

\ 4

Gaseous H2
Liquid H2

\ 4

Distributed Production

\ 4

Gaseous H2
Liquid H2

\ 4

Central Production via PV

\ 4

Distributed Production
via Electrolysis

\ 4

Central Plant Production
Standalone
Steam Co-Generation
Electric Co-Generation

HTGR - high-temp.
gas-cooled reactors




(@ \ GREET Ind udes a Varieay d Badf ud Pat hways

| Corn > . Low-Blend (E5-E15) :
Ethanol Production »| High-Blend (Up to E90) < Gasoline
—— ,| Through Fermentation E100 (for FCVs) or Diesel
Cellulosic Biomass E-Diesel Blend (Up to ED20)

Methanol
Standalone
Steam Co-Generation
Electric Co-Generation
Fuel Production Dimethyl Ether
Through Gasification Standalone
Steam Co-Generation
Electric Co-Generation
FT Diesel and Naphtha
Standalone
Steam Co-Generation
Electric Co-Generation
Gaseous and Liquid H2
Standalone
Steam Co-Generation
Electric Co-Generation

\ 4

\ 4

Cellulosic Biomass

A\ 4

A\ 4

Cellulosic Biomass Combustion Electricity

\ 4

\ 4

Diesel

1&

Biodiesel Production

Soybeans

Blend (Up to BD50)




GREET Hectriaty CGener ati on Pat hways

Combined Cycle with Gasification

Coal »| Steam Boiler
Steam Boiler
Natural Gas * Simple Cycle Turbine
Combined Cycle Turbine
Residual Oil » Steam Boiler

Cellulosic Biomass

Nuclear

Steam Boiler

\ 4

Combined Cycle with
Gasification

\ 4

Other Renewables:
Hydro
Wind

HTGR

\ 4

LWR

v

Y

\ 4

Electricity

Applications:
EVs
GC HEVs

\ 4

H2 Production
WTP Stages

GC — grid connected

EVs — battery powered electric vehicles
HEVs — hybrid electric vehicles

WTP — well to pump

HTGR - high-temp. gas-cooled reactors
LWR - light water reactors
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Petroleum Refining Is the Key Energy

Petroleum Recovery (97%) NG to MeOH Corn

l :.............:‘.........................; ........ ..
v \ 4

Petroleum Transportation _
and Storage (99%) MTBE or EtOH for Gasoline

l l

Petroleum Refining to Gasoline (84.5-86%, Depending on
Oxygenates and Reformulation) and Low-S Diesel (87%)

U.S. WTP Efficiency: = Transportation, Storage, and

Gasoline 80% Distribution of Gasoline (99.5%)
Diesel 83% l

Gasoline and Diesel at Refueling Stations

NNE NATIONA




H oduction and Gonpresson Are
== Key Sepsfa GH, Producti on

U.S. WTP Efficiency: nNA NG Recovery (97.5%)
NA N§7R5if°"ery NA NG-based 58% |
(97.5%) NNA NG-based 54% NNA NG Processing (97.5%)

{

NA NG Processing LNG Production (88.0%)
(97.5%)

LNG Transport via Ocean Tankers (98.5%)
I

G.H2 Production (71.5%) NG Transport ._ | NG Gasification in
via pipelines Ports
G.H2 Transport via

Steam or Pipelines (96.3%)
Electricity Export 1
G.H2: gaseous H2 G.H2 Compression at Refueling Stations
L.H2: liquid H2 (89.5% & 95.0% for NG & Electric)
LNG: liquefied natural gas
m A?‘ﬁ::_ﬁ;?ﬁ:';?:erican Compressed G.H2 at Refueling Stations

NG: natural gas
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H, Liquefaction Has H gher Energy
== | osses Than H, Compr essi on

NNA NG Recovery (97.5%)
NA NG Recovery (97.5%) |

NNA NG Processing (97.5%)

NA NG Processing (97.5%)

L.H2 Transport via Ocean
Tankers (!16.9%)

L.H2 Transport
(98.9%)
| U.S. WTP Efficiency:

L. H2 at Refueling N o aoed BT
Stations " ase o




B hand WTP Pa hways | nd ude Activtiesfrom
el {11Zer to Ehanol & S aions

Agro-Chemical Production

'

‘ Agro-Chemical Transport
Corn Farming | Woody Biomass Farming Herbaceous Biomass Farming I

Corn Transport Woody Biomass Transport Herbaceous Biomass Transport

| ——— |

~ Ethanol Production

Animal Feed ~ Electricity
(Corn Ethanol) (Cellulosic Ethanol)
Transport, Storage, and
Distribution of Ethanol U.S. WTP Efficiency:
l Corn-based EtOH 60%

Cellulosic EtOH 41%
Refueling Stations
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Users d GREET/ MOVES Need toPay d ose
AttentiontoKey | nput Paraneters

JGREET WTP default assumptions are U.S.
averages

1 Scope and assumptions for individual
states/regions could differ significantly
= Transportation fuel types for simulations

* Fuel production options for a given fuel (such as

electricity generation and reformulated gasoline
production)

= Market shares of production options for a given fuel




((-(.\\ | tegraed GREET MOVES Generaes Resutsto Put
s [ fferent Fud sint o Perspecti ve

100%

80%

60%

40%

20%

WTP Energy Efficiency

0%
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l' CENTERFOR ™
TRANSPORTATION RESEARCH

Thank You!
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