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U.S. Energy Production and Consumption Trends

= U.S. domestic oil and natural gas production
continues to grow

— Shale gas production accounts for % of total natural gas
production

— Shale oil production in North Dakota makes the state No. 2
oil producing state
= U.S. continues the uptrend in exporting natural gas
and coal

" Production of ethanol reached 13.5 billion gallons in
2012; its use faces the E10 blending wall



U.S. Production of Natural Gas, Renewables,
and Liquids Will Continue to Grow

UU.S. energy production
quadrillion Btu Shares of total U.S. production
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U.S. Liquid Fuel Supply

U.S. liquid fuels supply
million barrels per day
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The GREET (Greenhouse gases, Regulated Emissions, and

Energy use in Transportation) Model at Argonne National Lab

FUEL CYCLE
(GREET 1 Series)
-

l WELL TO PUMP ‘

VEHICLE CYCLE
(GREET 2 Series)

—

RECYCLING OF MATERIALS




The Suite of GREET Models in MS Excel

A &
GREET 1 model: p
P Fuel-cycle (or WTW) modeling v
S for light-duty vehicles = E GREET GUI j
t A T GUI: Graphic User Interface
EGREET SSTj EGREET APDj
~79_5T'/5t0Ch05th Simulation APD: Algae Process Description
00

[ GREET cCLUB J

Production

CCLUB: Carbon Calculator for Land Use Change from Biofuels

GREET 2 model:

Vehicle-cycle modeling
for light-duty vehicles
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TAKING LIFE CYCLE ANALYSIS TO THE NEXT LEVEL

Build complex pathways within
minutes

Orag and drop predefined processes
to assemble a pathway

Add vour ovwn data

Create new resaurces, processes,
technologies using simple graphical
editors

MNavigate through the model
Lseg the well to purmp explorer to
reveal the details of each pathway

Analyze results
Examine detailled results at different
levels within the pathway

Share your project
Save all yvour data into an easy to
share data file

Adaptable unit system

Enables users to change the
representation of any result or data
Lsing their prefered units

Free and maintained

Tools and data are provided at no
charge and can be updated
autormatically
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.0 ENERGY



GREET and Its Documents Are Available at Argonne’s
GREET Website (http://greet.es.anl.gov/)

( DOE EERE has been sponsoring GREET development and applications since 1995

O The current GREET version (GREET1_2011) was released in Oct. 2011

L A new release (GREET1_2012 and GREET2_2012) is under final preparation
(Q(::| & hitp://greet.es.anl.gov/main p-2ex ” & Argonne GREET Model ‘_‘ —-— -

File Edit View Favorites Tools Help

A

Transportation Technology R&D Center
Argonne

MNATIONAL LABORATORY

Argonne Home > Transportation Technology R & [ Center > Modeling simulation >

Alternative Fuels GREET Model

The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation Model

Batteries
GREET MNews

GREET 1 2011

Cross-Cutting Assessments

Engines
This release of GREET1_2011 model includes the following major updates:
GREET_ « MNew algae pathways to produce bio-oil, including the algae growth, dewatering and oil extraction stages. Developed a separate spreadsheet (linked to GREET) known as the
:Eia';?{ﬁ'ljt::ljr:;éel o MNew pathways for bio-oil production from palm, rapeseed, jatropha and cemelina.
-Cop‘;-‘rig.I;t Statement & Mew pathways for renewable_gasnlme and diesel production from pyrolysis of cellulosic biomass.
+ Pathway Options/Results + MNew shale gas (SG) production pathway. o . .
+ Vehicle-Cycle Model +« Mew renewable natural gas (RNG} pathways from anaerobic digestion (AD} an_d conventional manure management.
« Publications o Mew jet fuel pathways, including operation of various classes of commercial aircrafts.
+ Fleet Footprint Calculator « Mew options to account for energy uses and emissions associated with the construction of petroleum and MG wells, and coal mines.
« Contact + MNew geothermal power plant cycle options to account for energy and emissions burdens associated with plant and equipment composition and onsite construction activities
« Workshop + Updated petroleum recovery and refining estimates.
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There Are More Than 18,000 Registered GREET Users Worldwide
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GREET Includes More Than 100 Fuel Production
Pathways from Various Energy Feedstocks

Petroleum

Conventional
Oil Sands

Natural Gas

North American
Shale Gas
Non-North American

Corn

Sugarcane

Soybeans

Coke Oven Gas
Petroleum Coke
Nuclear Energy

—

Gasoline

Diesel

Liquefied Petroleum Gas
Residual Qil (to electricity)
Jet Fuel

Compressed Natural Gas
Liquefied Natural Gas
Liquefied Petroleum Gas
Hydrogen

Methanol

Dimethyl Ether
Fischer-Tropsch Diesel
Fischer-Tropsch Jet Fuel

Ethanol
Butanol

Y

Ethanol

Biodiesel
Renewable Diesel
Renewable Gasoline
Renewable Jet Fuel

—>

Hydrogen

Coal

Renewable

Natural Gas
Landfill Gas
Biogas from anaerobic
digestion

Cellulosic Biomass
Switchgrass
Miscanthus
Fast Growing Trees
Crop Residues
Forest Residues

Residual Oil

Coal

Natural Gas
Biomass

Other Renewables
(hydro, wind, solar,
geothermal)

Algae

The yellow boxes contain the names of the feedstocks and the red boxes contain the names of
the fuels that can be produced from each of those feedstocks.

A

Hydrogen

Methanol

Dimethyl Ether
Fischer-Tropsch Diesel
Fischer-Tropsch Jet Fuel

_—

Compressed Natural Gas
Liquefied Natural Gas
Hydrogen

Methanol

Dimethyl Ether
Fischer-Tropsch Diesel
Fischer-Tropsch Jet Fuel

Ethanol
Hydrogen
Methanol

=>{ Dimethyl Ether

Gasoline, Diesel
Fischer-Tropsch Diesel
Fischer-Tropsch Jet Fuel

—

Electricity

—>

Biodiesel
Renewable Diesel
Renewable Gasoline
Renewable Jet Fuel
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GREET Includes Many Biofuel Production Pathways

a

a

Ethanol via fermentation from
» Corn
» Sugarcane
» Cellulosic biomass
e Crop residues

e Switchgrass, miscanthus,
sorghum

* Forest residues
* Willow and poplar

Cellulosic biomass via gasification to
» Fischer-Tropsch diesel
» Fischer-Tropsch jet fuel

Cellulosic biomass via pyrolysis to
» Renewable gasoline

» Renewable diesel

» Renewable jet fuel

(d Renewable natural gas from
» Landfill gas

» Anaerobic digestion of
animal wastes and other
feedstocks

(J Corn to butanol

O Soybeans and other oil seeds to
» Biodiesel
» Renewable diesel
» Renewable gasoline
» Renewable jet fuel

O Algae to
» Biodiesel
» Renewable diesel
» Renewable gasoline

» Renewable jet fuel
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Electricity Generation Systems in GREET

U Coal: Steam Boiler and IGCC
» Coal mining and cleaning
» Coal transportation
» Power generation

U Residual Oil: Steam Boiler
» Qil recovery and transportation
» Qil refining
» Residual oil transportation
» Power generation

Y\



GREET Examines
More Than 80 Vehicle/Fuel Systems

Conventional Spark-Ignition Engine Vehicles
» Gasoline
» Compressed natural gas, liquefied natural gas,
and liquefied petroleum gas
» Gaseous and liquid hydrogen
» Methanol and ethanol
I
Spark-Ignition, Direct-Injection Engine Vehicles
» Gasoline
» Methanol and ethanol
W
Compression-Ignition, Direct-Injection
Engine Vehicles
» Diesel
» Fischer-Tropsch diesel
» Dimethyl ether
» Biodiesel

Hybrid Electric Vehicles (HEVs)

» Spark-ignition engines:
- Gasoline
— Compressed natural gas, liquefied natural

gas, and liquefied petroleum gas

— Gaseous and liquid hydrogen
— Methanol and ethanol

» Compression-ignition engines
— Diesel
— Fischer-Tropsch diesel
— Dimethyl ether

— Biodiesel
-

Plug-in Hybrid Electric Vehicles (PHEVs)
» Spark-ignition engines:
— Gasoline
— Compressed natural gas, liquefied natural
gas, and liquefied petroleum gas
— Gaseous and liquid hydrogen
— Methanol and ethanol
» Compression-ignition engines
- Diesel
— Fischer-Tropsch diesel
Battery-Powered Electric Vehicles — Dimethy! ether
» Various electricity generation sources - Biodiesel

B W
Fuel Cell Vehicles
» On-board hydrogen storage
— Gaseous and liquid hydrogen from
various sources
» On-board hydrocarbon reforming to hydrogen
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U.S. Shale Production Will
Increase Significantly

U.S. dry natural gas production

Large-scale production o cubic fect

made possible by

History
advancements

35

— Horizontal drilling 30

6 ..
Continue to

2011 Projections

— Hydraulic fracturing s

Has generated interest in 20

expanding NG use in

several sectors 5 .

. . Non-associated offsh —
— Expansioninto 10
vehicles would

displace petroleum

But what are the GHG
implications?

0 | 1
1990 1995

2000 2005

Shale gas

Tight gas
Alaska

Associated with oil
Non-associated onshore

2010 2015 2020 2025 2030 2035 2040

Source: EIA, Annual Energy Outlook 2013 Early Release
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U.S. Shale Oil and Shale Gas Plays; Domestic Oil
Transportation Logistics Challenges

i a1 ot F e g .’
S G e -t

ates shale pla

-

Shale plays

Current plays * Mixed shale &

771 Prospective plays S s an

Stacked plays i.::segne pl:y&
Shallowest youngest **Mixed shale &
Intermediate depth/ age tight dolostone- |«
Deepest/ oldest sitstone-sandstone
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Well-to-Pump GHG Emissions of Petroleum Gasoline

Charpentier et al. (2009)
GREET (2010)

Bruijn (2010)

Energy-Redefining, LLC (2010)

Conventional Crude

Gasoline combustion: about 75 g/MJ GHG emissions

A\ ———

Conventional Crude - Flaring

Oil Sands
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Methane Leakage of Natural Gas Proc;uctlon ana

Distribution Is A Major Concern

Sector

Gas Field

Completion/
Workover

Unloading

Other Sources

Processing

EPA -
Inventory
(2011)

GREET
Conv. Gas
(2012)

0.15
(0.06 - 0.23)

GREET Shale

Gas (2012)

(0.06 - 0.23)

NOAA - DJ

Transmission 0.38

0.39

0.39

CH4 Emissions: Percent of Volumetric NG Produced

NREL -
Barnett

EPA -
Inventory
(2013)

Distribution 0.26

0.4 0.36
(0.20 - 0.58) (0.20 - 0.58)
0.28 0.28 0.23
(0.09 - 0.47) (0.09 - 0.47)
2.75 2.01
1.98 1.19
(0.97 - 5.47) (0.71 - 5.23)
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N
WTW GHG Emissions of CNG Vehicles vs. Gasoline Vehicles -
Methane Leakage and CNGV Efficiency Are Two Key Factors
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N
Water Consumption of Shale Gas and Conventional Gas

16
N Transportation
14 B Processing
12 ® Fracturing
B Cementing
E 10 M Drilling Fluid
£
£ 8
)
8 6
4
2 . . I
0
Barnett Fayetteville Haynesville Marcellus
Conventional Shale

Source: Clark and Horner, 2012

= Drilling of a shale gas well may consume 5 million gallons of water
= Water consumption varies significantly by shale play
= Recycling of flowback reduces consumption

— 95% recycling in Marcellus
. — 20% recycling in Barnett and Fayetteville .
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Annual Ethanol Production (Million Liters)

U.S. and Brazil and the Two Major Blo?ue,

Producing Countries

60,000

50,000
mUs

M Brazil

40,000

30,000

20,000

10,000

1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011

From Wang et al. (2012)
20



N
LCA GHG Emissions of Gasoline and Bioethanol Pathways
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Wang M., et al., 2012, Environ. Research Letters



GHG Emission Sources for Corn and Sugarcane Ethanol

Corn Ethanol: 60 g CO2e/M) Sugarcane Ethanol: 30 g CO2e/M)J

(DGS Credit: -13) (Energy allocation)
lg

W Fertilizer Production 5g W Fertilizer Production

M Fertilizer N20
ertilizer M Fertilizer N20
B Farming

B Farming

M Ethanol Production
= T&D B Ethanol Production

= Combustion mT&D

W LUC B Combustion

From Wang et al. (2012)
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Life-Cycle Analysis of Electricity

Fuels
(production, T&D)

Feedstock
(recovery, processing,
T&D)

Boiler

Coal
Matural gas
Power
0il @“. Generation
= =
—>
Nuclear Reactor and
Boiler -
Hydro-power 3
Tydrothe
| I T
o mal
Geothermal [ *
_| EGS >
Wind @
_I »{ Offshore
;o

o Csp

Transmission

End
Use
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Electricity Generation Mixes in Different Countries:
Implication for Transportation Electrification

mOil mNG mCoal mNuclear mHydro m Other Renewable

100% m— — ]
90%
.§ 80%
5 70%
B 60%
(<))
o 50%
G
Z 40%
2
5 30%
o
w 20%
10%
0%
2008 ‘ 2020 ‘ 2008 ‘ 2020 ‘ 2008 ‘ 2020 ‘ 2008 ‘ 2020 ‘ 2008 ‘ 2020 ‘ 2008 ‘ 2020 ‘ 2008 ‘ 2020
us CA ‘ OECD Europe Japan ‘ China ‘ India ‘ Brazil

From Wang et al. (2011)
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GHG Emissions of Battery-Powered Electric Vehicles Depend
Primarily on Share and Efficiency of Coal Power Plants

E energy efficiency of coal-based power plants= Q,(E\o’
- / /
200.0 : > ,bg\o
7 = 7
i i 7 o b‘o elo
N - -~
4 : 87% Coal 7 °l°.-
= /
150.0 o / / bfbl’
=] b Ve / -
<@ - v - i -~
5] /
> = -~ ~ ,/ -
'g 3 2 + i - r’:/‘/;:///: = : 5
e o) A 2 ,/ pt
= 100.0 ] . P // // // ’/@% Coal
8 1 Gasoline ICEVs Rl o s
= —+— Gasoline HEVs o o ///// -~
| —— eve ==
50.0 ~ B Range of share of coal-based capacity projected by EIA and IEA
o | Range of share of coal-based capacity projected by Chinese Institutes
- o Breakeven point with ICEVs
oG 1.+ O Breakeven point with HEVs
0% 20% 40% 60% 80% 100%

Share of coal-based electricity

From Huo et al. (2010)
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Plug-in Vehicles Provide Varying GHG Emissions Reductions
Depending on the Electric Generation Mix for Recharging

WTW GHG emissions [g/mi]

500

400

300

200

100

Gasoline Gasoline PHEV10, PHEVA4O0, BEV, BEV, BEV, BEV,
Vehicle HEV gasoline  gasoline US mix CA mix NE mix NGCC
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..
WTW Results: GHG Emissions of a Mid-Size Car (g/mile)

Gasoline (Today's Vehicle) | =le)

Gasoline [N Conventional Internal
Natural Gas [P0 Combustion Vehicles
 Gasoline JFEB
Natural Gas Sk
Diesel [GFR Hybrid Electric
Corn Ethanol (E85) k] Vehicles
Cellulosic Ethanol (E85) B[]
 Gasoline & U.S. Grid Mix [JFE[ Plug-in Hybrid
Gasoline & Ultra-low Carbon Renewable [EEE Electric Vehicles
Cellulosic Ethanol (E85) & U.S. Grid Mix  [Elis (power-split, 10-mile electric
Cellulosic Ethanol (E85) & Ultra-low Carbon Renewable  Bi range)
Gasoline & U.S. Grid Mix | 7/¢) Plu g_m Hyb rid

Gasoline & Ultra-low Carbon Renewable | -5
Cellulosic Ethanol (E85) & U.S. Grid Mix | (i)
Cellulosic Ethanol (E85) & Ultra-low Carbon Renewable

U.S. Grid Mix

Electric Vehicles
(series, 40-mile electric range)

Battery Electric

Ultra-low Carbon Renewable Vehicles (100-mile range)

H2 - Distributed Natural Gas

H2 - Coal Gasification w/ Sequestration Fuel Cell Electric
H2 - Biomass Gasification Vehicles
H2 - Nuclear High-T Electrolysis or Ultra-low Carbon Renewable
[ I I I I ]
0 100 200 300 400 500

_ Low/high band: sensitivity to uncertainties associated with projection of fuel economy and fuel pathways

(DOE EERE 2010, Record 10001) 5
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WTW Results: Petroleum Use of a Mid-Size Car (BTU/mile)

Gasoline (Today's Vehicle)

Gasoline Conventional Internal
~ Natural Gas - Combustion Vehicles
Gasoline
Natural Gas i i
. Hybrid Electric
Diesel
Vehicles

Corn Ethanol (E85)
Cellulosic Ethanol (E85)

Gasoline & U.S. Grid Mix Plug-in Hybrid

Gasoline & Ultra-low Carbon Renewable

Cellulosic Ethanol (E85) & U.S. Grid Mix

Cellulosic Ethanol (E85) & Ultra-low Carbon Renewable
Gasoline & U.S. Grid Mix

Gasoline & Ultra-low Carbon Renewable

Electric Vehicles
(power-split, 10-mile electric
range)

Plug-in Hybrid

Electric Vehicles

Cellulosic Ethanol (E85) & U.S. Grid Mix (series, 40-mile electric range)

Cellulosic Ethanol (E85) & Ultra-low Carbon Renewable

U.S. Grid Mix Battery Electric
Ultra-low Carbon Renewable | 0 Vehicles (100-mile range)
M2 - Distributed Natural Gas | 21
H2 - Coal Gasification w/ Sequestration | 31 Fuel Cell Electric

H2 - Biomass Gasification |1100 Vehicles
H2 - Nuclear High-T Electrolysis or Ultra-low Carbon Renewable | 16

I I I I I ]

0 1000 2000 3000 4000 5000 6000

: _Low/high band: sensitivity to uncertainties associated with projection of fuel economy and fuel pathways

o (DOE EERE 2010, Record 10001) 28



Battery Life-Cycle Analysis Covers Battery

Production and Recycling

Cathode Active Material

Binder Electrolyte BMS

Lithium Brine

Pet Coke

Graphite

Copper

Thermal
Insulation

Material Production

o

Ethylene Carbonate

Dimethyl Carbonate

Assembly

Recycling/Re-use/
Disposal

New GREET data

. Materials production

Pyrometallurgical . Battery assembly
Battery recycling
Hydrometallurgical .

Existing GREET data
| Physical

. Materials production

Direct Physical . Battery use

(not included)

e |



GREET Battery LCA Approach

With output from the Autonomie model, identify power and energy

specifications for batteries for use in hybrid electric vehicles, plug-in hybrid

electric vehicles, and battery electric vehicles

Develop material inventories for these three battery types with the BatPaC

model
Establish material and energy flows for each battery component

Estimate the energy consumed during

Heat Transfer Surfaces

battery assembly and battery recycling on Top and Bottom of

Containerin Contact
with Cell Conductors

Assemble all data in GREET

Cell Terminal — ¢
Connections

Analyze data to address key questions Module ——

Terminal

@)

s

Figure 2.4 Hermetically-sealed module

Double-Seamed
Module Closure
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N
Structural and Cathode Materials Dominate

Lithium-lon Battery LCA GHG Emissions

Wrought Aluminum

LiMn,0,4

BMS

Copper

Graphite

Assembly

Dimethyl Carbonate?

LiPF¢?

Polyethylene Terephthalate

Polypropylene

Steel

Ethylene Carbonate?
Glycol » BEV

Polyvinylidene Fluoride = PHEV

Insulation

Polyethylene WHEV

N-methyl-2-pyrrolidone

<

500 1,000 1,500 2,000 2,500 3,000
GHG Emissions (g CO,e/kg battery)

Dunn, J.B. et al. (2012)
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For GREET model and technical
reports, please visit

http://greet.es.anl.gov



